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Using Digital Twins in the Engineering Industry:
A Comprehensive Overview

Ivan Kuric, Ivana Klagkova?
Department of Automation and Pruduciton systems Faculty of Mechanical Engineering®2
Zilina, Slovakia
ivan.kuric@fstroj.uniza.sk, ivana.klackova@fstroj.uniza.sk

Abstract— Digital twin technology has rapidly evolved into a foundational pillar of modern engineering practice. By creating high-fidelity,
data-driven virtual replicas of physical systems, digital twins enable continuous monitoring, predictive analytics, and advanced
optimization throughout the lifecycle of assets. This extended article expands on the conceptual, technical, and practical dimensions of
digital twins, providing deeper insights into architectures, data frameworks, integration strategies, real-world case studies, economic

implications, and emerging research directions.

KEYWORDS— DIGITAL TWIN, SMART ENGINEERING, INDUSTRY 4.0, PREDICTIVE ANALYTICS, 10T, SIMULATION, DIGITAL

TRANSFORMATION, CYBER-PHYSICAL SYSTEM
S

l. Introduction

A Digital Twin (DT) is a virtual replica of a physical asset,
process, or system. It serves as a dynamic, continually updated
digital counterpart that mirrors the characteristics, behavior, and
state of its physical twin in real-time. This dynamic connection is
established through sensors, the Internet of Things (l1oT), and data
analytics, enabling seamless, bidirectional data flow between the
physical and virtual worlds. The concept, which originated in the
aerospace industry, has evolved significantly with the advent of
Industry 4.0, becoming a cornerstone for smart manufacturing,
predictive maintenance, and optimized operations across various
sectors [1].

Key Components of a Digital Twin:
« Physical Twin: The actual physical asset, system, or process.

« Virtual Twin: The digital model of the physical twin,
including its geometric, behavioral, and analytical representations.

« Digital Threads: The communication channels and data flows
that link the physical and virtual entities, enabling real-time data
exchange and synchronization [mdpi.com].

« Data: Information collected from sensors, historical logs, and
other sources, which feeds the virtual twin and drives its
intelligence.

» Analytics & Al Models: Algorithms and machine learning
models that process data within the virtual twin to generate
insights, predictions, and recommendations.

Advantages of Digital Twins:

* Real-time Monitoring and Diagnostics: Provides continuous
oversight of physical assets, allowing for immediate identification
of issues.

+ Predictive Maintenance: Anticipates equipment failures
before they occur, reducing unplanned downtime and maintenance
costs. Studies show potential reductions of 30-50% in downtime
and 20-35% in maintenance costs [2].

* Process Optimization: Allows for the simulation of various
scenarios to identify the most efficient operating parameters,
leading to improved productivity and energy efficiency.

+ Design and Prototyping: Enables virtual testing and
refinement of products or systems before physical production,
accelerating development cycles and reducing costs.

« Risk Mitigation: Simulating potential failures or operational
changes in a virtual environment helps identify and address risks
without impacting physical operations.

« Enhanced Decision-Making: Provides data-driven insights
that support more informed and strategic decisions.

Il. Digital twins in manufacturing

Manufacturing is one of the most prominent sectors benefiting
from Digital Twin technology. DTs enable manufacturers to create
virtual models of production lines, machinery, and products,
leading to significant improvements in efficiency, quality control,
and responsiveness [3].

Applications:

* Real-time Structural Health Monitoring (SHM): DTs,
integrated with Industry 4.0 principles and edge computing, can
monitor the structural integrity of manufacturing facilities and
equipment in real time. This allows for predictive anomaly
detection and significant reductions in maintenance costs,
downtime, and energy consumption. One study reported a 42.1%
reduction in maintenance costs, 31.1% in downtime, and 23.2% in
energy intensity [4].

» Predictive Maintenance: DTs analyze sensor data from
industrial machinery to predict potential failures, allowing for
scheduled maintenance and preventing costly breakdowns. This
shifts maintenance from a reactive to a proactive approach.

» Process Optimization: By simulating various production
scenarios, DTs help fine-tune machine settings, material flow, and
overall production processes to maximize throughput and minimize
waste. Siemens' Amberg Electronics Plant, for example, uses a
virtual replica of its factory to simulate operations, identifying
bottlenecks before they impact actual production.

* Quality Control: DTs can predict product quality based on
real-time manufacturing parameters, ensuring consistency and
reducing rejection rates. In a metalworking facility, implementing
a digital twin led to a 30% reduction in material waste and a 40%
decrease in the rejection rate of milled parts [5].

* Supply Chain Optimization: Digital twins can model complex
supply chains, allowing companies to simulate disruptions and
optimize logistics.

Challenges in Implementation:

« Integration Complexity: Integrating diverse systems like
SCADA, CMMS, ERP, and 10T platforms is a significant hurdle.

+ Data Quality Issues: Ensuring high-quality, synchronized,
and contextualized data from multiple sources is crucial for the
accuracy of the virtual twin.

» Model Drift: Digital twins can become less accurate over
time as equipment ages or conditions change, necessitating
continuous validation and retraining of models.
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Table 1: Comparison of Digital Twin Architecture Types in
Manufacturing [6]

Approach Best For Accuracy Performance &
Notes
Physics- New 90-98% Build time: 16-24
Based equipment, weeks. Requires
safety-critical domain experts and
assets specialized
simulation software.
High cost but
extremely accurate.
Data- Equipment 75-88% Build time: 8-12
Driven with rich weeks. Fast to
(ML) sensor history deploy, but retraining
required when
conditions change.
Struggles with
unseen scenarios.
Hybrid Production 85-95% Build time: 12-18
environments, weeks. Balances
complex physics + ML
systems accuracy. Complex
to maintain; needs
both engineering and
data-science teams.
Rule- Simple assets, 60-75% Build time: 4-6
Based clear failure weeks. Quick to
thresholds implement but
limited predictive
capability and
adaptability.

Digital twins allow the creation of a virtual model of a
production system that simulates its real-world operation. These
models allow the analysis of the impact of various changes on
energy efficiency and the optimization of processes without the
need for physical intervention. Digital twins provide a detailed
view of the system behavior in real time and help identify areas
with high energy consumption, see Fig. 1 [7]. In addition, they
allow the testing of different strategies to reduce consumption and
improve system performance.

Fig.1 Digital Twin as a Service (DTaaS) in Industry 4.0 [7]

Top use cases of digital twins in manufacturing

Factory design and layout — Optimize machine layouts,
assembly flows, employee interactions, and more by spatially
mapping factories.

Robotics simulation — Build fundamentally safer systems by
training robots in simulated environments.

Operator training — Increase the efficiency of knowledge
transfer with immersive, interactive training applications that
maximize safety and reduce costs.

Monitoring, guided maintenance and repair — Transform
routine, time-consuming procedures into seamless processes with
remote-enabled AR technologies [8].

I11. Medical Digital Twins (Digital Twins in Healthcare)

The concept of digital twins is extending into healthcare,
creating "patient digital twins" or "human digital twins." These are
virtual models of individual patients, organs, or even biological
systems, built from various data sources.

F

Fig.2 Digital twin of human body [13]

Applications:

« Personalized Medicine: Creating a digital twin of a patient
based on their medical history, genetic data, lifestyle, and real-time
physiological data allows for highly personalized diagnoses and
treatment plans.

« Drug Discovery and Development: Simulating drug
interactions and efficacy on virtual organs or patient models can
accelerate the drug development process and reduce the need for
extensive animal testing.

« Surgical Planning and Simulation: Surgeons can practice
complex procedures on a patient's digital twin, refining techniques
and minimizing risks before actual surgery.

« Chronic Disease Management: Digital twins can continuously
monitor patients with chronic conditions, predict exacerbations,
and adjust treatment protocols proactively.

« Organ-on-a-Chip and Body-on-a-Chip Systems: These micro-
physiological systems offer a physical representation that can be
twinned digitally to study disease progression and drug responses
more effectively.:

IV. Digital Twins in Automotive

The automotive industry leverages digital twins throughout the
entire vehicle lifecycle, from design and manufacturing to
operation and maintenance [9].

Applications:

* Vehicle Design and Development: Creating digital twins of
car components, subsystems, or even entire vehicles for virtual
prototyping, crash testing, and aerodynamic simulations,
significantly reducing physical prototyping costs and time.

» Manufacturing Process Optimization: Similar to general
manufacturing, DTs are used to optimize assembly lines, robot
movements, and quality control in automotive production. An
example includes optimizing paint shop  processes
[maintenanceonline.org].

» Predictive Maintenance for Vehicles: Digital twins of
individual vehicles can monitor their performance in real-time,
predicting wear and tear on components like engines, brakes, or
tires, and recommending maintenance before failures occur.
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» Autonomous Driving Simulation: DTs create realistic virtual
environments for testing autonomous vehicle software under
various  conditions, enhancing safety and accelerating
development.

* Fleet Management: Managing fleets of vehicles through their
digital twins allows for optimized routing, fuel efficiency, and
maintenance scheduling.

V. Digital Twins in Energy

The energy sector uses digital twins to enhance the efficiency,
reliability, and sustainability of power generation, distribution, and
consumption. Energy companies generate a wealth of data,
especially as operations are increasingly outfitted with Internet of
Things (loT) sensors, high-definition cameras with artificial
intelligence (Al) capabilities, and more. Digital technologies like
real-time 3D can visualize this data to provide right-time insights,
better-informing decisions around production, maintenance, safety
and security, and optimization [10].

Applications:

» Power Plant Optimization: Digital twins of power plants
(e.g., thermal, nuclear, renewable) optimize operational
parameters, predict equipment failures, and improve energy output.

» Grid Management: Creating digital twins of entire power
grids helps analyze load distribution, predict outages, and manage
renewable energy integration more effectively.

* Renewable Energy Management: DTs can optimize the
performance of wind turbines or solar farms by predicting
maintenance needs, adjusting operational settings based on weather
conditions, and forecasting energy output.

« Oil and Gas Exploration and Production: Digital twins of oil
rigs, pipelines, and drilling equipment monitor their integrity,
optimize  extraction processes, and predict maintenance
requirements in harsh environments.

 Energy Efficiency in Buildings: Used in conjunction with
smart cities, digital twins of buildings can monitor energy
consumption, optimize HVAC systems, and reduce overall energy
waste.

Top use cases of digital twins in energy:

Design visualization and collaboration — Walk through sites
before they are built by creating immersive experiences from BIM
data.

Learning, training and safety — Transform job-critical learning
and training into interactive, immersive environments across key
scenarios.

Field service — Enhance quality, reliability, and speed of
service while reducing error with AR-assisted maintenance and
empower your employees by putting all the information they need
right before their eyes.

Site operations and maintenance — Get insight into the design,
management and performance of assets, while tracking your sites’
status remotely in real-time with a digital twin of any facility,
pipeline, or physical asset [11].

VI. Digital Twins in Smart Cities

Smart cities harness digital twin technology to create
comprehensive virtual models of urban environments, enabling
better planning, management, and resource allocation [12].

Applications:

« Urban Planning and Development: Simulating the impact of
new infrastructure projects, traffic flows, and zoning changes
before physical construction.

» Traffic Management: Real-time digital twins of traffic
systems help optimize signal timings, manage congestion, and
respond to incidents more efficiently.

» Environmental Monitoring: Monitoring air quality, noise
levels, and waste management systems, allowing city planners to
implement targeted interventions.

* Public Safety and Emergency Response: Simulating disaster
scenarios and optimizing emergency response strategies.

« Infrastructure Management: Monitoring the health of bridges,
roads, and utilities, enabling predictive maintenance and extending
asset lifespan.

« Building Energy Optimization: As mentioned in the energy
section, digital twins of buildings contribute to overall city-wide
energy efficiency [13].

Researchers collected academic publications that contain
digital twin as a keyword for 5 years period. Among these
academic articles, top digital twin use cases were found for urban
spaces and smart cities.

Industry Application Classification

1.0% —_—
14.0% I \anufacture |
I Engineering \
[ Automotive
[ Aerospace
[ urban
[C—JReviews
[ IMedicine

17.0%

12.0%

8.0%

Fig.3 The publications on digital twin by use case/ application
[13]

VII. Human Digital Twins

While often overlapping with "Medical Digital Twins,” Human
Digital Twins specifically refer to highly detailed, holistic virtual
replicas of individual human beings. This goes beyond just organs
to encompass a complete biological, physiological, and even
behavioral model [14].

Applications:

« Personalized Health and Wellness: Offering highly
customized health advice, dietary plans, and exercise regimes
based on a person's unique digital twin.

« Aging Simulation: Modeling the effects of aging on an
individual's body to provide proactive health interventions.

« Virtual Clinical Trials: Conducting clinical trials on
populations of human digital twins, potentially speeding up drug
development and reducing ethical concerns.

« Performance Optimization (e.g., Athletes): Creating digital
twins of athletes to optimize training regimens, prevent injuries,
and improve performance.

 Prosthetics and Implants Design: Designing and testing
personalized prosthetics or medical implants in a virtual
environment to ensure perfect fit and functionality.
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VI11.Siemens Digital Twins: Specific Applications

Siemens is a pioneer and a leading provider of Digital Twin
solutions, offering a comprehensive portfolio that spans across
various industries. Their approach often integrates mechanical,
electrical, and software aspects into a single, cohesive virtual
model [15].

Specific Applications & Platforms:

« Xcelerator Portfolio: This integrated portfolio includes
software for product design, manufacturing engineering, and
production operations, all centered around the concept of digital
twins. It covers CAD (Computer-Aided Design), CAE (Computer-
Aided Engineering), PLM (Product Lifecycle Management), and
MES (Manufacturing Execution Systems).

* Product Digital Twin: Siemens enables companies to create a
comprehensive digital twin of a product, from its initial design
concept through engineering, simulation, and eventual realization.
This twin allows for virtual testing, performance prediction, and
iterative design improvements.

« Production Digital Twin: This involves creating a digital twin
of the entire manufacturing process, including factory layouts,
production lines, machines, and automation systems. This allows
for simulation of production flow, optimization of machine
utilization, and predictive maintenance of manufacturing assets.
This is exemplified by their Amberg Electronics Plant, which
operates at extremely high quality and automation levels due to its
advanced digital twin implementation [maintenanceonline.org].

» Performance Digital Twin: Focuses on monitoring and
analyzing the real-world performance of products and production
systems once they are in operation. Data from real-time sensors
feeds back into the digital twin, allowing for continuous
optimization, predictive maintenance, and informing future product
design cycles.

» MindSphere: Siemens' industrial loT-as-a-service solution
that connects physical assets to their digital twins. It enables data
collection, analysis, and generation of actionable insights for
various industrial applications.

* Predictive Maintenance Solutions: Siemens uses digital twins
to provide advanced predictive maintenance for a wide range of
industrial equipment, from gas turbines to industrial robots,
significantly extending asset lifespan and reducing unplanned
downtime.

« Logistics Simulation: Utilizing digital twins to simulate and
optimize complex logistics and supply chain networks, particularly
in large-scale manufacturing and distribution.

IX. conclusion

Digital twins are reshaping the engineering landscape by
enabling a deeper integration of physical and digital systems. Their
ability to provide real-time insights, predictive capabilities, and
optimization strategies makes them indispensable in modern
engineering.

As technologies such as Al, 10T, and 5G continue to evolve,
digital twins will become more intelligent, scalable, and widely
adopted. Organizations that invest in this technology today will be
better positioned to navigate the complexities of tomorrow’s
engineering challenges.

Overall, simulation-based Digital Twins, combined
withArtificial  Intelligence, have strong  potential to
transformoperational decision support in manufacturing. Realizing
thisvision, however, will require addressing technical
challengesalongside  building trust through explainability,
systematicvalidation, and domain-specific adaptation. Bridging
thesebarriers represents an active and promising research frontier
atthe intersection of simulation, data-driven intelligence,
andautomation. If these challenges are met, simulation-

basedDigital Twins can evolve from case-specific prototypes
intowidely adopted tools that enable faster, more transparent,
andmore reliable decision-making across industries [16].

Acknowledgment

This work was supported by KEGA project No. 0122U-4/2025
Implementation of methods and proposal of educational modules
for the design of automated and robotic production systems with an
aspect related to safety and risk elimination.

References

[1] S. Davlatov, et al. 2026. “Integration of Digital Twin
Technology and Industry 4.0 Principles for Real-Time
Structural Health Monitoring in  Smart Manufacturing
Facilities”, in International Journal of Industrial Engineering
and Management, 17(1), 1-20.

[21 K. Iranshahib, et al. 2025. “Digital twins: Recent advances
and future directions in engineering fields”, in Intelligent
Systems with Applications, 26, 200516.

[31 M. Gunaratne, D. Georgakopoulos and A. Banerjee. 2026. !A
Digital Twins Platform for Digital Manufacturing”, in
Electronics, 15(3), 583.

[4] R. Gutierrez, and J. Govea. 2025. “Digital twin integration in
metalworking:  enhancing efficiency and  predictive
maintenance”, in Frontiers in Mechanical Engineering, 11,
1655565.

[5] T. V. Babu and P. Challa. 2025. “Digital Twins in
Manufacturing: A Review,” in International Journal on
Science and Technology, vol. 16 (4), e-ISSN 2229-7677, DOI
10.71097/1JSAT.v16.i4.8759.

[6] A.P.A. Singh and N. Gameti. 2024. “Digital Twins in
Manufacturing: A Survey of Current Practices and Future
Trends,” in International Journal of Science and Research
Archive, 2024, 13 (01), 1240-1250, DOl
10.30574/ijsra.2024.13.1.1705.

[71 D. Gao, et al. 2021. “Intelligent instrument fault diagnosis and
prediction system based on digital twin technology,” in
Journal of Physics: Conference Series, 1983 (2021) 012106,
MEIE 2021, DOI 0.1088/1742-6596/1983/1/012106.

[8] S. Sopapradit and S. ae Yoosomboon. 2019. “Acceptance of
Technology Digital Twin for learning in 21 st Century,” in
International Journal of Computer and Information
Technology vol 8 (5), ISSN 2279 — 0764.

[91 J.S. Kang. K. Chung and E. J. Hong. 2021. “Multimedia
knowledge - based bridge health monitoring using digital
twin,” in Multimedia Tools and Applications 80 (26-27):1-16,
DOI 10.1007/s11042-021-10649-x.

[10] R. Rolle, V. de Oliveira Martucci and E. Paciencia Godoy.
2020. “Architecture for Digital Twin implementation focusing
on Industry 4.0,” in IEEE Latin America Transactions, vol.
18 (05):889-898, DOI 10.1109/TLA.2020.9082917.

[11] M.Q. Khan, M.A.H. Alvi, H.H. Nawaz and M. Umar. 2025.
“Impact of Digital Twins on Real Practices in Manufacturing
Industries,” in Inventions, vol 10 (6), 106. DOI
10.3390/inventions10060106.

[12] E. Green. 2023. “Digital Twins Across Manufacturing,” In
book: The Digital Twin, chapter. DOI 10.1007/978-3-031-
21343-4_26.

[13] https://aimultiple.com/digital-twin-applications.

[14] https://unity.com/topics/digital-twin-applications-and-use-
cases.

[15] S.B. Jadhav, et. al. 2026 “Digital Twin Implementation
Strategies for Complex Manufacturing Ecosystems: A Multi-
Level Integration Framework,” in Journal of Engineering and
Technology for Industrial ~ Applications, ITEGAM-
JETIAManaus, v.12 n.58, p. 373-380. March/April,

2026.DOl: https://doi.org/10.5935/jetia. v12i58.3071.

[16] O. Daniel and S. Lazarova-Molnar. 2025. “Automation of
Decision Support in Simulation-Based Digital Twins in
Manufacturing: A Survey”, in  Conference: 2025 12th
International Conference on Internet of Things: Systems,
Management and Security (IOTSMS)At: Lyon, France, DOI
10.1109/I0TSMS68530.2025.11408584.



INDUSTRY 4.0 2026, SUMMER SESSION, vol 1

Hybrid AI architecture for autonomous structural inspection using multimodal [Ims

Mihail Mateev
University of Architecture, Civil Engineering and Geodesy - Sofia, Bulgaria
mikeamm_fce@uacg.bg

Abstract: This paper proposes a hybrid artificial intelligence architecture for autonomous structural inspection using unmanned aerial
vehicles, multimodal large language models and image embeddings. A UAV is an unmanned aerial vehicle; in this paper it denotes a drone
carrying imaging sensors for close visual inspection of infrastructure assets. Images are uploaded to Azure cloud storage, transformed into
multimodal evidence and evaluated by a Microsoft Foundry agent under deterministic risk rules. A preliminary simulated benchmark shows

improved recall, fewer false alerts and shorter engineer review time while preserving auditable human-supervised decisions.
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AZURE, MICROSOFT FOUNDRY, PREDICTIVE MAINTENANCE, INDUSTRY 4.0

1. Introduction

Autonomous inspection of bridges, retaining walls, industrial halls
and utility structures is becoming a practical requirement for
Industry 4.0 infrastructure. Traditional visual inspection remains
valuable, but it is slow, subjective and difficult to repeat at high
temporal frequency. UAV imagery and computer vision increase
coverage, yet pure classification can lose context: a crack on a
cosmetic layer is not equivalent to a crack crossing a load-bearing
zone. Recent work on UAV inspection, crack detection and

multimodal reasoning shows that effective systems need both visual
perception and evidence-based interpretation [1-5].

The proposed solution treats inspection as a multimodal reasoning
problem. A drone captures geo-referenced images; image
embeddings retrieve visually similar cases; and a multimodal LLM
evaluates the current image together with structural metadata,
historical trend and inspection rules. The final decision is not made
by free text alone. Risk scores, work orders and alarms are accepted
only after deterministic validation and, for high-risk cases, engineer
approval.

Azure + Microsoft Foundry solution architecture

UAV field
capture
RGB/thermal/GPS

Azure cloud
ingestion
Blob + Functions

Evidence

index
Al Search + SQL

Governed
actions
Work order/GIS

Foundry
agent
MLLM reasoning

Evidence store
images, crops, EXIF, embeddings, prior cases

Governance and audit
Entra ID, Key Vault, monitoring, human gate

Feedback: accepted and rejected engineering decisions calibrate thresholds, prompts and retrieval examples

Fig. 1. Azure and Microsoft Foundry solution architecture for autonomous structural inspection.

2. Preconditions and means for resolving the problem

2.1. Inspection task and data model

The inspected asset is represented as structural zones: deck, column,
beam, connection, facade panel, corrosion-prone steel detail and
non-structural surface. Every captured frame stores EXIF time,
GPS/RTK position, camera angle, flight segment, asset identifier
and expected member type. Detected anomaly classes are crack,
corrosion, spalling, moisture staining, deformation trace, exposed
reinforcement and normal surface. The system stores an evidence
package containing the original image, crop, embedding, retrieved
neighbours, LLM explanation, risk score and final reviewer
decision.

2.2. Preliminary Microsoft stack

The experimental setup is implemented as a Microsoft cloud stack.
Azure Blob Storage receives the UAV images, and an event-based
Azure Function is triggered when new files arrive [9]. The function
normalizes metadata, creates thumbnails and sends images for
embedding. Azure Al Vision multimodal embeddings place images
and text queries in a compatible vector space [6]. Azure Al Search
performs vector and hybrid retrieval over prior defects and normal

examples [7,8]. Microsoft Foundry coordinates the agent, tracing,
evaluation and governed reasoning workflow [10-12].
Table 1. Preliminary experimental setup.

Item Configuration Purpose
Image set 2400 source images; 70/15/15 split Validation and test
UAV 20 MP RGB; 1.5-3.0 m distance Close inspection
Cloud Blob, Event Grid, Functions Automated ingestion
Al Vision embeddings + LLM agent Detection and explanation
Review Engineer gate for R > 0.70 Safety and audit

3. Solution of the examined problem

3.1. Cloud ingestion and multimodal reasoning

The workflow has five stages. First, the UAV mission planner
produces overlapping image strips for repeatable coverage. Second,
Event Grid and Azure Functions create a low-latency path between
field acquisition and cloud analysis. Third, the embedding service
maps every crop and text label into a vector space. Fourth, Azure Al
Search retrieves similar historical defects and nearby normal
examples. Fifth, a Microsoft Foundry agent receives the current
image, metadata and retrieved evidence, then returns a structured
JSON proposal: anomaly class, severity, confidence, explanation,
cited evidence and recommended action.
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Preliminary Microsoft stack for the experimental setup

Layer 5 l I Operational outputs: risk dashboard, maintenance work order, GIS map layer ]
Layer 4 [ Microsoft Foundry: agent orchestration, evaluation, tracing, prompt versioning ]
Layer 3 [ Al evidence: Azure Al Vision embeddings, multimodal LLM, Azure Al Search ]
Layer 2 [ Cloud automation: Azure Blob Storage, Event Grid, Azure Functions, Logic Apps ]
Layer 1 [ Field acquisition: UAV route, RGB/thermal camera, GPS/RTK, inspection grid ]
| 2400 source images ]_’[ 5 defect classes I_‘[ Metrics: F1, recall,
360-image test split + normal surface false alerts, review time

Fig. 2. Preliminary Microsoft stack used for the simulated experiment.

3.2. Evidence and risk governance

The LLM does not directly approve maintenance actions. The
hybrid risk score is calculated by transparent control logic: R =
0.35p_a + 0.25s + 0.20c + 0.20h, where p_a is visual anomaly
probability, s is structural severity, c is contextual exposure and h is
historical trend. Low-risk cases are archived for monitoring;
medium-risk cases are queued for engineer review; high-risk cases
create an urgent inspection task only after validation of required
evidence.

Evidence-bound risk decision loop

Context
zone severity ¢

Visual anomaly

History
trend h

0.35-0.70

engineer review

R < 0.35
monitor

R > 0.70
urgent inspect

| l !

Evidence pack: image crop, similar cases, explanation, GPS, confidence

Fig. 3. Evidence-bound risk decision loop.
Table 2. Risk classes and preventive action rules.

Risk R System action Engineer action
<0.35 Store trend evidence No immediate action
0.35-0.50 Monitor next mission Check if trend increases
0.50-0.70 Queue review pack Confirm defect severity

>0.70 Create urgent task On-site inspection

4. Results and discussion

A realistic simulation was carried out before field deployment. The
test set contains class imbalance similar to real inspections: 65%
normal surfaces, 15% cracks, 8% corrosion, 6% spalling, 4%
moisture traces and 2% exposed reinforcement. Service latencies
were modelled with parallel Azure Function execution and cached
vector retrieval. The values are design-validation estimates, not
undisclosed production measurements.

Table 3. Simulated benchmark results on 360 test images.

Method Prec. Recall F1 FA/100 p95
CNN only 0.812 0.760 0.785 12.8 1.4s
Embedding 0.862 0.840 0.850 8.4 2.1s

Hybrid 0.892 0.910 0.900 5.7 4.65

Preliminary simulated benchmark

0.95 -
0.910
0.90 -
0.862
0.85 A
4
=]
o
[
0.80 4
0.75 A
BN Precision
s Recall
. Fl
0.70 - T
CNN Embedding Proposed
only retrieval hybrid

Fig. 4. Simulated comparison of precision, recall and F1.

Expected operational impact

14 4 . CNN
W Embedding
s Hybrid

Lower is better

False alerts
per 100

Review time
min/case

Fig. 5. Expected operational impact of the hybrid architecture.

4.1. Ablation and sensitivity analysis

Ablation confirms that no single component is sufficient. Image
classification is fast but sensitive to shadows, stains and surface
texture. Embedding retrieval improves robustness by comparing the
current image with similar prior cases, but it cannot explain
structural significance. The multimodal LLM contributes contextual
reasoning, while deterministic rules stabilize the final decision. The
recommended operating point is asset-dependent: lower thresholds
increase recall but can overload reviewers; higher thresholds reduce
workload but may delay defects that are becoming severe.

Table 4. Simulated ablation of architecture components.

Configuration F1 Risk MAE Review
Image classifier 0.785 0.154 9.8 min

+ embeddings 0.850 0.118 7.2 min
+ LLM context 0.886 0.083 6.3 min
+ rules/evidence 0.900 0.071 5.9 min
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Hybrid confusion matrix (simulated)
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Fig. 6. Simulated confusion matrix for the hybrid model.

4.2. Field deployment scenario

A representative deployment is a quarterly inspection of a
reinforced-concrete bridge and adjacent steel service structure. The
UAV mission captures approximately 1800 images in 35 minutes,
of which about 240 inspection crops are generated automatically.
When the UAV is still in the field, cloud ingestion starts and low-
risk images are archived by asset zone. Medium-risk cases are
prepared as review packs, and high-risk findings generate
inspection tasks with image crop, location, explanation and
retrieved similar examples.

Table 5. Expected live-operation indicators.

Indicator Baseline Hybrid system
Photo set review All images manual Ranked evidence packs
Positive-case review 9.8 min/case 5.9 min/case
False alerts 12.8 per 100 5.7 per 100
Audit trail Manual notes Image, prompt, score, reviewer
Action Engineer drafted Validated work-order proposal

4.3. Evidence of practical reasonableness

The architecture is reasonable for three practical reasons. First, the
computational pipeline matches the physical inspection rhythm:
UAV capture and operator review are measured in minutes, so a
few seconds of cloud inference are acceptable. Second, every alarm
is attached to an evidence pack that can be reviewed, accepted,
rejected or revised. Third, the design is modular: a municipality or
industrial owner can start with RGB imagery and later add thermal,

LIiDAR or ultrasonic evidence without changing the risk-

governance principle.

4.4. Industry 4.0 deployment roadmap

The proposed architecture can be deployed progressively by
infrastructure owners. In the first stage, the system is used only to
organize image evidence and produce a searchable visual archive.
This already improves repeatability because defects are attached to
stable asset zones and can be compared across inspection cycles. In
the second stage, embeddings and retrieval are enabled, allowing
engineers to search for similar defects and identify recurring
deterioration patterns.

In the third stage, the multimodal agent produces evidence-
grounded risk proposals, but engineer approval remains mandatory
for maintenance actions. In the fourth stage, low-risk monitoring
and reporting can be automated, while high-risk decisions remain
human-supervised. This staged adoption avoids sudden replacement
of engineering judgement and creates a traceable digital thread from
capture to asset management.

Table 6. Recommended staged rollout for infrastructure owners.

Stage

Main function Acceptance evidence

1 Image archive and asset zones
2 Vector retrieval of similar defects
3 MLLM risk proposals

4 Partial automation for low risk
5 Integration with work orders

All images traceable to structure
Useful neighbours in review
Agreement with engineer labels
No missed high-risk findings
Closed maintenance record

4.5. Safety, auditability and data governance

Safety-critical inspection requires more than a high F1 score. Each
risk proposal is therefore bound to a complete evidence record:
source image identifier, crop coordinates, asset zone, retrieved
neighbours, prompt and model version, confidence values, rule
outcome, reviewer identity and final decision. This makes every
alarm reproducible as an engineering case rather than as an isolated
model output. When a reviewer rejects a proposal, the rejection is
still useful because it becomes calibration evidence for future
missions.

The cloud design also separates inference authority from
operational authority. Model services can suggest labels,
descriptions and maintenance options, but state-changing actions
pass through deterministic APls and role-based approvals. Private
endpoints, managed identities, key management and monitoring
protect the storage and search resources, while event logs preserve
the chain from image capture to work-order recommendation. This
governance pattern is important for infrastructure owners because it
allows models to be upgraded without losing the audit meaning of
past inspection records.

Digital thread from inspection evidence to maintenance action

UAV > Evidence > Foundry » Rule > Engineer » Work-order
capture index proposal validation approval update
Auditable evidence Closed-loop learning
image ID, crop, GPS, neighbours, prompt version accepted/rejected label updates calibration set

Fig. 7. Digital thread from inspection evidence to maintenance action

5. Limitations and future work

The evaluation is preliminary and intentionally conservative. It is
based on realistic but simulated class distributions and cloud latency
assumptions, not on a full longitudinal bridge-monitoring campaign.
Field validation should address lighting variation, motion blur,
occlusion, GPS drift, paint defects that resemble corrosion and the
relationship between surface anomalies and structural capacity.
Future validation should follow UAV inspection and crack-
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detection benchmarking practices [17,18]. Future work will add
repeated inspections, uncertainty-aware fusion of RGB, thermal and
LiDAR channels, and calibration of the risk score against real
deterioration histories.

6. Conclusion
The paper proposed a hybrid Al architecture for autonomous
structural inspection using UAV imagery, Azure cloud
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orchestration, image embeddings and multimodal LLM reasoning in
Microsoft Foundry. The contribution is not only an Al classifier, but
an end-to-end inspection pattern in which field capture, cloud
ingestion, vector retrieval, explanation and deterministic risk
control are integrated. Preliminary simulated results indicate higher
recall, fewer false alerts and shorter engineer review time than
image-only baselines.

The main engineering value is the separation of perception,
interpretation and commitment. The Al services create useful
evidence and explanations, but the deterministic layer decides
whether a work order, urgent alert or monitoring state can be
created. This is consistent with current Microsoft patterns for
multimodal embeddings, vector and hybrid search, blob-triggered
processing and Foundry governance [6-16].

The approach is therefore a safe path toward autonomous
inspection: Al accelerates triage and evidence preparation, while
qualified engineers remain responsible for safety-critical structural
decisions. For Industry 4.0 asset owners, the proposed architecture
provides a practical bridge between drone-based observation, cloud-
scale Al and accountable maintenance planning.
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Abstract - Trace theory is a fundamental tool in linear algebra, spectral theory, homological algebra, and related areas of
modern mathematics. While the additivity of trace is classical in finite-dimensional settings, a unified structural principle for
its behavior under measurable decomposition is less explicitly formulated across categorical and analytic frameworks. [8,9].

The paper introduces a compact trace reciprocity framework for trace-class exact endofunctors admitting measurable
decomposition over a o-finite measure space. Under suitable measurability, integrability, and boundedness assumptions, the
global trace can be recovered from the local traces of the measurable components. The report summarizes the formal setting,
states the main theorem, and outlines the proof strategy based on approximation by simple families, trace additivity, and
convergence arguments. [6,4]

Representative examples are included to show how the framework recovers familiar identities in finite-dimensional and
operator-theoretic settings. The goal is to provide a concise conference-style presentation of the main reciprocity principle, its
mathematical scope, and its structural significance. [7,3]

Keywords - Trace theory; trace reciprocity; measurable decomposition; trace-class endofunctors; stable categories; exact
endofunctors; categorical invariants; operator theory

The main result establishes a trace reciprocity principle
extending classical trace additivity to measurable
decomposition. The proof strategy is based on

Trace theory is a fundamental tool in modern mathematics. approximation by simple families, additivity of trace on
In finite-dimensional linear algebra, the trace of an finite combinations, and convergence arguments. [7,8]
operator A is defined by

1. Introduction

This report is organized as follows. Section 2 introduces
Tr(A) = z Ay #(D) the mathematical setup. Section 3 states the main theorem.
- Section 4 gives proof strategy. Section 5 presents
examples, and Section 6 concludes.

and satisfies the classical additivity property 2. Mathematical Setup
Tr(A + B) = Tr(A) + Tr(B). #(2) Let C be a compactly generated stable category, and let
Beyond finite-dimensional settings, trace appears in
operator theory, spectral analysis, homological algebra, F:C->C
and categorical constructions, where it serves as a compact
global invariant. [2,9,6] be an exact endofunctor. We assume that Fpreserves the

relevant homological structure and induces well-defined
actions on cohomological components associated with a
suitable compact generator of C. [6,4]

In many mathematical contexts, global objects admit
decomposition into simpler local or measurable
components. This naturally raises the question of whether
the trace of a global object can be reconstructed from the
traces of its components. While such behavior is familiar
in finite sums and spectral decompositions, a compact
general formulation for measurable decomposition in
categorical and analytic settings is less explicit. [7,8] Tr(F) = Z(_l)i Tr(F | HY). #(3)

The trace of F is defined by the alternating cohomological
sum. [9,2]

This report considers that problem for trace-class exact :
endofunctors admitting measurable decomposition over a
o-finite measure space. The aim is to identify conditions
under which the global trace is recovered from the traces
of the measurable family of local components. The
frqmework is f_ormu_lated in g_stable categorical setting Z | 'Tr(F | H) | < oo #(4)
with measurability, integrability, and boundedness :

assumptions. [4,6] '

The endofunctor F is called trace-class if this series is
absolutely convergent: [8]
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Let (M» u)be a o-finite measure space. A family of exact
endofunctors

{F;c}xeM

is said to be measurable if, for each object X € C, the
assignment

x = E(X)

is measurable in the appropriate sense. We say that
Fadmits a measurable decomposition if [7,8]

F(X) = f F, (X) du(x) #(5)
M

for every object X € C.

To ensure that the trace can be interchanged with
integration, we impose the integrability condition. [8,3]

f | TEGE,) | du(x) < . (6)
M

We also assume a boundedness condition sufficient to
control convergence of the decomposition and its
approximations. [7]

Under these assumptions, the trace of the global
endofunctor and the traces of its measurable components
can be related through a reciprocity principle. The next
section states this result precisely. [8,6]

3. Main Result

We now state the central reciprocity principle of this
report.

Theorem 1.
Let C be a compactly generated stable category, and let

F:C-C

be a trace-class exact endofunctor admitting a measurable
decomposition

14

F= f FE, du(x) #(7)
M

over a o-finite measure space (M- ). Assume that:

1. each E,is exact and has well-defined trace;
2. the map

x - TrigF,)
is measurable;

3. the integrability condition

f | THEE,) | du(x) < o (®)
M

holds.

Then the trace of F is given by the integral of the traces of
its measurable components:

THigF) = fMTr{ZGFX) du(x) ©)

This identity extends the classical additivity of trace from
finite sums to measurable decompositions. In the finite-
dimensional case, where Mreduces to a finite index set, the
theorem recovers the standard relation. [1,8]

Tr (Z Fk> = ) iR (10)
k k

The result may therefore be interpreted as a reciprocity law
between a global invariant and its local measurable
contributions. Its significance lies in providing a compact
structural principle valid across both analytic and
categorical settings, provided the required convergence
and compatibility assumptions are satisfied. [4,8,2]

The proof is based on approximation of the measurable
family by finite simple combinations, application of trace
additivity at the finite level, and passage to the limit
through convergence arguments. [7,8]
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Figure 1. lllustrative schematic of trace reciprocity under measurable decomposition

Schematic of proof architecture showing measurable decompaosition, simple approximation, finite additivity, and limit
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4. Proof Strategy

The proof proceeds by reducing the measurable
decomposition of F to finite approximations for which
trace additivity is classical. [8,7]

The logical structure of the proof and the passage from
measurable local components to the global trace are
illustrated schematically in Figure 1.

Figure 1. lllustrative schematic of trace reciprocity under
measurable decomposition: a global endofunctor is
represented through a measurable family of components
{F_x}; the associated local trace function is then
integrated to recover the global trace, with simple
approximants providing the finite-level bridge in the
prOOf-F{Fx}xEMEl

Figure 1 summarizes the main mechanism of the
argument. The measurable family {F, },.cy gives rise to
simple approximants F,, for which trace additivity is
applied at the finite level. The limit process then identifies
the trace of the global endofunctor with the integral of the
local trace function. [8]. First, the measurable family
{E,}em is approximated by a sequence of simple families.
This yields endofunctors of the form

Ny

E, = Z af” F o #(11)
k=1

such that E,converges to Fin the chosen operator sense.
For each finite approximation, trace additivity gives

Nn

Te(E,) = Z a™ Tr (Fxlgm) #(12)

k=1
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Thus, at the finite level, the trace of the approximating
endofunctor is exactly the sum of the traces of its
components. [1]

The next step is to identify these finite sums as
approximations to the integral of the local trace function.
Since the map

x - TrigF,)

is assumed measurable and integrable, the sequence of
simple sums converges to. [7]

J THgE,) du(x).
M

Finally, the convergence assumptions on the family and
the trace-class condition allow passage to the limit: [8,3].

Tr(F) = lim  Tr(F,) #(13)

Combining this with the convergence of the trace sums
yields the claimed identity.

The proof therefore rests on three ingredients:
approximation by simple families, additivity of trace on
finite combinations, and convergence control sufficient to
interchange trace and integration. This structure shows that
the reciprocity principle is a natural extension of finite
trace additivity to measurable decompositions. [8,7,6]
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5. Examples

We briefly indicate two representative cases in which the
reciprocity principle recovers familiar trace identities.
[1.8]

5.1. Finite-Dimensional Linear Operators

Let V be a finite-dimensional vector space and let

N
A= z A, #(14)
k=1

be a decomposition of a linear operator into finitely many
components. Then the classical additivity of trace gives

N (15)
TriA) = ) Tr{A,),

This is the discrete prototype of the reciprocity principle,
corresponding to the case where the measure space is finite
and the integral reduces to a sum. [1]

5.2. Trace-Class Integral Operators

Let T be a trace-class integral operator on L? (R)with
kernel K (x,y). In the classical setting, its trace is given by
the diagonal integral

Tr(T) = fK(x,x) dx #(16)
R

This may be interpreted as a continuous
decomposition of the global trace into local
contributions indexed by the parameter x. The
reciprocity principle places such formulas into a
broader framework in which the global invariant is
recovered from measurable local components. [7,3,8]

These examples show that the theorem is consistent with
both the finite additive case and the continuous operator-
theoretic case. In each setting, the same structural pattern
appears: a global trace is obtained from the traces of
decomposed components under suitable convergence
conditions. [2,3]
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6. Conclusion

This report presented a compact trace reciprocity
framework for trace-class exact endofunctors admitting
measurable decomposition over a o-finite measure space.
Under suitable measurability, integrability, and
compatibility assumptions, the trace of the global
endofunctor is recovered from the traces of its measurable
components. [8,6]

The result extends the classical additivity of trace from
finite sums to measurable decomposition and provides a
unified structural interpretation of trace as a global
invariant assembled from local contributions. The proof
strategy is based on approximation by simple families,
finite trace additivity, and convergence arguments. [1,7]

Although the report is intentionally concise, the theorem
illustrates a general principle linking categorical structure
and measurable analysis. This makes the reciprocity
framework relevant as a compact mathematical tool for
studying decomposed invariant behavior in both analytic
and homological settings. [2,4]
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Abstract: The paper examines the role of visual signs, interface hierarchy, and emotional engagement mechanisms in mobile application
design. Icons, pictograms, maps, menus, landmark distribution, and achievement screens are analyzed as components of an integrated
visual-interactive system. These elements do not merely transmit information; they guide attention, reduce cognitive load, support
orientation, and influence the user’s subjective experience. The study is based on theoretical foundations from semiotics, cognitive
psychology, visual search research, human-computer interaction, and gamification. The paper outlines principles for designing mobile
interfaces that are understandable, accessible, navigationally coherent, and emotionally engaging.
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1. Introduction

In the modern digital environment, mobile applications function
not only as technological tools but as complex systems for
perception, action, and experience. The user interacts (Ul) not only
with information but with a holistic visual-interactive environment,
in which symbols, colors, icons, maps, menus, and feedback shape
their behavior. According to ISO 9241-210, human-centred design
aims for interactive systems to be useful and usable by focusing on
users, their needs, and requirements, applying knowledge from
ergonomics and usability [1]. This places user experience (UX) not
only in the realm of visual design but in the area of scientifically
grounded interaction design between humans and systems. In
mobile applications, this problem is even more significant because
interaction often takes place under limited time, a small screen,
changing context, and fragmented attention. Research in mobile
HCI shows that mobile interaction often occurs in short fragments,
during which the user's attention is interrupted by the physical and
social environment [2].

Therefore, the visual interface must simultaneously perform
several functions: orienting, informing, reducing effort, supporting
decision-making and creating a positive attitude towards the
application. At the moment, more and more smart devices offer
powerful processing, good entertainment options and work with the
Internet [22].

2. Materials for Production of Prototype
P artsf pewika! U3mounukvm na npenpamkama He e Hamepen.
The user experience encompasses both the pragmatic

characteristics of the system efficiency, understandability, control,
and task performance as well as the hedonic characteristics-
pleasure, aesthetic perception, motivation and identification.
Hassenzahl and Tractinsky consider UX as a multilayered
phenomenon that includes not only usability but also emotional,
aesthetic, and experiential aspects of interaction [3]. In [4] a
classification of gestures is proposed according to their frequency of
use.

From a scientific perspective, UX can be viewed as the result of
three interacting levels: First is the perceptual level, this is how the
user sees, recognizes and groups visual elements. Second is the
cognitive level, how the user understands the function of the
elements, chooses an action and builds a mental model of the
application. Last is the affective level, which means how the
interface influences enjoyment, trust, interest, motivation and desire
for reuse.

Research on icon characteristics has shown that specificity,
visual complexity, and distinctiveness affect recognition speed and
accuracy [5]. More specific and clearly distinguishable icons are
easier to interpret, while overly complex or visually similar icons
increase the likelihood of error. [6] presents the main aspects
influencing the choice of an educational electronic form.
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Models of visual search also show that attention is guided by a
combination of environmental incentives and user goals [7]. In an
interface environment, this means that the design must support both
rapid “scanning” of the screen and purposeful searching.

In practice, the interface hierarchy is established through:

» distinguishing between primary and secondary actions;

* grouping related elements;

« consistent use of size, color and contrast;

* limiting visual noise;

* clearly distinguishing between interactive and non-interactive
elements.

This is particularly important for maps and screens displaying
points of interest, where multiple markers, categories, routes, and
buttons may be present simultaneously.

Cognitive load

Cognitive load describes the amount of mental resources
required to process information and perform a task. Sweller’s
classic theory emphasizes the limited processing capacity of
working memory and the need to reduce unnecessary cognitive load

(8]

In mobile applications, unnecessary cognitive load can be
caused by (figl.):

unnecessary
cognitiveload in

mobile applications

| | | | | |
too ambigu | [ lack of | [ similar | {inconsis| [cluttered| [ hidden
many ous feed buttons tent maps | | actions
menus | | icons back with | | navigati with no
different| | gn visual
function cue

Fig. 1 Unnecessary cognitive load in mobile applications

In this context, one of the classic UX recommendations is that
the interface should rely more on recognition than recall. Nielsen’s
heuristics include ,recognition rather than recall” as a principle
according to which the interface should make options visible, rather
than forcing the user to remember information from previous steps

[9].

This means that menus, cards, achievements and categories
should be designed so that the user recognizes the next action
through visible cues: icon, text, position, colour or context.

In mobile applications related to tourist routes, cultural heritage,
educational spaces, or urban navigation, the map is not just a
geographical tool. It is a cognitive structure that supports spatial
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thinking. Research on wayfinding shows that landmarks are key
elements for orientation in both real and virtual environments. The
visibility and distinctiveness of landmarks are among the important
factors for their effectiveness [10]

Maps, landmarks, and spatial orientation

In the mobile interface, this means that landmarks should be
selected and displayed not only according to their geographical
position but also according to their navigational and informational
significance. Sites with greater cultural, historical, or route value
should have a more prominent visual presence.

When all markers are the same, the interface does not create a
hierarchy of importance. The user sees multiple points but does not
understand which ones are important. Therefore, it is advisable to
use:

« different icons by category;

« scaling of significant objects;

« filtering by interest;

* visual grouping of nearby objects;

* short information cards;

* route hints;

+ indication of visited and unvisited sites.

This way, the map becomes a tool for meaningful orientation,
not just a display of locations.

Emotional engagement and affective design

Emotional engagement is an essential component of UX. The
user evaluates the application not only by whether it works, but also
by the feeling it creates: clarity, trust, pleasure, interest, motivation,
or tension. Donald Norman views emotional design as the
interaction between visceral, behavioral, and reflective levels of
perception [11]. The visceral level is associated with the initial
visual reaction, the behavioral with ease of use, and the reflective
with the meaning, identity, and personal value of the experience. In
mobile applications, a positive emotional reaction can be created
through clean and consistent visual system, smooth feedback, sense
of progress, predictable actions, moderate animations, personalized
recommendations, achievement screens, visual confirmation after a
successful action (see fig2.).

clean and
consistent
visual

the positive
emotional
reaction

predictabl
e actions

Fig. 2. The positive emotional reaction to mobile applications through

The importance of emotional engagement extends beyond
usability and aesthetics, influencing users’ trust, awareness, and
willingness to interact with digital systems. Research on human-
centered approaches in cybersecurity and digital environments
demonstrates that user perception, communication, and engagement
significantly affect the effectiveness of technological solutions.
Vasileva and Hlebarov emphasize the role of user awareness and
competency development in fostering positive interactions with
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digital services [12]. Similarly, the application of human-centric
principles in security-by-design frameworks highlights the necessity
of considering users’ cognitive and emotional needs throughout the
design process [13]. Effective information-sharing mechanisms and
transparent communication structures further contribute to users’
confidence and perceived reliability of digital platforms [14].
Moreover, interdisciplinary projects integrating technology, science,
and creative design illustrate how meaningful experiences and
emotional connections can encourage long-term engagement and
sustainable behavioral change [15]. These findings support the view
that affective design is not only a matter of visual appeal but also a
strategic factor in creating trustworthy, motivating, and user-
centered mobile experiences.

Achievements, rewards and gamification

Achievement screens are a common mechanism for increasing
engagement. They can include badges, points, levels, progress bars,
unlocked content, or statistics on actions taken. In the academic
literature, gamification is defined as the use of game design
elements in a non-game context [19]. Achievement screens should
be linked to a real user goal. For example, in a cultural route app, a
badge could represent a site visited, a completed thematic route, or
knowledge gained. This way, the reward has a meaningful
connection to the app’s core function. [20] and [21] are established
Bulgarian scholars who comment in depth on the topic according to
the Bulgarian specifics. They are good example for the
comprehensiveness of the topic.

Accessibility and universal design

Science-based UX cannot be separated from accessibility. The
interface must be usable by people of different abilities, ages, visual
impairments, motor limitations, and different digital competences.

For example, travel websites are widely used by travellers for
their travel bookings, but very little is known about sales
performance and the emotional experiences for the customers [16].
In [17] is presented cognitive and ethical failures in Al-based
scientific reviewing. [18] shous us one approach of Dom record
management component Ul creation. In [23] is described the need
for data protection, which is an important issue that must be
addressed when creating any mobile application.

Accessibility also includes sufficient contrast, legible
typography, predictable navigation, sufficiently large interactive
areas, and compatibility with assistive technologies.

3. Conclusion

Visual cues, interface hierarchy and emotional engagement are
key components of a high-quality mobile UX. Icons and pictograms
serve a semiotic and navigational function; maps and landmarks aid
spatial orientation. The menu structures choices and achievement
screens can support motivation and repeat usage.

Scientific analysis shows that an effective mobile interface must
be designed with regard to human perception, limited working
memory, visual attention, motor capabilities and the user’s
emotional response. A well-designed interface does not merely look
attractive; it reduces effort, accelerates understanding, builds trust
and creates a meaningful experience.

Therefore, mobile applications should be viewed as integrated
visual-cognitive and emotional environments. Their quality is
determined by their ability to connect information, action, and
experience into a clear, accessible, and engaging system.
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Abstract: Contemporary manufacturing environments are characterized by continuous variability in product types, production volumes, data
availability, network performance, and computational resource allocation. Conventional digital twin architectures, designed for static
operating conditions, are fundamentally inadequate to address such dynamic contexts. This paper presents the Adaptive Digital Twin
Framework (ADTF) — a novel architecture enabling digital twins to autonomously reconfigure their internal operating modes in response to
evolving manufacturing conditions. The proposed framework integrates physics-based modeling, machine-learning inference, and hybrid
paradigms within a unified self-adaptive system. Additionally, ADTF incorporates dynamic computation offloading across edge, fog, and
cloud layers, as well as explicit economic viability constraints. A Python-based simulation environment was developed to validate the
framework across three representative industrial scenarios: a transition from serial to customized production, progressive degradation of
computational resources, and escalating financial constraints. In all cases, ADTF demonstrated measurably superior performance compared
to static digital twin systems, maintaining operational continuity, model fidelity, and cost efficiency. The results establish ADTF as a
foundational contribution toward intelligent, self-managing digital twins aligned with the principles of Industry 4.0 and Industry 5.0.
Keywords: DIGITAL TWIN; ADAPTIVE SYSTEMS; MANUFACTURING; EDGE COMPUTING; MACHINE LEARNING; INDUSTRY 4.0

1. Introduction 2. Literature Review

The concept of the digital twin, introduced in the context of The foundational notion of a digital twin was articulated by
product lifecycle management and later popularized through the Grieves in the context of product lifecycle management [1, p. 4],
Industrial Internet of Things (110T) paradigm, has become one of and has since been substantially refined and expanded across
the most actively investigated topics in modern manufacturing disciplines including aerospace, automotive manufacturing, and
research. A digital twin is broadly defined as a real-time virtual smart infrastructure. Grieves and Vickers subsequently emphasized
counterpart of a physical system, capable of mirroring its behavior, the role of the digital twin as a living model that continuously
state, and performance throughout its operational lifecycle [1, p. 3]. evolves in tandem with its physical counterpart, drawing on real-
The promise of digital twins lies in their potential to enable  time data streams to maintain representational fidelity [5, p. 87].
predictive maintenance, process optimization, quality assurance, Contemporary digital twin architectures typically consist of three
and adaptive control within highly complex industrial environments principal layers: a physical entity layer, a communication and data
[2, p. 654]. Despite the growing maturity of digital twin acquisition layer, and a virtual model layer [6, p. 348]. Advanced
technologies, a critical limitation persists in the majority of existing implementations  additionally incorporate analytics modules,
implementations: their fundamentally static nature. Most digital decision support systems, and feedback actuation interfaces.
twins are engineered around predefined sets of operating conditions, However, the predominant design philosophy remains anchored to
fixed modeling paradigms, and predetermined computational static configurations — the modeling strategies, solver
deployment strategies [3, p. 1017]. Once deployed, such systems configurations, and deployment parameters are established at
remain structurally unchanged regardless of variations in the system design time and are not subject to autonomous modification
manufacturing environment. This rigidity creates a progressive during operation [7, p. 3586]. Recent surveys have documented the
divergence between the digital twin's operational assumptions and rapid proliferation of digital twin applications across manufacturing
the actual conditions it is expected to model, ultimately eroding the domains, including machining, assembly, process control, and
system’'s accuracy, responsiveness, and practical value. Real supply chain management [6, p. 350]. Despite this diversity, the
manufacturing environments are inherently dynamic. Fluctuations inherent adaptability of the digital twin as an architectural concept
in production volume, shifts in product customization demands, has received comparatively limited attention. The majority of
degradation of sensor networks, variability in cloud resource reviewed implementations treat adaptability as a property of the
availability, and changing financial constraints are recurrent controlled physical system rather than as an intrinsic capability of
phenomena that any robust digital twin must accommodate [4, p. the digital twin itself [3, p. 1019]. The concept of adaptive systems,
21985]. A static system cannot adapt to these changes rooted in control theory and later extended to software engineering
autonomously; it either fails silently or requires costly manual and cyber-physical systems, refers to systems capable of modifying
reconfiguration. their own behavior or structure in response to environmental
changes. In the context of manufacturing, adaptive systems have
been extensively studied in the domains of reconfigurable
manufacturing systems, adaptive process control, and self-
organizing production networks [8, p. 568]. Context-aware
computing, originally developed within the ubiquitous computing
research community, provides a complementary perspective. A
context-aware system acquires and interprets information about its
operational environment and uses this information to adapt its
behavior in a relevant and useful manner [9, p. 3]. The application
of context-awareness principles to industrial cyber-physical systems
has been gaining traction, particularly in the framework of Industry
4.0 [10, p. 1501]. The intersection of digital twins and adaptive
systems remains a largely underexplored research frontier. A small
number of recent contributions have proposed mechanisms for
dynamic model updating in digital twins, typically focused on
online learning of model parameters rather than structural
reconfiguration of the modeling paradigm itself. The present work
addresses this gap by proposing a framework in which the entire
operational mode of the digital twin is subject to autonomous
adaptation [4, p. 21988]. A recurring challenge in digital twin

To address this fundamental gap, this paper proposes the
Adaptive Digital Twin Framework (ADTF), a new conceptual and
architectural model in which the digital twin itself functions as an
intelligent, self-reconfiguring system. Rather than being merely a
passive virtual representation, the ADTF-based digital twin actively
monitors its operating context, evaluates the appropriateness of its
current configuration, and autonomously transitions between
modeling paradigms, computational deployment strategies, and
operational modes in order to maintain optimal performance under
varying conditions. The remainder of this paper is structured as
follows. Section 2 reviews the relevant literature on digital twin
architectures and adaptive systems. Section 3 describes the
proposed ADTF in detail. Section 4 presents the simulation
methodology and experimental scenarios. Section 5 reports and
analyzes the results. Section 6 discusses implications and
limitations, and Section 7 concludes the paper with directions for
future research.
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design concerns the selection of an appropriate modeling paradigm.
Physics-based models offer high interpretability and generalizability
but may be computationally expensive. Data-driven models,
particularly those based on machine learning, can capture complex
nonlinear relationships from historical data but typically lack
physical interpretability and may generalize poorly to out-of-
distribution conditions [11, p. 423]. Recent research has
investigated hybrid modeling approaches that combine physics-
based and data-driven elements, aiming to leverage the
complementary strengths of both paradigms. Physics-informed
neural networks (PINNSs), grey-box models, and hierarchical hybrid
architectures represent prominent examples of this trend [11, p.
425]. However, existing hybrid modeling approaches are generally
static — the composition and weighting of components are fixed at
training time and do not adapt dynamically to changing operating
conditions. The ADTF proposed in this paper extends the concept
of hybrid modeling by enabling dynamic, context-driven selection
among modeling paradigms.

The deployment of digital twin computations across
heterogeneous computing infrastructures — spanning edge devices,
fog nodes, and cloud platforms — has been identified as a critical
enabler for responsive and resilient industrial digital twin systems
[12, p. 638]. Edge computing reduces communication latency and
enables local processing of time-sensitive data, while cloud
computing provides scalable resources for computationally
intensive tasks [12, p. 640]. The optimal partitioning of
computations across this infrastructure hierarchy depends on
dynamic factors including network conditions, resource availability,
and latency requirements. Dynamic workload offloading strategies
for industrial edge-cloud systems have been studied extensively in
the 1loT literature [9, p. 5]. However, the integration of such
strategies within a unified digital twin framework — enabling the
digital twin to autonomously determine the appropriate deployment
layer for its computations — has not been previously addressed in a
systematic and architecturally rigorous manner.

3. The Adaptive Digital Twin Framework

The Adaptive Digital Twin Framework is founded on a
reconceptualization of the digital twin's role. In the conventional
understanding, a digital twin is a passive representational artifact —
a virtual model that reflects the state of a physical system [1, p. 5].
In the ADTF paradigm, the digital twin is recast as an active,
intelligent management instrument that continuously monitors its
own operating context, evaluates the fitness of its current
configuration, and executes autonomous reconfiguration actions
when necessary.

This reconceptualization draws on three foundational principles.
First, the principle of contextual awareness: the digital twin
maintains an explicit, continuously updated representation of its
operational context, including manufacturing environment
characteristics, data availability, computational resource status, and
economic constraints [2, p. 656]. Second, the principle of adaptive
self-organization: the digital twin possesses the capability to
autonomously modify its own internal architecture. Third, the
principle of multi-objective optimization: reconfiguration decisions
are guided by the simultaneous optimization of multiple competing
objectives, including model accuracy, response latency, and
operational cost [4, p. 21992]. The ADTF comprises four principal
architectural layers. The Physical-Cyber Interface Layer is
responsible  for real-time acquisition, preprocessing, and
contextualization of data from physical manufacturing assets. It
incorporates sensor fusion, anomaly detection, and data quality
assessment modules that continuously characterize the information
environment available to the digital twin [13, p. 452]. The Context
Assessment Layer maintains a structured representation of the
current  manufacturing context, formally defined as a
multidimensional vector encompassing production mode indicators,
data quality metrics, computational resource availability indices,
network performance metrics, and economic constraint parameters.
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Context assessment is performed on a continuous basis through
lightweight monitoring agents deployed at the edge [12, p. 641].
The Adaptive Configuration Engine constitutes the cognitive core
of the ADTF. This layer implements a decision logic that maps the
current context vector to an appropriate operational configuration.
The configuration space spans multiple dimensions: modeling
paradigm selection (physics-based, data-driven, or hybrid),
computational deployment allocation (edge, fog, or cloud), and
resource utilization priorities. The decision logic is implemented as
a rule-based system augmented with a learned policy derived from
historical operational data [4, p. 21994]. The Execution Layer
implements the operational mode selected by the Adaptive
Configuration Engine. It hosts modular, interchangeable model
components corresponding to different modeling paradigms,
manages the dynamic allocation of computational tasks across the
edge-cloud continuum, and interfaces with the manufacturing
execution system to deliver control recommendations and
diagnostic outputs 6, p. 353]. The ADTF supports three primary
modeling paradigms that can be activated individually or in
combination according to contextual requirements. The physics-
based modeling module encapsulates first-principles models of
manufacturing processes. This module is activated preferentially
when data availability is limited, when interpretability of model
outputs is required, or when the manufacturing process operates
within well-characterized parameter ranges [11, p. 424].

The machine learning inference module incorporates trained
statistical models — including gradient boosting regressors,
recurrent neural networks, and convolutional feature extractors —
that operate on historical and real-time process data [10, p. 1502].
This module is activated preferentially when abundant high-quality
data is available, when rapid inference is required, and when
process complexity exceeds the representational capacity of
physics-based formulations. The hybrid composition module
dynamically combines physics-based and data-driven components
according to a blending policy that weights each component
proportionally to its estimated reliability under the current context.
The blending policy is parameterized by the context vector,
enabling smooth transitions between pure physics-based operation,
pure data-driven operation, and intermediate hybrid configurations
[11, p. 428].

A distinctive feature of the ADTF is its capacity for
autonomous reconfiguration of computational deployment across
the edge-cloud continuum. The framework continuously monitors
network latency, bandwidth availability, edge resource utilization,
and cloud resource pricing, and uses this information to determine
the optimal deployment allocation for each computational module
[12, p. 643]. When network conditions deteriorate or cloud
resources become unavailable or economically prohibitive, the
framework autonomously migrates critical computations to local
edge or fog infrastructure, ensuring continuity of operation at the
cost of reduced modeling complexity [12, p. 644]. The deployment
reconfiguration is implemented through a containerized
microservices architecture, enabling modular and rapid
redeployment of computational components across heterogeneous
infrastructure nodes.

The ADTF explicitly incorporates economic considerations as
first-class constraints in the reconfiguration decision logic. This
represents a significant departure from the prevailing practice in
digital twin research, which tends to treat economic factors as
external deployment considerations rather than as intrinsic system
constraints [3, p. 1020]. The economic constraint module maintains
a real-time estimate of the operational cost of the digital twin,
encompassing cloud computational costs, data transmission costs,
and licensing costs. This estimate is continuously compared against
a configured budget envelope that reflects the enterprise's economic
priorities. When projected costs approach budget thresholds, the
Adaptive  Configuration Engine modifies the operational
configuration to reduce resource consumption [8, p. 570]. This
economic adaptivity is particularly relevant for small and medium-
sized enterprises (SMEs), which constitute a substantial portion of
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the global manufacturing base but typically operate under severe
computational and financial resource constraints [14, p. 12]. The
ADTF is designed to deliver meaningful operational benefits within
the resource envelopes typical of SME deployments.

4. Simulation Methodology

To validate the ADTF concept, a purpose-built simulation
environment was developed in Python. The simulation environment
models a generic manufacturing cell comprising multiple
production stations, inter-station material handling, and quality
inspection subsystems. The environment generates synthetic sensor
data streams, simulates variations in data quality and network
conditions, and emulates the behavior of edge and cloud
computational resources under varying load conditions [15, p. 287].

The simulation implements both the ADTF-based adaptive
digital twin and a baseline static digital twin system operating with
a fixed modeling paradigm and fixed computational deployment.
The key performance indicators evaluated include: model fidelity
(normalized RMSE), response latency, operational cost per unit
time, and system continuity (proportion of time within specified
accuracy and latency bounds). Three representative manufacturing
scenarios were designed to challenge the adaptive capabilities of the
ADTF in qualitatively distinct ways. Scenario A: Serial-to-
Customized Production Transition. This scenario models a
manufacturing shift from high-volume serial production of a
standardized product to low-volume customized production of a
diverse product portfolio. As the production mode transitions, the
statistical properties of sensor data streams change substantially,
rendering data-driven models trained on serial production data
increasingly unreliable [2, p. 657]. Under these conditions, an
adaptive system should progressively increase its reliance on
physics-based modeling, which generalizes better to novel product
configurations. Scenario B: Progressive Computational Resource
Degradation. This scenario simulates a gradual reduction in
available computational resources, representing conditions such as
network congestion, cloud service degradation, or edge hardware
failure [12, p. 645]. An adaptive system should progressively
migrate computations toward lighter-weight models and local edge
deployment, maintaining operational continuity at the cost of
reduced model complexity. Scenario C: Escalating Financial
Constraints. This scenario models a progressive tightening of the
available operational budget, representing conditions such as
quarterly cost reduction mandates or enterprise-wide resource
rationalization. Under increasing financial pressure, a cost-adaptive
system should progressively transition toward lower-cost
operational configurations [14, p. 14].

5. Results and Analysis

Under Scenario A, the static digital twin exhibited a progressive
deterioration in model fidelity as the production mode shifted
toward customized manufacturing. The normalized RMSE of the
static system increased by 47.3% over the 72-hour simulation
period, reflecting the growing mismatch between the data-driven
model and the statistical properties of the customized production
process. The ADTF system autonomously detected the shift in data
statistical properties through its context assessment layer and
initiated a gradual transition toward physics-based modeling. Over
the same simulation period, the ADTF's model fidelity degraded by
only 11.8%, representing a four-fold improvement in fidelity
preservation relative to the static system. The adaptive
configuration engine successfully identified the crossover point at
which physics-based modeling became preferable and executed the
transition without manual intervention [11, p. 426]. The
computational resource degradation scenario revealed a qualitative
behavioral difference between the adaptive and static systems. As
resources were progressively reduced, the static system continued to
attempt execution of its fixed computational pipeline, resulting in
escalating response latencies that eventually exceeded operational
tolerance thresholds. At maximum resource degradation, the static
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system's response latency had increased to 8.4 times its baseline
value, effectively rendering it non-functional for real-time control
applications [12, p. 646]. The ADTF system responded by
progressively restructuring its computational deployment. While
model fidelity was reduced under maximum degradation conditions
(a 23.1% increase in normalized RMSE relative to baseline), the
system maintained response latencies within acceptable bounds
throughout the simulation, achieving 94.7% operational continuity
compared to 61.3% for the static system. Under the escalating
financial constraint scenario, the ADTF demonstrated the
effectiveness of its economic viability integration. As budget
thresholds were progressively tightened, the adaptive configuration
engine systematically substituted high-cost operational components
with lower-cost alternatives. Cloud computational expenditure was
reduced by 68.4% relative to the unconstrained baseline
configuration. The operational cost reductions were accompanied
by modest performance penalties. Model fidelity under maximum
financial constraints decreased by 18.7% relative to baseline, and
response latency increased by 31.2%. However, the system
maintained continuous operation throughout the simulation period,
unlike the static system which exhibited service interruptions during
the reconfiguration process [14, p. 15].

Across all three scenarios, the ADTF consistently outperformed
the static digital twin on the composite performance metric. The
ADTF achieved composite scores of 0.847, 0.793, and 0.821 in
Scenarios A, B, and C respectively, compared to static system
scores of 0.612, 0.504, and 0.589. The performance advantage was
most pronounced in Scenario B, where the static system's inability
to adapt its computational deployment resulted in substantial service
degradation. These results validate the core hypothesis of the
ADTF: that autonomous contextual adaptation substantially
improves the operational resilience and efficiency of digital twin
systems.

5. Discussion

The principal theoretical contribution of this work is the
reconceptualization of the digital twin as a self-reconfiguring
intelligent system rather than a static virtual model [2, p. 91]. This
reconceptualization has substantive implications for the design
philosophy of future digital twin architectures. It suggests that
adaptability should be treated as a primary design objective — on
equal footing with model accuracy, response latency, and
operational cost — rather than as an incidental property. The ADTF
framework also contributes a formal representation of
manufacturing context as a multidimensional operational descriptor
that can be monitored, evaluated, and acted upon autonomously.
Furthermore, the explicit integration of economic viability as a first-
class system constraint represents a conceptual advance over
existing digital twin architectures [3, p. 1021]. From a practical
perspective, the ADTF offers a pathway toward digital twin
implementations that are simultaneously more robust, more
economically accessible, and less dependent on continuous expert
intervention than current state-of-the-art systems. The framework's
capacity for autonomous adaptation to resource constraints is
particularly significant for SMEs [14, p. 16]. The ADTF is
applicable across a diverse range of manufacturing contexts,
including flexible manufacturing systems, robotic production cells,
smart factory environments, and predictive maintenance platforms
[2, p. 659]. Its modular architecture facilitates incremental adoption,
allowing enterprises to deploy initial implementations with limited
model portfolios and gradually expand the framework's adaptive
capabilities as operational experience accumulates. The present
study is subject to several limitations. First and most significantly,
the validation was conducted entirely within a simulation
environment. While the simulation was designed to reflect realistic
manufacturing conditions, it inevitably involves simplifications
relative to actual industrial deployments [15, p. 288]. Physical
manufacturing systems exhibit complex, partially observable
dynamics that may not be fully captured in simulation, and the
performance characteristics reported should be interpreted as



INDUSTRY 4.0 2026, SUMMER SESSION, vol 1

indicative rather than definitive. Second, the cost and performance
models used in the simulation were deliberately simplified to
maintain analytical tractability. Third, the adaptive configuration
engine in its current form relies on a relatively simple rule-based
decision logic. More sophisticated approaches — including model
predictive control, reinforcement learning, or Bayesian optimization
— may Yyield superior adaptation performance [4, p. 21998]. The
development and evaluation of such approaches represents an
important direction for future research.

7. Conclusion

This paper has presented the Adaptive Digital Twin Framework
(ADTF), a novel architectural concept for digital twin systems
capable of autonomous reconfiguration in response to dynamically
changing manufacturing contexts. The ADTF addresses a critical
limitation of existing digital twin architectures: their inability to
adapt their modeling paradigms, computational deployment
strategies, and resource utilization priorities to the evolving
conditions of real manufacturing environments. The framework's
core innovations include a multidimensional context representation;
an adaptive configuration engine; a dynamic computational
deployment mechanism enabling autonomous migration of
workloads across the edge-cloud continuum; and explicit
integration of economic viability as an intrinsic system constraint.
Simulation-based  validation  across  three  representative
manufacturing scenarios consistently demonstrated the superiority
of the ADTF over static digital twin architectures. Future work will
focus on real-world industrial validation, development of more
sophisticated adaptive decision mechanisms, and extension of the
framework to multi-asset and supply-chain-level digital twin
deployments. The ADTF represents a convergence of digital twin
technology with the principles of adaptive systems and context-
aware computing, contributing to the realization of the intelligent,
resilient manufacturing systems envisioned by Industry 4.0 and
Industry 5.0 frameworks.
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Abstract: This paper presents a refined modification of the classical Newton—-Raphson method for solving nonlinear equations. The proposed
method integrates a dual strategy: the replacement of the analytic derivative with a central finite-difference approximation and the
implementation of a dynamic adaptive mechanism for step-size regulation. Through rigorous mathematical analysis, we demonstrate that the
new approach ensures reliable convergence even when initial guesses are far from the true root. The adaptive step-size improvement is
based on monitoring the relative error of the derivative and dynamically optimizing the accuracy of the approximation. The article provides
a comprehensive convergence analysis, a geometric interpretation of the proposed approach, and practical implementations with significant

implications for problems in which the classical method tends to fail.
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Introduction

The effective solution of nonlinear equations represents a
fundamental challenge in numerical sciences with broad
applications across various scientific and engineering disciplines,
from structural engineering to control systems and physical
modeling. Among available numerical methods, the Newton-
Raphson method stands out for its remarkable quadratic
convergence rate, [1], [2], [3] yet it continues to suffer from two
fundamental limitations: complete dependence [3], [4], [9] on the
availability of analytical derivatives and high sensitivity to initial
value selection.

In practical applications, these limitations manifest as significant
obstacles in many real-world scenarios where functions are complex
or information about analytical derivatives is limited. Previous
studies have proposed partial solutions to these problems, either
through numerical approximations of derivatives or through step-
size control mechanisms. However, the absence of an integrated
approach that simultaneously addresses both limitations has
remained a noticeable gap in existing literature, creating the need
for a more comprehensive and reliable methodology

"This work proposes a practical adaptive implementation of a finite-
difference  Newton framework that combines derivative
approximation and dynamic step control in a unified algorithm. Our
approach offers several key advantages: it eliminates the need for
analytical derivatives using finite difference approximations, [3],
[7]1, [8] enhances convergence robustness through a dynamic step-
size adjustment mechanism, and maintains the high convergence
speed characteristic of the classical method.

Through comprehensive mathematical analysis, we demonstrate
that the proposed method preserves quadratic convergence under
optimal conditions while providing strong stability guarantees for
different initial values. Our work contributes to the field through
three main aspects: (1) a complete theoretical framework with
convergence criteria and error estimates, (2) an efficient algorithmic
implementation with automatic control mechanisms, and (3)
detailed comparative evaluations with existing methods across a
wide range of test functions.

The paper is organized logically to present and evaluate the new
method: Section 2 presents the mathematical foundations of the
method, Section 3 analyzes convergence and stability, Section 4
describes practical implementation and algorithmic considerations,
Section 5 presents numerical results and comparisons with existing
methods, and Section 6 summarizes conclusions and future research
directions. This clear structure provides readers with a logical
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journey through the development and evaluation of the proposed
method, ensuring comprehensive understanding of both theoretical
foundations and practical applications.

1. Introduction to the Newton—Raphson Method

The Newton-Raphson method (often called simply Newton's
method) is one of the cornerstones of numerical analysis and
nonlinear computation. Originally developed by Isaac Newton
(1669) and later refined by Joseph Raphson (1690), it provides one
of the most elegant and powerful approaches for approximating the
roots of nonlinear equations of the form

f(x) =0, @

where f:R — R is a continuous and differentiable function over a
given interval.

1.1. Fundamental Principle

The basic idea of the Newton-Raphson method [2], [3] arises from
the linear approximation of a nonlinear function near an initial
estimate x,. By employing the first-order Taylor expansion, we can
write:

F) = f(x0) + f (20) (x — xp).
By imposing f(x;) = 0, we obtain:
0 = f(xo) + f (20 (x1 — x0),
which leads directly to the iterative formula:

fGen)

£ G) )

Xn+1 = Xn

Through repeated application of this update rule, one can generate a
sequence {x,} that, under suitable conditions, converges to the
actual root r with second-order (quadratic) convergence.

1.2. Convergence Conditions

For the sequence {x,} to converge to the true root r, several
assumptions must hold:

1. fis continuously differentiable on an interval I c R.
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2. There exists a simple root x* € I such that f(x*) = 0 and
f &) #0;

3. The initial guess x; lies sufficiently close to r.

Under these assumptions, the convergence is quadratic [3], [4], [5],
that is,

%41 = x| < Clxy — x*I?

for some constant C > 0 that depends on the higher derivatives of

f.
1.3. Geometric Interpretation

Geometrically, the Newton-Raphson method represents the process
of finding the intersection of the tangent line to f(x) at x, with the
X-axis.

At each iteration, a tangent line is drawn at the current point (
xn, f(x,) ), and its intersection with the x-axis defines the next
approximation Xpi1-
This makes the method a differentially informed root-finding
process, accelerating convergence by incorporating local slope
information.

Aﬁﬂxw)l

y Tangent line at xp

Tangent line at x;

/’r /xl Xo

Figure 1. Geometric interpretation of the Newton-Raphson
method.

1.4. Advantages and Limitations

The Newton-Raphson method is renowned for its remarkable speed
of convergence, especially when the initial guess x, is near the true
root. However, it is not free from limitations [6]:

e If f'(x,) is small or changes sign, the iteration may
diverge;

e  For multiple roots, convergence becomes linear rather
than quadratic;

e It requires the computation of the derivative £ (x), which
can be analytically or computationally expensive.

2. The Proposed Method
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2.1 Finite Difference Approximation

The analytical derivative £ (x,) in (2) is replaced by a central
difference approximation [7], [8]:

f(xn +hn) _f(xn - hn)

f'(xn) = th(xn) = 2h

where h, > 0 is an adaptive step size that evolves during the
iteration process.
The choice of the central difference approximation is motivated by
its superior accuracy properties. For sufficiently smooth functions,
the truncation error satisfies:

If (n) = Duf (en)| = O(RZ)

providing second-order accuracy while maintaining computational
efficiency.

2.2 Modified Iteration Scheme
Substituting (3) into (2) yields the modified iteration:

_ 2h, f (x,)
Tl = X _f(xn + hn) _f(xn - hn)

This formulation eliminates the need for analytical derivatives while
preserving the essential structure of the Newton-Raphson method.

2.3 Adaptive Step-Size Control

The effectiveness of the finite-difference approximation (3)
critically depends on the appropriate selection of the step size h,,. A
step size that is too large introduces significant truncation errors,
while one that is too small amplifies rounding errors in finite-
precision arithmetic.

2.4 Relative Error Monitoring

We introduce a monitoring mechanism based on the relative change
in the derivative approximation:

Dy f(xy) — Dpf (1)
th(xn—l) ’

This quantity serves as a proxy for the stability and accuracy of the
derivative approximation.

n=>1

-]

1.2.2 Step-Size Adjustment Strategy

The step size is dynamically adjusted according to the following
rules:

h _ {min(l.Zhn,hmaX ), ifd, <,
"1 7 {max(0.8h,,, hyiy ), if 8, = 1,
where:
e tT=10"> is a tolerance parameter controlling the

adaptation sensitivity;
e hnin > 0 prevents excessively small step sizes;

e hp. < oo bounds the step size to maintain approximation

quality.

The expansion factor of 1.2 and the contraction factor of 0.8 were
determined empirically to provide a balance between
responsiveness and stability in the adaptation process.
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3.1 Convergence Analysis

[Local Convergence] Let £ € C3(I) and let x* € I be a simple root
of f,i.e. f(x*) =0 and f (x*) # 0. Then there exists ¢ > 0 and a
sequence of step sizes h, = O(|x, — x*|), such that, for every
initial approximation xy € (x* — €, x* + €), the improved Newton-
type iteration

~ 2h, f(x,)
= T ey + ) — f (o — )

converges quadratically to x* , i.e.
|%p11 — x*|] < Klx, — x*|?,

where K >0 is a constant depending on f and x*.
Proof: Let e, = x,, —x* denote the error at iteration n. Since
f € €3, the Taylor expansions around x* and x,, yield:

f &)
2
. h: . h3

f(xn i hn) = f(xn) i hnf (xn) + 7f (xn) i ?f

&)

c en + 0(ep),

e +

fO) = f (xDen +

m

Subtracting the latter two expressions gives the central finite
difference:

"

3
PGt + 1) = F Gty — ha) = 21 f () 4" (5,) + OCKD)

so that the symmetric difference quotient satisfies:

fCe, +hy) — f(xy —hy)
2h,,

2
= F Gy

Dy, f(xn) =

"

() + O(h).

The iterative formula can thus be written as:

f(xn)

X =Xp — 07— =X
n+1 n Dhnf(xn) n

) £ )
i .
£ Ge) + B G + 0(h2)

Hence,

f(xn)
, hZ .
@) + 2" () + 0(h)

€nt1 = € —

Expanding f(x,,) and f’ (x,) around x* gives:
FG) = £ (e, + Coed +0(eD), ¢, = L7
frea)=f () +Csen +0(ed), C3 = f (x7)

Using the expansion

S—— P R
Fer+s Fel\l  Fay Toe)

2 "nr - -
§ = Ce, +2f" (x,) + 0(e? +h), and substituting
into the iteration, we
simplification

where
obtain after

- C 2 G o a2 3
eny1 = 6 [en + f' D) en f/ (") en 6f’ D) hnen + O(Bn)]

_( G G 2 f )2 3
= (f’(x*) f'(X*)) e + g ten + 0 (en)

Since C; = f (x*) and C, = f~ (x*)/2, we have

() + 0 (h).

C3 _ C; =f"(X*)
f) ) 2f(x)

Thus,

mr

o = &) o2 ()
n+l — Zf'(x*) n 6f'(x*)
If we choose h, = O(|e, ), then hZe, = O(|e,|?), leading to,

enr = % +0(ed)

hie, +0(e?)

Consequently,
|en+1| < Klenlz + M|€n|3,

for constants K, M > 0 For sufficiently small |e,| (i.e. that is, for x,
close enough to x* ), the cubic term is negligible compared to the
quadratic one, establishing quadratic convergence O(e3). When h,,
is too large, oscillations may appear and convergence may
deteriorate; however, by adaptively monitoring the relative
derivative error, h, scan be progressively reduced as n — oo,
restoring stability and ensuring second-order accuracy. Hence, the
method achieves an asymptotically quadratic convergence:

lens1l < Kle,|?

It is generally recommended that the initial step size hy of the
proposed method be chosen within the interval hy € [0.1,10].
This range provides a practical balance between derivative accuracy
and numerical stability during the early iterations.
In this regime, the algorithm effectively reveals potential sensitivity
to the initial approximation-allowing the detection of ill-scaled or
poorly conditioned problemswhile preventing excessive oscillations
due to large finite-difference,spacing.
Once the initial behavior is stabilized within this interval, the
adaptive mechanism naturally drives h,, toward smaller values as
n — oo, ensuring that the iteration rapidly transitions into the regime
of quadratic convergence.
Therefore, the choice hy € [0.1,10] is not only empirically justified
but also theoretically consistent with the convergence analysis,
providing both robustness in initialization and optimal asymptotic
accuracy.

4. Practical Implementation and Algorithmic Considerations

The theoretical form of the proposed iteration becomes useful in
applications only when it is accompanied by stable stopping rules,
safeguards against nearly zero finite-difference denominators, and a
clear strategy for updating the adaptive step. In this section we
present the complete computational version of the method. The
implementation is designed for scalar nonlinear equations f(x)=0,
but the same logic can be extended to systems by replacing the
scalar finite difference with a numerical Jacobian.

4.1. Complete Adaptive Newton-Type Algorithm

Let x, be the initial approximation, hy > 0 the initial finite-
difference step, t the derivativestability tolerance, and h.;,, Amax
the lower and upper bounds for the adaptive step. At iteration n, the
central finite-difference derivative is evaluated by

f(xn + hn) _f(xn - hn)
2h,

Dy, f(xn) = #(D)

The preliminary Newton displacement is defined as
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To avoid instability when the full displacement increases the
residual, a damping parameter 4, € (0,1] may be introduced and
reduced until a residual-decrease condition is satisfied [9], [10],
[11]. The corrected update is therefore

f ()

Xn+1 = Xp +AnSn,Sn = —m.
n n

#(3)

In the undamped case A, =1, formula (3) coincides with the
modified iteration introduced previously. The damping mechanism
does not change the local quadratic behavior near a simple root,
because 1, becomes equal to one once the iteration enters the
convergence neighborhood. Its role is mainly global: it prevents
large jumps when the initial value is far from the root or when the
finite-difference derivative is temporarily inaccurate.

Algorithm 1. Adaptive Finite-Difference Newton Method
Input: nonlinear function f, initial approximation x,, initial step hg,
tolerance &, maximum number of iterations N derivative-

stability tolerance 7, and bounds h_.. ., h

max !
min ’ "*max *

Forn=10,1,.., N, , perform the following steps:

1. Compute E, = f(x,).

If |E,|<e, stop and return x, as the approximate root.
2. Compute the central finite-difference derivative

=f(xn +h,) — f(x, —h,)

" 2h,
If |D,| is too small, reduce h, and recompute D,.
3. Set
—_— Fn
Sp = Dn

If damping is required, choose A, € (0,1] so that the residual
decreases, and set

Xn41 = Xn + A8y
Otherwise, take 1,, = 1.

4. For mn>1, compute the relative derivative-variation
indicator

6n — Dn _Dn—l‘

Dn—l

5. Update the finite-difference step according to

min(1.2h,, Amax )»

L B { if 5,1 <T
"1 lmax(0.8hy,, Amin ),

ifé, >t

Output: approximate root x,, number of iterations, final residual
|f (x,)], and final adaptive step size h,,.

4.2. Stopping Criteria and Numerical Safeguards

A practical implementation should not rely on only one stopping
criterion. In the numerical experiments below, convergence is
accepted when either

If Cen)l < et

or

|xn+1 _xnl < 5(1 + |xn|)#

The first condition checks the nonlinear equation itself, while the
second condition detects stagnation of the iterates. In this way, the
algorithm is able to terminate not only when the residual becomes
sufficiently small, but also when successive approximations no
longer produce a meaningful improvement. If the finite-difference
denominator

f(xn + hn) _f(xn - hn)#

becomes too small, the derivative approximation may become
unstable. In this case, the algorithm reduces the adaptive step size
h,, and recomputes the finite-difference derivative. If this correction
fails repeatedly, the iteration is stopped and the initial value is
considered unsuitable for the selected tolerance. This safeguard
prevents division by very small quantities and avoids the generation
of excessively large Newton displacements [8].

The recommended initial interval
ho € [0.1,10]#(4)

is suitable for many scaled one-dimensional problems.
Nevertheless, for functions involving very large or very small
physical units, the initial step should be scaled according to the
expected magnitude of the initial approximation. A dimensionless
and more robust choice is

ho =n(1 + |xo1), #(5)
where 7 is typically chosen in the range
1073 < <1071 #(6)

This scaling makes the finite-difference step consistent with the size
of the problem and improves the reliability of the adaptive Newton-
type iteration in problems with different physical units or numerical
scales.

5 Numerical Experiments and Comparative Analysis

To illustrate the behavior of the proposed method, several nonlinear
equations were tested and compared with the classical Newton
method and the secant method. The experiments use the stopping
tolerance

e=10"10,

with hy = 0.1 for the proposed method, 7= 107>, Ay,
1078, h. = 10, and maximum number of iterations N, = 100.
Table 1 reports the number of iterations required to reach the
tolerance and the final residual.

Table 1: Comparison between the classical Newton method, the
secant method, and the proposed adaptive finite-difference Newton
method.

Test equation Initial data Newton Secant Proposed method
2220 X0 =5; secant 6 iter; 4.44x 8 iter; 9.77x 6 iter; 4.44x
= X =45 10716 10715 10716
3_ _ X =0; secant failed:  cycle/max 49 iter; 2.80x 28 iter; 0.00 x
Momaz=0) o ter. 10714 100
cosif) —x = 0 X =15; secant 4 iter.; 5.55x 5 iter;, 3.55X% 4 iter; 6.18Xx
. N x=1 10716 10718 10711
M0 _1-0 X =2; secant 11 iter; 8.88x 12 iter; 3.12x 12 iter; 0.00 x
B x =15 10718 10712 10°
expifi-x) — x X0 =2; secant 4 iter.; 4.72x 6 iter; 1.11x 5 iter; 1.03x
=0 x; =15 1071 10716 10712
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The results show that the proposed adaptive finite-difference
Newton method preserves the fast convergence of Newton-type
iterations in well-conditioned cases, while improving robustness in
cases where the classical Newton method may fail due to poor
initialization or unstable local behavior. In particular, for the
nonlinear equation x3 — 2x + 2 = 0, the classical Newton method
fails from the selected initial value because the iterates enter a cycle
or reach the maximum number of iterations. In contrast, the
proposed method converges successfully by combining finite-
difference derivative approximation with adaptive step-size
regulation and damping.

5.1 Interpretation of the Results

The results confirm that the modified method preserves the fast
local behavior of Newton-type iterations while reducing the
dependence on analytical derivatives. For regular problems, such as

x2-2=0
and
cosifix) —x =0,

the number of iterations required by the proposed method is
essentially the same as that of the classical Newton method.

The most informative case is
x3—2x+2=0,x5 =0.

For this initial approximation, the classical Newton method
oscillates between two points and fails to converge within the
prescribed iteration limit. In contrast, the proposed method escapes
this cycle through adaptive derivative control and damping. This
demonstrates the practical value of combining a symmetric finite-
difference derivative with step-size regulation.

The experiments also show that the proposed method is not
intended to replace the classical Newton method when an exact
derivative is inexpensive, well conditioned, and the initial
approximation is already close to the root. Its main advantage
appears in derivative-free or derivative-expensive problems, black-
box models, and nonlinear equations where the initial
approximation may not be sufficiently close to the desired root.

5.2 Computational Cost

Each iteration of the proposed method requires three function
evaluations in its basic form:

f(xn)rf(xn + hn)rf(xn - h‘n)

This is more expensive than one classical Newton step when £ (x)
is explicitly available. However, in black-box situations, derivative
evaluation may be unavailable or substantially more expensive than
function evaluation. In such cases, the symmetric finite-difference
derivative provides a favorable compromise between accuracy and
computational cost.

The second-order truncation error of the central finite-difference
approximation is particularly important because it allows the
method to recover the standard quadratic Newton behavior when
the adaptive step h, decreases proportionally to the current error.
More precisely, if

hy = 0(lx, —x7),
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then the perturbation introduced by the numerical derivative
becomes asymptotically negligible compared with the dominant
Newton error term.

6 Conclusions and Future Work

This paper introduced an enhanced Newton-type method that
replaces the analytical derivative by a central finite-difference
approximation and regulates the finite-difference step through an
adaptive mechanism. The local convergence analysis shows that,
under the standard assumption of a simple root and a sufficiently
smooth function, the method preserves quadratic convergence when

hy = O0(lx, = x*).

The numerical experiments support the theoretical result and
indicate improved robustness in cases where the classical Newton
method may cycle or become unstable.

The main contribution of the method is the integration of three
complementary ideas: derivative-free Newton correction, dynamic
finite-difference step control, and optional damping for residual
decrease. This combination makes the algorithm attractive for
practical nonlinear equations where the derivative is not available in
closed form, is contaminated by numerical noise, or is expensive to
compute.

Future work will focus on four directions. First, the adaptive rule
for h, can be refined by comparing Dy f(x,) with Dy of (x,),
which provides a direct local estimator of the finite-difference error.
Second, the method can be generalized to systems of nonlinear
equations by constructing adaptive numerical Jacobians. Third, the
damping rule can be replaced by a trust-region strategy in order to
obtain stronger global convergence guarantees. Finally, the
algorithm should be tested on nonlinear models [12] from
engineering, mechanics, and scientific computing in order to
evaluate its performance on large-scale and ill-conditioned
problems.
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Abstract: This paper presents AMNI-AS, a compact method and Python package for surface integration on non-parametrized geometries
known only through point-cloud samples. The method extends a corrected minterpy_levelsets [9] workflow: first, a global polynomial level-
set function ¢, reconstructs the surface as I;, = {x € R3: ¢, (x) = 0}; [6] second, nodal values of the integrand are extended by
regression; third, a closest-point projection and a regularized coarea formula [4], [5], produce a mesh-free quadrature rule. The theoretical
core is the identity frh fds = [, f)8(@r Vs (x)lldx, implemented with a compact smooth delta and data-driven evaluation

fi (IT, (x)). The prototype package AMNI-AS, contains adapters to minterpy_levelsets, an SVD fallback level-set fit, RBF/nearest integrand
regression [3], [15], [16], [17], projection, and quadrature routines. Numerical checks on the unit sphere show relative errors near 10>
for area and polynomial integrands on a moderate grid. The method is intended as a short, reproducible bridge from global polynomial
level-set reconstruction to integration tasks on data-defined surfaces.

KEYWORDS: GLOBAL POLYNOMIAL LEVEL SET; POINT CLOUD; SURFACE QUADRATURE; COAREA FORMULA; REGRESSION;
MESH-FREE GEOMETRY; TUBULAR NEIGHBORHOOD.

Introduction

Implicit surface Geometric model Integrand model Projection Numerical quadrature

S ={x:g(x)=0} i) =0 = I,(x) I rds
ikl =0

Numerical Integration on Implicit Surfaces

Surface integration on data-defined geometries appears in numerical
differential geometry, geometric partial differential equations, and ~ g
mechanics on manifolds [2]. A common difficulty is that the surface \ <)
is not available as a parametrization X (u,v) or as a high-quality L
triangulation [14]. Instead, the input is a point cloud '

Py ={p}iL; © S c R*#(1)

and, in data-only cases, the integrand is known only by nodal values Figure 1: AMNI-AS pipeline. Point-cloud geometry is converted
fi = f(p:). The objective is into a global polynomial level set and then into a surface
quadrature rule through regression, projection, and coarea
integration.
I(f,$) =ffd5‘#(2)
s With the evaluation matrix A;; = ; (p;), the fitting condition is

The proposed method, AMNI-AS, connects two ideas. The first is

global polynomial level-set (GPLS) reconstruction [6], [9], where a Ac = 0.#(5)

polynomial ¢, is built so that § ~ I}, = {¢p;, = 0}. The second is a

regularized coarea formula [4], [5], [12], which converts a surface  This is the algebraic core of the BK strategy [6], [9]: find a
integral into a narrow-band volume integral. The contribution is a  nontrivial vector in the approximate nullspace of A. The corrected
practical integration layer over the corrected minterpy_levelsets minterpy_levelsets implementation stores the result as a Newton
package, together with a minimal standalone fallback. The new polynomial [7], [8], [9], which is convenient for evaluation and
package gpls rq is orga nized around four operations: reconstruct, differentiation. The geometry is then represented by

regress, project, and integrate

Fh = {x € R3:¢)h(x) = 0}#(6)
2 Global Polynomial Level-Set Reconstruction
The surface normal follows directly from the level-set function [1],
Let {y; };4:1 be a multivariate polynomial basis [6], [7], [8] . GPLS  [6], [10]:

seeks Vb (x)
_ h
" nh(x) - ”Vd)h(x)”#(7)
90 = ) Gy (I#E) N
~ A useful geometric residual is [6]:
such that _ |¢h (pl)l #(8)

e = — L
C VR (ol

¢h(pi) ~0,i=1, 'N#(4)
For small residuals, e; approximates the normal distance from p; to
the reconstructed zero level set. This residual is used to assess
whether the polynomial surface is sufficiently close to the data

cloud.
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3 AMNI-AS Method

AMNI-AS uses the reconstructed ¢, as the geometric support for
quadrature. It  consists of three  additional  steps.
3.1 Integrand regression

If f is given only as values f;, the method constructs an extension
fu satisfying f, (p;) =~ f;. The package currently supports nearest-
neighbor extension and radial basis function (RBF) regression [3],
[15], [16], [17]:

N
fu@) = > wipClx = D), #(9)
i=1

where the weights solve
K+ ADw = f,K; = p(|lp: — p; [D#(10)

Nearest-neighbor regression is robust but low-order; RBF
regression is smoother and more appropriate when the nodal values
come from a smooth surface field.
3.2 Closest-point projection

Since volume-grid points do not lie exactly on T}, evaluation is
performed after projection [1], [10]. Starting from a point x° near
T}, the normal Newton correction is

b1 ok ()

= T Ve GO

x Ve (x*). #(11)

Regularized coarea quadrature

For a smooth level set, the coarea relation gives [4], [5]
fas = [ F@s T, @ldx(12)
Ty Q

In computation, AMNI-AS uses the compact cosine delta [11], [12]
L (14 cosi)
JE— (oY —
8.(t) = {zg o)
0,

The final rule is

o= D0 (k) 0 (01 (xg) ) [V AV, #(14)

Xq€Qp

where Q, is a Cartesian grid in a bounding box around the point
cloud [12], [13]. Only the narrow band |¢;| < e contributes.
3.4 Algorithmic summary

The full computational pipeline is deliberately short. It can be
written as the following reproducible sequence.

30

zero level set ¢, =0

narrow band |¢,| =€ and projection My

Figure 2: Narrow-band interpretation of AMNI-AS. Grid points in
|¢n| < e are projected to ¢, = 0 before the data-regressed integrand
is evaluated.

Algorithm 1: AMNI-AS.

1. Input point cloud Py and optional values f;.

2. Build ¢, by LevelsetPoly or by the SVD nullspace
fallback.

3. Build f;, from f; by RBF or nearest-neighbor regression.

4. Create a Cartesian grid in a bounding box around Py.

5. Keep only grid nodes with |y (x,)| < e.

6. Project each retained node with Eq. (11).

7. Accumulate Eq. (14) and return the integral and

diagnostics.

The output object reports the integral, the area estimate obtained by
setting f = 1, the number of narrow-band nodes, the chosen band
width, and diagnostic information about the bounding box and
gradient values. This is useful for detecting under-resolved bands or
poor polynomial reconstructions.

Compact Theoretical Justification

The following statement explains why the method is consistent at
the formal level.

Proposition. Assume that § is a smooth closed surface, ¢, — ¢ in
C' in a tubular neighborhood of S, where § = {¢ = 0} and
IVp]l # 0 on §. Assume also that f;, — £ uniformly on the surface
and that the projection IT, is welldefined in the narrow band. If
& - 0 and the volume-grid spacing h — 0 with a resolved band,
then the AMNI-AS approximation satisfies

I, > L FAS#(15)

Proof sketch. Since ¢, — ¢ in C', [4], [5], [6] the reconstructed
zero level T, converges to S in a tubular-neighborhood sense, and
the normal field V¢, /|[Ve, |l converges to the true normal. The
projection II, therefore approaches the closest-point map onto S.
Uniform convergence of f, gives f, (I, (x)) = f(II(x)) in the
band. The regularized delta &, is an approximate identity [4], [11],
[12] in the normal coordinate, so

Table 1: Main implementation components.

Module Role
adapters.py connection to LevelsetPoly
levelset.py SVD fallback and projection

integrand.py
quadrature.py

sampling.py

RBF and nearest regression
coarea rule and diagnostics
benchmark point clouds
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the volume integral converges to the surface integral by the coarea
formula. Finally, the Cartesian quadrature converges to the
regularized volume integral as h — 0. Combining these three limits
gives the claim.

This result is not a complete high-order error theorem; rather, it
states the consistency mechanism.

A practical interpretation of the proposition is the following error
splitting:

|I - Ihl s Egeom + Ereg + Eband + Egrid-#(16)
Here E oo, is controlled by the GPLS residual in Eq. (8)~and by the
C* error of ¢y,; E\eq is the error of approximating f by fi; E\ . 1S

the bias introduced by the regularized delta width &; and E 4 is the

Cartesian quadrature error inside the narrow band. This splitting is

important because it separates the package into testable

components. For example, if maxe; is large, increasing the grid
l

resolution cannot repair the geometry; if E., is dominant, a

smoother RBF or better nodal sampling is required.

In the present prototype, ¢ is chosen in units of ¢, so that the
geometric band corresponds to a few grid cells in the normal
direction. This avoids an empty band and keeps the cost
proportional to the number of grid points close to the surface rather
than to all grid points.

Package Implementation

The prototype package is designed as a small research extension
rather  than a replacement  for  minterpy_levelsets.
Its structure is:

o levelset.py: SVD fallback implicit polynomial and
projection;
e  adapters.py: bridge to minterpy_levelsets.LevelsetPoly;
e integrand.py: nearest and RBF data regression;
e quadrature.py: coarea integration and diagnostics;
e sampling.py: sphere, torus, and ellipsoid point clouds. A
typical call is:
from AMNI_AS import fibonacci_sphere,
integrate_from_pointcloud
points = fibonacci_sphere(700, radius=1.0)
values = points[:,2]**2
res = integrate_from_pointcloud(points,
values=values,
degree=2, levelset_backend="auto",

regressor="rbf",
print(res.integral)

grid_size=56)

With levelset_backend="auto", the package first tries the corrected
minterpy_levelsets backend and otherwise falls back to the
standalone SVD fit.

Table 2: Unit-sphere verification for AMNI-AS.

Integrand  Approx. Exact Rel. error

1 12.566039 12566371 2.64 x 10~°
72 4.188681  4.188790  2.61x 107>
x> +y? 8377359 8377580  2.65x 107°
x2y? 0.837789  0.837758 3.64x 1075
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Practical parameter choice.

For a smooth closed surface, the polynomial degree controls the
geometry model [6], [8], [9]. A low degree is sufficient for
algebraic benchmarks such as the sphere, while toroidal and more
deformed surfaces typically require degree four or higher. The grid
size controls the quadrature resolution, and the delta width & must
be large enough [11], [12] to include several grid layers but not so
large that it blurs the surface. In data-only settings, the RBF ridge
parameter prevents instability [3], [15], [16] when sample nodes are
close or mildly nonuniform. These choices are exposed in the
package interface because the method is intended for research
experiments rather than as a black-box numerical routine.

6 Numerical Verification

The first validation uses the unit sphere S2. For the fallback degree-

two fit, the reconstructed polynomial represents the sphere up to

numerical precision, with max|¢y(p;)| ~5x 1071® on 500
L

Fibonacci nodes. The quadrature is then tested on four integrals
with known exact values. A 423 Cartesian grid is used in the
bounding box. Results are reported in Table 2.

These results show that the prototype captures both the geometry
term ||V¢, || and the data-driven integrand evaluation. The method
is not yet a machine-precision spectral quadrature rule. Its present
role is to provide a reliable bridge from point-cloud GPLS
reconstruction to executable surface integration. The next extension
is to replace the Cartesian coarea sum with patch-wise high-order
quadrilateral or square-squeezed spectral rules [12], [13] on local
surface charts.

7 Conclusion

AMNI-AS provides a compact and implementable route from point-
cloud geometry to surface integration. It uses a global polynomial
level-set surface, regresses integrand values known only at nodes,
projects narrow-band samples to the reconstructed surface, and
integrates with a regularized coarea formula. The method directly
extends the corrected minterpy_levelsets package and adds the
integration layer needed for non-parametrized surfaces. The short
theoretical argument explains consistency under C! level-set
convergence, integrand-regression convergence, and resolved
narrow-band quadrature. Numerical tests on the sphere give relative
errors of order 10~ on a moderate grid, supporting the method as a
practical base for future high-order spectral surface integration.
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Abstract. This work is devoted to the improvement of the previously developed technological deformation scheme of cylindrical workpieces
"radial-shear rolling with backpressure”. In the course of the research conducted on the basis of computer modeling in the DEFORM
program and a physical experiment, a comparative analysis of the influence of RSR and various combined processes created on the basis of
RSR on the microstructure evolution was carried out, and the force of pushing the workpiece through equal-channel stepped and conical
calibration matrices (when implementing combined processes created on the basis of RSR) was determined. A comparative analysis of
various combined processes created on the basis of RSR showed that with almost the same level of grain refinement, the force of pushing the
workpiece through a conical die when ultrasonic vibrations are applied to it is on average 42% less than when using this die without
ultrasonic vibrations and almost 205% lower, than when pushing the workpiece through an equal-channel step matrix.
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1. Bseoenue

B Bek ycKOpeHHOT0 pa3BUTHS HAYYHO-TEXHHIECKOTO IIporpecca
BOIIPOC MOJyYEHHS HOBBIX KOHCTPYKIIHOHHBIX MaTepHaoB, B TOM
yyciae — METAUIMYECKHX, C  YIyYOIEHHBIM  KOMIIJIEKCOM
MEXaHMYEeCKUX, (U3NUECKNX U DKCIUTyaTal[MOHHBIX CBOMCTB
SBJISETCS OYEHb aKTyaJbHBIM. B Hacrosimee BpeMsi CyIecTBYyeT
MHOJKECTBO pa3JIMYHBIX BApHAHTOB MONYYEHHS METAUIMYECKUX
MaTepHaoB C IIOBBIIIEHHBIM YPOBHEM (H3UKO-MEXAaHHIECKUX H
SKCINTyaTallHOHHBIX CBOUCTB. IIpH 3TOM He 00s3aTeIbHO CO37aBaTh
HOBBIE MaTepHanbl.  Tak, HampuMep, OJHMM U3 BAapPHAHTOB
MOTyYeHUs] KOHCTPYKIMOHHBIX MAaTEpHajoB C IIOBBIIICHHBIM
YPOBHEM CBOMCTB SIBJISICTCSI U3MENBYEHNE €r0 MUKPOCTPYKTYPHI 110

YIBTPaMEKO3EPHUCTOTO  COCTOSIHUsL. [IpM  3TOM  OJHUM U3
Hanboee 3¢ GEKTUBHBIX cnoco6oB MOTyYCHHUS
YIBTPAMEKO3EPHUCTBIX ~ MaTEpUaOB  SBISETCS  MHTEHCHBHAsS

mractTadeckas nedopmarms [1], KOTOpYyIO MOXKHO peann30BaTh B
MeTalllaX Pa3IMIHBIMH CHOCO0aMH, B TOM YHCJIE, C ITOMOIIBIO
panuanbHO-caBuroBoir mpokatku (PCII) [2], wimm ¢ moMomsio
Pa3IUIHBIX COBMEIIEHHBIX IPOIECCOB, B OCHOBE KOTOPBIX JISKHT
Bce Takke PCII. M ogHMM M3 TakuX COBMEILIEHHBIX IMPOLECCOB
SIBJISIETCS PCIl ¢ mnpoTMBOJIABICHHEM U JOMOJHUTEIbHBIM
HaJIOXKEHUEM YIbTPa3BYKOBBIX KosiebaHMi (puc. 1), KOTOpbIA ObLI
pa3paboTaH B paMKax rpantoBoro npoekra AP26100119.

CyTh JaHHOTO TEXHOJIOTHYECKOTO IIporecca JAehOopMUpOBaHNS,
BKJTIOYAIOIIETO  MPOIECC PaJHalbHO-CABUTOBOM IPOKATKH C
MIPOTUBOMABIICHUEM U yIBbTPa3BYKOBYIO 00pabOTKy, 3aKII0YaeTCs B
CIIeyIOIeM: TpeBApUTEIbHO Harperas A0 TeMIIepaTyphl Hadaia
nehopMUpOBaHHMs  3aroToBKa 2 MOJAeTCs K  MPOKATHBIM
KOHHYECKUM BaJIKaM 1, KOTOpbIE 3a CHUET CHUJI KOHTAKTHOTO TPEHHS
3aXBaThIBAIOT €€ U 3a CYET CMEIIEHHUS OCEH BajIKOB, 00ECIIEYNBAET
OCEBYI0 COCTABISIOLIYI0 CHJ TPOKAaTKH, M, CIEI0BaTENIbHO,
MOCTyTIAaTeNbHOE IBI)KEHHE MPOKATHIBAEMOM 3arOoTOBKH, H €€
MPOTAJIKMBAaHHE Ha BHIXOJE M3 BAJKOB UYepe3 KaTHOPYIOIIyIo
Matpuiy 3. B xoxe neopmupoBanus Ha KaaHOPYIONIYI0 MAaTPHILY
3, KOTOopas yCTaHOBJIEHAa B BOJIHOBOZE 4 depe3 KOHIEHTPATOp
YJIBTPa3BYKOBBIX KosiebaHui 5 oT YJIBTPa3ByYKOBOTO
npeoOpasoBaresnsi 6, HAKIAABIBAIOTCS YIbTPAa3BYKOBbIE KOJeOaHuUS.
ITocne Toro, KaKk 3aroToBKa IOJHOCTBIO BBIHAET U3 BAJIKOB, K HUM
MOAETCsl CIIeAYIOmas 3ar0ToBKa, KOTOpasi, MpoHas depe3 BallKH U
IoIaB B MaTpHIly, BBITAJIKHBAECT paHee He(OPMUPOBAHHYIO
3arOTOBKY U3 MaTPHIIBL.
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Henbto JTAaHHOH paboTer SIBJISIIOCH MIPOBEJICHUE
CPaBHUTENBPHOTO  aHaioM3a  (HA  OCHOBE  KOMIIBIOTEPHOTO
MozenupoBanusi B mporpamme DEFORM  u  dusuueckoro

skcriepuMenTa) PCII w pasnuyHBIX COBMEHICHHBIX MPOIIECCOB,
co3naHHbIX Ha 0aze PCII.

Puc. 1. Cxema nosozo coemewennozo npoyecca: PCII ¢
npoMuUE0OaseHuemM u OONOIHUMETbHLIM HALONCEHUEM VIbIMPA38YKOGbIX
Konebanuil’: 1— konuueckue eanxu, 2 — 3a2omoska, 3 — Kamopyouas
KOHuYecKkas mampuya, 4 — 601H0600, 5 — KOHYeHmpamop yiompa3zgyKko6bix
Konebanui, 6 — y1bmpaszeykoeol npeobpasosamens

2. Memoouka

Jlnst  IOCTMDKeHWsI TOCTaBICHHOM 1ead ObUIO  HPOBEICHO
KOMIIBIOTEpHOE ~ MozenupoBanue B  nporpamme DEFORM
JKCIIEpUMEHTA MO OLIEHKE M3MEJIbYCHHS 3epHa MeTalla, HCXOJHBIN
pasmep Kotoporo ObuT paBeH 30 MKM. MopaenupoBanuch
cienyromue mnporneccel: PCII [2] u coBmemennsie mpomuecchl: PCII-

PKYIT [3]; PCI c¢ mporuBomaBmenuem [4]; PCII ¢
MPOTHBO/IABICHHEM u JIOTIOTHUTEIIBHBIM HAJIO)KEHHEM
YIBTPa3ByKOBBIX KOJICOAHMUIA.

B  OCHOBY KOMIIBIOTEPHOTO  MOJCIHMPOBAHUs  IIpolecca

panuanbHO-CABUIOBOM  NPOKATKM C  HPOTHUBOJABICHUEM U
JIOTIOJTHUTENIBHBIM HAJIOKEHUEM YJIBTPa3BYKOBBIX KoyieOaHMH Oblia
TI0JI0’KE€Ha METOIMKa, PACCMOTpEeHHasi B padote [5].

Bo Bcex deTkIpex ciydasx Ha CTAQAWU NMPOKATKH 3aroTOBKA C
UCXOAHBIM auaMeTpoM 30 MM IpoKaThIBajlach A0 guamerpa 27 M.
PKVY-marpuna nmMena kaHan auamerpoM 28 MM Uisi CBOOOIHOTO
MOTIa/IaHMsl 3aroTOBKH B KaHal KamuOpyromas marpuma umeia
JIMaMeTp BBIXOJHOI'O OTBEPCTUS 26 MM.

YcnoBus U AOMyIIEHNS, TPUHATHIC IPU MOACIUPOBAHUU:
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- 3arOTOBKa MPE/CTaBIIsIa COOO0MH MOIHOCTHIO H30TPOITHOE TETIO,
B KOTOPOM OTCYTCTBOBAJIM KaKHe-ITMOO HANpsHKeHUs, Ie(eKThl,
HECIUIOIIHOCTH U T.I1.;

- 3arOTOBKAa MMeJa CIEAYIONINe HadyalbHbIe pa3Mephl: THAMETP
30 mm u Ry 250 Mm. Ha 3aroToBky OblTa HaHeceHa ceTka u3 170
000 KOHEYHBIX 2JIEMEHTOB, CPEAHUI pa3Mep 2IEeMEHTa COCTaBUl |
MM;

- Marepuai 3arotoBku — cranp AISI 1015, cooTBercTBYyrOmas
cranu 15;

- Temriepatypa Harpesa 3arotoku 1000 °C;

- kxo3(uIMeHTHl TpEeHHMsS Ha KOHTAKTE 3aroTOBKH H
MHCTPYMEHTa OBLTH NPHHSATHI CIEAYIOMINE: Ha KOHTAKTE C BaJKaMU
— 0,5; Ha koHTakTe c Mmarpuueit — 0,1 (B 4-m caydae, T.e. ¢
JOTIOJHUTENBHBIM ~ HAJIOKCHHEM  yIbTPa3BYKOBBIX  KOJeOaHMH
K03((UIUEHTHl TPEHUsT Ha KOHTaKTE 3arOTOBKHM C MAaTpHIEH ObLI
npuHAT 5,4 -10-4);

- OKpY’KHasi CKOpPOCTb BaJIKOB Oblita paBHa 50 06/MuH.

3. Pe3ynivmamot u oocyscoenue

PesynbTaTtsl KOMOBIOTEPHOTO MOJETHPOBAHMS IIPEACTABICHEI
Ha pUCYHKe 2. AHalIM3 Pe3yJIbTaTOB MOJCIUPOBAHUS MOKA3aJ, YTO
nocne PCII ucxonuslil pasmep 3epHa ymensumics ¢ 30 mxm 1o 20
MKM B IIOBEpXHOCTHOH 30H€ M 10 28 MKM B IeHTpaibHOH. [Ipu
copMemieHHoM npouecce PCII-PKVII 3a cuer peanuszanuu
JNONOJIHUTENBHONH  JedopMaruu CcIBUra B PaBHOKaHAJIBHOM
CTYNEHYaTOH MaTpHUIle UCXOJHBIA pa3Mep 3epHa yMeHbImics ¢ 30
MKM 10: 17 MM (moBepxHOCTh), 22 MkM (ueHTp). IIpm PCII ¢
MPOTUBOAABICHHEM 3a CUYET JOMNOJHHUTEIBHOTO O0XaTHsi B
KanuOpyromeid KOHHYECKOW MAaTpHUIle HCXOIHBIH pa3Mep 3epHa
yMeHbImiIcs ¢ 30 MkM 710: 18 MKM (IOBEPXHOCTS), 23 MKM (LICHTD).
IIpu PCII ¢ npoTuBOAaBIE€HHEM U JONOIHUTEIBHBIM HAJIOKCHUEM
YIBTPa3BYKOBBIX KoJieOaHUH pa3mep 3epHa yMeHbIIHiIcs ¢ 30 MKM
no: 19 mxm (moBepxHocTh), 23 MkM (ueHtp). IlomydeHHbre
3aKOHOMEPHOCTH HW3MEHEHHsS MUKPOCTPYKTYPHI MeTaina Oblin

TIOATBEPKIACHBI U B XO1€ (bI/I?)I/I‘IeCKOFO OKCIICPUMEHTA.
28
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Puc. 2. Pesynbmamul KOMNbIOMePHO20 MOOETUPOSAHUs

Taxxe OBUIO TPOAHATM3HPOBAHO YCHIIME HEOOXOAMMOE IS
MIPOTAJIKUBAHMS 3aTOTOBKU Yepe3 paBHOKAHAIBHYIO CTYIEHUATyIO U
KOHMYECKYI0 KanmuOpyromyro Marpunsl (puc. 3).  AHamm3
PEe3yNbTaTOB M3MEPEHUs YCHIHNS MOKa3all, YTO 3HAuYeHHE YCHUNIus,
HEOOXOQMMOro A TNPOTAIKUBAHUS ~ 3arOTOBKM  4Yepe3
PaBHOKaHANBHYIO CTYNEHYATYyI0 MaTpUILy, HAXOIUTCA Ha YpoBHE 29
kH. 3naueHune ycuius, HeoOXoAMMOE Ui HPOTAJIKMBAHUS
3arOTOBKH Yepe3 KOHMIECKYIO KaTHOPYIONIYI0 MaTPHILy, HAaXOAUTCS
Ha ypoBHe 14,5 kH, a npu HaoXeHNH Ha KaJTHOPYIOUIYI0 MATPUILY
YIIBTPa3ByKOBBIX KoJieOaHMid Ha ypoBHE 9,5 KH.
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Puc. 3. I'paghux ycunusa, so3nuxarowezo npu npoOmarkueanul 3a20moeKu
uepe3 pasHOKAHATILHYIO CIYREHYamyIo U KOHUYECKYI0 Kaauopyowyio
mMampuyvl

BeiBox: IlpoBeneHHBI CpaBHUTENBHBIN aHAIU3 pa3IM4YHBIX
COBMEIIIEHHBIX MPOIIECCOB, co3aHHbIX Ha 0aze PCII, mokaszai, 4to
IOpU TIOYTH OIWHAKOBOM YPOBHE H3MENBUYCHMS 3€pHA, 3HAUCHHE
YCUIIUSI TIPOTAIKUBAHWS 3arOTOBKU 4Yepe3 KOHUYECKYI0 MAaTPHILY
IpHU HAIOKEHUH Ha Hee YIbTPa3BYKOBBIX KoyieOaHMII B cCpeJHEM Ha
42% MeHbIlle, YeM MPH HCIOJH30BAHUM JaHHOW MAaTpHIBI 0e3
HaJIO)KEHUS] Ha Hee yJIbTPa3BYKOBBIX KojeOaHui u moutr Ha 205%
HIDKE, YeM IIpH NPOTAIKUBAaHUU 3aTrOTOBKU 4Yepe3 paBHOKAHAIBHYIO
CTyIEeHYaTyl0  MaTpuiy. T.e. MOXHO  yTBepXkJAaTb, 4YTO
YCOBEpIIEHCTBOBAHHAsI ~TEXHOJIOTHUYECKAas CXeMa  paJualbHO-
CIBUTOBOH IIPOKATKH C TPOTHBOJABICHHEM SBISIETCS HambOoiee
MEePCIEKTUBHEIM ~ CITIOCOOOM  TIONMYYSHHS  BBICOKOKAUECTBEHHBIX
IUIMHIPUIECKHUX 3aTOTOBOK C YIBTPAMETKO3EPHHUCTON CTPYKTYpOit
C TOUYKH 3pEeHUs] SHeprocOepexeHHs MO CPABHEHHIO C paHee
CYIIECTBYIOIMMH COBMEIIEHHBIMH CIIOcOo0aMu J1epOpMHUPOBaHMYS,
co3naHHbIMU Ha 6aze PCII.

Hannoe uccnedosanue gunancuposaioce Komumemom Hayku
Munucmepemea nayku u evicuezo obpasogéanusi Pecny6nuku
Kasaxcman (Ipanm Ne AP26100119).
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HNEPCHEKTHBbI HCIIOJIb30BAHUS TEXHOJIOI'MU HEHTPOBEKHOI'O JIMThA
JJIA HOJYYEHUSA TETEPO®AZHOU JUCTTIEPCHO-APMUPOBAHHOU CTAJIN
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Abstract. This work is devoted to studying the state of the issue of obtaining heterophase dispersed reinforced steel with an unexpressed
interface between the layers. The existing technologies for injecting ultrafine particles into a crystallizing melt were considered in order to
obtain gradient mechanical characteristics in cast blanks. Based on a review of the scientific literature and an analysis of the currently
existing methods of dispersed hardening, the advantage of introducing ultrafine particles into a crystallizing melt using centrifugal casting
was substantiated. At the same time, the quantity, dispersion, different density, the ability to vary the rotation speed of the horizontal mill, as
well as a huge variety of hard refractory fine particles create the prerequisites for obtaining new gradient materials using centrifugal casting.

Keywords: GRADIENT MATERIALS, DISPERSED HARDENING, DISPERSED REINFORCED STEEL, ULTRAFINE PARTICLES,

CENTRIFUGAL CASTING, CRYSTALLIZING MELT

PasBuTHe TakMX CTpaTETMYCCKUX OTpacieil, Kak qo0bIva
MHUHEPaIbHO-CHIPbEBBIX PECYpPCOB, BOCHHO-KOCMHUYECKAsl OTPacib,
METAJUTYPrusi, TSHKEJIOTO MAalIMHOCTPOCHHUS, CEJIbCKOI'0 XO3SHCTBa,
SBISICTCSl TIPHOPUTETOM JJI Hameid crpanbl. OOecredeHHe 3THX
oTpacieil COBpEMEHHBIMH MAaTE€pHATaMH C CaMBIMH Pa3lUYHBIMHU
(yHKUMOHANBHBIME ~ CBOWCTBAMH B HAcTosIIee BpeMs B
OOJIBIIMHCTBE CITy4acB OCYIIECTBILIETCS M3-3a pyOexka, MOCKOIBKY
OTCYCCTBCHHBIC MPEANPUATHSI, pabOTaloIIUe B TAHHOW OTPAaCIH, J0
CUX TIOp eIle pYKOBOJACTBYIOTCA COBETCKOM  KOHLeNIuein
KOHCTPYHUPOBAHUS MaTepUaJIOB. Dra  KOHUeNus  Obuia
nenecoodbpasHa B TO BpeMs M IojApa3yMeBaja oOecrnedeHue
HEOOXOJIMMBIX CBOWCTB MAaTepUAiOB 3a CUET MPUMEHEHUS
NeQUIUTHBIX, JOPOTOCTOSIINX MaTepPHAIOB 0e3 OTIAKH Ha HX
KOJIMYECTBO M PHIHOYHYIO CTOUMOCTb. COBPEMEHHBI MUD JAUKTYET
HEOOXOMMOCTh MEHSTh MapaJurMy MBIIIICHUS H pa3pabaTbiBaTh
palvoHaNBHBIE  TEXHOJOTHMH  KOHCTPYHUPOBAHUS  MaTEpHAaJOB,
obecreunBaroIie HeoOX0IUMBIC CBOMCTBA TOJILKO B T€X 00BEMax
U3JIENNS, KOTOPbIE HEMTOCPEICTBEHHO MOIBEPTaOTCS HArpy3KaMm.

TpaauiMOHHO, TMOBBIIEHHE MEXaHWYECKHX CBOWCTB UYEPHBIX
METAJJIOB M CIUIABOB JIOCTUIAeTCs 3a CUET BBEJCHHUS B COCTaB
MeTayuia (OCHOBA KeJIe30) MIIH CIIaBa 3HAYUTENFHOTO KOJIHMYECTBA
JETUPYIOUINX DJIEMEHTOB. B HacTosmiee BpeMs CYIIECTBYIOLIUX
MapOYHBIX KOMITO3HMIMI 0ojiee YeM JOCTaTOYHO, YTOOBI pelIaTh
OOJBIIMHCTBO TEKYIIMX 3a/1a4 MPOMBIIUICHHOCTH. B Toxe Bpems,
aHaJM3 PhIHKA CTOMMOCTH Ha JIETUPYIOLIME 3JIEMEHTHI II0Ka3al, YTo
C KaXAbIM TOIOM IIieHbl Ha ¢eppociuiaBsl (Jerupyronme
KOMIIO3MLIMK) YBEIMYUBAIOTCS. AJBTEPHATUBOM HCIOIb30BAHUIO
JIOPOTOCTOSIIIMX ~ JIETHPYIOIIUX  3JIEMEHTOB  MOTYT  CIY)KUTh
rerepodasHbIX TUCIIEPCHO-apMHUPOBAHHBIC CTAIH C HEBBIPAKEHHON
rpaHHIei pasznena CJI0EB, MOTy4YeHHBIE TEXHOJIOTHEH
HH)KEKTHPOBAHUS YIBTPAJUCIIEPCHBIX YaCTHII B
KPUCTADTA3YIOIIUICS pacIiaB ¢ LENBI0 MONyYeHUS TPAIUEHTHBIX
MEXaHUYECKUX  XapaKTepUCTUK. Takue  CcTalu  SIBISIOTCA
IPEACTABUTENSIMH COBPEMEHHBIX MaTepHajoB, IOCKOIBKY B
TEXHOJIOTUU UX CO3MAaHUs Pealn3yeTcs MEXaHHU3M PalUOHAIBHOIO
KOHCTPYHUPOBaHHMsI M oOOecreueHus HeOOXOAMMBIMH CBOMCTBaMH
TONBKO TE€X OOBEMOB, KOTOpBIC IOJBEPTralOTCS BO3ACHCTBUSAM
MMEHHO TEMH CBOMCTBaMH, KOTOpbIE TpeOYIOTCS OT JaHHOTO
o0bema.

Ilo »TOlf npuyMHE BecbMa aKTyaJlbHOW 3ajaueld sBIIseTCs
pa3paboTKa TEXHOJOTMM MOJY4EHHS METajUIOB, OTBEYAIOLINX
crierin(pHUYECKUM 3alpocaM CYLIECTBYIOIICH MTPOMBIIIICHHOCTH U
IIPY 3TOM UMEIOIIUX CPAaBHUTEIBHO HU3KYIO C€0ECTOUMOCTD.

CymiecTByone  TEXHOJOTMH  IMOJYYEHHUs  TPaAUEHTHBIX
MaTepUaIOB MOYKHO YCIIOBHO Pa3JIeNIUTh Ha JBE OOJBIINE TPYIIIIBL:
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1. Marepuansl OCHOBaHbl Ha COEJUHEHHU Pa3HOPOAHBIX
MaTepHanoB (IIaKeTUpOBaHWE, NPOKaTKa, HAIUIaBKa, Haraika,
QIINTHBHBIE TeXHONOTHH U T.0.) [1-2]. ¥V Takux cmoco6oB ecTh
CYIIECTBEHHBIE HEJJOCTATKU: TpeOyeTcs CI0XKHOE 000pyHOBaHHE, a
Taoke HAIUYHE MEPeXOMHON 30HBI MEXIY MaTepHalaMH, yJaCTKH
HE CBapHUBaHMS, KOHI[CHTPAIlMOHHbIE HEOIHOPOJHOCTH
SIBIIIOLIEICST  KOHLEHTPATOPOM  HANpsDKEHWH, — sIBISIOIIencs
HanboJee yacToil NPUYMHON BBIXOA M3ICINS U3 CTPOSL.

2. Marepuanpl, TIOJy4yeHHblE TEXHOJIOTHEH  CIEKaHUS
MOPOIIKOB, IIOCIEA0BATEIbHO HAOpaHHBIX B OAHY Ipecc-(popMy
U3JIeIIMe U OTIMYAROIINECs [0 CTEXHOMETPHIECKOMY cocTaBy [3-4].
Takast TexHOJOTHSI O00ECIeYnBaeT MOJNYYEHHs] TPAJUCHTa CBOKCTB,
OJHAKO OH HE3HAUHTEJNICH, a caMa TeXHOJIOTHS OYeHb TPYJOeMKa,
3aTpaTHa ¥ TJABHBIM HEJOCTATKOM TEXHOJOTHH  SIBIAETCS
HEBO3MOXKHOCTh TOJydYeHHs Jeranei obbemom Oomee 15-20
KyOMYeCKNX CAaHTUMETPOB - OONBIIMH pa3sMep MpPaKTHIECKH
HEBO3MO>KHO KaueCTBEHHO IIPOIPECCOBATh.

HanbGonee  mepCreKTMBHBIM  HANpaBICHHEM  CO3JaHUS
MaTepHaioB C BBICOKMM YPOBHEM CBOWCTB, IO HallleMy MHEHHIO,
SIBJISIETCS. AUCIIEPCHOE YNPOYHEHHE, T.e. MUKPOCTPYKTYyHPOBaHUE
MaTepHaloB  METOJOM  HHKEKTHPOBAaHMS  TpeOyeMbIX IO
MOP(OJIOTHH YIBTPAANUCIIEPCHBIX YACTHIl B KPUCTAJUTU3YIOIIUHCS
pacmimaB, 4YTO JaeT BO3MOXKHOCTH MONYYaThb TI'eTEPOTCHHBIC
TpaJeHTHBIE TUCIEPCHO-aPMHUPOBAHHBIE CTATH C HEBBIPAXKEHHOM
rpaHullied pasfena ciaoes. B ommMyMe OT  HAHOYACTHII,
YIBTPAANCIIEPCHBIC YaCTHIBI OOJIee TOCTYIHBI U HE UMEIOT TaKoro
HEZoCTaTKa Kak arjioMepaiys, o3ToMy 0oJjiee MpeAnoYTHTETbHBI
JUIs CO3JaHuS TpajueHTa CBOMCTB. g peanusamuu MexaHHU3Ma
JMCIEPCHOTO YIPOYHEHHs, CYMIECTBYeT HECKOJIBKO CIIOCO00B,
KOTOPBIE PACCMOTPEHBI HIKE.

1. BBenmeHnme IUCHEPCHBIX MHKPOMOPOIIKOB B CIHTOK Ha
CTaan¥ Pa3IMBKH cBepxy. MccrenoBanus, MpoBeAeHHBIC aBTOpaMU
paboTsl [5], nokazanu y MOAMGHUIMPOBAHHOTO METalIa BO3POCIH
Ha 18% mnpounocTHEIe U Ha 37-50% nnacTuueckue cBOUCTBA, B 1,5-
2 pa3a TOBBICWIINCH TPEIIMHOCTOMKOCT M yHapHas BSI3KOCTb.
JanHbplii  cnmoco®  AWMCIEPCHOHHOTO  YIPOYHEHHUsS  JIOCTATOYHO
MHTEPECEH U MPOCT B pealn3ali, OTHAKO CIEIyeT OTMETHTh, YTO
OpU  peaiu3alliyl JaHHOTO METOJa OTCYTCTBYeT BO3MOXKHOCTB
MPOTHO3MPOBATh M YINPABIATH paclpenesieHneM dacThn. Becbma
COMHUTENBHO, YTO BBEJCHHBIC YACTHIBI B IIOJyYEHHBIX CIHMTKaxX
PAacCIONIOKUINCh PABHOMEPHO 110 BCEMY CEUEHHIO: KPHCTATH3AIHS
3ar0TOBKM MJET OT CTEHKU M3JIOXKHHULBI K LIEHTPY, IPU 3TOM (QPOHT
KPUCTAIUIU3alMH  MEPEHECET  HEMPOTHO3HPYEMOE  KOJIHMYECTBO
YacCTHUI] B IIEHTP CIUTKA, YACTh YACTHII, MOAUHHSSICH KOHBEKTHBHBIM
MOTOKAaM, BCIIJIBIBET, YacTh ONMYCTUTCA HA JHO CIUTKa. IIpu 3tom
HEpaBHOMEPHOCTb PacIpeieNICHHs IPUBEIET K HEIIPOrHO3UPYEMOil
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HepaBHOMEPHOCTU cBoicTB. K ToMy >ke naHHBIH croco0 MOKeT
ObITh peanu30BaH TOJNBKO B CIydae HCIOJIB30BAHUS H3TOKHHUI
CPaBHHUTENPHO MAale€HBKOTO JHaMeTpa 9TOOBI  YBEIMYUTH
CKOPOCTh KPUCTAJUTM3ALUK 3arOTOBKH M PAcIPeleNUTh BBOIUMBIE
YaCTHIIBI JOCTATOYHO PABHOMEPHO II0 CEUCHHUIO CIIUTKA.

2. BBenenne qucnepcHBIX YacTHI[ B METAJUI IPH HETPEpHIBHOM
paznmuBke. ABTOpamMH paboTel [6] OBUIO OTMEYeHO, YTO Mojadva
HaHOIIOPOIIKOBEIX MOAN(UKAaTOpoB B Kpuctaiumsarop MHJI3 we
MO3BOJAET MOTYyYHTh KOHLEHTPAIMIO WHOKYIATOPOB B CIIUTKE
Beimie  0,005-0,007% u3-3a TEXHOJOTMYECKHX OCOOCHHOCTEH
BBeJeHus. [Ipu nccnenoBanuy MeTana, MOTyYSHHOTO C BBEICHHEM
YacTHI] B KOBII, OTMEUaeTcs CYIIECTBEHHOE YBEIMUYEHHE psiaa
MOKa3aTemnei: MOBBICHIIACH yAebHast IJIOTHOCTh
MouHUIpoBaHHOrO Metammia 110 48-82 kr/M3 (B 3aBHCHMOCTH OT
BH/a 4YaCTHI[); CHU3WIACH OAaJbHOCTb Pa3sBUTHS BHYTPEHHHX
nedexroB Ha 40-56%; yBenmumiachk TONIIMHA KOPOYKH Ha 25,8-
26,9%; cokpaTmIMCh 00JAaCTH PaBHOOCHBIX KpHCTAIIOB (Ha 46,7-
53,5%), cokpatmiace aeHAapuTHas 30Ha (20,5-25,4%) m nmHa
HNEepBUYHBIX oce  meHaputoB (23,9-25,5%). MexaHndeckue
HCIBITaHUST  00pa3snoB  MOAM(UIMPOBAHHON CTadM TMOKa3an
yBEJIMYEHHE TIpefiena TeKydecTu B cpefHeM Ha 7,2%; BPeMEHHOTO
compoTuBieHUs paspeiBy — 1,0%; mpenena npouHoctu — 1,7%;
OTHOCHTEJIBHOTO YMINHEeHUsS — 8,4%; OTHOCHTEIBHOTO CYKCHUS —
14,8 %.

IIpermymiecTBO JaHHOrO MeToJa IOJNYYEHUS JAUCIEPCHO-
YIPOYHEHHOTO MaTepuaja B TOM, YTO OH BBICOKOTEXHOJOTHYEH:
JUISL TIONyYeHHs MaTepuania MpaKTHIeCKH He TpeOyeTcs HHKaKuX
JIOTIOJTHUTENFHBIX MEXaHU3MOB (32 HCKITIOUCHHEM TpaiO-ammapara),
IpU  3TOM  TONYYaeMbIi  ONBITHBIH  METANI  3HAYUTEIHHO
IPEBOCXOAUT II0 CBOMCTBAM He MOAU(UIMPOBAHHBIE 0Opa3IbI
cpaBHeHns. OfHAKO TPH TaKOM MeETOJE BBEICHHS HEBO3MOXKHO
JOOUTHCS YIpaBIAEMOTO pacnpeneneHus BBOJIMMBIX
MOAN(GHUKATOPOB TI0 CEYCHUIO IIOJy4aeMOH 3aroTOBKH, Kak
BCJICAICTBUE KPHCTAJUIM3ALMOHHBIX SIBICHUH, TaK W BCICICTBHE
CeUMEHTAllMH MO YAENbHOMY BeCy, a 3HAuUT, M TpaJueHTa
cBoicTB. TakuM 00pa3oM, B KHIKOM MeTaljie BCE BBOJIMUMBIC
JacTHIBl OyZyT BCIUIBIBATE HAa IIOBEPXHOCTh pacljiaBa 3a
UCKIIIOYCHUEM TeX, KOTOpble OyayT 3axBaThIBaTbCs IOTOKAMH
Metayuia (MpU BBEAEGHHMH B KOBII) WIH PACTYIIMMH JEHAPHTAMHU
(mpu BBeleHMHM B KpUCTaUIU3aToOp). B cBA3M ¢ 3TUM BecbMa
COMHUTEINBHO, YTO BO3MOYKHO IIPOTHO3UPOBATH KOJINYECTBO YaCTHII,
BBOJMMBIX B ()OPMHpYeMyI0 3aroToBky. K Tomy ke ympaBieHue
pacmpenenieHieM B 3TOM METOJE CBOJWTCS TOJBKO JHIIb K
BO3MOJKHOCTH  BapbHpOBAaTh CKOPOCTh IOJAYH  ITOPOIIKOBOH
TIPOBOJIOKU B KPHUCTAIUTU3ATOP WM MPOMEKYTOUHBIH KOBIII.

3. BBeneHwe JAWCIEPCHBIX YacCTUI IPU  LEHTPOOESIKHOM
3JIEKTPONLIAKOBOM JIUThE. CYIHOCTh JaHHOW TEXHOJIOTUH, KOTOpast
ObLIa paccMOTpEeHa B MaTeHTe Ha u3o0pereHue [7], 3aKirodaeTcs B
3JIEKTPOILIAKOBOM IlepeliaBe 3JeKTPOoAa B IUIABUIBHOM €MKOCTH,
oOecrieynBaroliel HAKOMJICHHE JKUAKOrO MeTaula M LUIaka B
HYXHBIX KOJIIMYECTBAX, W TIOCHEAyIOmeH ero 3ajluBKE BO
Bpamatongyiocs ¢opMmy. B kauectBe Moam(puKaTopa BBICTYMAIOT

CHHTETHYECKUE  yIbTPATUCIIEPCHBIE YAaCTHIBI  KapOOHHTpHIA
tutana B kommuectBe 0,3...0,5 % oT Maccel pacrIaBa.
Monudukarop HOJTy4Yasld CMEIITHBaHUEM MOPOIIKOBBIX

KOMIIOHEHTOB C IOCJICAYIOIIUM XOJIOAHBIM IPECCOBAHUEM B
TabneTkn W J00aBISUIM  MX B NPOMEXKYTOYHBIH  KOBII.
HccnenoBarenu yTBepxkaaroT, uTo BBeaeHne B meramn 0,4 %
MoauduKkaTtopa TPHBOAUT K  CYIIECTBEHHOMY  H3MCHCHHIO
CTPYKTYpBl H CBOWMCTB JIMTOrO MeETajula. YCTPAHSIOTCS 30HBI
TPAaHCKPHUCTAJUIM3AIIMM B KOJBLEBBIX  OTJIMBKaX,  pe3Ko
YMEHBIIAIOTCS  pa3Mepbl JCHAPUTOB, KOTOpPbIE K TOMY IKe
npuobperaloT  OnarompusATHyr0 GopMy 1O BceMy o0bemy
3aKpUCTANIM30BABILIETOCS METaJlIa.

CTpyKTypa OTIMBOK XapaKTepHU3yeTCs HalM4ueM (GeppuTHO-
MapTeHCUTHOH  MaTpuibl C  KOMIIAKTHBIMM  KapOuaam,
pAcIONOKEHHBIMU ~ OOJbIIEH  YacThl0o B  MHKpO3EpHaX, a
paspylleHHe  y#apHbIX ~ 0o0Opa3loB  HOCHT B  OCHOBHOM
TPaHCKPHUCTAJUIMTHBI  Xapaktep. B 9ToM ciyyae ypoBeHb
MEXaHMYECKUX CBOMCTB OTJIMBOK NpPAKTUYECKH HE OTIMYAETCS OT
CBOMCTB KOBAaHOM 3arOTOBKHU.
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JlaHHasi TEXHOJIOTUSI IOCTATOYHO MHTEPECHA U NEPCIEKTHBHA, B
CHJIy TIPUMEHEHHMS B Ka4ecTBE Crocoda pacrpeeeHust YacTHL] 1o
00beMy MONlydaeMOW 3aroTOBKHM LEHTPOOEXKHBIX cuil. OIHako

ONHMCAHHBIA  CIOCOO  KMMEET  CYIIECTBEHHBIH  HENOCTATOK:
MOANGHUKATOPHI BBOJAT B IPECCOBAaHHBIX Ta0JIETKaX B IIABHIIBHYIO
eMKoCTb. COMHHUTEIBHO, 4YTO BO3MOXKHO IPOTHO3UPOBATH,

HACKOJBKO PaBHOMEPHO AWCIICPCHBIE YAaCTHIBI PACIPENeIAThCS 110
o6bemy Metaira. K TOMy JKe 4YacTHIBI, HaXOJIIIMECS «HA
MOBEPXHOCTH» «TabJIECTOK», OYAYT MMETh CYIIECTBEHHO Oouibllee
BpeMs B3aUMOJCHCTBUS C PAaCIIaBOM, YEM YaCTHULIbI, HAXOASIIHECS
BHYTpH TabaeToK. COOTBETCTBEHHO, JIaXe MPHU yCIOBUU OTCYTCTBHS
XUMHYECKOTO B3aMMOJCHCTBHMS 4YacTHL[ C pPACIUIaBOM, YaCTHULIBI
OyoyT moOABEpraTbCsi —TEMIEPaTypHOMY  BO3JICHCTBHIO,  YTO
HpUBENeT K MX YaCTUYHOM IUCCOIMAIMi. DTO MOXKET BBI3BIBATh
H3MEHEHNE I'PaHyJIOMETPHUYECKOr0 COCTaBa, YTO TAKKE 3aTPYIHHUT
NPOTHO3MPOBAaHKUE pPACIpeleleHHs YacTHIl 10 00beMy MeTainia.
Takum 00pa3omM, CyIIECTBYIOIINE HAa CETOHSIIHUN JEHb CIIOCOOBI
YIOPOYHEHHsS METaUIOB 32 CYET BBEACHUS YacTHI[ HMEIOT
CYLECTBCHHBIC HEIOCTATKH, 3aKIIOYAIOLIMECS B OrPaHMYCHHOH
BO3MOXKHOCTH HPOTHO3MPOBAHUS BBOJMMBIX YaCTUIl 1O 00BEMy
HOJIy4aeMOro  MeTajula W YIOpPaBJCHHS  paclpeielieHHeM
BBOJIMMBIMH YaCTHLIAMU.

4. BBenieHne QUCIIEPCHBIX YaCTHUII IIPU BBITSDKKE B HAIIPABICHUH
o0paTHOM TpaBUTAUMOHHOMY MOJI0. OIHUM M3 IEpPCIEeKTUBHBIX
METOJIOB BHEAPEHMs] AWCIEPCHBIX YaCTHI] B pacIUIaB SIBISETCS
"MeTox  TOBBINIEHHS  HM3HOCOCTOMKOCTH  KOMIIO3HI[OHHOTO
Marepuana" [8]. DTOT MOAX0] OCYIIECTBIISCTCA HA O0OPYIOBaHUHU
JUISL  HEMPEPBIBHOIO JIUTBSL C  BBITSDKKOH  popMupyroIIencs
3arOTOBKHU MPOTHUB HAIpaBIICHUS AeHCTBUS rpaBuTanuu (puc. 1).
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Puc. 1. Cnocob nonyuenus KOMRO3UYUOHHO2O MAMEPUAnd ¢ NOBbIUEHHOU
UBHOCOCMOUKOCMbIO C 68000M ynpouHawwell gasel: 1 — dozamop, 2 —
KOGW, 3 — NpOMedCYmOouHblll KOBUL ¢ NOO02pedoM, 4 — yenmpogas; 5 —
60000X1ANCOAEMBIL  KPUCIALTUZAMOP, 6 — MEIKOOUCnepcHvie meepobvle

myeoniagkue uacmuyvl;, 7 — YAPOUHAEeMblU pacnias; 8 — MexaHusm
00PAMHOTL 8bIMANCKU

B mpomecce 3amMBKM, Iepex momaued  Merauia B
KpPHUCTAJUIM3aTOp, Ha TOTOK TPHUCAXHUBAIOTCA  JHACIEPCHBIE

TYTOIIaBKUE YacTHIBL. MeTaul, comepXamuii HHXeKTHPOBAHHbIE
YaCTHIIBI, TIPOXOJUT Yepe3 KPHCTAIUIN3ATOp, TJe IMPOUCXOIUT €ro
3aTBEp/CBAaHNE M BBITSHKKA 3arOTOBKM B  IIPOTHBOIOJIOKHOM
HaIllpaBJICHUIO T'paBUTALIUU. Bnaroaapﬂ pasHuIIE B IUIOTHOCTHU
MEXAY BBOAUMBIMHU YaCTULIAMU U OCHOBHBIM MaTe€pHaJIOM, IOJ
JIEICTBUEM apXMMEIOBOM CHIIBI OHM Iepemelnarorcsi BBepX. [lpu
ONPENENEHHBIX ~ YCIOBHAX  MOXKHO  JOCTHYb  COBIMAACHHS
nepeMenieHus: GpoHTa KPUCTALIUZALMY C JBHKCHUEM YaCTHLI, YTO
HO3BOJIAET CO3JAaTh KOMIIO3ULIUOHHBIC MAaTepUalbl C yIy4IICHHBIMU
IPOYHOCTHBIMU XapaKTepUCTHKaMu. JlaHHBIM METOJ HHTEpeceH
TEM, YTO OH YUHUTHIBAET Pa3JIMUMs B INIOTHOCTSX JHCIIEPCHOIT (a3br
U OCHOBHOTO MaTepHalla, OJIHAKO JUIS €r0 pean3aliiy He0OX0aNMO
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creuuanbHoe 00opyaoBaHME. XOTS 3TOT METOX IO3BOJIET
YOPOYHATH BeChb OOBEM 3aroTOBKH IUCIEPCHBIMH YacCTUIAMH,
MOJy4YeHHEe TPaJUEeHTHOTO KOMIIO3MLIMOHHOTO MaTepuaiga C
Pa3IMYHBIMH CJIOSAMH, OOJAaJalOIMMU PA3THYHBIMA CBOMCTBAMH,
ocCTaeTcs MPoOIeMaTHYHBIM.

Bce BBINIe IEpeUnciieHHBIE CIOCOOBI TUCTIEPCHOTO YIIPOYHEHHS
HMMEIOT, KaK CBOM IMPEUMYIIECTBA, TaK U CBOU HEJAOCTATKH, KOTOPHIE

HE TO3BOJMIIM IIOBCEMECTHO HCIIONB30BaTh O3TH CIOCOOBI Ha
HPaKTHKE.
IIpoaHanu3upoBaB BCE BBILIIE PACCMOTPEHHBIE — CIOCOOBI

JHCTIEPCHOTO YIMPOYHEHMS Mbl MPHUIUTH K BBIBOAY, YTO BBEICHHE
YIBTPAAUCIIEPCHBIX YACTHUI] B KPUCTAIUTU3YIOIIUICS PaCcIIaB B X0
HEHTPOOEKHOTO JUTh MOXKET YCTPaHUTh MHOTHE HENIOCTaTKU
BBIIE  PACCMOTPEHHBIX  CHOCOOOB  MOJIyYGHHs  JJHCIIEPCHO-
apMUPOBAHHOW CTalM U CTaThb OJHMM U3 IIEPCICKTHBHBIM H
9KOHOMHYECKHU BBITOJJHBIM CIIOCOOOM.

Oco0eHHOCTh CTallel, MOTyYEeHHBIX TAKUM CHOCOOOM, COCTOHT
B TOM, 4YTO BBOAUMBIC YIBTPAJUCHEPCHBIE MHUKPOYACTUIIBI
BCTPAaUBAIOTCA B KPHCTAIMYECKYIO PELIETKY (OpMHPYEMOro
MaTepuaia, yBEIMYHBas KOJIMYECTBO LEHTPOB KPUCTAIUIM3ALUM,
YTO BEJET K 3HAYNTEIHHOMY YBEIMIECHHIO MEXaHUUECKUX CBOWCTB,
YBEJIMYMBAIOT €ro YJIENbHYI IUIOTHOCTb (32 CYET H3MEIbYCHUS
CTPYKTYpBI), OOecneunBaroT 0Oojee MEIKOe 3epHO, YTO BENET K
YBEINYEHHIO KOPPO3HMOHHOCTOMKHMX CBOMCTB, MPUBHOCAT CBOMCTBA,
XapaKTepHbIC JUI BBOJUMBIX YacTHI] TeM 00beMaM MaTepHuaia, rie
OHH pacroyaraiorcs. PacmonoxeHneM HHXEKTHPYEMBIX B paciuiaB
B YIBTPAIANUCIIEPCHBIX YACTUI MOXKHO YMPABIATh, YTO ITO3BOJIIET
MIPOTHO3MPOBAaTh M 33/aBaTh DPA3IMYHBIC CBOICTBA Ppa3IUIHBIM
o0BbeMaM MOTy4aeMOi CTalu.

CymHocTb xKe CaMoro METOJa  MHKEKTUPOBAHHUS
YIBTPAANCIIEPCHBIX YACTHI[ B KPHUCTAJUIM3YIOIIUNCS pacIulaB MpH
LEHTPOOEKHOM JIUThE 3aKIIOYAeTCs B CIEAYIOIIEM: IPH 3alUBKE
METAINYECKOT0 MaTepHalla Ha MAaIllMHY LEHTPOOEKHOTO JINThS Ha
MOTOK MeTajula HENPEepBIBHO, B TEYECHHE BCEH MPOIETYpHI
pa3NIMBKHU, TIONAIOTCS TBEPABIE TYTOIUIABKHE MEIKOANCIIEPCHEIE
YaCTHULIbl Pa3NW4YHON MIOTHOCTU. Koraa miIOTHOCTH TyroruiaBKoH
JHCIEePCHOM YacTHIBI, TOTPY)XEHHOW B PACIIaB, OTIMYACTCS OT
TUIOTHOCTH CaMOTO pacrjaBa, CHJa, BO3JEHCTBYyIoIIas Ha 3Ty
YaCTHIly, HE KOMIICHCUPYETCS HH €€ COOCTBEHHOH LIEHTPOOEKHOIT
CHJIOH, HU cuIIOl TsbkecTH. BenencTue 3Toro cosparorcst yciaoBHs
UL TepeMelIeHHs YacTULl JIKOO BHYTpb, JHOO Hapyxy
(hopMHupYIOIIETOCs W3ETHs, TO €CTh K BHYTPEHHEH MM BHEIIHEH
TIOBEPXHOCTH 3aroToBKH. Kak TONBKO YacTHIla HOCTHTaeT (pOHTA
KPHCTAIIN3AIMH, OHA TPIKUMAETCS PACIIaBIEHHBEIM METaUIOM K
3ToMy (pPOHTY M TepecTaeT BCIUIBIBATH, OYAydH 3aXBadeHHOM
pacTylMMH JEeHApPUTaMH. B uUTOre mMpOMCXOAUT YNpPOUHEHHE
TIOBEPXHOCTH.

YT00B! YKPEHUTH HAPYKHYIO IOBEPXHOCTH TPYOHOMN 3aroTOBKH,
UCIIONB3YIOTCS TYrOIIABKUE JAUCTIEPCHBIE YACTHIIBI, Ybsl INIOTHOCTh
MpEBBIIIAET MIOTHOCTh paciuiaBa. B TakoM ciydae neHTpoOexHas
CHJIa MPEBOCXOAUT CHITy ApXHMMe[a, M JacTHIA B PacCIUIABICHHOM
MaTepHuaie ABIKETCSI OT OCH BPaIIeHNs K PPOHTY KPUCTAJUTU3AIIUH.
OHa TIpWKHMaeTCss paciulaBoM K (POHTY KPHCTALIM3AINH, HE
BCIUIBIBAET M 3aXBaTbIBACTCSl pACTYIIUMH AEHIPUTAMH, YTO
NPUBOAUT K YKPEIUICHUWIO Hapy)KHOH MOBEPXHOCTH TPYOHOM
3aroToBKH. ISt YKpEIUIeHUs BHYTPEHHEH IOBEPXHOCTH TPYOHOI
3aroTOBKU MNPUMEHSAIOTCA TYI'OIUIaBKHUE JUCIHEPCHBIC YaCTHULIBI,
TUIOTHOCTh KOTOPBIX MEHBIIE IIOTHOCTU paciuiaBa. 31ech cuia
ApxuMmena TOMUHHpPYET HAJ IEHTPOOEXKHOH CHIION, M dJacTHIa B
pacIulaBe HampaBISIETCS K OCH BPAIIEHMs, BCIUIBIBAsI HA CBOOOJHYTO
TOBEPXHOCTh PACIIaBa M 3aXBATHIBASCh PACTYIIUMH IEHAPUTAMH.
OTO NPUBOAWT K YCWICHHIO BHYTPEHHEH ITOBEPXHOCTH TPYOHOI
3arOTOBKH.

Jlnst  OHOBPEMEHHOTO YCMJIEHMs Kak BHEUIHell, Tak ¥
BHYTPCHHEIl TOBEPXHOCTEH TpPYOHOIl 3aroTOBKM HCIIOJIB3YIOTCS
YacTHULbl Pa3HOW IUIOTHOCTH (Kak OoJibllell, TaK U MEHBILEH, yeM
IUIOTHOCTB PacIliaBa), HOaBaeMble B CMECh OIHOBpeMeHHo. [locie
MONAJaHUs B W3JIOXKHUILY, HOJ BIMSAHMEM LEHTPOOEXKHBIX CHI U
CuiIbl ApXUMeJa BCIUIBITHS, YaCTHLBI Pa3ielsioTcs, obecriednBas
OJHOBPEMEHHOE JUCIIEPCHOE YIIPOYHEHHE KaK BHYTPEHHEH, TaK U
BHEIIIHEW ITOBEPXHOCTH TPYOHOMH 3aroToBKH (puc. 2).
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Puc. 2. Cnoco6 nonyuenus epaduenmnozo mamepuaia: 1 — dozamop; 2 —
KO8, 3 — 20pU3OHMANLHAS UBLONCHUYA, 4 — KDLIUKA UBTONCHUYbL, 5 —
CManepasiuBoyHblil HOCOK, 6 —ynpouHsemblil pacniag; 7 — Kapouowl ¢
YOenbHOU NIOMHOCMbIO PAGHOU UNU 6blule NIOMHOCMU Memaind; 8 —
Kap6uobl ¢ yOenbHOU NIOMHOCHIbIO MEHbULEU NIOMHOCIU MEmaiia

Bemon: Ha ocHoBe BbIme mpencTaBiIeHHOH HH(pOpManuH
MOKHO CJIeNIaTh BBIBOJI, YTO KOJIMYECTBO, AUCTICPCHOCTb, Pa3InIHast
IUIOTHOCTb, BO3MOXHOCTH BapbHPOBATh CKOPOCTHIO BpAIICHHS
TOPHU3OHTANBHON HM3M0XKHUILBI, a TaKKe OrPOMHOE MHOTooOpasue

TBEPABIX TYIOIUIABKUX  MEJKOMUCIICPCHBIX YacCcTHUILl, M, KakK
CJIICACTBHUC, MHOFOOGpaBI/Ie (1)I/ISI/IKO-XI/IMI/I‘16CKI/IX U MCXaHHUYCCKUX
CBOWCTB CO3aarT TMPEATIOCHIIIKN JUIsL NOJIy4CHUA HOBBIX

TpaJuCHTHBIX MaTCpUaIOB UMEHHO C IOMOIIBIO L[eHTpOﬁe)KHOFO
JINThA.

Hannoe uccredosanue unancuposaroco Komumemom nayku
Munucmepcmea  nayku u  evicuiezo obpazosanus Pecnybnuku
Kaszaxcman (Tpanwm Ne AP23485709).
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DEVELOPMENT AND ANALYSIS OF A NEW MATHEMATICAL MODEL OF A PLANE PROBLEM OF
ROLLING THEORY WITH ASYMMETRIC INTERACTION OF DIFFERENT-DIRECTION ZONES IN A
SINGLE DEFORMATION ZONE

Valery Chigirinsky!, Abdrakhman Naizabekov', Sergey Kuzmin?®, Sergey Melentyev?, Pavel Tsyba?, Alexandr Arbuz®

'Rudny Industrial Institute, Rudny, Kazakhstan
2Karaganda Industrial University, Temirtau, Kazakhstan
®Nazarbayev University, Astana, Kazakhstan

Abstract: The paper presents the results of the development of a mathematical model of a plane problem of rolling theory under conditions
of asymmetric interaction of lag and advance zones in a single deformation zone. Mathematical analysis shows that, taking into account the
boundary conditions, two attenuating reciprocal penetrating functions appear along the edges of the deformation zone, forming overlapping
zones. Different boundary conditions along the edges of the deformation zone analytically characterize the interaction of multidirectional
metal flow flows in a single deformation zone. Taking into account the obtained mathematical model, it becomes possible to study and
analyze the loss of stability of the process, to determine the effects that occur in the zones of availability of the limiting deformation zone, to

use them in the development of new technologies and equipment.

Keywords: MATHEMATICAL MODEL, FLAT ROLLING THEORY, ASYMMETRIC ZONE, LAG AND ADVANCE ZONES.

[TpuunHON CI0)XKHOCTH MHOTHX TEOPETHUYECKHX 3a1a4 SBISETCS
He3HaHHe 0coOeHHOCTeH, 3(h(EeKTOB U MPOLECCOB, ONpPENEIAIONINX
B3aMMOJICHCTBHE 30H OTCTABAHHS U ONEPEKCHHS B CIMHOM Ovare
nepopmarnmu. B3aumopelicTBue 30H MposiBisieT ce0s B TOM, 4YTO
HU3MCHEHUE KHMHEMAaTHYECKHX, CHJIOBBIX NApaMETPOB B JIOKAJIbHOIL
30HE, NPUBOAAT K H3MEHEHUIO MTApaMETPOB MPOLECCca BCEro odara
nedopmarnuy. Bosnukaer s dext aCUMMETPHYHOTO
B3aMMOJICHCTBUSI PAa3HOHANPABICHHBIX 30H B EIMHOM oOdare
nedopmarmu. CymmapHbIii 3G QeKkT B3aUMOASHCTBYIOUIMX 30H
MOJKET ObITh Pa3HBIM U peryiupyembiM [1].

PaccmarpuBaercst 3aMKHyTas 3ajada TEOPHH IUIACTUYHOCTH M
Ha ee 0ase MpUKIIaHAs 3a/1a4a TEOPUH IUTACTHYHOCTH, CO CIIOKHBIM
(bU3MUECKMM  TPOIIECCOM,  pealu3yeMbIM B YCIOBHSX  C
MPOTHBOHAIPABICHHBIM ~ TEYEHHEM MeTaula HPH  CJIOKHOM
acCHMMETPHYHOM HarpyxeHu#. B paborax [2, 3] mpeacraBieHbBI
o0Ire MOAXO/ABl PEIICHUsT 33/1a4 MEXaHWKH CIUIOMIHON Cpelpl C
UCIIONB30BaHUEM METOJa apryMeHT (YHKIMH KOMIUIEKCHOM
MEepPEeMEeHHOI. YYMTHIBas, YTO aHAJIM3UPYETCS ACHMMETPHYHOE
Harpy)keHue, MOCTAaHOBKY W peIIeHHe 3aJa4yd IpeJCTaBIsieTCsS B
HAaIPSDKEHUSX, T.C.:

oG, 6% o
OX oy
o, 0o, _ o 1)
ox oy
2 2 2
(GX—Gy) +é4t, =4k?,
IpaHUYHbIC YCIOBUSL:
oy —0C
- {Xzysm(zfp)_fxy cos(Z(p)}. )
YpaBuenus (1) npuBOIATCS K BUIY:
2 2 2
o't O°1, 4 0 T 1 (3)
ox* oy’ oxoy

B 3TOM Cityuae MpUCYTCTBYET HENMHEHHOCTD, KAK B TPAHAYHBIX
ycioBusix (2), Tak u B auddepeHranibsHoM ypaBHeHHu (3), KoTopoe
SIBISIETCSI OCHOBHBIM JUISL OIPEZACIICHUS KacaTeIbHbIX HANPSDKESHHUH.
3asucumoctd (2), (3) MOKHO JMHEAPU3UPOBATH, T.C. YIPOCTHTD, C

38

IIOMOLIBIO TpI/IFOHOMeT‘pI/I‘IeCKOﬁ o ACTaHOBKH,
YCJI0BHS MPUBOAATCA K BUY:

a TI'paHUYHBIC

1, =T, sin(AD - 20), (4)

C y4eToM TPUTOHOMETPHYECKOIH MOACTAaHOBKH (4), ypaBHEHHE
(3) MO>KHO TepenucaTh:

2 H 2 H 2
o' (T, sn; AD) o°(T, S|r: A<1>):J_r2 o T CosA®D. (5)
OX oy oxoy
Ucnonb3ys  QyHIaMEHTAJIbHYIO MOACTAHOBKY, HCIOJB3YS
(GYyHKOMIO ~ KOMIUIEKCHOH — TIepeMEHHON  IId  KacaTeJIhbHOTO
HAIpPsHKEHHUST MOXKHO 3aTIHCATh:
exp(0 +iA®D) —exp(6 —iAD) (6)
» =H, % .
HUcnonb3ys Beipaxenus (6) B ypaBHenuu (5), umeeM:
Y]

%exp(9+ iA®)-{(H.), ~(H.), ~2i(H.), ]+ 2(H.).[6, + A, )-

-i(0, - A®,)]-2(H,),[i(6, + A®,)(0, - A®, )]+ H [0, 6, +2A0, )+
+i(am, —Ad, 20, )+ H [0, + Ad,)-i(0, - A0, |-
—ep(O-iA0)(H, ), ~(H,), +2i(H,), ]+ 2(,), [0, +iao,)+

+i(0, - A®,)]-2(H,),[6, - A®,)-i(6, + A® )]+ H_[(6, -6, +2A0 )-
—i(ad, —A®, 20 )]+H_ [0, + Ad,)+i(0, - A ) }=0.

[locne mnpuBeneHWss W YOPOIIEHUH HMMEEM aHAIUTUYECKOE
BbIpa)KEHUE JIJIsl KacaTeNbHbIX HAPSKEHUH B BUAE:

t, =H,_ exp0sin A®, ®)

MIpH YCIIOBUH:

_ - - 9
0, =—AD,,0 =AD, 0, +0 =0,AD_+AdD =0. O

VYcenosue (9) onpenenser nuddepeHINATBHBIC COOTHOIICHHS
Koum-Pumana u ypaBHenust Jlariaca, T.e yCJIOBHS CYIIECTBOBAHHUS
pewenuss  ypaBHenus  (5). @DyHKUMS ~ acHMMETpHH  H

ynosieTBopsier nuddepenipansHoe ypaBHenue (7), UMeeT BHL:

(e}
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Co l—x +Cy I—+x
2 2 (10)

o I '

Ilocne moncranoBke BelpaxkeHust (8), ¢ yderom (10), B
YpaBHEHUS paBHOBECHSI, TIOCTIE HHTETPHPOBAHUS UMEEeM:

%G— xjexp(e —-0,)+ %G + xjexp(e -9,)
G, =- COSAD, I COSAD, COSAD +K,,
k ( | j k [
— | ——x exp(e—90)+71(—+x)exp(e—el) 11
o,=-3 COSAD, \ 2 | COSA®D, \ 2 COsAD+K,, (11)
L(I— - xjexp(e -0,)+ L [l + xjexp(e -0,)
COSAD,\ 2 COSAD, \ 2 .
v I sin Ad.
AHanmM3  MONyYeHHOH — Maremarudeckoir  momenmn  (11)

TIOKa3bIBACT, YTO C YYETOM IPAaHHYHBIX YCIOBHil IO KpasM odara
negopManuu MOSBISIIOTCSA JIBE 3aTyXalollie B3aMMOOOpaTHBIC
MPOHHUKAIOUIME APYyr B Apyra (QyHKOHH, 0Opasyrolmue 30HBI
MEePEeKPBITHS. OTH  30HBI  NEPEKPBITHS MOTYT BIHATH Ha
pacupeneneHne 00OOIIEHHBIX (yHKIMHA 1O JIMHE odvara
nedopmaru. C TOUKH 3peHHs (U3MYECKOH MOAENN yKa3aHHbBIC
MaTeMaTHYEeCKHe 30HBI MEPEKPBITHS, Pa3Hble I'PAaHUYHbBIC YCIIOBHS
Mo KpasM odara JedopMaluyl aHATUTHYECKH XapaKTepH3YIOT
B3aMMO/ICHCTBHE Pa3HOHAIIPABICHHBIX TOTOKOB TCYCHHSI METAJLIa B
equHOM  ouare  gedopmaumu.  VCmodb3ylHd  IMOMYYCHHYIO
MaremMartudeckyro Mojenb (11) ObUIM MOJCUMTAHBI 3HAYCHHUS
OTHOCHTEIBbHBIX KOHTAKTHBIX HAIIPSDKCHHUIL.

Ha pucynke 1 mnokazaHo pacnpeneneHre HOPMalbHBIX U
KacaTeNbHBIX HANpsDKEHUH 10 JUIMHEe odara JaedopMmanuy B
3aBUCUMOCTH OT KO3(HHULIMEeHTa TPEHUS.

18
9 &
S = 16
z o
= 14 4
g = i £=0.5
2 c 10 /{\ —m—1=0.4
= E Q .
E o c \\ —4—1=0.3
S o /‘ P .
= E Va ——=1=0.2
?:‘ g - “=1=0.1
o 2 =0—=0.05
= ray
-1 -0.5 0 0.5 1
Oruocurenshas jummna odara jcopmanuu x//
a)
o
g8 .
E5 —=1=0.5
: ] -a-£-0.4
= g ——1=0.3
= ey
g —x—|_—0,2
E § 0lg = 1=0.1
= ~0-1=0.05
2 9
T a
lo— =
5) OTHOCHTELHAA AnuHa ovara Aetopmann x//

Puc. 1. Pacnpedenenue omnocumenbHbix KOHMAKMHBIX HANPAACEHULL NO
OUHe oyaza dehopmayuu 6 3aUCUMOCHIU OM KOHMAKMHO20 MPeHus, npu
/h=15.49; a=0.077; f=0.05...0.5: a — pacnpedenenue nopmanvuix
Hanpsxcenull; 6 — pacnpeoeienue KacamenbHblX HANPAHCeHULl

KacarenbHble HampspKeHHs MPEJICTAaBISIOT IBYX30HHBIA U
OJHO30HHBI OYar INpH MHHUMAIGHOM Kod(duuuente TpeHwus,
paBapiM  0.05. B 30He oOTCTaBaHMA JMHIOPHl  HOPMAJBHBIX
HANpsDKEHUIE B OCHOBHOM HMEIOT BOTHYTYIO QopMy, dTO
XapaKTepU3yeTcst OCHa0JIeHHeM Harpy3KM Ha Y4YacTKe; B 30HE
OIIEPEKECHUS BBINYKIYIO, YTO XapakTepU3yeTcs YCHICHHEM
Harpy3ku. OTO TMPUBOANT K YCWICHUIO aCUMMETPHYHOCTH
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KOHTAKTHBIX  HANpPSDKCHHH MEXIy 30HaMH OTCTAaBaHUsI U
ONEpeXeHus B Ipefenax exuHoil obOmactu  aedopmanuu.
KacarenbHbple HampspkeHHs B 30HE OTCTaBaHUs 000O3HAYCHBI
MaKCUMaIbHBIMH 3HAYCHUSIMH U pasHoOil MO MPOTSHKEHHOCTH
30HAMH OTICPEIKCHHUS.

B ocHOBe Takoil acMMMETpHUHU paCIpeIelCHUS HaNpsHKCHUN

JIEKHT onpeesieHHast ¢usnyeckas MOJIelTb rpotrecca,
XapakTepu3yeMasi B3auMOJICHCTBHEM 30H pa3HOHAIIPABIEHHOIO
TCUCHUS MeTalia. B 30HE OTCTaBaHU, JIEHCTBYIOT

BBITAJKHUBAIONINE KOHTAKTHBIE CHJIbI HOPMAIBHOTO JIaBICHHS Py, U
BTSATHBAIOIINE CHJIBI TPEHHUS Ty, KOTOPble HAalpaBleHb B
MPOTHBOIOJIOKHBIE CTOPOHBI, BBI3BIBAsl IOSBIEHHE IPOAOTBHBIX
pacTATHMBAIOLIMX HANpPsDKEHUN B IUIACTHMUECKOM cpene. B 3o0He
ONEPEXKEHUsI 3TU CHIbl COHANpPAaBICHBI U PACIOJIOKEHBI IPOTUB
X0Jia IPOKATKH.

B mepBoM cioydyae UMeeT MECTO YMEHBIICHHE KOHTaKTHBIX
HaNpsDKEHUH, BO BTOPOM — YCHJIGHHWE BIHSHHS IOANHPAOIINX
KOHTAaKTHBIX CHJI B 30HE omnepexkeHus. C yBennueHueM oOaTus
(CHI)KEHHE 3aXBaThIBAIOIICH CIIOCOOHOCTH BAajKOB) JEHCTBHE
BBITAJIKMBAIONIEH  CHJIBI  BO3pAacTaeT, dYTO  yBEIWYHBAET
PACTTHBAIOLIYIO COCTAaBIISIOILYIO. YCHIIMBAETCsl B3aUMOJEHNCTBUE

30H, OCIa0iseTcss BIMSHHS TIOANHMPAIOIINX CHJI KOHTAKTHOTO
TpeHHss B 0JTOH 4YacTh ovara Jedopmamuu. Ilpu  sTOM
YBEIMYMBAETCS  INPOTMO  SHMIOP  HOPMAaJbHBIX  HANPSDKCHUH
(CHIDKEHUE KOHTAKTHBIX HAIPsDKEHHH).

Ha pucyHke2 moka3aHO paclpeleleHHe  KOHTaKTHBIX

HAMpsOKEHUH B 3aBUCHMOCTH OT Kod(duumenta tpenus f, c
MpOoOYKCOBKOW BAJIKOB, MpH 3HaueHHH (akTopa (HOpMBI paBHOM
11.07, npu yrie 3axBara pasaom 0.129.

——=0,5
=i-=0,4
——[=0,3
—e1=0,2
== [=0,1

£=0,05

OTHOCHTENBLHOE KOHTAKTHOE
HOpMasbHOE Hampskene o,/2k

-0.4 -0.2 0 0.2 0.4 0.6

OTHOCHTENBHAS JUTHHA ovara aehopmarn x/7/

-0.6

a)

*
%

OtHocuTenbHOE
KOHTAKTHOC KacarcibHOC

nanpsxenue 1, /k

&
=N

0.2 4

OTHOocHTe IbHAS JA1MHA oyara aedopmaunu x/
6)
Puc. 2. Pacnpedenenue KOHmakmnulX HAnpaxiceHull no Oune ovaza
Odepopmayuu 6 3a8ucumocmu om KoHmaxmuo2o mpenus, npu l/h=11.04,
a=0.129, f=0.05...0.5: a — pacnpedenenue HOPMALLHBIX HANPAXHCEHULL, 6 —
pacnpeoenenue KacamenbHulX HANPAICeHuil

W3 pucynka 2 BuAHO, 4TO MaTeMarmdeckas wmoxenb (11)
pearnpyer Ha MOTEPIO YCTOWYMBOCTU MpoIecca INPOKATKH, IIPH
COMOCTAaBUMOCTH KO3((UIIMEHTOB TPEHUS 1 YIJIOB 3axBaTa. B aToM
cirydae oOxkarme Obuto yBemmueHo ¢ 0=0.077 ngo 0=0.129.
OCOOCHHOCTBIO ~ JaHHOW  JMIOPBI  SIBISETCA  BO3MOXKHOCTH
HarJSIIHOTO  aHalM3a IIpoliecca, CBA3aHHOTO C €ro moTepei
YCTOMYMBOCTH IpH IpokaTtke. Mmeer MecTo OJHO30HHBIA ouar
nedopmaruu, SIIOpa KacaTelNbHBIX HANPSDKEHUH, M BOTHYTas
SMIOpa HOPMAIbHBIX HAIPSDIKCHUM, KOTOpbIE XapaKTepU3yeT
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|
MpoLECC MOTEPH YCTOHIMBOCTH MPH MPOKATKE, OYKCOBAHHUE MOIOCHI
[4].

Cnenyer 1006aBuUTh, UYTO PAacCMOTPEH  €OUHBIA  od4ar
nedopmMaru, YUUTBIBAIOILU I B3aUMOJCHCTBUE pasHo
HarpyXeHHbIX ~ 30H  oyara  Jedopmanmuu B YCIOBHSAX
ACHMMETPHYHOTO HaTrPY>KECHUSL.

C yderoMm paspaboranHOl MaTemarmyeckod wmonemn (11)
TOSIBIISICTCST BO3MOXKHOCTh M3YYHUTH ¥ IIPOAHAIM3UPOBATH MOTEPIO
YCTOHUMBOCTH IpPOLECCa, ONMPENETHTh dP(PEKTH, BO3HUKAOMINE B
30HaX  JOCTYMHOCTH  MpeIeNbHOro  odara  jaedopMaluy,
UCIIONB30BaTh MX IPU pa3paboTke HOBBIX TEXHONOTHH U
o0opyznoBaHusl.

Hannoe uccredosanue unancuposanoce Komumemom Hayxku
Munucmepemea Hayku u  @vicuieeo obpazoganus Pecnybnuku
Kaszaxcman (Tpanmer Ne AP23488953 u AP19678682).
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ONTUMM3AIUS TEXHOJIOTHUYECKOMN CXEMBI BBIEMOYHO-IIOT'PY30YHbBIX
PABOT B KAPBEPAX IIPU NCITOJIBb3OBAHUU ®POHTAJIBHBIX IOI'PY3UUKOB

OPTIMIZATION OF THE TECHNOLOGICAL SCHEME OF EXCAVATION AND LOADING OPERATIONS
IN OPEN-PIT MINES USING FRONT-END LOADERS

Sergey Kuzmin, Svetlana Shinkevich

Rudny industrial University, Rudny, Kazakhstan
decan_2008@mail.ru

Abstract. The article addresses the optimization of the technological scheme of excavation and loading operations in open-pit mines using
front-end single-bucket loaders. The structural and operational characteristics of loaders are analyzed in comparison with conventional
shovel-truck systems. Technological parameters of loader operation under deep open-pit conditions are substantiated, including bench
geometry, maneuvering schemes, and organization of loading and haulage processes. A technical and economic assessment of loaders with
different bucket capacities is carried out, considering transportation distance and lifting height. The relationships between productivity,
capital investments, and annual haulage volumes are identified. The study demonstrates the feasibility of integrating front-end loaders into
combined transport systems under specific geological and production conditions.

Keywords: OPEN-PIT MINING, EXCAVATION AND LOADING OPERATIONS, FRONT-END LOADERS, TECHNOLOGICAL SCHEME
OPTIMIZATION, TRANSPORTATION DISTANCE, LIFTING HEIGHT, CAPITAL EXPENDITURES, COMBINED TRANSPORT SYSTEMS

1. Beeoenue

B COBPECMECHHBIX YCJIOBHUAX ocoboe BHHMaHUE YACIA€TCA
COBEPIICHCTBOBAHUIO TEXHOJIOT Uit OTKpLITOﬁ Z[O6LI‘-II/I TIOJIE3HBIX
HCKOIIa€MbIX C LECJIBIO IMOBBIICHUSA HpOI/IBBOI[CTBeHHOﬁ MOIITHOCTH

KapeepoB. B cTpykType TOpHBIX paboT Begymas  poib
NPUHAAJIEKNAT  BBHIEMOYHO-TIOTPY30YHBIM  ONEpanusM, I
BBIIIOJHEHUSI ~ KOTOPBIX ~ TPHMEHSIOTCS ~ MEXaHWYeCKHe H

THIPaBIMYECKUAE DKCKABATOPHI (C MpsIMOM W OOpaTHOH JOMaToi),
(poHTaNBHBIE TOTPY3YHKH W BCIOMOTaTeNlbHas TexHHKa. Ocoboe
BHUMaHHE  yAENsIeTCs  INPUMEHEHWI0O  IOTPY3YHMKOB  IpH
pa3paboOTaHHOH KOHTEHHEPHOI TEXHOJOTUH TPAHCIIOPTHPOBAHMS
TOPHOM Macchl, TIPH 3TOM HX IPHMEHEHHE BO3MOXKHO B 3a00s5X
Kapbepa 1 Ha Iieperpy304HoM ckiaje oTpana [1].

B  ycnoBmAx — BHeApEHHS  COBPEMEHHBIX  TEXHOJOTHUI
(poHTaTBEHBIE TIOTPY34YNKH JEMOHCTPUPYIOT BBICOKYIO
YHUBEPCAIBHOCTh M KOHKYPEHTOCHOCOOHOCTb, B pSANE CIIydaeB
MPEBOCXOAS  TPAJWIMOHHBIE JKCKAaBATOPHI 110  MOKa3aTelsiM

MOOWJIBHOCTH ¥ TIPOM3BOAUTENBHOCTH. OHM MPEACTaBISIOT cO00M
ABTOHOMHBIE MAIllMHBI C JU3EJbHBIM JBHTATENEM, OTIMYAIOIINECS
BBICOKMM YPOBHEM MaHEBPEHHOCTH U CIIOCOOHBIMH IEepeMelIaThCs
MEX]y pa3JIMuYHbIMH YPOBHIMH Kapbepa co ckopocThio no 30-40
KkM/4. JlaHHasT CKOpPOCTHAasl XapaKTepHCTHKAa MO3BOISIET MM
OTHOBPEMEHHO OOCIY)KMBaTh HECKONBKO 3a00€B, a TaKKe
3¢ (GEKTHBHO TPAHCIIOPTHPOBATH CHIPhE HA AucTaHimK 10 500-700
METPOB JI0 TOYEK BBITPY3KH [2].

B kpymHbBIX Kapbepax ()pOHTAIbHBIC MOTPY3UHKH JOIOJIHSIOT
paboTy MOIIHBIX 3KCKABaTOPOB, OCOOEHHO MPH CEJNEKTHBHOM
BBICMKE B CJIOKHBIX 33.605{)(, OrpaHUYCHHBIX IPOCTPAaHCTBAX, Ha
Ieperpy304HbIX MMyHKTaxX U CKiagax. B cocraBe KOMOMHMPOBAaHHBIX
TPAHCHOPTHBIX CXEM OHHM 00EeCHeYHMBAIOT MOAady TOPHOH Macchl K
JpOOHMIEHO-TIEPETPY30UHBIM y3JIaM, PYAOCIYCKaM M 3arpy30YHBIM
ycTpoiicTBam.

Iorpy3unky Takxke BBHITOIHSAIOT BCIIOMOTATENbHBIE ONEPaIHy,
BKJIIOYasi OYUCTKY YCTYIOB U TEXHOJIOTMYECKHUX JOpor oOT
KPYITHOKYCKOBBIX OOJIOMKOB, MPEMATCTBYIOLIMX paboTe OCHOBHOTO
obopynoBanus. Pacmmpenne (yHKIMOHAJIBHBIX BO3MOXHOCTEH
JOCTHUTacTCAa 3a CUYET NMPUMCHCHUA CMCHHBIX pa6oq1/1x OpraHoB, B
TOM 4Hcie OyJIbI03EPHBIX OTBAJIOB. YHHBEPCAJIbHOCTh, MEHbBIIAs
Macca M CPaBHUTENBHO MPOCTasi KOHCTPYKIUS 0OyCIOBIMBAIOT MX
HKOHOMHYECKYIO MPHUBIEKATEIBHOCTh M IIHPOKOE MPUMEHEHHE Ha
Kapbepax pa3IMIHON IPOU3BOJICTBEHHOI MOIHOCTH.

K orpannueHnsiM OTHOCHTCS HEBO3MOXHOCTH 3(P(EKTHBHOI
paboTel B 3a0051X BeicoTON Oonee 10—12 M, a Takke CpaBHUTEIBHO
HEBBICOKOE YCHJIME BHEIPEHMS B MAcCHB, YTO 3aTPYIHAET BBIEMKY
KPYIHOKYCKOBBIX IOPOJ MOCIIE B3PbIBHBIX padoT [3].

41

Kpurepuem cpaBHuTENnbHOW 3(Q(PEKTHBHOCTH MOTPY30YHOTO
00OpYIOBaHUS CIIY)KHT OTHOLICHHE MAcChl IIOJIE3HOH Harpy3ku
KOBIIa K 00IIel Macce MamIMHBI. Y KaHATHBIX KCKaBaTOPOB 3TOT
MOKa3aTellb COCTaBIAeT 5—7%, y THAPaBIMYECKUX SKCKaBaTOPOB C
npsiMoii onaroit — 8-11%, Torna kak y KOJECHBIX MOTPY34UKOB
npocturaetr 18-21%, 4To 0OYCIOBIMBAET MX BBICOKYIO YIEIBbHYIO
MPOU3BOJUTEIBHOCTD M TEXHOJIOTHUECKYIO MOOMIBHOCTb.

CoBpeMeHHbIE (DPOHTAIBHBIE ITHEBMOKOJECHBIC IOTPY34HKH,
MpeIHa3HauYeHHbIe 11 paboThl ¢ B30PBAaHHOH TOPHOW Maccoi,
OCHAIIAI0TCS HN3HOCOCTONKHMH KOBIIIAMH, cHCTeMaMu
ONIEPaTUBHOTO B3BEHIMBAaHUS M OOpTOBOI muarHocTukoil. Ilo
CPaBHEHHIO C TYCEHHYHBIMH DKCKaBaTOpaMH OHHM 3HAYUTEIHEHO
Jerde W JienieBie, 00eCIeunBaOT CHIKEHHE DKCIUTyaTal[HOHHBIX
pacxonoB Ha 30-70% n yMeHbIIeHHe ce0eCTOMMOCTH MOTPY3KH Ha
15-50% [2].

2. Memoouka

Jns BemeHus paboT Ha Kapbepe IpEeAIaraeTcst NMpHMEHEHHe
HOTPY304YHO-TPAHCIIOPTHOTO KOMILIEKca, BKJIIOYAIOIIETO
¢dpoHTaNBHBII KOJecHBIH morpy3urk L-1350 (06bem koBmia 21 m?)
u KapbepHblii aBTocamocBan Hitachi EH-4000 rpy3omnoxbseMHOCTBIO
221 .

[punsTas cxema, n300pakeHHass Ha pUCyHKe 1, obecrieynBaeT
PpaIOHANBHYIO OpTaHM3AIHNI0 TIOTPY30YHO-TPAHCIIOPTHBIX
MPOIECCOB, TIOBBIIIEHHE IPOM3BOAUTENFHOCTH W COOMOAEHHe
TpeboBaHMIl MPOMBIIIIIEHHOH 06€30MacHOCTH.

B naHHOW TeXHOJNIOTMYECKOil cxeMe paboThl IMOrPY34YHKOB
MUHUMAaJILHO JIoIycTUMast LIApHUHA paboueii IJI01a 1
npuHuMaercss 25 M. Ilpu sTOM naHHOE 00OpYyIOBaHHE MOMKET
IPOBOAUTH 3allOJTHEHHE KOHTEHHEPOB, KOTOphle MM CaMUM OyayT
JOCTABIISTHCS HA OTBAJL.

IMpomecc BBIEMKHM MATKHX M TPEIBAPUTEILHO B30PBAaHHBIX
nopoJ (hPOHTATBHBIM ITOTPY3YHKOM BKIIIOUAaeT BHEAPEHHE KOBIIA B
HIDKHIOIO 9acTh 3a00sI, €ro 3alloJHeHHE 3a CUeT MOJbeMa CTPEIhI
THPOCUCTEMOM c OJJHOBPEMEHHBIM TOPU30HTaIbHBIM
MaHEeBPHPOBAHHEM, TOCICAYIOIHMH BBIXOA U3 320051 U pasrpy3Ky B
TpaHcropTHoe cpeactBo. [lpu Beicore 3a6ost mo0 10 M wm
JIOCTATOYHOU INMHUpUHE paboyero MpOCTPAHCTBA OOECIIEUNBACTCS
CBOOOJHBIN OCTYI K MAacCHUBY M BO3MOKHOCTb IOJIHOW 3a4MCTKH
0e3 mpuBiedYeHUs Oynba03epa.

3. Pe3ynomamut u o6cysyncoenue

AHaIu3 TEXHHKO-DKOHOMHYECKHX IIoKazareled 29 Momenei
(dpoHTaNBHBIX TOTPY3YHKOB (00beM KoBIia 2,2+40,5 M%) Begymux
MIPOM3BOAMTENICH BBIABWI 3aBHCHUMOCTh HPOM3BOAMUTENBHOCTH OT
IPy30H0ABEMHOCTH, BBICOTBI moabeMa u paccTosHUA
TPAHCIIOPTUPOBAHUS, a TaKkkKe HMX BIUSIHHE HA KalWUTaJlbHBIE U
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9KCIUTyaTallHOHHbIE H3EPXKKH. B ycrnoBusx yriyGiaeHHs KapbepoB
JO  3HAUUTENbHBIX OTMETOK  LEIeco00pasHO  NPUMEHEHHE
MHOTOCTYNIEHYaThIX TPAHCHOPTHBIX CXEM C HCIOJIb30BAHHEM
CKHITOBBIX MITH KPYTOHAKJIOHHBIX KOHBEHEPHBIX TTOABEMHUKOB.
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Puc. 1. Ilacnopm pabomei noepyzuuxa L-1350 ¢ noepyskoii 6
asmocamocean Hitachi EH-4000

O0bennHeHne GbyHKIHI BBIEMKH u TIEPBUYHOTO
TPaHCTIOPTHPOBAHUS c UCIIOJIb30BaHUEM (bpoHTaIBHBIX
OJTHOKOBILIOBBIX MOTPY34YMKOB PacCMaTpUBAETCsl KaK ajJbTepHATHBA
TPaJANIMOHHBIM  DKCKAaBaTOPHO-aBTOMOOWMIIBHBIM  KOMILIEKCAM.
D¢ GEeKTUBHOCTh TaKUX PEIICHUI 3aBHCUT OT KauecTBa B3PHIBHOM
MOATOTOBKH MOPOJ ¥ ONTHMH3AI[MN TEXHOJIOTHYECKHX ITapaMeTpPOB.
TlepcreKTHBHBIM HarnpaBJIeHHEM SIBIISICTCS BHEZIpEHHE
JMCTaHIIMOHHOTO ¥  POOOTH3HPOBAHHOTO  YNPABICHHSA UL
TOBBINICHNS] 0E30MAaCHOCTH M YCTOWYMBOCTH IPOU3BOJICTBEHHOTO
nporecca.

Jlnst TpaHCHIOPTHBIX Tpacc NPHHUMAETCS INPOAOJIBHBIN YKIIOH
8% ¢ yuetom TpeOyeMoil BBICOTHI TOABEMAa H  OOIICH
NPOTSDKEHHOCTH MapuipyTta. Ha yuacTkax ¢ MeHbIIeH CyMMapHOM
BBICOTOH IObeMa YKIIOH COXPAHSETCs JI0 JOCTHIKEHUSI POSKTHOM
OTMETKH, IIOCJI€ 4Yero Tpacca IEepeBOANTCS B TOPU3OHTAIBHOE
TIOJIOXKEHHE.

OKOHOMHYECKass ~ OIEHKa  OKCIUTyaTaud  ()POHTAIBHBIX
MOTPY3YHKOB Ga3upyercs Ha IOKa3aTelsX HPOH3BOMTENBHOCTH,
npobera M pacxoja TOIUIMBA M BKJIIOYACT TEKYI[HE 3aTpathl M
KanuTalbHble BIOKEHHA. B CTpyKkTypy OSKCIUIyaTallMOHHBIX
pacxoJoB BXOAAT: OIUIATa Tpyda ONEpaTopoB; 3aTpaThl Ha
JM3eNbHOEe TOIUIMBO; PAacXod Macel W TEeXHHYECKHX IKHAKOCTEH;
TEXHUYECKOe OO0CTy)KMBaHHE M PEMOHT, W3HOC M 3aMEHa IIHH;
aMOpTH3alUsl 10 JIMHEHHOMY METOAY; HAakKJIaJHbIE PacXoabl B
pasmepe 5% oOT cymMMmapHBIX 3arpaT. KammTangbHBIC BIIOXKESHUS

IpeqyCMaTPUBAIOT ~ NIPHOOPETEHHE  TEXHUKH, CTPOHUTEIHCTBO
TPAHCIOPTHBIX KOMMYHHKAaIMii ¥ OOYCTPOHCTBO CTOSHOYHOMH
UHPACTPYKTYPHI.

Kiro4eBbIM ~ TEXHOJIOTHYECKHMM  [AapaMeTpoM  sIBISIETCS
HPOM3BOJMUTENBHOCT  TIOTPY3UMKOB.  AHAJIM3  3aBUCHMOCTH

MPOU3BOJICTBEHHOM MOIIHOCTH OT PAacCTOSTHUS TPAHCIIOPTUPOBAHUS
MOKA3bIBAET €€ CYIIECTBEHHOE YBECIMYCHHME IIPH COKpAICHUU

JUJTUHBI nepeMCIICHNA, qTo COOTBCTCTBYCT aHAJIOTUIHOMN
3aKOHOMEPHOCTH IJId KapbEPHOI'0 aBTOTPAHCIIOPTA.
B paMKax JaHHOT'O ucCJICa10BaHus OCHOBHBIM

TEXHOJIOTMYECKUM MOKa3aTeJieM TIIOTrPy3YMKOB BBICTYyMaeT UX
HPOM3BOJMTENBHOCTD. VI3 NaHHBIX, IPEACTABICHHBIX HA Tpaduke 2,

KOTOpBIA  WJIIIOCTPUPYET  3aBUCUMOCTh  NPOU3BOJCTBEHHOMN
MOIIHOCTU MOTPY34YHKOB OT PACCTOSIHUSI TPAHCIIOPTUPOBKH, BUIHO,
4TO npu COKpAILEHUH TPaHCHOPTHOTO PacCTOSIHUS
MPOU3BOJUTENBHOCTD MOTPY3YHKOB 3HAYUTENBHO BO3pacTaeT. JTa
3aKOHOMEPHOCTb HAXOAMUTCS B COOTBETCTBUM C JUHAMHKOH
H3MEHEHUSI IPOU3BOJUTEIILHOCTH KapbEPHBIX aBTOCAMOCBAJIOB.

Puc. 2. Buusnue ducmanyuy mpancnopmupogku Ha pacienHyio
aghpexmusrnocme noepyszuuxa Le Tourneau L-2350 npu paznuunvix
8bICOMAX NOObEMA (VKA3AHHBIX 6 Mempax,)

Ha pucynke 3 mpezacTaBieHbl AHarpaMMbl, WUTIOCTPUPYIOIINE
3aBUCHMOCTh  INIPOM3BOJUTENIBHOCTH  OT  T'PY30IOIBEMHOCTH
(pOHTANBHBIX IOTPY3YHKOB. TEOpeTHUEeCKH, OTH 3aBHCHMOCTH
JOJDKHBI TIPEICTaBIATh co00i JmHelHble Tpaduku. OnHako,
YHUKQJIbHBIC ~ XapaKTCPUCTUKH OTHEIBHBIX MOJENeH  BHOCAT
BapHalliH, B PE3yJIbTATE YETO JaHHbIC JEMOHCTPUPYIOT AUCIEPCHIO
OT HpEZIoNaraeMbIX JUHEHHBIX TPeHAO0B. CyLIECTBEHHO OTMETHTb,
YTO MOTPY34YMKH C OOJBIIEH EMKOCTHIO KOBIIA JEMOHCTPHPYIOT
MOBBIILICHHYIO YYBCTBUTEIBEHOCTh K KOJICOaHHSIM
NPOU3BOJUTEIBHOCTH, BBI3BAHHBIMUA HW3MEHEHHSIMH B BBICOTE
noaseMa. TeM He MeHee, BIUSHUE TOro (JakTopa YMEHBINAETCS C
POCTOM PacCTOSIHUH TPaHCTIOPTUPOBKH.

Jlnst mpoBenieHusl MCCleJOBaHUH ObUIM OTOOpPAHBI TPU MOJAENIH
BBICOKONIPOU3BOUTEIBHBIX TOTPY3YMKOB C 00BEMaMH KOBILEH
Bappupyromumucs ot 10 1o 40 kyOudeckux MeTpoB. BrimodeHb
mozenu ¢ kopmoMm 11,5 M, LeTourneau L-1350 ¢ koBmoMm 21 M u
L-2350 ¢ emxoctero 40,5 M?. DTOT BBIOOP OBUI OOYCIOBJICH
TpeOOBaHUAMH  TOAJEPXKAHUS  BBICOKOH  HPOW3BOJCTBEHHOI
MOIIHOCTH Ha JaJbHUX TPAaHCHOPTHPOBKAX Mg OOecredeHus
9KOHOMHYECKOH 3P PEeKTHBHOCTH.

a) I'lpu paccroauum aocrasku 0,5 kM 0) Ipu paccroanunn socrasku 2,0 kM
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Puc. 3. Bozoeiicmsue epyzonodvemnocmu Ha s¢hgpexmugnocms pabomul
NOZPY3UUKOE NPU MPAHCHOPMUPOBKe 20pHOU nopooul (Hn—
8bicOManodvema)

BeBona: Ilpumenenne (poHTaNbHBIX MOTPY3UHMKOB B COCTaBe
BBIEMOYHO-TPAHCIIOPTHBIX ~ KOMIUIEKCOB ~ TNIPM  KOHTEHHEpHOMH
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TEXHOJIOTUH  SIBIISIETCSI  TEXHOJIOTHYECKH 00OCHOBaHHBIM. Mx

NpeUMyILECTBA  3aKIIOYAlOTC B BBICOKOM  MOOHMIIBHOCTH,

s¢dexTuBHOM B3aHMOJICHCTBUH c KPYTHOTOHHAKHBIMU

aBTOCAMOCBallaMd M MEHBIIMX KaNHTaJbHBIX 3aTpaTax IIo

CPaBHEHHIO C OJKCKaBaTopaMH. BBICTpoe mepeMelnieHHe MexXIy

3a00eM ¥ MECTOM pasrpy3Kd CIOCOOCTBYET COKpAIIECHHIO

TIPOJIODKUTEIBHOCTH IUKJIA U POCTY IPON3BOAUTEILHOCTH.

D¢ GEeKTUBHOCTD MOTPY3UYUKOB 3aBHCHT OT COCTOSIHUS pabodeit
UIOIIAIKU ¥ Ka4ecTBa B3PBIBHOI MOJrOTOBKYU MOPOJ; HA HEPOBHBIX
U TEPEeyBIAXHEHHBIX IOBEPXHOCTSX IPEHMYIIECTBO COXPAHAIOT
TYCEHHYHBIE 3KCKaBaTOphl. IIpOM3BOAMTENBHOCTH OMNpeessieTcs
00BEMOM KOBIIIA, BEICOTOH YepHaHHs U YCHIIHEM OTPHIBA; MAIINHbI
¢ koBmoMm 2040 M® oOecrmeduBalOT  COMOCTaBHMBIE C
JKCKaBaTOpaMH  IIOKa3aTelId TIPH  KOPOTKHX  PACCTOSHMIX
TPaHCHOPTHPOBAHUS U YMEPEHHBIX BBICOTaX IOIbEMA.

OKOHOMHYECKasl ~ OIGHKa  BKJIIOYAeT  KalHUTAIGHBIE |
JKCIUTyaTallHOHHBIE ~ 3aTpaTel, (opMmupyeMble Ha  OCHOBE
MPOU3BOJUTEIBHOCTH, Ipobera u pacxoia Tomnusa. [lorpy3dnku ¢
3JEKTPOMEXaHUUECKOHN TpaHCMHUCCUEN XapaKkTepU3yloTCs
TIOHIDKEHHBIMHU 9KCIITyaTalMOHHBIMHU pacxofaMu. X mpuMeHeHHe
1eIeco00pa3Ho MPU PACCTOSHUAX TPAHCIIOPTUPOBAHUS 10 2—5 KM U
TOZI0BOM 00BeMe MepeBo30K 10 10 MITH TOHH, 0COOEHHO B YCIIOBHSX
OTPAaHMYCHHOTO  IPOCTPAHCTBA,  CEJICKTUBHOW  BBIEMKH U
HEOOXOIMMOCTH I'MOKOW OpraHu3aIiy padoT.

Hannoe uccredosanue punancuposaroce Komumemom nayku
Munucmepcmea Hayku u  evlcuwiezo obpazosanus PecnyOmuxu
Kasaxcman (Tpanm Ne AP19675410).
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HOBBIA BAPUAHT ACUMMETPUYHOMN MPOKATKH TOJICTOI'O JIUCTA B
PEJBE®HDBIX BAJIKAX

NEW VARIANT OF ASYMMETRIC ROLLING OF THICK SHEET IN RELIEF ROLLS

Aiibon EC6OJ'I3.T1, IlaBen HBI6a1, Jmutpuit HaHI/IHl, AbnpaxMaH Ha1713a6e1<0132, Cepreit He)KHeBZ, Huxkwura J'[queHKos, Esrennii [Tanun®

! Karaganda Industrial University, Temirtau, Kazakhstan
2 Rudny Industrial University, Rudny, Kazakhstan
® Nazarbayev University, Astana, Kazakhstan
e-mail: cooper802@mail.ru

Abstract: The paper presents the concept of an improved method of asymmetric rolling in relief rolls, followed by the alignment of the wavy
workpiece in several passes in smooth rolls. The key feature of the new rolling method is that only one of the relief rolls is driven, while the
other roll is idled and is driven by friction forces when in contact with the moving workpiece. The presence of a single driven roll with the
ability to adjust its rotational speed allows for a higher asymmetry coefficient.

Keywords: ASYMMETRIC ROLLING, REFIEF ROLLS, ASYMMETRY FACTOR, THICK SHEET METAL.

1. Beeoenue

B paGore [1] Obuia wHcciemoBaHa TEXHOJIOTHS IPOKATKH
TOJICTOJIMCTOBOTO METaJlIa, KOTOpas pelmia npooieMy MoIydeHust
BBICOKOKAQ4ECTBEHHOT'O TOJICTOJIMCTOBOTO MeTaja oe3
CYIIECTBEHHOTO M3MEHEHHUSI Ha4YaJIbHBIX pa3MepOB 3aroToBKH. J[is
9TOM 1enu ObUIM pa3paboTaHBI ABA BapHaHTA BAJIKOB C Pelbe(hHBIM
npoduneM B BHIE KONBIEBBIX MPOTOYEK. BBUIO BBIABICHO, YTO
Hanboyiee ONTHMAIBHONH KOHCTPYKIHEH SBISAIOTCSA penbedHbIe
BaJIKi C HEOJMHAKOBBIM OTHOILIEHHEM BBICTyNa K yriayoneHuio. B
pabore [2] ObUIM MpEACTABICHBI PE3yIbTAThl HCCICIOBAHUIA IO
COBEPIICHCTBOBAHHUIO TEXHOJOTHH Je(pOpMalliii TOJICTOJIMCTOBBIX
3arOTOBOK B penbe(HBIX BaJKaxX. YUYHTHIBAs, YTO aCHMMETPHYHAs
MIPOKATKa IO03BOJISIET YBEIWYUTH YPOBEHb NedopMaluy CIBHra BO
BpeMsl MPOKATKH, B 3Ty TEXHOJOTHIO ObUT BBeleH Kod(duumeHTt
acnmMerpun. Takke B 7a0OpaTOPHBIX YCIOBHUSX OBLI peaan30BaH
C1Ioco0 TeOMEeTPUIECKOi aCHMMETPHH C IPIMEHEHNEM pelbe(HBIX
BaJIKOB paszHoro auamerpa (Puc. 1).

JanHbIil croco0 okazancs BechbMa 3(PQEKTUBHBIM B IUIaHE
npopaboTKM MeTalla 110 CEeYeHHI0, a TaKKe YIy4dIIeHHUIO
MEXaHHYECKUX CBOWMCTB QIIIOMUHHEBBIX U METHBIX TOJICTOJIMCTOBBIX
3arotoBok [3]. IIpu 3TOM HEOOXOAMMO OTMETHTH, 4YTO 00a
Hanbouee PacrpoCTpaHEHHBIX crnocoba peanzanuu
ACHMMETPUYHON MPOKATKH (TEOMETPHUYECKHH W KHHEMAaTHYECKHA)
HMEIOT CBOM  TEXHOJOTWYECKHe  HEJOCTaTKH. Peanmsamms
TEOMETPUYECKOH  aCHMMETPHM  THpPH  TPOKaTke  MIUPOKOTO
COpTaMeHTa TOJICTOJIHNCTOBOTO IIPOKaTa TpeOyeT M3rOTOBICHHE
[IeJIOr0 TapKa BaJIKOB pa3JIMYHOTO auaMerpa. Takke Xouercs
OTMETHTb, YTO IPH TEOMETPHUYECKOH ACHMMETPHH 4Yalle BCEro
HEBO3MOXKHO JOOMTBCS BBICOKOTO 3HaueHMs1 Kod(pduIeHTa
ACUMMETPHUU II0 MNPUYHUHE OrpaHUYCHHUA AUaria3oHa IUaMETpOB
BaJIKOB KOHCTPYKTHUBHBIMH Ta0apuTaMH CTaHUHBL Peanmm3arnus
KMHEMaTHYeCKOH acHMMETPHM HE HMEeT SBHBIX OrpaHHYCHUH

K03 GUIUEeHTa aCHUMMETPHM M 3aBHCHT OT  BO3MOXHOCTH
perymupoBaHusl CKOpocTeil amekTpoxBurateneif. OmHako uis
JaHHOTO BapHaHTa acHMMETPUHM HeoOXOoAuMa KapAWHANbHas
PEKOHCTPYKILIMSI ~ NPOKAaTHOTO  CTaHa MyTeM  obecredeHus

UHAUBUAYAJIBHOI'O IPHUBO/JA BAJIKOB C BO3MOXXHOCTBIO PEr'YIIMPOBKU
OKPYXHBIX CKOpOCTeﬁ KaXxa0oro pa60qer0 BaJIKa 1Mo OTACIIbHOCTH.

2. Hosas xonyenuus oepopmupoeanus

ANBTepHaTUBHBEIM pEIICHWEM [aHHBIX HEJOCTaTKOB MOJKET
CTaTh BapUaHT IPOKATKM C OJHUM IIPUBOAHBIM BajJkoM [4],
KOTOPBIM MO3BOJUT emie OoJblle TMOBBICUTE TEXHOJIOTHYHOCTh
npolecca MONTyYeHHs] BBICOKOKAYECTBEHHBIX METAIOM3JEIni B
BUJIE TOPSYEKATaHOTO JIUCTa M TOJCTHIX IUIHT. B 3TOoM cmydae
YCTPaAHAIOTCSA BCE MEPEUHUCIICHHBIE BBIIIE HEJOCTATKHU - HaIU4YUe
BAJIKOB C pAa3HBIMH OHaMETpaMH HE SBIISIETCS 00s3aTeNbHBIM
TpeOoBaHMEM ISl CO3JaHUs aCUMMETPHM, a UX Hajudue Oyner
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OJIaroNpHUATHBIM YCIIOBHEM JJIsl YCHICHUS dPQeKTa aCHMMETPHU.
Hannuwe  OXHOTO  NMPUBOJHOTO  Bajlka C  BO3MOXKHOCTBIO
PETyJIMPOBaHUS CKOPOCTH BpAIICHHs MPUBOJHOTO BAJIKa ITO3BOJIUT
pa3BHBaTh Ooyee BHICOKHH KOA(P(UINEHT aCHMMETPHH, OCKOJIBKY
BTOPOH BaJIOK SBIISIETCS HENPHUBOIHBIM (XOJOCTBIM), KOTOPBIH
OyleT BpallaTbCs JIMIIL OT KOHTAKTa C 3arOoTOBKOW 3a CueT
aKTUBHBIX CHJ TpEeHHsA. B 3TOM ciiydae HOCTaTOYHO (GHM3HUYECKH
OTCOEAMHUTH OJWH BAJIOK OT CHCTEMBI IPHBOJIA, YTO HE HMOTpedyeT
CYLLIECTBCHHOW MOJIGPHHU3ALIUH TPOKATHOTO CTaHa.

s

Puc. 1. [Ipokamka 6 pebeHbIX 8aIKAX ¢ 2OMEMPUYECKOL dCUMMempuerl

Panee aBTOpHI 1aHHOM PabOTHI y’Ke MPOBOIMIIN HCCIICAOBAHUS,
CBSI3aHHBIE C pa3pabOTKOH HOBOrO cCrocoba acUMMETPUYHOMN
npoxkaTkd. CyTh NPEUIOKEHHOTO pEIIeHUs 3aKIouanoch B
UCIIONB30BAHUN TPH  aCHMMETPUYHOI IIpOKaTke penbeHbBIX
BQJIKOB, NMPO(MIb KOTOPHIX BBIIOJHEH B BUJAC TPAIEHEBHIHBIX
BeICTYIIOB ¥ BmaauH [2, 3]. lcmosjb30BaHHE TakHX BaJKOB
HO3BOJIAECT PEANU30BBIBATE IIPH IPOKATKE JONOIHUTEIBHYIO
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CIIBUTOBYIO AeopManiio HE TOJIBKO B MPOAOIBHOM HAIPABICHUH
(kKaK IpU aCUMMETPUYHOM NMpOKaTKe B INIAJKUX BaJKax), HO M B
NOIEPEYHOM  HAmpaBieHHH. Takke B  XOA€  IPOBEICHHBIX
HCCIIeIOBaHMI OBLIO YCTaHOBJIEHO, YTO B XOZ€ MPOKATKHU B TIIAKHX
BaJIKaX C Pa3NUYHBIMU KO3(D(PUIMCHTAMH aCHMMETPHH 3arOTOBKa
H3rubaeTcsi B BEPTHKAIBHOHM IUIOCKOCTH, NPHYEM YTod H3rubda
YBEJIMYMUBACTCS C MOBBIICHHEM KO3()(GHUIMCHTa aCHMMETPUH JaXe
mpu HEOONBIIOM OTHOCUTENbHOM oOxatuu 10%, 4to cosmaer
npoOiaeMbl Ul pealM3allid  aCHMMETPUYHOH IPOKAaTKH B
HENPEePHIBHOM JIMHUM IPOKATHOTO CTaHa H3-32 HEOOXOAUMOCTH
3axBaTa 3arOTOBKM  IOCIHCAYIOIIMMH  KIeTAMH. B ciydae
HCIIONB30BaHMS pebeHbIX BaJIKOB € TPACHHUEBUIHBIM IpOoduIeM,
Jaxe MpPU JOCTATOYHO BBICOKOM YPOBHE acCHMMETPHH, 3aroTOBKa
mocie BBIXOAAa W3 ovara gedopmanuu  pernbe(HBIX BaJIKOB
MPaKTHYEeCKH HE H3rudaiach, COXPaHSsS CBOIO TOPH30HTAIBHYIO
TpaeKkTopHuio JBIDKeHUs. Takoi »ddekT nocruramcs 3a cuer
MoNy4aeMoro  penbeHOro TpoGdWis 3aroTOBKH, B KOTOPOM
BBICTYIIbI ¥ BITQJAMHBI BBIIOJIHSIIN POJIb pebep KECTKOCTH.

TlostomMy mpemaraercs cileayromas KOHLEHNIUsS HOBOTO
cnocoba acummerpuyHoii mpokatku (Puc. 1). IlepBrii mpoxon
OCYIIIECTBIISIETCS. B pelibe(DHbIX Bajlkax ¢ (AaKTOPOM aCHMMETPUHU
(TeOMEeTpHYECKUM UM KHHEMaTHYeCKnM). IIpH 3TOM JIHIIb OJTHH K3
BAJIKOB SIBJISICTCS [IPUBOAHBIM, BTOPOH BAJIOK SIBJSCTCSI XOJIOCTHIM U
MPUBOANTCS BO BpAIICHWE 3a CYET CWJI TPEHMSI NPU KOHTaKTe C
JBIDKyIIeHcst 3arotoBkod. ITocne mpokaTku B peibeHBIX Ballkax
3arOTOBKA IIOJIBEPracTcs ONEpalii BHIPABHUBAHHUS B TJIAJKHX
BaJIKax.

2" pass

Puc. 2. Konyenyus no6020 cnocoba acummempuyHou npoKamxu
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B kauecTBe MCXOIHBIX MAaTEPHAIOB JUIS HCCICAOBAaHUS OyIyT
UCTIOTb30BaAHBI TOJICTOJIUCTOBOM CTalbHOI MpoKaT u
OMMeTaJUIMYeCKHe CTajbHbIEC IUIUTHI, HOJYYCHHbIE OJJHOBPEMEHHOM
MPOKATKOI! IBYX 3arOTOBOK Pa3JIMYHBIX METAIOB (HJIH CIIJIABOB).

Takolf BEIOOp HCXOZHOTO MaTepHana M HCCIEJOBaHUH
000CHOBaH TeM, 4YTO TOJCTOIMCTOBOW CTalbHOM IpoKar ¢
BBEICOKHMH MEXaHHYECKUMH CBOMCTBAMH IIMPOKO HCHONB3YIOTCS
JUIT  W3TOTOBJICHWSI ILIMCTEPH M JPYIUX EMKOCTEH BEICOKOM
OpOoYHOCTH M 00bEMA. BBICOKHE MPOYHOCTHBIE XapaKTEPUCTHKH

JIenaroT MeTaJTHYEeCKUe IUIATHI, HM3TOTOBJICHHBIC u3
TOJICTOJIUCTOBOT'O MPOKATa, OTJIMYHBIM UCXOJHBIM MaTepHAJIOM ISt
CBapHBIX  METAIOKOHCTPYKIMH.  OTHENPHOTO  YHOMHHAHHS
3aCITyKUBAIOT METaJZTHYECKUE TUTATBI [¢ MOBBIIICHHOM
HM3HOCOCTOMKOCTBIO, KOTOpBIE MpeIHA3HAYEHbl IS 3aIIUTHL
MOBEPXHOCTEH OT pa3IMYHBIX BHJOB H3HOCA, B COYETAHUU C
YMEpEHHBIMU  yIapHBIMM  Harpy3kamu. JlJIi  W3TrOTOBJIEHUS

OJOOHOHN METaJITONPOIYKITNH HCIONIB3YeTCs] BEChMa IIHPOKHH st
MapoK cTaJiei, HauMHas OT MPOCTHIX Mapok Tuna CT3 U 3aKaHYUBast
JOPOTOCTOSAIIUMH BBICOKOJICTHPOBAHHBIMU PA3JIMYHOIO HPOQUIIS:
kpuorenusie  (12X18H10T), xwucmoroynopueie (08X17HSM3),
Boicokorpounsle (20X17H2), mis paboTbl B yCIOBHAX YAapHBIX
Harpy3ok (25X13H2) u npyrue.

Ecin ocranaBnuBaThCs Ha OMMETAUIaX, TO UX HPUMEHSIOT JUIS
HOBBILICHUSI  NMPOYHOCTH W JKAPOCTOHKOCTH  KOHCTPYKLHH,
CHIDKEHHS HMX MacChl C IENbI0 SKOHOMHH JOPOTOCTOSIIMX U
NeDULMTHBIX METAUIOB WM KaK MaTephal CcO CIELHaJbHBIMU
cBoicTBaMi. OCHOBHBIMH HOTPEOUTENSIMH OUMETAJIOB SIBIISIOTCS
BEIyIIUE OTPACIM MAIIMHOCTPOSHHS: HePTeXHMMHUUECKas (Kopiyca
PEaKTOpOB, KOJIOHH, COCYIOB M T.II.), aTOMHAsi U JHEpreThyecKas
(TpyOHBIE pemieTKH, cocyIbl U T.I.) CyJOCTpPOHMTENbHas (KopIyca,
MEePEXOHBIC JJIEMEHTHI, COCYABl, U T.N.). YHHUKaIbHBIE CBOWCTBA
OMMETAIIOB OOBSICHSAIOTCS TEM, YTO OCHOBHOU CIION (YriepoucTast
WM HHU3KOJICTUPOBAHHAS CTallb) O0OECIEYHBAECT KOHCTPYKTHBHYIO
MPOYHOCTh U JIpYIME€ MEXaHUYECKHEe CBOHCTBA U3JENUHM, a
TUIAKUPYIONIMI cilol (HeprKaBerolas CTallb, HUKeb, THTAH, ME/b,
QIIOMMHUH WM JpyrHe MeTaJuibl) II03BOJISCT, HampUMep,
obecrieunBaeTr  TpeOyemyro W3HOCOCTOWKOCTh ~ HWIH  JKe
KOPPO3UOHHYI0 CTOMKOCTh. B 1naHHOM ciydae HONOJIHUTENbHAs
00paboTka OMMETaJUNIMYECKUX CTANBHBIX IUIUT 10 NpeAaraeMoi

TEXHOJIOTHH, T.€. JIONOJHUTENbHOE He(OpPMUPOBAHHE HX C
MOMOIIBI0  ACHMMETPUYHOH  OJHONMPHBOJHOM  TNpPOKATKH B
penbedHBIX  BajKaX, IO3BOJMT  OOECIEYMTh  NOBBIIIEHHS

MEXaHMYECKHX M OKCIUTyaTAI[HOHHBIX CBOWCTB OCHOBHOTO W
TUTAKHPYIOIIETO CIIOEB.

Hannoe uccnedosanue 6vi1o npogunancuposano Komumemom
nayxku Munucmepcmea Hayku u gvicuieco oopazosanus Pecnybauxu
Kaszaxcman (cpanm Ne AP26199255).
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THERMODYNAMIC ANALYSIS OF HELIUM CLOSED-CYCLE GAS TUBINE PLANT
WITH NUCLEAR REACTOR AS THE MAIN HEATER
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Abstract: In this paper is performed exergy and isentropic analysis of a helium closed-cycle gas turbine plant and all its main components. In
the real operating conditions, turbine produces mechanical power equal to 546.27 MW, turbocompressor consumes mechanical power of
268.74 MW and the useful mechanical power delivered for the electric generator drive is equal to 277.53 MW. The highest possible mechanical
power which can theoretically be delivered for the electrical generator drive (ideal useful mechanical power) is equal to 351.89 MW. Helium
gas turbine is the component in the observed plant which has the lowest exergy destruction (9.40 MW) and the highest exergy efficiency
(98.31%) of all components. Precooler has the lowest exergy efficiency of all plant components, equal to 47.66% only. Due to the usage of
cooling water, precooler exergy parameters are highly sensitive to the ambient temperature change. Whole analyzed plant has exergy
destruction of 261.79 MW and exergy efficiency of 48.69%, what is in the same range as for the comparable closed-cycle gas turbine plants.

KEYWORDS: CLOSED-CYCLE GAS TURBINE, HELIUM, NUCLEAR REACTOR, THERMODYNAMIC ANALYSIS

1. Introduction It should be highlighted that this paper considers main plant
. components only. Additional and auxiliary components (such as
Standard gas turbines can operate as stand-alone components oras  heljum tanks, transfer compressors, regulating valves, etc.) which are

a part of various complex energy systems [1, 2]. In the most of the  standard components of closed-cycle gas turbine plants [6, 8] are not
cases they are used for the electrical generators drive, however, they  gpserved in this analysis.

also can have various other interesting applications [3, 4]. Standard
gas turbines have inevitable connection with the atmosphere — air is
taken from the atmosphere to the turbocompressor, while combustion Electric | _shart
gas after expansion in the turbine is released to the atmosphere [5]. generator

shaft

Turbine Turbocompressor

One specific field of the gas turbines is reserved for the closed- water
cycle gas turbines which did not have any connection with the 1 "'7°'+
atmosphere [6]. Closed-cycle gas turbines have many benefits in Nuclear J
comparison to the standard gas turbines: their load can be easily (gas) Precooler ; Y
regulated by changing operating gas mass flow rate, components reactor

durability is increased, system is independent of the atmospheric
influences, for operating gas heating and cooling can be used various
heat sources and cooling mediums, etc. [7]. However, closed-cycle
gas turbines has also various disadvantages due to the system
complexity, operating gas is expensive and is not always available on

helium

the market, operating gas proper sealing must be ensured through 6 R

entire process, etc. [8]. Regardless of the disadvantages, closed-cycle ccuperator

gas turbines can be interesting alternatives to standard gas turbines. Fig. 1. General scheme of the helium closed-cycle gas turbine plant
In this paper is performed thermodynamic (exergy and isentropic) with operating points required for the thermodynamic analysis

analysis of one helium closed-cycle gas turbine plant and all its
components. It is calculated current and maximum mechanical power 3. Equations for the exergy and isentropic analysis
which can be delivered from the plant. Exergy efficiencies and
exergy destructions are calculated, presented and compared for all
components and whole plant. Finally, it is investigated which
component is the most sensitive to the ambient temperature change.

Thermodynamic analysis performed in this paper contains exergy
analysis of all components and whole plant as well as isentropic
analysis of turbine and turbocompressor.

Exergy analysis has a baseline in the second law of
2. Description and operating characteristics of the  thermodynamics and it is influenced by the ambient conditions [10].

helium closed-cycle gas turbine plant Exergy analysis is a baseline of many further more complex analyses
(economic, environmental, etc.) [11].

General scheme of the helium closed-cycle gas turbine plant Isentropic analysis of turbine and turbocompressor is performed
analyzed in this paper is presented in Fig. 1. Plant is composed of five with the main aim to obtain maximum useful mechanical power
components and the useful produced mechanical power from the which can be delivered from this plant [12]. Any improvements
plant is applied for the electric generator drive. related to the turbine and turbocompressor will be visible through

Main helium heater in this power plant is nuclear gas reactor which increase in produced mechanical power (by the turbine) or through
operating parameters and specifications can be found in the literature decrease in consumed mechanical power (by the turbocompressor),
[9]. At the nuclear reactor outlet, helium has the highest temperature so it is important to know maximum limits of such improvements.
in the plant and is delivered to the gas turbine through which expands. Energy analysis is also performed for all heat exchangers in the
After expansion in the turbine, helium passes through recuperator, observed plant (reactor, recuperator, precooler). However, the energy
which is a helium/helium heat exchanger (in recuperator warmer analysis results are not shown due to the fact that heat exchangers are
helium after turbine is used for heating colder helium after almost perfect components from the energy viewpoint, what is also
turbocompressor). The main aim of the recuperator is increasing highlighted in the literature [13].
helium temperature before its delivery to nuclear reactor. After
recuperator, helium is delivered to precooler which is used for the
helium cooling on the lowest temperature in the plant Base exergy balance equation at steady state, valid for any plant or
(turbocompressor inlet). In precooler, helium is cooled using a  component is [14]:
cooling water flow rate. Turbocompressor increases helium pressure . .

(and consequentially helium temperature) and delivers it to the  Xugar — P — XM - €)oyr + X(1 - &)y — Exp = 0, 1)
nuclear reactor through recuperator.

3.1. Base exergy analysis equations

46
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where P is mechanical power and indexes OUT, IN and D are
related to outlet (output), inlet (input) and destruction, respectively.
Fluid specific exergy (¢) is defined as [15]:

&= (h—hamp) — Tams * (5 — samB), 2

where h is fluid specific enthalpy, s is fluid specific entropy, T is
a temperature and index AMB is related to the base ambient state.
Mass flow rate (1) balance for any plant or component is:

Xriyn = X Mour- 3
Exergy transfer by heat at the temperature T (Xygat) is [16]:
XHEAT =21 - TA;[B) ! QHEATu 4

where Qugat IS an energy transfer by heat.

3.2. Equations for the exergy and isentropic analysis of helium
closed-cycle gas turbine plant and its components

Exergy and isentropic analysis equations are defined according to
the guidelines and recommendations from the literature [17, 18].
Indexes and markings in all equations are related to the operating
points presented in Fig. 1, Table 1 and Table 2. During the
investigation of the plant component’s sensitivity to the ambient
temperature change, all exergy equations remain the same as
presented in this paper part (the change occur in the specific exergies

only).
Isentropic analysis

Turbine

Ideal mechanical power produced by the turbine is obtained if all
losses during the expansion process are neglected (isentropic
expansion process). In the ideal expansion process, fluid mass flow
rate as well as fluid pressures at the turbine inlet and outlet remain
the same as in the real (polytropic) expansion process, but ideal
process is characterized with always the same fluid specific entropy
(in ideal process did not occur an increase in fluid specific entropy as
in the real expansion process). Ideal fluid expansion process through
the turbine is obtained mathematically.

Turbine is a mechanical power producer, therefore in ideal
(isentropic) expansion process turbine will develop the highest
possible mechanical power, higher than in the real expansion process
(according to the fluid mass flow rate and pressures at the turbine
inlet and outlet).

Real (RE) and ideal (ID) produced mechanical power are:

®)
(6)

PTURB,RE =m - (h1 - hz),
Pryrpip = My - (hy — hap).
Turbocompressor

Turbocompressor consumed ideal mechanical power if all the
losses during the compression process are neglected (isentropic
compression process). In the ideal compression process, fluid mass
flow rate as well as fluid pressures at the turbocompressor inlet and
outlet remain the same as in the real (polytropic) compression
process, but ideal process is characterized with always the same fluid
specific entropy (in ideal process did not occur an increase in fluid
specific entropy as in the real compression process). Ideal fluid
compression process through the turbocompressor is obtained
mathematically.

Turbocompressor is mechanical power consumer, so in ideal
(isentropic) compression process turbocompressor will consume the
lowest possible mechanical power, lower than in real compression
process (according to the fluid mass flow rate and pressures at the
turbocompressor inlet and outlet).

Real (RE) and ideal (ID) consumed mechanical power are:

U]
®)

PTCOMPR,RE =1y (hs - h4),
Prcompr,ip = My * (hsip — hy).
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Useful mechanical power

Useful mechanical power is delivered from the plant and can be
used for the drive of any mechanical power consumer (in this case,
mechanical power consumer is an electric generator). Ideal useful
mechanical power is the highest possible mechanical power
(according to the presented operating parameters) which can be
delivered from the analyzed plant.

Real (RE) and ideal (ID) useful mechanical power are:

©)
(10)

PyseruL,RE = PrurB,RE — PTCOMPR RE:
PyseruLip = Prursp — PrcoMpR,ID-

Exergy analysis
Turbine
Turbine exergy destruction and exergy efficiency are:
11)
(12)

EXxpTur = M1 " €& — My " €, — PryrBRE:
— PrurB,RE

NEX,TURB Tty ey’
Turbocompressor

Turbocompressor exergy destruction and exergy efficiency are:

ExD,TCOMPR = 1My * €4 + PrcomMpRRE — M5 * €5, (13)
TEX,TCOMPR = %- (14)
Precooler

Precooler exergy destruction and exergy efficiency are:
Exppreoor, = Tty * €5 + 1y €7 — iy * €4 — Mg * £, (15)
NEX,PRCOOL — % (16)
Recuperator

Recuperator exergy destruction and exergy efficiency are:
ExpRrecup = 1y * & + Mg - €5 — M3 " €3 — Tig - &, (7)
TEX,RECUP = Do 15 o5 (18)

m2-£2—1h3-£3'
Nuclear reactor

For the exergy analysis of nuclear reactor is required reactor
cumulative thermal energy released by the nuclear fuel (Qrga)-
According to the producer specifications [9], gas nuclear reactor used
in the analyzed plant has cumulative thermal energy of 600 MW,
therefore, in this case Qrga = 600 MW. In the reactor is used nuclear
fuel which exergy coefficient (EXC) according to [19] is equal to
0.95. Nuclear reactor exergy destruction and exergy efficiency are:

Exprea = Qrea * EXC + 16 - €6 — 1y - &1, (19)
TEX,REA = % (20)
Whole plant

Whole plant exergy destruction and exergy efficiency are:
ExD,PLANT = ZExD,all components: (21)
NEX,PLANT = % (22)

It should be highlighted that all components from the analyzed
plant (Eqg. 21) are turbine, turbocompressor, precooler, recuperator
and nuclear reactor.

4. Helium/Water operating parameters required for the
analysis

Helium and water operating parameters in each operating point
from Fig. 1 are required for each component and whole observed
plant exergy analysis. These operating parameters are found in [9]
and presented in Table 1. It should be highlighted that, in comparison
to [9], in this paper are neglected helium mass flow rates used for the
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cooling (turbine and reactor vessel cooling), because these mass flow

rates are very low in comparison to the cumulative helium mass flow
rate. In addition, in [9] are found helium and water mass flow rates,
temperatures and pressures in each operating point from Fig. 1. Other
required operating parameters in each operating point from Fig. 1
(specific enthalpies, specific entropies and specific exergies) are
calculated using NIST-Refprop 9.0 software [20].

Turbine and turbocompressor isentropic analysis requires real
helium operating parameters (presented in Table 1) as well as ideal
helium operating parameters obtained mathematically during
isentropic helium expansion through the turbine and isentropic
helium compression through the turbocompressor. Helium operating
parameters related to the ideal (isentropic) expansion and
compression processes are presented in Table 2.

The base ambient state definition is required in exergy analysis of
any plant or a component [21]. In this analysis, the base ambient state
is defined by the ambient temperature of 20 °C and the ambient
pressure of 1 bar.

Exergy analysis of all components from the observed plant also
contains research related to each component sensitivity on the
ambient temperature change. The sensitivity of each component on
the ambient pressure change is not analyzed, because in real
operating conditions ambient pressure change is small and it has
negligible influence on any component exergy destruction and
exergy efficiency.

Table 1. Helium and water operating parameters required for the
lant and its components exergy analysis (real process)

e ... |Specific
O.P. |Temp. [Pressure IMass Spf]ulﬂc Specific exergy
- ©C) | (bar) flow rate|enthalpy| entropy (kJ/kg)
(kals) | (kJ/kg) (kI/kg'K)| ok
1 |850.0| 684 5857.3 | 26.147 | 4856.7
2 |611.2| 36.3 4608.4 | 26.221 | 3586.3
3 164.7 | 354 4374 2290.1 | 22.623 |2322.6
4 |280]| 350 " ] 1580.1 | 20.703 | 2175.4
5 1442 | 70.0 21945 | 20.961 |2714.3
6 |587.4| 69.6 4494.6 | 24.729 | 3909.9
7 22.0 3.0 92.56 | 0.3249 | 0.2288
1014.6
8 90.0 2.9 377.21 | 1.1927 | 30.47

* Q. P. = Operating Point (in accordance to Fig. 1.)
** At the base ambient state (20 °C; 1 bar)

Table 2. Helium operating parameters required for the turbine and
turbocompressor isentropic analysis (ideal process)

O.P. | Pressure Mass | Specific Idea! (_|sentrop|c)
- (bar) flow rate| entropy |specific enthalpy
(kg/s) (kJ/kg'K) (kd/kg)
1 68.4 26.147 5857.3
437.4
21D 36.3 26.147 4543.5
4 35.0 20.703 1580.1
437.4
51D 70.0 20.703 2089.4

* Q. P. = Operating Point (in accordance to Fig. 1.)
5. Results and discussion

In the real operating conditions, turbine produces mechanical
power equal to 546.27 MW, turbocompressor consumes mechanical
power of 268.74 MW, so the useful mechanical power delivered for
the electric generator drive is equal to 277.53 MW, Fig. 2. Therefore,
in real operating conditions turbocompressor consumes 49.19% of
cumulative mechanical power produced in the turbine.

In ideal operating conditions, turbine will produce higher
mechanical power in comparison to real process — in ideal process
turbine will produce mechanical power of 574.66 MW.
Turbocompressor in ideal process will consume the lowest possible
mechanical power for the compression equal to 222.77 MW.
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Therefore, the highest possible mechanical power which can
theoretically be delivered for the electrical generator drive (ideal
useful mechanical power) is equal to 351.89 MW, Fig. 2. In the ideal
operating conditions, turbocompressor will consume only 38.77% of
cumulative mechanical power produced in the turbine.

O Real
Ideal

700

600 +
500 +

400 +

351.89

277.53

|

Useful

300 + 268.74

222.77

_IN

Turbocompressor

200 +

Mechanical power (MW)

100 +

0

Turbine

Fig. 2. Produced (turbine), consumed (turbocompressor) and useful
mechanical power (in both ideal and real operating conditions)

Exergy destructions and exergy efficiencies of all components and
whole analyzed plant are presented in Fig. 3.

Helium gas turbine is the component in the observed plant which
has the lowest exergy destruction (equal to 9.40 MW) and the highest
exergy efficiency (98.31%) of all components. As expected, nuclear
reactor has the highest exergy destruction of all components (155.87
MW) and acceptable exergy efficiency (72.65%). Recuperator has
the highest exergy efficiency (94.61%) of all heat exchangers inside
the analyzed plant.

Precooler has the lowest exergy efficiency of all plant components,
equal to 47.66% only. Such low precooler exergy efficiency is
expected, because cooling fluid in precooler is water which operating
parameters are close to the ambient state. This fact results with low
water specific exergies (operating points 7 and 8, Table 1), what
finally leads to very low precooler exergy efficiency. The same
occurrence can be found in the literature for the precoolers in similar
gas turbine closed-cycle plants [22].

Whole analyzed plant has exergy destruction of 261.79 MW and
exergy efficiency of 48.69%, Fig. 3. Exergy efficiency of this power
plant is in the same range as for the comparable closed-cycle gas
turbine plants presented in the literature [6, 22].

300
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-

/ — a4l
= 98.31 - il

261.79

20
/ .

S I ~ 80
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. o s, 70
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Exergy efficiency (%)

¢ N
100 | S

Exergy destruction (MW)

40

33.02 3370

0

Turbocompressor

29.79 0
9.40

0

20

Turbine Precooler Recuperator Reactor Plant

Fig. 3. Exergy destruction and exergy efficiency of all components
and whole analyzed plant

Sensitivity of all components from the observed plant to the
ambient temperature change is observed in a manner that ambient
temperature is varied from 10 °C up to 40 °C in steps of 10 °C. The
difference in each component exergy efficiency between ambient
temperatures 10 °C and 40 °C is presented in Fig. 4. Increase in the
ambient temperature decrease all components exergy efficiency and
vice versa.

30

26.82

326

£

Reactor

125

Turbocompressor

0.88
—

0.18

Turbine Precooler Recuperator

Fig. 4. Helium closed-cycle gas turbine plant components
sensitivity to the ambient temperature change
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Due to the usage of cooling water, precooler exergy parameters are
highly sensitive to the ambient temperature change. Between
mentioned ambient temperatures, precooler exergy efficiency will
change for 26.82%, notably higher in comparison to all other
components. The second component from the observed plant notable
influenced by the ambient temperature change is a nuclear reactor —
between observed ambient temperatures nuclear reactor exergy
efficiency will change for 3.26%. Therefore, precooler and nuclear
reactor are the components from the analyzed plant for which the
change in ambient temperature must be highly considered.

Further investigation related to the helium closed-cycle gas turbine
plant and its components will be based on the usage of various
conventional as well as machine learning methods and processes [23-
25] with the main goal to obtain optimal operating conditions of each
component and to perform whole plant optimization.

6. Conclusions

This paper presents thermodynamic (exergy and isentropic
analysis) results of a helium closed-cycle gas turbine plant. Along
with the whole plant, analysis considers all plant main components.
The most important obtained conclusions are:

- In the real operating conditions, turbine produces mechanical power
equal to 546.27 MW, turbocompressor consumes mechanical power
of 268.74 MW and the useful mechanical power delivered for the
electric generator drive is equal to 277.53 MW.

- The highest possible mechanical power which can theoretically be
delivered for the electrical generator drive (ideal useful mechanical
power) is equal to 351.89 MW.

- In real operating conditions turbocompressor consumes 49.19% of
cumulative mechanical power produced in the turbine, while in the
ideal operating conditions, turbocompressor will consume only
38.77% of cumulative mechanical power produced in the turbine.

- Helium gas turbine is the component in the observed plant which
has the lowest exergy destruction (9.40 MW) and the highest exergy
efficiency (98.31%) of all components. Precooler has the lowest
exergy efficiency of all plant components, equal to 47.66% only.

- Whole analyzed plant has exergy destruction of 261.79 MW and
exergy efficiency of 48.69%.

- Due to the usage of cooling water, precooler exergy parameters are
highly sensitive to the ambient temperature change. Between ambient
temperatures 10 °C and 40 °C, precooler exergy efficiency will
change for 26.82%, notably higher in comparison to all other plant
components.
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Abstract: This paper shows analysis of each regenerative heater’s influence on global steam power plant operating parameters. Analysis is
performed for nine steam power plant versions (configurations) - from the Base power plant without regenerative heating system up to the
Final plant which consists of eight regenerative heaters (one mixing and seven non-mixing regenerative heaters). According to the defined
fluid operating parameters throughout the plant, it is obtained that each new regenerative heater added to the plant continuously reduces the
mechanical power produced by the turbine, for 4.33 MW on average. Simultaneously, each added regenerative heater increases feedwater
temperature at the steam generator inlet, which results in power plant cumulative fuel consumption continuous decrease (for 0.414 kg/s on
average) to obtain the same steam outlet parameters. Considering plant overall efficiency, it must be highlighted that each regenerative heater
added to the plant continuously increases plant overall efficiency from the Base plant until the Final plant, for 0.43% on average.
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1. Introduction

Steam power plants are nowadays notable mechanical power
producers worldwide [1]. In conventional steam power plants, all
produced mechanical power is used for electricity generation [2, 3].
However, steam power plants can also be used for various other
purposes, instead of electricity production only [4, 5].

Regardless of the steam power plant’s final purpose, the
regenerative heating system is one of the essential parts inside such
plants [6]. Regenerative heaters are placed between the main steam
condenser and the steam generator, while each regenerative heater
uses extracted steam from the turbine with the aim of
condensate/feedwater heating [7, 8]. In any steam power plant,
regenerative heaters reduce cumulative fuel consumption and
increase overall plant efficiency [9, 10]. However, it is important to
analyze how each regenerative heater mounted in the plant influences
at least global plant operating parameters.

This paper presents analysis related to regenerative
condensate/feedwater heaters addition in the steam power plant. The
main intention is to observe how exactly each regenerative heater
influences cumulative produced plant mechanical power, cumulative
plant fuel consumption, and finally overall plant efficiency. For all
regenerative heaters, the average influence of each regenerative
heater on the plant main operating parameters is calculated and
presented. This analysis should be used as a guideline for proper and
efficient condensate/feedwater heating system arrangement and for
all possible further optimizations and improvements.

2. Base power plant description and the process of
regenerative heaters addition

Schematic presentation of Base steam power plant without
regenerative heating system is shown in Fig. 1.

Base steam power plant consists of three turbine cylinders (High
Pressure Cylinder — HPC, Intermediate Pressure Cylinder — IPC, and
Low Pressure Cylinder — LPC). HPC and IPC are single-flow, while
LPC is a dual-flow turbine cylinder. All turbine cylinders are
connected to the same shaft, which drives an Electric Generator (EG).
The plant uses natural gas with a lower heating value of 47 MJ/kg in
both Steam Generator (SG) and ReHeater (RH). ReHeater is mounted
between HPC and IPC, as shown in Fig. 1.

After expansion in LPC, steam is delivered to Condenser (C), in
which it condenses by transferring heat to cooling water. Obtained
condensate in the Condenser is further delivered to the Steam
Generator using two pumps: the Condensate Pump (CP) and the Main
Feedwater Pump (MFP), Fig. 1.

Base steam power plant in Fig. 1 did not contain any regenerative
condensate/feedwater heater, so this plant will have the highest
produced mechanical power in any observed condition with
simultaneously the highest fuel consumption in the Steam Generator
and ReHeater. Moreover, in the Base plant, the steam Condenser will
be notably loaded due to high steam mass flow rate which condenses.
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Analyzed power plant produces electric power only (there is no
heat delivery to heat consumers), so the plant is a conventional steam
power plant.
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LPC = Low Pressure Cylinder

EG = Electric Generator
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MFP = Main Feedwater Pump ~
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)
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Fig. 1. Base steam power plant without regenerative heating system

The first upgraded version of the steam power plant from Fig. 1
contains the addition of the Deaerator (DEA) between CP and MFP,
Fig. 2. Deaerator is used for deaerating purposes (removing dissolved
gasses from the condensate) and simultaneously for condensate
heating by direct heat transfer between extracted steam and
condensate (mixing heat exchanger). Moreover, deaerator divides the
whole condensate/feedwater heating system into two parts: low
pressure condensate part (between Condenser and Deaerator) and
high pressure feedwater part (between Deaerator and Steam
Generator). In traditional condensate/feedwater heating systems, the
Deaerator is the only mixing heat exchanger.

It must be noted that any regenerative heater (mixing or non-
mixing type) must get heating steam from the steam turbine
extraction (in the case of Deaerator, that heating steam is marked with
operating point A, Fig. 2). Deaerator gets heating steam from IPC
because the pressures of condensate from steam Condenser and
heating steam should be the same (or very similar) for obtaining the
best mixing efficiency.

Addition of each new regenerative heater (regardless of its type)
requires re-calculation of the entire plant because each steam
extraction reduces cumulative produced mechanical power in the
turbine, reduces steam mass flow rate which enters the Condenser,
and increases the temperature of feedwater delivered to the Steam
Generator.

Operating parameters of all fluid streams during the addition of
each new regenerative heater are obtained by assuming components
energy and isentropic efficiencies as well as by using data from the
literature for similar steam power plants [6, 7, 11]. The exact assumed
energy and isentropic efficiencies of each component are explained
in the next Section.
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Fig. 2. The first version of upgraded steam power plant

The second version of the upgraded steam power plant is presented
in Fig. 3. In comparison to Fig. 2, in the second steam power plant
upgrade is added one new non-mixing regenerative heater after
Condensate Pump (Low Pressure Heater 1 — LPH1). For condensate
heating purposes in LPH1, steam is extracted from LPC, while
condensate obtained from heating steam in LPH1 is returned to the
steam Condenser through a pressure reducing valve (V1). LPHL, in
comparison to the previous plant upgrade (Fig. 2), additionally
increases condensate temperature, and re-calculation of the entire
plant should be performed again.
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Fig. 3. The second version of upgraded steam power plant

Due to the limited space, in this paper will not be presented all
upgraded steam power plant versions, but it should be stated that for
each further upgrade in the plant is added a new non-mixing
regenerative heater. After the addition of each new regenerative
heater, the whole plant is re-calculated again. The Final version of
the observed plant (after all implemented upgrades — the eight
upgraded plant version) is presented in Fig. 4.
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Fig. 4. The eight version of upgraded steam power plant (Final
plant version)
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The Final plant version consists of four low pressure non-mixing
condensate heaters (from LPH1 to LPH4), deaerator, and three high
pressure non-mixing feedwater heaters (from HPH1 to HPH3), Fig.
4. The final configuration of the condensate/feedwater heating
system is very similar to configurations presented in the literature [7,
8]. For all non-mixing regenerative heaters, return of the condensate
(obtained from the heating steam) is performed to the lower pressure
plant part through pressure reducing valves [12].

The performed analysis did not consider more than eight
regenerative heaters cumulatively, which is in accordance with
recommendations and examples from the literature [13, 14].

3. Calculation procedure of global power plant
operating parameters observed in this analysis

To obtain required thermodynamic parameters of all fluid streams
in each operating point from Fig. 1 up to Fig. 4 (pressures,
temperatures and mass flow rates), along with the literature data,
energy and isentropic efficiencies of all components are assumed and
kept constant for each plant version. According to the literature
recommendations [9, 15], energy efficiencies of Steam Generator and
ReHeater are equal to 90%, isentropic efficiencies of turbine
cylinders are 90% for HPC, 95% for IPC, and 85% for LPC.
Isentropic efficiencies of pumps are 75% for CP and 85% for MFP.
Energy efficiency of the Condenser is assumed to be 85%. In the
literature [8, 16], it is found that energy efficiencies of all
regenerative heaters are near perfect, so for the Deaerator, it is
assumed energy efficiency of 98%, while for all other non-mixing
regenerative heaters, energy efficiency is assumed to be 99%. All
pressure reducing valves are ideal from the energy point of view.

Plant overall efficiency is defined as:

Peym,

@

In Eq. 1, LHV is fuel Lower Heating Value and P, is cumulative
mechanical power delivered to the Electric Generator, which is
defined as the difference of mechanical power produced by the
turbine and consumed by all pumps:

nplam el cum. - LHV '

Peum. = P, = Ppumps » 2
where:

Py, = Pupc + Prpc + Prpc 3

Poumps = Pcp + Purp - Q)]

Cumulative fuel consumption in the plant (e cym,) is the sum of
fuel consumption in the Steam Generator and in the ReHeater:

mfuel,cum. = mfuel,SG + mfuel,RH . (5)
Fuel consumption in the Steam Generator is defined as:
(houtsc—hinsa) * 11
mfuel SG — = ioutsC sG] T4 ) (6)

s ‘LHV

where h, s is specific enthalpy of steam at the SG outlet, by, 5
is specific enthalpy of feedwater at the SG inlet, and g is SG energy
efficiency. Similar to Eq. 6, ReHeater fuel consumption is:

: U]

where hq, ry is specific enthalpy of steam at the RH outlet, h;, ry
is specific enthalpy of steam at the RH inlet, and nry is RH energy
efficiency.

(houtru=NinRH) - T3

MfuelRH = —yT

4. Operating parameters of all fluid streams from Base
and Final steam power plant

Operating parameters of all fluid streams from Base steam power
plant are presented in Table 1, while operating parameters of all fluid
streams from Final steam power plant are presented in Table 2. Steam
specific enthalpies, entropies, and quality are calculated for each
operating point according to fluid temperature and pressure by using
NIST-REFPROP 9.0 software [17].
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Table 1. Operating parameters of all fluid streams from Base steam
power plant

Specific | Specific .
O.* P. Timp. Przssure Mass Izlc;w enF;haIpy er?tropy Qualliy )
(°C) (bar) |rate (kg/s) (ki/kg) |(kI/kg'K)
1 [550.00( 140.00 200 [3460.90| 6.5648 | Superh.
2 1360.43| 40.00 200 [3119.17]| 6.6254 | Superh.
3 [550.00| 39.00 200 [3561.30| 7.2480 | Superh.
4 1298.76| 7.00 200 [3056.85| 7.2949 | Superh.
5 13287 | 0.05 100 |2349.27 | 7.7029 0.913
6 |32.87| 0.05 100 |2349.27 | 7.7029 0.913
7 3287 | 0.05 200 |2349.27 | 7.7029 0.913
8 [32.87| 0.05 200 137.75 | 0.4762 0
9 |15.00| 3.00 8989 63.27 | 0.2244 Subc.
10 [ 25.00 | 2.80 8989 | 105.09 | 0.3672 Subc.
11 [32.98 | 10.00 200 139.08 | 0.4773 Subc.
12 |33.89 | 145.00 200 154.99 | 0.4851 Subc.

* Q. P. = Operating point (in accordance with Fig. 1)
** Superh. = Superheated steam; Subc. = Subcooled (condensate);
0 = Water; 1 = Dry saturated steam

Table 2. Operating parameters of all fluid streams from Final
steam power plant

Specific | Specific

O.*P. thmp. Pressure [Mass flow| enthal entro Qualiiy )
(°C) (bar) |rate (kg/s) (kJ/ng))y (kJ/kgﬁs(/)
1 |550.00| 140.00 200 [3460.90| 6.5648 | Superh.
2 |360.43| 40.00 193 |3119.17 | 6.6254 | Superh.
3 |550.00| 39.00 193 [3561.30| 7.2480 | Superh.
4 |298.76| 7.00 173 |3056.85| 7.2949 | Superh.
7 13287 | 0.05 143 |2349.27 | 7.7029 0.912
8 [32.87| 0.05 173 137.75 | 0.4762 0
11 | 32.98 | 10.00 173 139.08 | 0.4773 Subc.
A |[352.97] 10.59 5 3163.33 | 7.2850 | Superh.
B [152.88| 10.00 200 644.92 | 1.8705 Subc.
C |154.99| 145.00 200 662.25 | 1.8766 Subc.
D |55.45] 10.00 173 232.98 | 0.7733 Subc.
E |63.19| 0.23 6 2527.70 | 7.6000 0.963
F [63.00] 0.23 30 263.74 | 0.8688 0
G [36.16| 0.06 30 263.74 | 0.8838 0.047
H [102.34| 0.76 9 2683.80 | 7.5100 | Superh.
I [91.04| 0.73 24 381.42 | 1.2049 0
J |85.49| 10.00 173 358.84 | 1.1398 Subc.
K |63.01| 0.23 24 381.42 | 1.2189 0.050
L |157.48] 1.52 8 2787.90 | 7.4500 | Superh.
M |111.15| 1.49 15 466.28 | 1.4315 0
N |111.41| 10.00 173 468.01 | 1.4336 Subc.
O |91.04| 0.73 15 466.28 | 1.4379 0.037
P 1203.26] 2.58 7 2874.58 | 7.4000 | Superh.
R ]128.07| 2.55 7 538.13 | 1.6142 0
S |111.15] 1.49 7 538.13 | 1.6185 0.032
T |133.45| 10.00 173 561.60 | 1.6703 Subc.
U [407.08| 15.58 7 3270.89 | 7.2750 | Superh.
V [198.92| 15.20 22 847.39 | 2.3203 0
Z |179.88] 10.00 22 847.39 | 2.3254 0.042
EN1|176.65| 145.00 200 755.52 | 2.0891 Subc.
9 |15.00| 3.00 6504 63.27 | 0.2244 Subc.
10 |25.00| 2.80 6504 | 105.09 | 0.3672 Subc.
AB1|487.04| 26.46 8 3432.23 | 7.2600 | Superh.
AC1(226.25| 26.10 15 972.64 | 2.5755 0
AD1(198.92| 15.20 15 972.64 | 2.5856 0.064
AF1199.79| 145.00 200 856.83 | 2.3087 Subc.
R1 [215.58| 145.00 200 927.30 | 2.4553 Subc.
R2 [249.91| 39.70 7 1085.30 | 2.7927 0
R3 |226.25| 26.10 7 1085.30 | 2.8011 0.062
R4 [360.43| 40.00 7 3119.17 | 6.6254 | Superh.

* 0. P. = Operating point (in accordance with Fig. 4)
** Superh. = Superheated steam; Subc. = Subcooled (condensate);
0 = Water; 1 = Dry saturated steam
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5. Results and discussion

Results of global steam power plant operating parameters will be
presented for all observed plant versions — from Base plant until the
Final plant.

Fig. 5 presents mechanical power produced by the turbine in all
turbine cylinders. In the Base plant, the turbine develops mechanical
power of 310.75 MW. Each new regenerative heater added to the
plant reduces mechanical power produced by the turbine due to
increasing steam extractions [18]. Therefore, starting from the Base
plant, the addition of each new regenerative heater continuously
decreases the mechanical power produced by the turbine, Fig. 5. In
the Final plant version, mechanical power produced by the turbine is
the lowest and equals 271.82 MW.

According to selected plant operating parameters, it can be stated
that each new regenerative heater added to the plant reduces
mechanical power produced by the turbine for 4.33 MW on average.
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Fig. 5. Mechanical power produced by the turbine in all observed
steam power plant versions

Mechanical power consumed by the pumps inside the observed
plant continuously increases from the Base plant (3449.41 kW) until
the Final plant (3697.17 kW), Fig. 6. Main Feedwater Pump (MFP)
consumes much higher mechanical power in comparison to
Condensate Pump (CP) [19]. Each new regenerative heater added to
the plant increases feedwater temperature; therefore, for each new
regenerative heater, the MFP must operate between higher and higher
specific enthalpy differences, which increases her consumed
mechanical power. Each new regenerative heater increases
mechanical power consumed by the pumps for 27.5 kW on average.
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Fig. 6. Mechanical power consumed by the pumps in all observed
steam power plant versions

In the observed plant, used fuel (natural gas) is consumed in the
Steam Generator (SG) as well as in the ReHeater (RH). Cumulative
fuel consumption in the plant is presented in Fig. 7. Each new
regenerative heater increases feedwater temperature at the steam
generator inlet; therefore, less fuel should be used for obtaining the
same parameters of the steam at the SG outlet [20, 21]. Cumulative
fuel consumed in the plant continuously decreases from the Base
plant (17.721 kg/s) until the Final plant (13.996 kg/s). Therefore, for
the selected plant operating parameters, the addition of each new
regenerative heater in the plant reduces cumulative plant fuel
consumption by 0.414 kg/s on average.

Each new regenerative heater added to the plant increases plant
overall efficiency, Fig. 8. Base plant has overall efficiency of
36.90%, while the Final plant after all added regenerative heaters has
overall efficiency of 40.76%, which is a notable increase in overall
plant efficiency (for 3.86%). For the plant operating parameters
defined in this analysis, each regenerative heater added to the plant
increases plant overall efficiency by 0.43% on average.
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6. Conclusions

In this paper, results of each regenerative heater’s influence on
global steam power plant operating parameters are presented. Nine
steam power plant versions were considered — from the Base power
plant without regenerative heating system up to the Final plant which
consist of four non-mixing Low Pressure Heaters (LPH’s), one
Deaerator (mixing regenerative heater) and three non-mixing High
Pressure Heaters (HPH’s). The most important obtained results are:
- Due to the continuously increasing steam mass flow rate extracted
from the steam turbine cylinders, each new regenerative heater added
to the plant continuously reduces the mechanical power produced by
the turbine, for 4.33 MW on average.

- Each new regenerative heater continuously increases mechanical
power consumed by the pumps, for 27.5 kW on average (dominantly
due to increased feedwater specific enthalpy difference between
Main Feedwater Pump inlet and outlet).

- Each added regenerative heater increases feedwater temperature at
the Steam Generator inlet, which results in a continuous decrease in
the plant cumulative fuel consumption from the Base plant until the
Final plant. Each added regenerative heater continuously decreases
cumulative plant fuel consumption, for 0.414 kg/s on average.

- Finally, it should be highlighted that each regenerative heater added
to the plant continuously increases plant overall efficiency from the
Base plant until the Final plant, for 0.43% on average.
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Abstract: This work presents a study of applicability of optimal control theory to the design of a electrohydraulic power transmission. The
system involve hydraulic cylinder, loaded with time-variable force and two-stage electrohydraulic servovalve, including elasticity of steal
cylinder and tubing and compressibility of oil. An optimal control low has been formulated with performance index requiring maximum
quickness and output power and minimum control energy. The obtained optimal low can be used for industrial optimal automatic controller.
There are shown optimal dynamic processes for different initial conditions and loading force.

Keywords: ELECTROHYDRAULIC POSITIONING SYSTEM, OPTIMAL CONTROL, ELECTROHYDRAULIC SERVOVALVE

1. Introduction

Electrohydraulic power transmission and servo system have
found widespread use in industrial automation, aircraft and missile
controls, automotive steering, earthmoving equipment control, and
simulation and training systems [2, 4, 8]. For automated systems
involving high levels of power, and requiring precision and high
speeds of response, electrohydraulic systems are potential choice.
There is also wide interest in academic as well as industrial research
in the application modern control techniques to electrohydraulic
systems to improve their performance. The servo-actuators usually
employ electrohydraulic servo-valves for precise control of position
or force in different points on the load. Electrohydraulic cylinder
drive servomechanisms combine the versatility and the precision
available from electrical measurement and signal processing
techniques with the rapid response and loading capacity of
hydraulic cylinder drives [2, 6, 8]. Much work has been conducted
in an effort to improve the dynamic control systems of hydraulic
actuators. The stepless control of the kinetic characteristic by
hydraulic resistance variation of the system is possible with the
servovalve input voltage.

Problems of optimal control have received a great deal of
attention during the past decade awing to increasing demand for
systems of high performance and to the ready availability of the
digital controller. The concept of control system optimization
comprises a selection of a performance index and a design which
yields the optimal control system within limits imposed by physical
constraints. Such an optimal control system differs from an ideal
one in that the former is the best attainable in the presents of
physical constrains whereas the latter may well be an unattainable
goal.

This paper summarizes a study on the applicability of nonlinear
optimal control to an hydraulic cylinder that is controlled by means
of a two-stage, electrohydraulic servovalve. The optimal control law
is obtained by the method — “the maximums principle” of Pontragin
[1, 3, 6].

2. Dynamic Model Of The System

The physical model of the electrohydraulic power [3, 4]
transmission is illustrated in Fig. 1
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Fig. 1 Physical model of electrohydraulic system.
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The following linearized equations of the system are used:

Actuator force assuming inertia load, viscose damping and
spring force:

d’ . dy
m—-+f—=+C,y=A )
dtz dt Ty pu
Linearized flow in the valve:
Q=K,x-K,.p, @
Flow entering in actuator, taking into account the
compressibility of fluid:
Q=AW Yo o, ®)

dt 2E dt

Force in the valve spool, assuming inertia load, damping and
force in proportional magnet:

TZLZX

Ve v20r, ¥y — kU “)

X
dt
3. State Space Representation Of The System.

Let us choose the state variables as:

X1 =Y ; X3 = Dx
X, =X; X _
4 ’ 5 dt
The input is:
u=u ®)

The State-space representation of system is:
State equation: x = AX + Bu
Output equation: y = Cx + Du

D=0 y=y

y=Cx C=[L 0 0 0 0]

The output equation is:
y=X (6)

The state equation is:

D _ a,x
dt 1272
dx

2 = Qy,.X) + Asp.Xy + Byz.Xg
dt 7
dxs

= ag,.Xy + Ag3.Xg + 8z4.Xy

dt
dx, A X
dt 4525
dxg
el as,.X,4 +ag5.X5 +bg .U



where:
C; f
Ay =——- a,, =——
21 m 22 m
a A B 2AE
27 32 V,
a 2KpE _2K,E
33 V, 34 V,
1 28
Ay = 1z 855 = T
s s
Ky
b5 :TT

The matrix are:

0 a, 0 0 0

Ay @y 8 0 0

A=l 0 a; ag a, 0
0 0 0 0 a
0 0 a5 as

o O O o

&

Controllability of the system

For the controllability of the system is defined a matrix Q [4, 7]:
Q=[p, AB, A%, A’B, A'B

For the values of coefficients in Table 1 the rank of the matrix

Qis:

rank Q=5

The system is therefore completely state controllable.

Optimal Control Formulation

The optimum control law is to obtain an maximum outlet power
of the system and minimum input control power.

The performance index is:
4
1 = [ (- Plt)+ ru(®)dt ®)

to
where:

P(t): pH Q = Xg(KX-X4 - Kp'x3):

2
—Kpx5 + Ky X3.%

©)

The performance index, having in mind the state variables can
be expressed as:

ty 4

| = j(Kp.x§ — K, X5 X, +ku2).dt = [ foat (10)
to to

where:

dx

dito = fo(Xg,%,,U) (11)

The physical limits are:
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‘U‘ < umax ‘xl‘ < leax ‘X3‘ stmax ‘X4‘ < x4ma><
The Hamilton function is [1, 4]:

H =\u0(Kp.x§ — K, X3, +ku2)

+ \Vl(alz Xy ) +

+ (a1 X +8p) X, + By5.X5 )+ (12)
‘Vs(asz-xz +833.X3 + a34-)(4)
+ 4 (aysXs )+
Ws (854 X4 + 855X +bs U)
The subsidiary functions are:
dyo _ OH _
dt dx,
dy, oH
L= = (a,:
dt %, ( 21 \Vz)
dy oH
th e _(alz-\l’l +ayy, + asz-\Va)
>
; M 2y Ky X3 —
Vs _ _ (13)
—=———=— vy, K X, +
d'[ 6X3 Wo-Rx-Xy
A3 Y, +833.Y3

dyy __OH _ _(Ws-aM - )
dt X,y Wo-KyXg + 585,
dy; _ oH

at 67)(5 = _(\V4-a45 + VY5 -355)

For the maximum of Hamilton function — H is necessary:

2
H_y PH
ou ou
In that case
oH yeb
— =bye + 20Uy, =0=u=——"3
Y bs s Vo 2,0
0
o*H
— =2y, A
auz \VO

We assume: [1, 4, 7]y, = -1 and the equation is:

2
OH_ e 0; u= Ysbs . 14
ou? 2.1

The equation (13) is the optimum control law.

4. Results

The optimal control input variable can be expressed by

combining of equations (13) and (14).

_ by AGs) [[BO)K+ 2K sk, (15)
21 B(s) |- ay,K X, ’
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where:

Qs

=1 ;
(5 — 8555 — 8y5854 )

Als)

s +s?(ay, + as;)
+ S(azzasa — 8,855 — 8yq8s;)

— 845855833

B(s)=

The equations (7), (13) and (150) have been modeled and the
simulation was done with MatLab Simulink. The model is shown in
fig. 2. The result time-response curves for u are shown in Fig. 2,
and for X, X, X3 X4 are shown in Figs. 3 - 6.

(32 + 2,5+ alzazz)

The values of coefficients is shown in Table 1.

Table 1. The values of coefficients
For Fig. 2-6 - line 1

a12:1, Ay = '20000, A= -25,

a,3=7780, azy=-247, az3= -492.35, a3,=1646, ass=1,
a54:2000, a55:'30, b5:2000

For Fig. 2-6 —line 2

a1p=1, ay= -5000, axn= -25, a,3=7780, az= -247, az;= -
492.35, a;3,=1646, as;s=1, as,=-2000, ass=-30, b5:2000

0.002 0004 0006 0008 0.01 0012 0014

Fig. 2. Input control variable time-response curve.

Fig. 3. State variable x; responses curves

0
0.15

i i i i
005 01 02 025

Fig. 4. State variable x, responses curves

1 1
0.05 025

Fig. 6. State variable x, responses curves

5. Conclusions

A commercially available hydro cylinder that uses a two-stage
servovalve has been modeled and the optimum control law as a
function of state variables - x3 and x4 (17) have been define. The
variables which is forming optimal law can be observe and measure
in a real time working and an automatic controller can be made
using this law.

The mathematical procedure used here assured that the response
was optimal for the specifications of a performance index and for
real physical limits in the system
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The optimal control law shows that in that system is possible to T,, - time constant of servovalve, s;
use (with approximations) an electric directional control valves

instead servovalve. The valve natural frequency must be higher than U - input voltage of servovalve, V;

the frequency of input control signal. V, - volume of hydraulic oil, m°;
Acknowledgment x - servovalve spool displacement, m;
This study has been supported by the Project HHI12026-12 of ¥ - hydraulic piston displacement, m;

the Technical University of Gabrovo, Bulgaria. . . .
{ - servovalve time constant damping ratio;
Nomenclature

A - effective areas piston, m?;
m - mass load, kg; References

C - spring constant, N/m; 1. Bessekerskii V. A., E. P. Popov. Theary of automatic control
system, Moscow (in Russian), “Science”, 1975.

E - bulk modulus of hydraulic fluid, Pa; 2. Dulay I., Fundamentals of Hydraulic Power transmission.
f - viscous friction coefficient for actuators Ns/m; Elsevier, 1988. o _ _

) 3. lvanov P., Hristov H., Investigating of dynamic Processes in
I - error performance index; automatic  Electrohydraulic  power transmission.  Scientific

Conference 35th Anniversary of the Technical University of
Gabrovo, Proceeding Volume 11, October 14-15, 1999.

Ky - gain of servovalve, m/V; 4. lvanov P., Dynamic of automatic hydraulic and pneumatic
systems (in Bulgarian). Gabrovo, 1984.

K, - flow pressure gain, m*/s.Pa;

H 2a-
K - low gain, m/s; 5. Mannesmann-Rexroth; Der Hydraulic Trainer, band 2.
Py =P — D, - pressure difference in hydraulic cylinder, head Proportional and servoventil Technik, Lohr am Main, 1986.
and rod sides, Pa; 6. Popov D., Dynamic and control of hydraulic and pneumatic
systems (in Russian). Moskva, Mashinostroenie, 1987.
Ps - supply pressure, Pa; 7. Ogata K., Modern control engineering. Prentice. -Hall, 1970.

8. Viersma T., Analysis, synthesis and Design of Hydraulic

Pg - drain (return line) pressure, Pa; Alld '
Servosystem and pipelines, Elsevier , 1982.

+Qy
Q= % - flow, m%s;
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Abstract: In working process a certain part of energy transmitted by the fluid in every hydraulic system is transferred to the consumer, while
the other part (because of hydraulic pressure loss) is transformed into heat. The temperature of the fluid is rising during the working cycle
with power loss. Is the temperature of the hydraulic fluid is higher the physical characteristic of hydraulic fluids is changed. Some of this is
viscosity, density, specific gravity, compressibility and modulus of elasticity and gas absorption. The experimental investigation of dynamic
characteristics changes of a closed electrohydraulic power transmission system with the variation of hydraulic fluid temperature is presented
in this paper. The experimental test stand was used for dynamic processes investigation in an electrohydraulic positioning system for
different operating temperatures. The obtained step time responses are shown in few graphics.

Keywords: ELECTROHYDRAULIC POSITIONING SYSTEM, OPTIMAL CONTROL, ELECTROHYDRAULIC SERVOVALVE

temperature is rising and become constant, when the heat generated
in the system become equal to absorbed by the hydraulic fluid and
In working process a certain part of energy transmitted by the heat transferred to the surrounds. For the precise control of electro-
fluid in every hydraulic system is transferred to the consumer, while hydraulic traction systems, the influence of temperature is essential
the other part (because of hydraulic pressure loss) is transformed [10, 11,12, 13, 14, 15]
into heat. The temperature of the fluid is rising during the working
cycle with power loss [1]. The heat transfer capability of correctly
?::éﬂzgda?ygéa?;g)géﬁgr?;f tg]mu;terbaiusrlécgfﬂ:ﬁte tE;&T:JIE: alﬁﬂfg '.2 with the variation of hydraulic fluid temperature is presented in this
higher the physical characteristic of hydraulic fluids is changed. paper.
Some of this is viscosity, density, specific gravity, compressibility The experimental test stand was used for dynamic processes
and modulus of elasticity and gas absorption. In some cases the investigation in an electrohydraulic positioning system for different
change of physical characteristic of hydraulic fluids can change operating temperatures. The obtained step time responses are shown
influence in dynamic characteristic of hydraulic power transmission in few graphics. This gives opportunity for correct evaluation the
[1, 5, 8, 9]. The influence of rising temperature is a great in starting accuracy of the hydraulic actuator motion in static and in dynamic
time, when the fluid is cold and after some operating cycles the  conditions.

1. Introduction

The experimental investigation of dynamic characteristics
changes of a closed electrohydraulic power transmission system

Fig. 1. Experimental test stand

Some recommendations are done for automatic controller d9 o)
adjustment for the bad influence compensation of hydraulic oil TEJFSZ Ay @i, + 9
temperature variations.
. . . . where:
The differential equation of the temperature change is the
following [1]: m.c, . .
T= .S time constant of heating process;

k.A
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signals from transducers and the other electronic devices. For the

1
al kA

(Din = (1_nlot)Pin , Ils
The formula (1) in a control technique sense is the differential

equation of a first order proportional element, whose solution in the
case of step function input signal is

, S°C/J heat transfer coefficient;

input heat flux

t
8=80+AN(1—eTJ- (2
In the practice some of the heat generated is transferred to the
surroundings by every system, in natural way.

The natural heat dissipation is realized by radiation, conduction,
convection and heat exchange. Most of the heat is transferred to the
surroundings by the supply unit of the hydraulic apparatus.

In this paper has been investigated the influence of fluid
temperature variation to the operating process in electrohydraulic
positioning system. The investigation has been made experimentally
in a corresponding test stand.

2. Experimental Test Stand

An automated test stand [3] for dynamic processes investigation
with oil temperature variation in the electrohydraulic power systems
has been developed (see Fig. 1). This is a universal stand for
modelling different types of mechanical loads in electrohydraulic
power transmission. The dynamic responses for different kinds of
loads, conditions and input signals (step, ramp, sinusoidal,
stochastic, etc.) can be measured at this stand.

Experimental process control, data collection and preservation
are performed with the help of personal computer — PC in “real
time”. Special data acquisition software “EXADIP” have been
created for the aim of practical measure of the time responses and
for communication between interface card (analogue-digital
module) and the transducers and control elements.

The system employed for the experimental portion of this work
is shown in Fig. 1. The main elements are: 1-tank; 2- hydraulic gear
pump; 3-filter; 4-gauge; 5- pressure relief valve; 5 — supply pressure
line; 7- drain line; ADC — analog digital converter; 8- termometer;
TC — terminal card, TA — tenzomeric amplifier; SG — signal
generator; ISU - input signal unit, SV — electrohydraulic servovalve,
Afb - feedback amplifier; IDT — inductive displacement transducer;
AT — acceleration transducer; EA - error amplifier; PT1, PT2 -
pressures; ECD - error converter device; EC — electronic controller.

| ©Qil temperature

70

60 - 5200 sec

T, (gegrees)

54.9°C

0 5000 10000

Time t, {sek)

15000

Fig.2. Oil Temperature vs. operating time

The module EXADIO (ADC) is made of the base of
MC68HC11A1 microprocessor, Analog to Digital (A/D) and
Digital to Analog (D/A) converters and RS232/RS485 interface.
ADC is a device for data collection, transformation and
communication with PC. The experimental data are saved in DAT
files. The terminal card TC is used for collection and filtration the
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experiment PID controller was optimal tuned [2], [3].

The corresponding step responses are shown in Fig.3, Fig.4 and
Fig.5.

65

2-| 0°C

€5 =[0 Aim

20

Fig.3 Step responses for 24 and 70 < without position force

The experiment started with measurement the hydraulic oil
temperature on thermometer 8. After that from the ISU the electric
step signal was send to the electrohydraulic system. The output
responses was measured and stored in data files in the personal
computer. The time for temperature rising with 10°C is measured
and the graphic presentation oil temperature vs. operating time was
done (see Fig. 2).

65

-z T
-| e ’

o

=|18 000

Fig.4 Step responses for 24 and 70 <C with position force with spring
constants C; = 18000 N/m

From Fig. 2 the time constant for oil heating process (according
the eq.1) is T =5200s.

3. Experimental Results

For temperature interval from 24°C to 70°C the step responses
were obtained from the experimental test stand for loads with spring

constants C, =0 N/m, C, =18000 N/m and C, =51000 N/m.

&5

0 o e
-|2e°C -
2 0o d

51000 W /m 7

20 =

Fig.5. Step responses for 24 and 70 <C with position force with spring
constants C; = 51000 N/m.
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For temperature interval from 60°C to 70°C the step responses
were obtained from the experimental test stand for loads with spring
constants C; = 0 N/m, €5 = 18000 N/m and C; = 51000 N/m.

The corresponding step responses are shown in Fig. 6, Fig. 7
and Fig. 8.

65
60 T T =
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— 2| T0%C
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Fig.6 Step responses for 60 and 70 < without position force
The system without position force

For the fluid temperature 24°C, the piston displacement is
y,, =61.0mm and for the temperature 70°C, displacement is

Y., =59.1mm. The absolute steady-state error is:

Ay = y24 - y7o = 610 - 594 = 16 mm.
and the relative steady-state error is:
=Y 1000 = =18 100-2.60%
Yo 61.0

For the hydraulic oil temperature 60°C, the corresponding data
are:

Ve, =60.3 mm,
Ay =60.2-59.4 = 0.8 mm,

€= E.lOO =1.3%-
60.2

At the moment t = 1.5s piston displacement for temperature
24°C is y,, =19.2 mm and for temperature 70°C - Y, =16.5mm,

the absolute dynamic error is
AY(1.5) =Y,, — Y5, =19.2-16.5=2.7 mm,

and the relative dynamic error is

6(15) = 1%'100 —14%-

1-|sosc A
2-| mec

Cy = 18000 (N /m

Fig.7 Step responses for 60 and 70 <C with position force with spring
constants C; = 18000N/m.

For the oil temperature 60°C, the corresponding data are:

Voo =17.4mm, AY(15) = y,, — Y, =19.2-17.4=138,
ew5) =% 100-03%
19.2

The system with position force with spring constant
C, =18000 N/m

For the fluid temperature 24°C, the piston displacement is
y,, =60.2mm and for the temperature 70°C, displacement

is Y5 =59.5 mm. The absolute steady-state error is:

Ay =Y,, —Y;, =60.2-59.5=0.7mm,
and the relative steady-state error is:

e= 10006 == %100 ~1.16%-

Y70

For the hydraulic oil temperature 60°C, the corresponding data
are:

Yo =59.9mm,

Ay =59.9-59.5=0.4mm, . — 04 100_0.67%
9

)

At the moment t = 1.5s piston displacement for temperature
24°Cis y,, =14.5mm and for temperature 70°C - y_ =17.4mm,

the absolute dynamic error is
AY(1.5) =y,, — ¥,, =17.4-145=2.9 mm,
and the relative dynamic error is

&(L.5) :%.100:16.6%-
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0 a5 10 15 20 25 3.0 15 4.0 45 50 55 6.0 Ls

Fig. 8 Step responses for 24 and 70 < with position force with spring
constants C; = 51000N/m.

For the oil temperature 60°C, the corresponding data are:
Yoo =16.5mMm, Ay(1.5) =y, — Y, =17.4-16.5=0.9,

e(L5) = % 100 = 4.6%

The system with position force with spring constant
C, =51000N/m

For the fluid temperature 24°C, the piston displacement is
Y,, =60.0 mm and for the temperature 70°C, displacement

isy,, =59.8 mm. The absolute steady-state error is:

AY =Y,,— Y, =60.0-59.8=0.2mm,

and the relative steady-state error is:
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6= 1009% == %2 100-0.33%-
60.0

Y70

For the hydraulic oil temperature 60°C, the corresponding data
are:

Yeo = 60mm,

Ay =59.9-59.8=0.1mm, ¢~ %1 10900 16%.
59,9

At the moment t = 1.5s piston displacement for temperature
24°C is Y,, =14.5mm and for temperature 70°C - Y70 =13mm,

the absolute dynamic error is
AY(1.5) =y,,—Y,, =13-9.5=3.5mm,
and the relative dynamic error is

3

e(L5) = T:.loo =26.9% -

For the oil temperature 60°C, the corresponding data are:
Voo =11.8MM, Ay(1.5) =y, —y,, =13-11.8=1.2,

g(L.5) = %.100 =9.2%

The experiment data and graphics shows that the oil
temperature increasing cause to decreasing of steady state value of
the piston displacement and to increasing the step respond speed.
With the increasing of the spring (position) force the response speed
become slower and the steady state error (between two oil
temperatures) decreasing.

The system step response is quicker for higher oil temperature.
5. Conclusions

For the oil temperature raising from 24°C to 79°C the steady-
state error depending on positioning force is —2.6-3.3%.

The step response rate increasing with the fluid temperature
rising and for the process without a position force reaches 14% (the
increasing of position force cause to decreasing of steady-state
error).

For the great position forces (CS:51000Nm) the oil

temperature rising from 24°C to 79°C lead to dynamic error at
about 26.9% (t=1.5s).

The obtained results show that for the hydraulic transmissions
that must have a great operating accuracy in dynamic and static
conditions is necessary to account the oil temperature variation. For
the automatic system this problem can be avoided with an
appropriate tuning and retuning the parameters of the automatic
controller. For the hydraulic systems without a controller is
necessary to create a suitable cooling unit, which must maintain the
constant oil temperature.

For a preliminarily studying the influence of the fluid
temperature to the hydraulic systems operating processes is
necessary to develop an appropriate mathematical model for
dynamics characteristics calculating.
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Nomenclature

A heat transfer surface of the apparatus m

A, heat transfer coefficient s°C/HJ

o specific heat of the fluid Jlkg.K

k heat transfer coefficient JIm2sK

m fluid mass kg

P, power JIs

t time S

T time constant of the heating process S

) instantaneous  temperature  of  the K
hydraulic fluid

9, ambient temperature K

Mot total efficiency -

o, input heat flux JIs
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Abstract: This article summarizes the preliminary preparations for conducting experiments with phase change materials to determine their
behavior during continuing heating and cooling processes. The goal is to summarize conclusions about the possibilities of using these
materials in boilers and other water-heating tanks for industrial and domestic applications. The techniques, materials, and equipment that
will be used are described, as well as the theoretical behavior of the materials that will be compared.
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1. Introduction

Achieving a highly efficient building that ensures optimal
thermal comfort and quality of life brings enormous benefits in
terms of return on investment, energy savings, longer service life,
significantly improved productivity and comfort for residents, while
also causing minimal impact on the surrounding environment.
Regardless of whether it concerns single-family houses, public
buildings, or industrial premises, all new buildings are built
according to the new European requirements for energy efficiency.
They require less pollution, cleaner air and, at the same time, a
reduction of cost, especially from the use of energy for heating. For
existing buildings, measures must be taken to increase their energy
efficiency in all aspects of consumption - heating, ventilation, air
conditioning, water supply, lighting, etc.

Studies show that a large proportion of European consumers
still use water heaters for water heating, [1]. This is why new,
efficient solutions for heating water that consume less energy are
being developed. The problem with water heaters is that they heat a
large amount of water that may not be used at a certain time. In this
way, energy consumption is unjustified. Another disadvantage
associated with the use of traditional boilers is the accumulation of
limescale, which leads to a decrease in efficiency and the need for
repairs. One of the options chosen by European households is
tankless water heaters. They are compact and space saving. They
supply hot water, with no preheating and waiting-time required.
This also avoids running out of hot water during peak consumption
in the morning or evening hours, when the consumption is higher.
In countries with milder and warmer climates, they are also used for
outdoor use. These water heating systems have a longer life, do not
require complex maintenance and in long term prove to be
effective. The possibilities for their integration into installations
powered by renewable energy sources are also developing, which
will further improve their energy efficiency, [2]. Unfortunately,
tankless water heaters are only suitable for family houses with up to
several households. They cannot be used in larger buildings such as
industrial, agricultural and public, since the consumption of hot
water is significantly higher and the purchase of a large number of
these devices becomes unjustified.

The phase change materials (PCM) store and release heat at the
temperature at which it melts or solidifies. It can hold a large
amount of thermal energy per unit volume because it relies on latent
heat, which is greater than sensible heat. Latent heat can be used by
solid-gas, solid-liquid, and liquid-gas transition states, with the
solid-liquid transition being the most preferred because the volume
doesn’t change much.

The use of PCM for latent heat storage allows energy storage
even with a small temperature difference if integrated into a hot
water tank. This combination increases energy capacity and
improves performance under specific load patterns, [3].

This article is related to a project for developing a water tank
with an integrated phase change material into the construction to
increase energy efficiency. The publication outlines the preliminary
studies and prerequisites for conducting experiments with PCM to
determine their real qualities and the possibilities for their use in
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boilers. Chapter 2 examines the essence of PCM and their
application possibilities. Chapter 3 describes the preparation for
conducting experiments with PCM. The last chapter draws
conclusions about the conduct of the experiment and the expected
results.

2. Application of Phase Change Materials

Phase Change Materials (PCMs) are an extremely suitable
solution for the regulation of thermodynamic processes. This is
because they store and release thermal energy when they change
their state (from one phase to another). When this happens, they
release a large amount of energy in the form of latent heat of fusion.
In the opposite case, when heated, the material absorbs a large
amount of energy and retains it. The types of PCM are mainly
Solid-Solid and Solid-Liquid, and their subdivisions are described

in Figure 1.
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PCMs can be widely used in various industries due to their
beneficial characteristics. Their most common applications are:

Construction — used as a component of materials for various
surfaces — walls, floors, ceilings to maintain temperature, by
absorbing heat during the day and returning it at night.

Energy storage from solar panels — on the same principle of
absorbing and releasing heat, PCMs, such as Sodium sulfate
decahydrate, help solar systems to be more efficient.

Refrigeration — refrigerators, refrigerating trucks and cold
storages use these materials (e.g. mix of ammonium chloride and
water) to ensure cold temperatures in emergency situations, such as
power outages, technical malfunctions, etc.

Textiles — Paraffin wax is most often used for clothing that
protects against extreme hot or cold temperatures.

Heat pumps — materials (paraffin-based PCMs or salt hydrates)
store excess heat generated during the operation of the heat pump.
When demand increases, the stored energy is released. The
frequency of switching on and off is reduced, which helps save
energy and extend the life of the compressor.



Table 1 summarizes the main advantages and disadvantages of
working with phase change materials:

Table 1 — PCMs Advantages and Disadvantages

Advantages Disadvantage

Energy efficiency High price of some materials

Temperature control The organic materials have low

durability

Environment-friendly Requires extensive research in

the field

Given the potential of these materials, their research is essential
for achieving high energy efficiency in the above-described
industries, [4]. In water heaters, research and improvement of the
use methodology are yet to be conducted, but the current results are
promising, [5].

In one of the studies on the subject, the boiler system is used as
the main heating unit through hot water, and the PCM-based waste
heat recovery system is used as the air heating unit. In experiments
conducted at 24-minute intervals, interesting conclusions have been
made, proving the possibilities of achieving high energy efficiency
(between 24% and 51%, depending on the state of the PCM) in
building heating systems. The maximum efficiency of the PCM heat
exchanger is about 13%, achieved around the time of the phase
change, in which latent heat is obtained. This efficiency is an
addition to the heating of the building with a boiler system. This is
because the heat exchanger system supported by the PCM is used as
a supplement to the building heating unit. The combination of PCM
with the building heating unit shows that hybridization positively
affects the system and, therefore, lower energy consumption may be
possible thanks to the energy stored in the PCM, [6].

To achieve even higher energy efficiency, the combination with
a renewable energy source is suitable. In another study, a PCM
layer was integrated within a solar collector connected to a hot
water tank system. In this way, hot water with a constant
temperature close to the melting temperature of the PCM can be
produced for a long period of operation. The results of the annual
performance study of the system show that the production of hot
water with a constant temperature throughout the year can be
achieved with an appropriate choice of effective parameters. At
high water flow rates through the system, multiple collectors can be
used in a sequential configuration. By using two consecutive
collectors, the system performance is increased by more than two
times compared to that of a single solar collector, [7].

Several main economic advantages of using FPM in hot water
heaters can be outlined. The first of these is that fewer boilers can
cover the hot water demand, which in turn saves usable space. In
addition, the integration of such a system allows energy to be
consumed in evening peak tariff windows, when there is no high
demand, and the stored heat to be released when needed, [8].

3. Experiment preparation

The experiment aims to investigate the behavior of three types
of phase change materials (PCMs): paraffin, sodium thiosulfate
pentahydrate (Na2S203-5H20), and sodium acetate
trihydrate (NaCH3zCOO-3H20), in order to select the most
suitable material for use in a hot water heater (Figure 2). Their
properties and characteristics will be subjected to real experiments
and will be examined closely. The conclusions from the
experiments performed will be useful in determining the material
that will be used for a real water heating system, which will be the
subject of further studies (Figure 3).
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Fig. 2 (Left to Right) Paraffin, Sodium thiosulfate pentahydrate and Sodium

acetate trihydrate

The properties of the selected materials are described in Table
2. They may vary depending on the quality and purity of the
material. The selection of these materials is related to their good
thermodynamic performance and their temperature compatibility
with water heating vessels.

A
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Fig. 3 PCMs water tank with solar panel integration

Table 2 — PCMs Characteristics

Melting
temper | Latent .
Material ature | heat A | Advantages Dlsadevsantag
T (kJ/kg)
(W)
Paraffin - ~55-58 | 150-— | Stable Low thermal
Organic 210 Safe conductivity
CnH, n+2 N Slower heat
° . transfer
overcooling
Non-
corrosive
Sodium ~48 200 — | High density | Super
thiosulfate 250 | and thermal | cooling
entahydrate - conductivit .
pSalt-h)),/drate / Possible
Good heat phase
Na, S, O; -5H transfer separation
2 0 Low cost
Sodium acetate ~58 260 — | Very high Need for
trihydrate - 290 | thermal thickeners/nu
Salt-hydrate conductivity | cleators for
. ili
NaCH; COO'3 Suitable | S0
H, O melting
temperature
Affordable

Paraffin is chemically inert, does not react with most building
materials and has excellent resistance to repeated heating and
cooling cycles, during which it does not overcool and its structure
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does not separate. Salt hydrates are non-toxic and safe, their
practical use is mainly in medicine. Although some salt hydrates
show a tendency to phase separation or overcool, the selected
materials are among the most stable in their group and this behavior
can be controlled by appropriate engineering solutions, additives or
optimization of the hot water tank. With the right choice of
container for storing the material, the risk of corrosion is minimal,
which allows for reliable long-term operation.

The experiment will observe the behavior of materials during
heating and cooling, primarily in terms of changing their structure
and the process of phase change with temperature, and their
thermodynamic properties.

One of the reasons for choosing these materials is that they are
widely available on the European market. They exist in various
degrees of purity. Their price is relatively low compared to other
PCMs with similar characteristics. Their application in the
chemical, pharmaceutical, and food industries makes them widely
available and maintains stable and competitive market prices, [9].

Regarding  engineering  compatibility and integration
possibilities, the different phase transition mechanisms of organic
and inorganic PCMs allow different combinations through which
the properties of the materials complement each other — stability,
high latent heat, and different temperature behavior. The selected
materials can be encapsulated or integrated into modular systems
that do not require complex technological modulations, thus
reducing integration costs.

The experiment to test paraffin, NaCH3COO-3H20 and
Na25203:5H20 is planned to be conducted in a laboratory
environment, where their temperature behavior will be monitored
under identical conditions (Figure 4).

Fig 4: Experimental setup

The following equipment will be used:
. Glass flasks with the same geometry and volume;

. Electric heating plate with the ability to change the
heating intensity;

. Thermographic camera for non-contact measurement and
recording of the temperature in different areas of the set in real
time. FLIR X6800sc MWIR (Figure 5) with a resolution of 640
x 512 and a temperature range: - 45°C to +600°C, from 250°C
to 2000°C will be used;

. Thermometers for detecting temperature inside the

material and ambient temperature;

. Scale for precise measurement of equal amounts of
material. Equal portions of 250 ml of each material will be used
to avoid errors caused by the amount of material;
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Fig 5: Thermographic imaging with FLIR X6800sc MWIR

. Precision microscope for monitoring corrosion processes.
A modern Olympus BX53M microscope (Figure 6) is used,
which has high-intensity White LED illumination with constant
color temperature, versatile observation methods (brightfield,
darkfield, DIC, polarization, MIX), and seamless integration
with PRECIV software for digital imaging and reporting.

Fig 6: Olympus BX53M microscope setup

The flasks are centrally located on the heating plate to ensure the
most even heat transfer conditions. Maintaining a constant situation
and heating conditions is extremely important for a reliable
comparison of materials, since the charging/discharging behavior of
PCM is highly sensitive to boundary conditions and heat transfer
area. For this reason, the temperature must be constantly monitored.

Basic safety guidelines should be followed for each experiment
to reduce the risks associated with chemicals and ensure the safety
of the researchers. Safety glasses, a lab coat, closed-toe shoes, and
gloves appropriate for the specific chemicals being handled should
be worn. The work area should be kept clean and flasks should be
kept away from the body when mixing or diluting chemicals.
Chemical materials should be disposed of in designated waste
containers according to specific disposal instructions.Through the
experimental setup thus established, the following processes will be
observed:

1. Heating the materials from room temperature 22-24°C
until their phase state changes (to about 75-80°C). Their
physical state will be monitored and their temperatures
recorded at regular intervals, recorded using a stopwatch.

2. Non-invasive (without intervention) cooling of the
materials to convert them to their original physical state.
Again, their physical state will be monitored and their



INDUSTRY 4.0 2026, SUMMER SESSION, vol 1

temperatures recorded at regular intervals of time,
detected by a stopwatch.

In addition to the heating and cooling processes (50-100
cycles expected), the development of corrosion in a metal
element will be observed under a microscope to determine
the interaction of materials with the surrounding systems
in the heating container. Corrosion in such vessels is
extremely dangerous because it can lead to the
malfunction of the entire system. For this reason,
techniques for preventing corrosion should be selected
during the production of the product. This improves its
life cycle and safety, [10].

Conclusion

In the search of intelligent solutions for water heating, one of
the modern solutions stands out - the use of phase changing
materials. In order to develop a water heating system with an
integrated phase-change material to increase energy efficiency, the
properties and behavior of the material must be studied in an
environment resembling the real one. Through solid theoretical
preparation and a number of experiments, conclusions will be
drawn about the possibilities of using paraffin, NaCH; COO-3H, O
and Na, S, Os; -5H, O. According to the results obtained, these
experiments will show which of these materials will be most
suitable for incorporation into a water heating system. Such a
system, especially connected to a renewable energy source, would
be extremely energy-efficient, since the PCM helps retain heat and
thus the consumption of heating energy would decrease. The future
of water heaters undoubtedly includes the use PCM, which requires
their experimental study to obtain reliable results.
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Abstract: This work presents a combined experimental and simulation study of resist profile evolution in electron beam lithography
(EBL) using poly(methyl methacrylate) (PMMA) resist. The influence of key process parameters, including exposure dose, electron beam
energy, and resist thickness on the resist profile formation, sidewall shape, and feature fidelity is systematically investigated. Particular
attention is given to proximity effects caused by forward and backscattered electrons, which lead to dose redistribution and profile
distortions. Experimental results show a strong dependence of PMMA resist profiles on lithographic conditions, affecting sidewall angle and
linewidth variation. Bilayer PMMA systems are also examined to evaluate improvements in profile control and undercut formation for lift-off
processes. Simulation of resist development is employed to model resist profile evolution and predict structural changes under varying
conditions. The comparison between experimental and simulated results demonstrates good agreement, confirming the validity
of the modeling approach. The study provides deeper insight into PMMA resist behavior and supports optimization of EBL process

parameters for improved nanoscale patterning accuracy.

Keywords: ELECTRON BEAM LITHOGRAPHY, RESIST PROFILE, PMMA RESIST

1. Introduction

Electron beam lithography (EBL) is a key nanofabrication
technique enabling high-resolution patterning for micro- and
nanoscale device fabrication. The final pattern quality is strongly
governed by resist profile evolution during exposure and

development, which determines critical dimensions, sidewall
geometry, and overall fidelity.
Resist profile formation depends on multiple process

parameters, including exposure dose, accelerating voltage, resist
thickness, and development conditions. In commonly used resists
such as poly(methyl methacrylate) (PMMA), systematic studies
have shown a strong dependence of resist profile and proximity
effects on lithographic parameters [1]. Further investigations
confirm that both exposure dose and resist thickness significantly
influence sidewall shape evolution [2].

A major limitation in EBL is the proximity effect caused
by forward and backscattered electrons, which leads to undesired
exposure in adjacent regions. This effect is strongly influenced
by substrate and resist material properties, as demonstrated
in studies of HSQ resist on TiO, thin films [3]. Similar sensitivity
to process conditions has been reported for negative-tone resists
such as AR-N 7520, where optimization of lithographic parameters
is essential for improving pattern fidelity [4, 5]. Comparative
analyses of different negative resists further highlight variations
in resist behavior depending on material composition and
processing conditions [6].

Multilayer resist systems, including bilayer and trilayer
configurations, have been introduced to improve process flexibility
and profile control. PMMA-based multilayers on SiO, /Si
substrates enable improved undercut formation and are widely used
in lift-off processes. Their effectiveness has been demonstrated in
trilayer system studies [7] and detailed bilayer investigations under
varying exposure conditions [8].

Despite extensive experimental progress, accurate prediction
of resist profile evolution remains challenging due to the coupled
effects of scattering, material response, and process parameters.
Therefore, integrating experimental analysis with simulation
is essential for deeper understanding and process optimization.
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This work presents a combined experimental and simulation
study of resist profile evolution in EBL, focusing on the influence
of key lithographic parameters and their correlation with profile
formation mechanisms.

The goal of this work was to optimize EBL process parameters
for the fabrication of diffraction line gratings with periods of 600—
800 nm for applications in optoelectronics, particularly in devices
where light interacts with electronic or photonic systems, including
optical sensors, spectrometers, laser systems, photonic integrated
circuits, fiber-optic communication, and others.

2. Experimental Part

Electron beam lithography (EBL) was performed using
a ZBA21 (Vistec Electron Beam, Jena) system at an acceleration
voltage of 20 keV. The electron beam was defined as a rectangular,
variably shaped beam cross-section with a homogeneous electron
energy distribution (tolerance 10%). For line grating exposure,
a nominal shot size of 100 x 3000 nm? was used to provide
geometric proximity effect correction, with the aim of achieving
a final line grating with a 500/500 nm line/space ratio.

The beam current density was set to 800 pA/cm? ensuring
a balance between exposure speed and resolution. A bilayer resist
system based on poly(methyl methacrylate) (PMMA) was
employed to facilitate high-resolution pattern transfer and
appropriate lift-off behavior. The total resist thickness was 550 nm,
consisting of a 100 nm layer of 950 PMMA A2 (top layer) and
a 450 nm layer of 495 PMMA A6 (bottom layer).

The PMMA bilayer was spin-coated onto a substrate composed
of 100 nm thermally grown SiO, on a 350 um Si wafer, providing
a mechanically stable and electrically insulating platform suitable
for microelectronic device fabrication. The PMMA bilayer consist
of 495 PMMA A6 (Kayaku) thin film with the thickness of 450 hm
(bottom layer) and 950 PMMA A2 (Kayaku) with the thickness
of 100 nm (top layer). Both thin films were separately prebaked
at 170°C on a hot plate for 5 minutes. The resist thickness was
measured using the profilometer Alphastep.

Following exposure, the resist was developed in a solution
of MIBK:IPA (1:3) for 60 seconds, followed by rinsing in isopropyl
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alcohol (IPA) to terminate the development process and reduce
residual swelling effects.

Test structures consisted of line gratings with line-to-space
(L/S) ratios of 100/500 nm and 100/700 nm, designed to evaluate
resolution limits, dose uniformity, and pattern fidelity under
the selected lithographic conditions. The resulting patterns were
subsequently observed and measured using scanning electron
microscopy (SEM) FEG 250 (FEI, USA).

3. Results and Discussion

Optimization of exposure dose for line gratings with 600-800
nm period fabricated by EBL is one of the most critical process
steps because the optical performance depends strongly on the final
linewidth, duty cycle, and edge quality.

Key problems include proximity effect (PE), line edge
roughness (LER), stitching errors, resist collapse, dose control
sensitivity (dense gratings require very precise electron dose
calibration), limited throughput (EBL is a serial writing technique
so large-area gratings require long exposure times), charging effects
on insulating substrates), development nonuniformity (resist
development can vary across dense periodic structures), thermal and
mechanical drift due to a long write times, and finally pattern
fidelity transfer during etching (after EBL, the patterns
are subsequently transferred into the substrate using reactive ion
etching).

PE is caused by electron scattering within the resist and
the substrate. Primary electrons generate backscattered electrons
(from the substrate) and secondary electrons (from the resist), which
lead to unintended exposure of nearby regions.

Partially, PE depends on beam energy (higher energy leads to larger
backscattering range in substrate), resist thickness (thicker resist
causes more forward scattering), substrate material (higher atomic
number of substrates increase backscattering), and pattern density
(dense periodic structures enhance cumulative exposure overlap).
For dense gratings with 600-800 nm pitch, this can result
in linewidth broadening and distortion of the resist profile,
so proximity effect correction (PEC) is required.

Although using a variable-shaped beam (VSB) in electron beam
lithography (EBL) increases the throughput of large-area line
grating fabrication, it also introduces additional limitations when
fabricating gratings with a 600-800 nm period. In our case,
the ZBA21 equipment is characterized by a minimum beam size
of approximately 100 nm and an electron energy of 20 keV. In this
case, the dose optimization becomes especially sensitive due
to forward scattering and proximity effects as the proximity effect
typically extends over a lateral range on the order of a few
micrometres (= 1-5 pm) in many resist/substrate combinations,
depending on material properties and substrate atomic number.

To optimize the EBL process parameters for the fabrication
of line gratings with periods in the range of 600-800 nm, both
geometrical and exposure dose corrections were employed. Initially,
geometrical correction was established. For gratings with a period
of 600 nm, L/S of 100/500 nm was defined, whereas for gratings
with a period of 800 nm, a line-to-space ratio of 100/700 nm was
used.

Subsequently, exposure dose correction was carried out using
a standard dose test, in which the exposure dose was systematically
varied within the range of 360—1560 pC/cm2.

An important part of this work is the characterization
of the PMMA resist sidewall shape. Resist linewidths were
measured on PMMA resist bilayer cross-sections along the resist
thickness at five different levels - at the resist thickness (L4), at 50
nm below the PMMA resist thickness (L3), at the middle
of the resist thickness (L2), at 50 nm above the substrate (L1), and

at the substrate (LO), in order to obtain data for resist sidewall
profile simulations.

In Figure 1 are compared sidewall shapes in case of 550 nm thin
bilayer of PMMA for line dense grating: (a) L/S 100/500 nm and
(b) L/S 100/700 at the same exposure dose 520 pC/cm?.

The same comparison is shown for exposure dose 600 puC/cm?,
in Figure 2, and for exposure dose 760 uC/cm? in Figure 3.

(a)
Fig. 1 Comparison of sidewall shapes in case of 550 nm thin
bilayer of PMMA at the same exposure dose 520 uC/cm? for line
grating: (a) L/S 100/500 nm and (b) L/S 100/700.

67

(@) (b)
Fig. 2 Comparison of sidewall shapes in case of 550 nm thin

bilayer of PMMA at the same exposure dose 600 xC/cm? for line
grating: (a) L/S 100/500 nm and (b) L/S 100/700.

@

(b)
Fig. 3 Comparison of sidewall shapes in case of 550 nm thin

bilayer of PMMA at the same exposure dose 760 xC/cm? for line
grating: (a) L/S 100/500 nm and (b) L/S 100/700.

The comparison of sidewall profiles in 550 nm thin PMMA
bilayers reveals a strong dependence of pattern fidelity on both
exposure dose and line-to-space ratio.

The results demonstrate that exposure dose plays a critical role
in defining the balance between resolution and profile quality
in PMMA based EBL. The optimal process window for
the investigated systems is observed around 500 - 600 pC/cm?,
where sufficient resist contrast is achieved while minimizing both
underexposure and overexposure effects. Furthermore, pattern
density strongly influences sensitivity to proximity effects, with
denser gratings consistently exhibiting greater sidewall distortion
across all exposure conditions. These findings indicate
the importance of dose optimization in conjunction with proximity
correction, which depends on the geometric arrangement
of the lines, to achieve a highly accurate line grating.

4. Simulation results

The profile linewidth (LW) values of the images after resist
development were measured at five levels along the bilayer PMMA
resist depth - at the resist thickness (L4), at 50 nm below the PMMA
resist thickness (L3), at the middle of the resist thickness (L2),
at 50 nm above the substrate (L1), and at the substrate (LO),
respectively (Figure 4).
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Fig 4. Details of profile measurement in the case of developed line
grating (L/S 100/700) in bilayer PMMA resists.

Based on profile measured data for the developed line grating
test structures L/S 100/500 and L/S 100/700 in bilayer PMMA
resists with thickness of 550 nm for exposure doses in the range
of 440 pC/em? to 1240 pC/em? a simulation study on the line
grating resist profiles and optimization procedure are performed and
results are discussed. The applied modeling approach (statistical
approach) [9] and its application enable a more precise
determination of the EBL parameters (such as an exposure dose D,
resist thickness, acceleration voltage, pattern dimensions, etc.)
on the quality of the obtained developed images in the studied
structures as well as to access the relations between lithography
process parameters and the shape (geometry) of the studied resist
images. The proposed optimization procedure makes it possible
to formulate recommendations regarding the controlled EBL
process parameters for obtaining vertical profile side walls.

The applied statistical approach [9] is programmed
and corresponding equations (1) and (2) for both grating test
structures and data of practical importance for the geometry
characteristics of the developed profiles in the studied resists
structures are obtained and they determine the shapes of the resist
images which are important for the quality of the obtained
structures. According to the values of the determination coefficients
R? (around 92%), a good correspondence between experimental
data and calculated by the model equations (1) and (2): Y - half
profile linewidth for L/S 100/500 nm, Y, - half profile linewidth
for L/S 100/700 nm is seen:

(1) Ypwi= 147.3+54.8x1-11.53x2-20.24x1x2+12.23x1x1x2
(2) Yz = 194.18+70.12x3-14.78x4-15.77x3x3-23.04x3x4

where x1 is the dose of exposure and x2 — the resist thickness
coded parameters for L/S 100/500 [9], and x3 and x4 are the same
parameters for the case of L/S 100/700, correspondingly.

To obtain profiles with vertical side walls in the investigated
bilayer resists system, the following optimization criterion
is proposed: d = LW(L3) — LW(LO), where LW(L3) and LW(LO)
are the profile line width at the resist levels L3 and LO (Figure 4),
respectively. Evaluated equations (based on the experimental data)
for the proposed criterion as functions of the exposure dose for line
gratings in PMMA bilayer resists were obtained. The values
of the coefficients of determination are around 99% for both studied
structures, which indicate that the models exhibit minimal errors.
Figure 5 shows the dependences of the values of d on the dose
of exposure for the studied gratings L/S 100/500 nm and L/S
100/700 nm. The optimal EBL process modes according
to the optimization criterion d are reached for the exposure doses
(D) for which d=0 and the values are: Dgy1 = 504 uC/em? for LIS
100/500 nm and Dgy, = 613 pC/em?® for L/S 100/700 nm,
respectively.
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Fig. 5. Dependence of the value of the criterion d on the exposure
dose for the grating test structures L/S 100/500 nm and L/S 100/700
nm in bilayer PMMA resists.

Figure 6 presents the simulated optimal developed profiles
(with near to vertical sidewalls) in the studied PMMA bilayer resists

systems for the corresponding exposure doses according
to the optimization criterion d.
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Fig. 6. Optimal developed half line profile in the bilayer PMMA
for: (a) D = 504 uC/em?® for LIS 100/500 nm, (b) D = 613 uC/em?
for L/S 100/700 nm.

Figure 7 presents a comparison between experimental profiles
and simulated ones in the studied line gratings L/S 100/500 nm and
L/S 100/700 nm in the bilayer PMMA for 600 pC/cm’® dose
of exposure. The results show a very good agreement between
the experimental and model developed profiles for both cases.
The results also demonstrate that reduced line spacing significantly
enhances proximity effects, leading to increased distortion
of the resist profile.

5. Conclusions

Accurate modeling of resist profile shape is essential
for optimizing e-beam lithography processes, especially
for submicron grating structures, where proximity effects and
the development process strongly influence the fidelity
of the resulting pattern. This work presents experimental and
simulation results for resist profile formation for periodic line
gratings with line/space dimensions of 100/700 nm and 100/500
nm. The applied developed simulation approach is based
on experimentally measured linewidths along the resist profile
under varying exposure doses. The optimal process window
for the investigated patters is around 500-600 pC/cm?. The results
demonstrate that reduced line spacing significantly enhances
proximity effects, leading to increased distortion of the resist
profile. Incorporating experimental linewidth measurements enables
more accurate process modeling and improved optimization
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of nanoscale EBL patterning for advanced nanofabrication
applications.
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Fig. 7. Comparison between half profiles developed for line grating
L/S 100/500 nm (line 1) and line grating L/S 100/700 nm (line 2) in
the bilayer PMMA resists with 550 nm thicknesses for the exposure
dose of 600 uC/cm?; experimental data () and simulated (solid
lines).
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Abstract: Based on waste biogenic calcium carbonate CaCOj; and silicon dioxide SiO,, polyphase materials with a predominant content of
calcium silicate phases and a limited presence of silicon dioxide were synthesized in laboratory conditions. When preparing the experimental
samples, solid-phase synthesis and thermal treatment modes with a maximum temperature of up to 1300°C were used. During the X-ray
phase analysis of the obtained experimental samples, the presence of Cas(SiOs); pseudowollastonite (dominant phase) was registered, -
Ca,Si0, and SiO, cristobalite. The main possibilities for further expedient modification of the used technological regimes are analyzed. The
prospects for potential application of the synthesized phases for the preparation of various functional materials are considered. The study is
consistent with modern trends in the use of technological approaches that allow the utilization of waste materials.
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1. Introduction

A main direction in the development of modern materials
science is the study of phase formation in various oxide systems in a
wide concentration and temperature range [1]. Based on the
established processes of phase formation, appropriate technological
approaches have been developed for obtaining materials with
different structural and operational characteristics [2-4].

Modern silicate technologies allow the production of a current
assortment of traditional, standard and innovative products with
successful market realization [5-9]. Industrial enterprises equipped
with specialized facilities (tailored to the specifics of the
technological methods used) have been built, ensuring the
implementation of cost-effective production processes and
obtaining materials with a certain phase composition and
appropriate functionality [10,11].

In this aspect, calcium silicates are considered a particularly
promising group of materials, for the production of which various
technological methods have been developed [12,13]: high-
temperature solid-phase synthesis, hydrothermal synthesis, sol-gel
synthesis, precipitation and others. Materials obtained through high-
temperature synthesis are characterized by a more distinct crystal
structure and lower porosity when compared to products prepared
through other technological methods (e.g. hydrothermal synthesis).

Calcium silicate materials combine a number of favorable
characteristics [12-18]: good mechanical resistance, thermal
insulation properties, moisture resistance, fire resistance, non-
flammability, workability, relatively low weight, biocompatibility,
recyclability, environmental friendliness, durability and a long
service life.

Tricalcium silicate CazSiOs (alite, 3Ca0.SiO, or C;S according
to CCN) and dicalcium orthosilicate B—Ca,SiO, (belite, 2Ca0.SiO,
or C,S according to CCN) represent a significant part of the phase
composition of Portland cement clinker and significantly determine
its characteristics [19]. As functional fillers, calcium silicate phases
are present in various product categories (plastics, rubber, paints,
paper, etc.) [12]. Various modifications of calcium silicate
biomaterials have been developed for use in implantology and
dentistry [20]. Dicalcium orthosilicate (Ca,SiO,) is applicable in the
food industry as an anti-caking agent [12].

Calcium silicate materials in the form of thermal insulation and
refractory elements (plates, slabs, blocks and others) are
foundactive use in modern residential, public and industrial
construction [14-18]. The performance characteristics of the various
products allow the implementation of modernenergy-efficient and
environmentally friendly design solutions with a high level of
safety. A standard approach is the construction of long-lasting
thermal insulation, interior partitions, suspended ceilings and other
structural and decorative interior elements, as well as cladding of
fireplaces, wet rooms and building facades [15-17]. Wollastonite
(CaSiO3) is a full-fledged, environmentally friendly and safe
alternative substitute for asbestos materials [14,15].
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Calcium silicate materials are used for the construction of
various fire protection structures in the energy, metallurgical,
chemical, silicate and oil refining industries and other
manufacturing sectors. In this aspect, an effective solution is the
construction of fire protection barriers and the lining of high-
temperature industrial facilities, chimneys, pipelines, various
industrial equipment, installations, doors, walls, ceilings, beams,
columns, shafts and metal structures [12,15].

During their normal operation, the materials do not emit toxic
products andlimit the development of fungal cultures on the
products.

The favorable performance characteristics of silicate products
and their importance for various economic sectors are a prerequisite
for the development of functional materials with the presence of
silicate phases [15]. The synthesis of materials with a phase
composition formed by the joint presence of various calcium
silicate and other phases (combining their specific characteristics)
allows the production of materials with diverse properties, adapted
to specific application possibilities [21]. At the same time, a current
environmental interest is the use of technological approaches that
allow for the effective and cost-effective utilization of various waste
raw materials, sustainable in the natural environment [22-25].

The main objective of the present work is to study the phase
composition of experimental samples obtained by solid-phase
synthesis based on waste biogenic carbonate raw material and
silicon dioxide SiO,.

2. Experimental procedures

When preparing the experimental samples, standard laboratory
equipment was used: a precision balance model RSV 200-2 KERN,
a Sartorius MSU225P analytical balance, a scale up to 10 kg, a
porcelain ball mill with a working volume of 50 L (rotation speed
up to 260 rev/min) and a set of grinding bodies, an "Astel"
laboratory dryer, a set of standard laboratory sieves, an agate
mortar, corundum crucibles, laboratory glass baths and others.

The thermal treatment of the experimental compositions was
carried out in a laboratory programmable muffle furnace (with
Kanthal Super heating elements), equipped with an electronic
programmer, allowing controlled change and maintenance of the
temperature regime parameters: rate of temperature increase and
decrease, isothermal holds, and others.

In the preparation of the batch compositions, waste biogenic
calcium carbonate CaCOj; and SiO, (Fused silica, Dupre Minerals
Limited) were used. As a promising raw material for introducing
Ca0 into the reaction system, waste shells (from marine organisms)
formed from calcium carbonate CaCO; were used. The provided
amount of waste shells was subjected to mechanical processing by
primary crushing and wet grinding for 24 h and drying treatment (at
90°C for 3 h).

The required quantities of the obtained fraction CaCO; (after
grinding) and SiO, were weighed, mixed and subjected to joint wet
grinding in a laboratory mill (for 3 h). After completion of the
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milling process, the compositions were dried (at 90°C for 3 h),
finally homogenized in an agate mortar and sieved (through a 0.315
mm sieve) to a suitable fractional composition. The prepared batch
compositions were placed in corundum crucibles (in an amount of
15 g) and introduced into the working space of the furnace before
the start of the thermal treatment.

The thermal treatment of the compositions was carried out in an
air environment by applying two temperature regimes with three
isothermal holds and different maximum temperatures:

- first temperature regime 900°C (30 min), 950°C (30 min) and
maximum temperature 1250°C (1 h);

- second temperature mode 900°C (30 min), 950°C (30 min) and
maximum temperature 1300°C (1 h).

After completion of the heat treatment, the samples were
subjected to free cooling (in the furnace space) to room
temperature.

The experimental samples were studied with a PANalytical
Aeris X-ray diffractometer with Cu-Ka radiation (A=1.5406A)
and 6-0 Bragg-Brentano geometry. The initial X-ray diffraction
patterns were obtained at room temperature, constant scanning
speed and reflection angle 20 in the range 7-90° with a step of
0.02°. The obtained diffractograms were interpreted using the PDF
2-2022 database, ICDD.

An Epsilon 1 spectrometer (Panalytical) with an Ag X-ray tube
at a voltage of 50 kV and a maximum power of 10 W was used to
determine the elemental composition.

3. Results and Discussion

Based on waste biogenic calcium carbonate CaCO3 and SiO,,
polyphase materials with a predominant content of calcium silicate
phases and a limited presence of silicon dioxide were obtained in
laboratory conditions. In preparing the experimental samples, solid-
phase synthesis was used, carried out through two heat treatment
regimes, characterized by the application of two intermediate
isothermal holds (at 900°C for 30 min and 950°C for 30 min), but
with different maximum final temperatures at 1250°C and 1300°C
for 1 h (Figure 1).

Fig 1. Fragment of an experimental sample, obtained at a maximum
temperature of 1300°C.

The X-ray phase analysis (Figure 2) revealed the presence of
Ca;3(Si03)3 pseudowollastonite (PDF 01-089-6485),3-Ca,SiO4 (PDF
01-077-0388) and SiO; cristobalite (PDF 01-076-0939).

3000 i
Cas(SiOs)s, pseudowoliastonite, PDF 01-089-6485
B —CazSiO4, poF o1-077-0388

2500 4 SiOz2, cristobaiite, PDF 01-076-0939
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Fig 2. X-ray phase analysis of an experimental sample, obtained
at a maximum temperature of 1300°C.
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The oxide content of the experimental samples was
determined (Table 1). The obtained samples showed the presence of
oxide impurities in different concentrations (Al,03-1.988%,
TiO,-0.098%, V,05-0.053%, Fe,05-0.071%, SrO-0.248%), which
is interpreted as a consequence of the use of waste biogenic raw
material and the specificity of the material of the laboratory
crucibles used.

Table 1. Oxide content determined.

Oxides Concentration, %
Al,05 1.988
SiO, 44.950
CaO 52.591
TiO, 0.098
V,0s 0.053
Fe,0s 0.071
SrO 0.248

The applied technological approach allows the use of the main
capabilities of classical solid-phase synthesis and successful
recycling of naturally sustainable waste materials of biogenic
origin.

The existing possibilities for potential application of the
synthesized polyphase material are determined by the specific
characteristics of the established phase composition.

A suitable prospective direction is the use of the material as a
full-fledged filler in combination with various polymer
compositions or binders.

Compositions prepared on the basis of the synthesized
polyphase material and additionally introduced plastic clays allow
the molding of blanks with a variety of geometries. The preparation
of durable samples is carried out after drying and final high-
temperature thermal treatment (according to a developed regime) of
the materials.

The considered technological scheme is applicable for obtaining
cladding elements, profiles and other products with specific
functional characteristics potentially applicable in construction and
other technical fields.

The obtained experimental results are a prerequisite for
optimizing the used technological regimes and further development
of an additional series of compositions. The main technological
direction is the implementation of synthesis at lower temperature
values and the production of materials with modified polyphase or
monophase composition (for a specific target need).

Appropriate technological modifications include the application
of mechanochemical activation of the compositions, limited
introduction of additional components, modifiers and appropriate
technological additives.

At the same time, the introduction of SiO, (into the
compositions) via a suitable waste raw material (with significant
economic importance) is considered a feasible option. This allows
the use of a cost-effective and environmentally friendly
technological approach based on two waste raw materials,
applicable for the introduction of the two oxide components into the
compositions.

4. Conclusions

In a summarized form, some of the prevailing trends and
prospects regarding the main areas of application of calcium silicate
materials are discussed.

Based on waste biogenic CaCO;3 and SiO,, polyphase materials
with a dominant presence of calcium silicate phases and a negligible
content of silicon dioxide were obtained.

The experimental samples were prepared in laboratory
conditions by classical solid-phase synthesis under thermal
treatment regimes up to 1300°C and isothermal retention of 1 h. The
approach used allows for effective and cost-effective utilization of
waste raw material, stable in the natural environment.
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The X-ray phase analysis of the obtained samples demonstrated
the presence of Cas(SiOs); pseudowollastonite (dominant phase),
B-Ca,SiO,4 and SiO, (cristobalite).

The presence of impurities (in concentrations from 0.053 to
1.988%) was found in the samples studied, which is due to the use
of biogenic waste raw material and the material of the crucibles
used.

The recorded phase composition is a fundamental prerequisite
for specifying the prospects for potential application of the obtained
material. The technological possibilities for the preparation of
various products with specific functional characteristics have been
analyzed.

Some of the existing opportunities for optimizing the conditions
of the technological regimes have been examined, in accordance
with certain further priorities.
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Abstract: The article deals with the assessment of the suitability of the manufacturing process and the analysis of the gear runout. The
measurements were carried out using the 3D measuring device Wenzel WGT 280. The Palstat CAQ software was used to evaluate the
process, while control charts for individual values and the sliding range were applied. The average value of the process reached 0.1460 and
the sliding range was 0.00409. The suitability of the process was assessed using the Cp and Cpk indices with a required value > 1.33, while
the calculated values were 1.47 and 1.34. The results confirm that the monitored process is suitable. Subsequently, a comparison of the
runout before and after heat treatment - nitriding was performed. The specified tolerance limits (0 um to 0.0320 um) were not exceeded,
which confirmed the satisfactory state of the process even after the treatment.

Keywords: QUALITY, PRODUCTION PROCESS, CONTROL DIAGRAMS

1. Introduction

The approach to managing an organization is no longer just a
competitive advantage, but also one of the conditions for
certification. The competitive environment leads organizations to
deal with their processes and look for opportunities to improve
them. [12] The power of the customer has increased the importance
of marketing specialists who study the market and look for new
forms of competition. Price is no longer the only decisive factor. It
is precisely due to the influence of the competitive environment that
the problem of insufficient adaptability of companies with a
traditional organizational structure has become apparent. Process
organizations with effectively functioning quality management are
able to respond quickly to changes and maintain or improve their
position in the market. [1] However, not only the ability to respond
quickly to changes, but also the willingness to accept change as an
everyday part of the organization's life is a key factor in success. [4]
Just as product development time is constantly shortening and it is
necessary to constantly seek new improvements and innovations, an
organization must, if it wants to be successful, take this attitude not
only to its products, but also to its processes. Appropriately selected
monitoring and measurement of processes will reveal weaknesses in
the organization, which are also opportunities for process
improvement. [11] The quality system is primarily about continuous
improvement of everything that happens in the organization and
therefore affects practically all company processes. Improvement is
a de facto necessity for organizations operating on the market. [7]
Whoever stops improving will be overcome by the competition.
Quality management and improvement are therefore a key and
natural part of the normal management of successful organizations.
(6]

We focused on the gear manufacturing process and the
measurement of gear runout on the Wenzel WGT 280 3D
measuring stand. [3] We will evaluate the suitability of the
manufacturing process using the Palstat CAQ software. Control is
used in cases where it is not possible to create logical subgroups. [2]
Finally, we will compare the gear runout before and after heat
treatment - nitriding at an external supplier, how large the
deformations were there and whether the prescribed tolerance value
was observed.

There are various suitable methods for this type of quality
improvement in organizations, and it is up to them which method to
use in improving quality in their conditions. [10]

Nowadays, product quality is constantly improving, so it is
more than necessary for organizations to place high emphasis on
quality management and monitoring. It is imperative to ensure that
the products are of the highest quality. This is what the
competitiveness of the organization and its survival in the
constantly changing market are built on. [5] The introduction of
statistical methods is an important tool for organizations to control
the state of processes, which helps to correct and improve the final
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products. Therefore, in my diploma thesis, | decided to focus on the
use of statistical methods in production processes. [8]

In the article, we focused on evaluating the capability of a
selected production process using the Palstat CAQ software. Using
the control diagram for individual values and sliding range and
using capability indices, we determined whether the production
process is capable. Finally, we compared the measured values of
runout before and after heat treatment. [14]

2. Materials and Methods

Different types of gearing can be seen in mechanical
engineering, automotive, aviation and other industries. The wide
application of gears in mechanical engineering and in everyday use
has led to the emergence of a large number of methods for
producing gears. The production method and the technology used
are chosen based on the requirements for gear accuracy.

In a manufacturing organization that produces gears, we
selected 50 consecutively manufactured wheels per shift and
focused on gear runout. The measurement was carried out on a
Wenzel WGT 280 machine. From the measured values, we will
determine the process capability and the sliding range in the Palstat
CAQ software.

Subsequently, we will focus on comparing the gear runout Fr.
We compare the measured values after production with the values
measured after heat treatment (nitriding). The measurement will be
carried out on the same Wenzel WGT 280 measuring machine at
the input inspection. We will compare the differences between the
measured values and make the average change in the runout Fr of
the gears. The component is made of ETG 88 — 44SMn28(1.0762)
material with a diameter of 100 mm. This steel grade generally
shows relatively good machinability on machine tools. Gear milling
(Fig. 2) on a Liebherr LC 180 milling machine (Fig. 1) using the
rolling method.

Fig. 1 Liebherr LC 180 milling cutter

Hobbing is the most common method of gear production. This
method uses hobbing cutters, which are cylindrical shaped cutters
that represent a worm that meshes with machined gear. The spiral of
the worm is interrupted around the circumference by milled grooves
that create the front surfaces of the tooth edges.
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Fig. 2 Part after milling
Performing an input inspection of gear deformation on a
Wenzel WGT 280 machine.

The Wenzel WGT280 (Fig. 3) is a 3D measuring device
designed for gear measurement. It offers a higher measurement
speed and therefore more efficient inspection from small to large
wheels. The software developed for this device provides optimal 4-
axis inspection and high measurement performance. The measuring
device is equipped with modular software packages.

Fig. 3 3D measuring machine Wenzel WGT 280

The monitored gear runout parameter (Tab. 1) Fr has a tolerance
value from 0 pm to 0.0320 pum.

Palstat CAQ Software Palstat CAQ and the modules it consists
of are computer software used to support quality management.
Palstat CAQ information software fully covers the requirements of
ISO 9001, ISO/TS 16949 and also the requirements of VDA
(Cablova 2013). The software was created based on the
optimization and increase of the performance of the quality
management system. Its main task is the regulation of variable
quality characteristics with normal distribution. Production process
control and statistical analysis follow each other and stabilize the
production process in three steps:

= determine the instability of the production process,
=  bring the production process from an unstable to a stable
state,
= try to maintain the process in a stable state
Quality monitoring:
- Supplier evaluation — monitoring their performance,
- Monitoring, measurement of production processes — SPC —
statistical process control,
- Monitoring, measurement of parts / products, dimensional
control and functional tests,
- Incoming inspection — parts and products,
- SQC - production control,
- Inter-operational inspections of parts / products,
- Output inspection — parts and products.
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Tab.

Mating gear: BM1-6 / Center distance a = 35,00 mm

Finizh
hebbi
BO6-R2-6-FT
63,03-0,02
59,77
0,65
84
+0,05832
20°
27°R
9,00

Description Symbal

Tip diameter [mm]
Rootdiameter [mm]

Module [mm]
No. of teeth
Theoretical profile shift factor (zero backlash)
Pressure angle [*]
Helix angle [*]
Tooth length [mm]
Chordial dimension over two teeth
Chordial dimension over two teeth min [mm]
Chordial dimension over two teeth max [mm]
No. of teeth forspan measurement
|Diametral dimension over balls
Diametral dimension over balls min [mm]
Diametral dimension over balls max [mm]
Ball diameter [mm]

Tlmlr = |« |3 |a|2

24,9935
25,0171
13

62,6276
62,6945
1,10
0...0,10
512
2,5829
8+2
R
0,25...0,40
9..12
1...1,50
650450

0,455

Tip chamfer [mm] hy

Tip relief [um]

Mesh distance [mm]

Crowning [um]
<IN Quality
Gas nitrocarburisation depth [mm |
Compound layer thickness [pm]
Oxidisation layer thickness [um]
Surface hardness [HV]

Radial size of addendum reduction
Eachining allowance [mm]

3. Results

Gears are among the most important machine components. As
more and more high-speed and high-performance machines are
used, which must have high efficiency and quiet operation, ever
greater demands are placed on gears for accuracy. The demands
placed on gears depend on the conditions and purpose of their use.
Gears have different shapes and therefore it is necessary to use
different types of measurements of individual quantities.

In terms of correct engagement and torque transmission, the
gears that mesh together must meet the following conditions:
= Accuracy and correctness of the tooth thickness,
= Accuracy and correctness of the tooth shape and tooth
surface quality
= Minimum runout.

A sample of 50 gears selected by us is measured on a Wenzel
WGT280 3D measuring machine (Fig. 4). The basis for accurate
measurement is the cleanliness of the machine and degreased,
deburred gears (Fig. 5). The measured gears were stored at the
measuring center for 24 hours at a temperature of 21°C to prevent
the occurrence of factors affecting the measurement results.

Calibration of the measuring device consists of two parts:

- calibration of the diameter of the measuring contact,

- calibration of the axis of the device.

Starting the measurement program — the measuring probe finds a
reference point and centers itself. The evaluation is determined on 4
teeth at 90° apart and evaluates the side and profile of the tooth from
the measured values. It then measures the spacing of each tooth and
evaluates the tooth runout based on the measured values.

Fig. 4 Calibrating the measuring probe
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Mounting the measured gear into the fixture.

Fig. 5 Gear measurement

Tab. 2 Measurement report

H Profile and Lead Inspection (1/2)
8 BG06-R4-1/BAU2500710/Finish Hobbing BGO6-R4-1 #20,
= [Remark: [Unit of measure: mm —c 005
Operator: T. Kiuciar |
Order-No.: 10847453
[2:58 [an: 20°00" |Db: 55.2426 [x 0365734 I
mn: 1 [8-10°00° L |D0: 58.8947 [b:15 |
iameter \h /{
b
L 120
mm
= =
6230 8230
i 3 g ) o il 30
B o i e B TR \ I
20
m
5001 8027 80.27
5063 ( 59.63
@ e (
58.04 } J 5804
§ |iowpenss
S v 100mms | I O n
§[DIN3867/2] Q | [.] | x | #44 | #30 | #15 | #1 [Tooth| #1 | #15 | #30 | #44 | x | [.] | Q
& |3 Jooneo| 23] 24] 29| 28] 14| Fa 28] 14 21 21| 2100160 3
| =8 =8 4 [0.0n20| 1 1.7] 1 29 09| fia 2.8 1.1 13| 1.6} 1.7/0.0n20] 4
i =4 =4 | 4 [wonco] 0 18] -2 01] 05[] fHa 01] 08 4] -18[ 0.1[omos 3
£ 6.0i00[ 6 74 @8] 47| 81 Coa | 74| 102| 03| 80| 87/60100
g [T
: o
2 2500
g mm
| it
& A i | \y\ Y 13
g | \
2l » | | { \ I\
3 m ) 3 i
i7" | {1 \ | !
-
: [ ] |
8| ? { | | * ) | e
H ot Lt
: i
3 | /
i . \ i , ! {
- } J ( 7
/ / {
) { J / |
1.50 4 i/ 1.50
- o — T = o
.. [ca:s0sm0%
2 |La:80>100%
& |Lowpass 4 N on
£ [v100mms | © o4 &
3 Q [ [.] | x | #44 | #30 | #15 | #1 [Tooth| #1 | #15 | #30 | #44 | x ] Q
] 00/90 47| 67| 56| 27| 39 F8 27| 28] 17| 27 25/0.000]
] [00/55] 27| 34| 34| 19| 22| f8 23] 18] 15| 14] 18]0.0/55) |
H |6000| 34| -60] 37| -1.2| -25 M8 | 04 12| 02| -24] 013080 |
z [6onoo] 76| 77| 73| 72| 81 c8 82[ 91| 84 83 8560100

The actual curves of the profiles are translated by theoretical
curves and are projected into straight lines (Tab. 2). These curves
should ideally be symmetrical. If they are not symmetrical, this is
due to the angular deviation of the profile. In reality, care must be
taken to ensure that their dispersion is as small and one-sided as
possible.
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woT

TGear 566420214 (Evaluste) / WGT280 | 25.01.2020 00:41:42 / Inspecior. operstor | G\Gear_§

() metrolex GmbH 2.49.0-19127

Pitch and Runout Test (2/2)

liéo's-ﬁin /BAU2500710/Finish Hobbing

[BGO6-Ra-1 #20
Remark! |Unit of measure: mm =0 e05]
Operator. T. Kiuciar |
Order-No.. 10847453 .
258 an: 20°00" Db: 55.2426 [x 0.365734 I
mn 1 [8-10°00° L D0: 58.8947 [o:15
Standard_| = =0 | [ | Acual [ Mn_ | Max
i
®
= 1 2
20
pm
o
T—r
| 8 | 4 | 14,0 3.0] #13] #40|
| 8 | 4 18.0 43| | #13]
[ [ [ 18] [
o e e ol o on L;n
]
[T DIN3se62 | o | 8 | 6 14.0] 54] #55] E
DIN 3961/62 W | 8 | 7 18.0] 98| #55
[ fum | | 40|
Fp
LB
. ;-
20
um —
v
B s
[ 7\ [DIN3%1/62 | Fo g | a4 7 50.0] 13.9] #31] |
DIN3961/62 | Fpzis T e, T | 32.0] 67 #12 #19
Fp o
s 3 . s
20 o
pm ¥ PSPl L 55 o B3 it I
—— VF‘L‘—’_‘—‘—\_rL,__m _‘JJ_\;'J_LL_J—\_W{
g S
v
- i
¥\ [oiN3esiez | Fp 8 I | 50.0] 18.9] #24] ;sq
[DIN3961/62 | Fpz/8 8 | 5 | 320 o] #35) #42
Fr ®
o sz
20 =1 a
um
S [ s o B = Sl = m BT fa}
T ; S B s i 2 2 B U g
v
Q 84 |
[DIN3961/62 | Fr [ 8 6 [
Task __Actual Min.__ | Max. |
Span 232036] _ 23.1980] 232081
Dim. over two balls(D= 1.750, 2= 7.500) 81 3699[ 61.9656! 61.9739)
Task Actual |

[Diameter: Tip circle ()= 7.500 (4P)

62.041

|Diameter: Root circle (Z)= 7.500 (4P)

4

57.1660]

Results from Palstat CAQ software

Grasacaa

S s GRARWGES, B0 5.4 A s
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Product quality depends on a properly set and statistically

managed process. Certified organizations strive to create the most
suitable conditions for managing their process, which includes all
quality tools and methods.

Comparison of gear nmout before and after heat treatment

4 gear before heat treatment, ym ~  gear after heat treatment, ym

Fig. 7 Comparison of gear runout before and after heat
treatment

The table we created shows the differences in the measured
values of gear runout before and after heat treatment (Fig. 6). All
values are in the given tolerance field from O ym to 0.0320 pm.
When comparing, we can notice that not all values increased (Fig.
7), but in some cases we got below the basic value, which results in
surface deformation during heat treatment in our case of nitriding.

In the presented article, we investigated the capability of the
production process. We evaluated the control charts for individual
values, sliding range and process capability indices. They showed
us that the process is in a capable state. By introducing control
charts to other production processes, the organization can reduce the
number of non-conforming products to a minimum. By applying
them and with the help of the developed methodology, they can
identify definable causes, eliminate them from the process and
minimize time and economic losses. Process capability verifications
can be applied to almost any process, improving an organization's
competitiveness.

4. Conclusion

A perfectly designed quality monitoring in the production
process must be understood and controlled by employees, whose
task is to know the goals and quality policy. Meeting these goals
should be their priority in order to meet the demanding
requirements of all customers. An organization that wants to
progress should pay great attention to improving quality and
proactively seek opportunities for its improvement. And that is why
it is a never-ending process that includes not only employees, but
also all activities and departments.

Measuring instruments have a leading position in the field of
quality. It is very important that the values measured by the relevant
devices correspond to reality even after a certain period of use of
the measuring instrument. It is advisable for organizations to use
adequate measuring instruments, appropriate measurement and
monitoring methods, and also to use the necessary documentation.
This consists of operational procedures that precisely indicate and
standardize how it is necessary to proceed in the individual steps
when performing a measuring operation.

Any deviation or inaccuracy from the required values can be
detected by measuring products. Whether the product is satisfactory
can then be determined according to the tolerances given. If it is
not, it is necessary to suspend production and take the necessary
measures so that customer satisfaction is not jeopardized.

In the article, we focused on the measurements of gears and
their tooth runout. The runout of the tooth flanks results in uneven
gearing, uneven engagement, noise and vibration of the system.
Therefore, together with the quality requirements, zero or as little
runout as possible is most appropriate. This deviation is caused by
improper clamping of the workpiece during gearing or machine
instability.
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H3noasBane Ha MathCAD 3a pemaBaHe Ha mpo0JeMHu U3 00J1aCTTAa HA 3¢eMHATA MEXaHUKA U
(pynaupanero

Slcen MuxaiinoB
brarapus

Peztome: B nacmoawus 0okaao ce pazenedxcoa usnonzeanemo va MathCAD 3a pewasane Ha 3a0ayu om 001acmma Ha 3eMHAA HCMEXAHUKA
u gynoupanemo. [obpe uszgecmen gaxm e, ue nogeyemo 3a0auu C8bP3AHU CbC 3eMHAMA OCHOBA NPeOazam NPUIA2aHemo HA CILOJCHU U
Ovieu ananumuunu gopmynu. TpaouyuoHHo uzHUCTUMETHAMA medcecm ce pedyyupa 3a CMemKd U3NOA36aHemO HA 20Mmoeu mabiuyu u
Homoepamu. To3u nooxod obaue He uzenedxcoa HanwviHo ecmecmeen 3a 21 eex. Hacmoswama paszpabomka uma 3a yen oa noxasice
npedoumcmeama npu usnoazeanemo Ha Cucmemu 3a KOMIIOMbPHA aieedpa nped mpaouyuoHHO KOHCEPEAMUBHUME MemooU HA U3NON36AHe
Ha mabauyu u HOMO2pPaAMU.

Knatouosu oymu: Cucmemu 3a komniomespHa anzedpa, Mamkao, 3eMHA MEXAHUKA

Using MathCAD to solve problems in the field of soil mechanics and foundations

Yasen Michailov
Bulgaria

Abstract: This paper discusses the use of Mathcad for solving problems in the field of soil mechanics and foundations. It is well known that
most problems solved in soil mechanics offer very complex and long analytical solutions. Traditionally, the computational complexity is
reduced by using tables and nomograms. However, this still traditional approach seems a bit unnatural for the 21st century. The present
work aims to show some advantages of using Computer Algebra Systems over the traditional approach of using tables and nomograms.

keywords: COMPUTER ALGEBRA SYSTEMS, MATHCAD, SOIL MECHANICS

PemraBaeTO Ha KOHKPETHHU TMPAKTUYCCKU WHKCHCPHU HpO6J’IeMI/I ce

1. Bvsedenue pastiiekna B [6] m [13]. Tyk 1me pasriemame I[O-KOHKPETHO

Hacrosmmsar goxiam uWMa 3a ILel  Ja JEMOHCTpHpa BB3MOKXHOCTHUTE 3a M3MNOJI3BAHETO MY B 3aJadyd CBBbpP3aHHU CbC
U3MOJI3BAHETO HAa CHCTEMHUTE 3a KOMIIIOTbpHAa anredpa IIpu 3eMHaTa MeXaHuka u ¢ynaupaneto. Ille ce crmpeM Ha HAKOIKO
pemaBaHe Ha mpoOJieMHM M3 00JacTTa Ha 3eMHATa MEXaHHKa U 3a71a49M 3a IEMOHCTpanys Ha Bb3MokHOCTHTE Ha CKA ¥ B yacTHOCT
GynaupanoTo. B MCTOpHYECKM IUIaH CHCTEMHUTE 32 KOMITIOTHPHA Ha MathCAD.
anredpa (CKA) ce paspaboTBar M HW3MOJI3BAT OT OKOJIO YETHPU
necermnetns. IloBe4eTO OT TSX C€ M3ION3BAT IIMPOKO B 3.1. Onpedenane na nanpexcenusma ¢ nousama

HHXXEHEpHATa MPAKTHKA, 3apajii IIUPOKUTE UM BE3MOKHOCTH KaKTO
3a YHMCJICHW Taka ¥ 33 CUMBOJIHHU IPECMSTaHUS M MOCTPOSBAHE Ha
rpaduku. M3mexay muoxecrBoto CKA 3a Hacrosara pa3paboTtka
e npexamnouerena cucremara MathCAD. M360psT 1 € PpOJUKTYBaH
oT HaAKoJAKO obcrosrenctBa. IIepBo MathCAD mo3BonsiBa
BBBEXK/AaHETO Ha (OPMyJM Taka, KakTo Ce NHUIIAT Ha XapTwus,
W3MON3BAiiKN CTaHAAPTHH MareMaTHdecku cumBoiu. OCBEH TOBa
mporpamara Hpezjara HHTYWTHBEH HHTep(eic chyeTaH C TroleMu
H3YUCITUTEIIHN Bb3MOXKHOCTH.

Enxa ot 3amaunTe, KOUTO IIe pasriiefiaMe € ONpeIe/sIHETO Ha
HampexxeHusaTa B mousute. llle ce cpeM mbpBO Ha ompenensHe Ha
HAMPEeKEHUATA B MOJYIPOCTPAHCTBEOTO OT CHCPEIOTOUCH B TOUKA
ToBap. PemeHnero Ha Ta3W 3ajava € JAJeHO 3a IBPBH IBT OT
Boussinesq mpe3 1885 r. ToBa e OCHOBHa 3aga4ya U CIYy)KH 3a
M3XO/IHA TOYKA MPH OMpeIesIHE Ha HAMPESIKSHUETO OT Pa3IndHU 10
BUI TOBapu. B WHXKEHepHATa TPAKTHKA 4YeCTO Cce Hauara
ONpENesTHETO Ha HAMNPEeXKEHHWsATa B IOYBAaTa MOJ JACHCTBHE Ha
PaBHOMEPHO pa3lpe/ielieH TOBAp BBPXY MPABOBI'BIHA IUIOCKOCT.

ITopagm cTpoeka W TOBEIEHHETO Ha 3EMHaTa OCHOBa Haili-mpoctn u3pa3u 3a Hampe)KeHHATa Ce IOJydaBaT, KOraTo ce
N3YUCIIUTCIIHUTEC (bOpMyJ'lI/I H3I0J3BAaHU B 3€MHAaTa MEXaHHUKa 4YE€CTO pasriaexaar TOYKHM JICKAIlM Ha BEPTUKallaTa MHWHaBalla IIpe3
ca jocta cioxHu. OOMKHOBEHHO 36MHHSI MaCHB C€ Pa3riex/a, KaTo brioBa Touka. OOMKHOBEHHO C€ M3M0JI3Ba MeToza Ha Steinbrenner.
€JIACTHYHO TOJIyPOCTPAHCTBO, KOETO MO3BOJISIBA MPHJIAraHeTo Ha Ha ¢url e npeacraBena quarpamara Ha Steinbrenner.

METOAUTE Ha TCOpUATA Ha €JIaCTUIHOCTTA. MHoro 4decto 3a 1a ce
3a00MKOJIM H3YUCIIMTENHATA CJIOKHOCT C€ H3IO0JI3BaT Ta6HI/IHI/I u
HOMOTrpaMu. To3u moxxoxm obaue Beue He OTroBapsa Ha

N3pa3pT 3a HapeKeHNETo, KOeTO OCHOBHO HH HHTEpECyBa Ce
naBa ¢ popmyrara:

CBHBPEMEHHHUTE TEHIICHIWU. BypHOTO pa3BHUTHE HAa KOMITIOTHpPHATA LBz (L2 + B +27°

TE€XHHUKA I0O3BOJIABA 61)p30T0 U TOYHO H3YHUCIIBAHCTO Ha MHOI'O (1) o = q Z( + +ez )+arCtg LB
JKHU aHAJIMTUYHU U H. ‘Ta Ha HACTOAIIUAT K : 2_2 252 !

cJo aHai 3pa3u. Llenta Ha Hacrosmy JIOKJaja € Jia o0 R(RZ +LB) R

JIEMOHCTPUpPA TOYHO TE€3H BH3MOXKHOCTU C KOHKPETHH MPUMEPH Ha

NPUIIOKEHHE.

KBJICTO a HWHTCH3UTETAa HA PAaBHOMCPHO pa3npeACiICHUs TOBap,

z
2. Pewenue na konkpemnu 3adauu ¢ MathCAD L uBca crpanure na npapobremnmka, Ze apbn6ouuHaTa Ha

2 2 2
Kakrto Beue 0e crmomenato MathCAD moxke ma ce m3monsBa pasIiexK/aHaTa TOUKa, 8 R =L +B" +z -

YCIICNIHO B pelIaBaHe Ha peauia urikenepau npobiemu.B [1], [2]
u [3] npocnensBame uznonzsanero Ha MathCAD 3a periaBaHe Ha
3aja4M OT 00JacTTa Ha 3eMHaTa MexaHuka M QyHaupanero. Ilo-
00110 MPHUIOXKEHUE B MHXXEHEPHOTO OOYYEHHETO € Pa3IiIefaHo B
[4], [5], [71, [8], [91, [11]. B [12] u [14] ce mpencraBsi mpuiaraHeTo
Ha npyru CKA u mpuioXHOTO mporpamMupaHe Ha e€3uLu ¢ o0Io
npeJHa3sHauYeHHe B OOYYCHHETO [0 CTPOHMTEIHO WHIKECHEPCTBO.

KaxTo ce Bmkzaa ot ¢wur.l oTyera Mo HoMorpaMara € CBbp3aH ¢
HaJIMYAETO Ha M3BECTHA HETOYHOCT, a M3II0JI3BaHETO Ha (popmyaTa
€ CBBP3aHO C Pa3xoj Ha BpeMe 3a u3uMcieHue. ToBa MOXxe Ja ce
n3berte ycnemno upe3 m3nomsBaHe Ha CKA. Oceen toBa CKA
npeyiara 1 Bb3MOXKHOCTH 3a NapaMETPUYHO HM3CIIEJBaHE, KOUTO B
ciyyast Ouxa OMJIM MHOTO YAAa4HU.
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0.24 kbaero YV, e w3umcnutennata ¢ ¥,, € O3HAYEHO OCPEIHEHOTO
== - obeMHO Terjo Ha OeroHa Ha (yHIZaMEeHTa M oOpaTHATa 3acHUIIKA.
0.22—— -1.2 - Ocrananure o3HaueHMs ca aanend Ha ¢ur. 2. Ilocnemnara e
— N B3aumcTBana or [10], KakTo W yCIOBHETO Ha pelIaBaHaTa Mo-10iy
020 05 7] 3aaua. YacT OT Hy)KHHTE HH JaHHH ca MPECTaBeHH B Tabuma 1.
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0.00 =0 ®ur. 2 ]aHHHU 32 F€0TEXHUYECKO NPOEKTHPAHE
001 2 4 680 2 4 6810 2 4 6810
Values of n = I/z
@ur. 1 inarpama Ha Steinbrenner
Tabmuna. 1 IlouBenu nmoxazarean
4.2. Onpedensine Ha 3eMHUA HAMUCK AN
Xapaxrephcrivia Woumcamenia
Jpyrata 3ajada, KOSTO INe pasrieaMe € CBbp3aHa C i Iy
ompeeNAHeT0 Ha 3eMeH Haruck. Ille ce cmpem Ha TeopHsTa Ha CTORHOCT CHoiiHocT
Coulomb u npousnuzamure ot Hest GOpMyIIH 38 KOCPHUIIUEHTHTE HA 11 mowse I4CT -~ ITHOLCHOKA FAHAG,
aKTUBEH M TACHBEH 3€MEH HATHCK. B ChBpeMEHHHUs CH BUJ TE ca
wsenenn ot Muller-Breslau: HOMED 1A darpava Ha ciarane ;10
r 2
2110 =1l
sin (9 - (o) fi : b
-~ 7 1 1
i ¢, =10NIm" | 10 | ¢, =16kNIm’
@ K = sin & , t : 10 d
) \/sin((p+6)sin((p—a) L= | 10 | 7, = 1696 [’
sin(6+65)+ :
: sin(0-a) | S, =2k, =394
_ -, ¢=0§
sin(6+¢) W34mcimTenHaTa HOCHMOCTIOCOOHOCT Ha 36MHATAa OCHOBA CE
sing U3YHCIISBA T10:
®) K, = : : ,
" (79) \/5|n(go+5)sm(¢+a) A
sin(0-6) - . . . .
L Siﬂ(@—a) a (6) Rd :_(CNcSclcbc +quSq|qbq +0, 5}/B Nysrlrby),
Ry
KBJETO:
5.3. 3a0aua 3a onpedenane na uzuucnrumennama A'=L'B
HOCUMOCNOCOBGHOC HA 3eMHAMA OCHO6A L'=L-2e
B'=B-2e,
IlpoBepka HA HOCHMOCIOCOOHOCTTa HA 3€MHATA OCHOBA.
3BbpuiBa ce Ha 6a3a Ha CIICAHOTO HEPABEHCTBO: N, e™"tg ( 450 + _)
2
@V, <R, N, = (N, -1)ctge
KbAeTo V, e M3UMCIMTENHATA CTOMHOCT HA BEPTHKANHATA CHJIA HA N, = Z(Nq _1) 9o
HUBOTO Ha OCHOBHaTa IUIOCKOCT Ha ¢yHnamenra. [locnennata ce B'
noJy4asa 1o popmysara: s, =1+—sing
: L
(5)V, =V, +0,85y, ,LBD | s —1-0,32
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V, + A'c.cotgyp
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B
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1-b
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N tgep

Boeexaanero Ha popmynure B MathCAD u3uckBa cria3BaHeTo
Ha ONpeIelIcHa II0CIeI0BaTeIHOCT. Besika u3on3Bana NpoMeHINBa
Tpsi0Ba Beue 1a € OIpejelieHa Hpeau Ja ce I03Ba B JaJicHa
n3uhcnurenHa Qopmyina. Taka Hanpumep 3a Ja  IOJNYYUM
o 1=
=1 _rg(p’ TpsAOBa Tpead TOBa Ja HMaMe IPECMETHATO
c

Hd
1_—
V, + A'c.cotgep

Lle ce cnpem mo-moApoOHO Ha IMOCJTEOHATa 3afada. 3a IenTa
me u3non3Bame exHa ot pemeHute B [10] 3agaun u me cpaBHUM
nosydenure pesynratd. Cxemaruuno mpexncra Ha dur. 3 e
IPEICTABEHO YacT OT PEIICHUEeTO Ha TPeTaTa KOHKPETHO NMOCTaBeHa
3ajava.

!

S;i=1+ 7 -sin[(p] s,=1.351
Br‘
8,:=1-0.3- =7 5,=0.706
S,-IN,—1
= L9 L 8,=1.409
N1
_ H, T
V,+A -c-cot(tp}
] % /.= 0.942
.= —— 1.=U.
¢ % N,-tan(p) ¢
) Hd m+1 .
il = i,=0.919
Vy+A'c-cot(gp) k

®ur. 3 Pemenue ¢ MathCAD

Or ¢urypata e BUAHO, Y€ HAYMHA HA 3AMHCBAHE MAKCHMAJHO
Hanomo0siBa IHCAHETO INpU ,,phYHU” H3umcieHus. OCBeH ToBa
MOCHEAHUTE BepcHH Ha codTyepa MOABPKAT MHOro J00pe
KHPWIMIA M HMaT pasiuupeHa (YHKUHOHATHOCT 3a pabora c
TEKCTOBH €JIEMEHTH. T0Ba MpaBH OKOHYATENHOTO O(OpMsHE Ha
IPOCKTHATA WM YydeOHA MOKYMEHTAUWs B €IMH CAHHCTBEH
JOKYMEHT C IIOMOIITTa Ha eAnH equHCcTBeH codryep. Ha dur. 4 ca
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NPEICTaBeHH, KaKTO BB3MOXKHOCTHTE 3a paboTa C TEKCT, Taka M
BB3MOXHOCTHUTE 32 MHcaHe Ha nporpamer koa B MathCAD.

A
Ryi="—+(cNo+s,vip bt q-Nyo5,01,0 b, 40505 BN +5, i, b)
n

R;=1.82-10*

Mposepka:=if Ry>V,
” “NNOCKAAT PYHAAMEHT € OCHIypeH Ha 3aryba Ha HOCUMOCNOCOBHOCT Ha 3eMHaTa OCHOBa™
else
” “NACCKUAT GyHAAMEHT HE & OCUTypeH Ha 3aryba Ha HOCMMOCNOCOBHOCT Ha 3eMHaTa ocHoBa™

Tposepka = “NAoCKUAT GYHAAMEHT € OCUTypeH Ha 3aryba Ha HOCUMOCNOCOBHOCT Ha 3eMHaTa OCHoBa”™

@ur. 4 Bp3mo:kHocTH 32 nporpamupane ¢ MathCAD

buxme wMormm na pasmmpuM oOXBata Ha pasTIeXIaHUS
mpobjieM H C H3MON3BaHE Ha OoraTtusi HarjegeH Habop OT
rpaMyecKy Bb3MOXKHOCTTH Ha IIporpamMara.

Cpasaenuero Ha pesynratute ¢ [10], maBa mbJHO ChBIAgCHHE.
Tyk obaue W3YMCICHUSTA CE M3BBPLIBAT OYKBAIHO 3a CEKYHIU H
MOKEM MHOTOKPATHO JIa BApUpaMe C BXOJHHUTE JaHHH 0e3 1a ryOuM
JIOIBIIHUTEIIHO BPEME 3a TOBA.

3. 3aknrouenue

IpeaumcTBoTo Ha w3nmon3Banero Ha MathCAD e or exna
CTpaHa CBBP3aHO C JIECHOTO MPOBEKIAHE HA M3YHCICHHUSITA, KOUTO
Ouxa OTHENIH MHOTO BpeMe IPH H3BBPIIBAHETO MM C KalKyJIaTop.
Ot ppyra crpaHa MOXeM [a H3BBpIIBAME MHOTOKPATHO
pelIaBaHeTo Ha €THOTUIIHH 3aJa4yd NPU Pa3JIMYHN BXOJHU JAHHH.
W He Ha mocieqHo MACTO OMXME MOINIM Jia H3MOJI3BaMe C
He3HauuTenHu usMenenust rorosust MathCAD ¢aiin 3a usrorssite
Ha IPOEKTHA JOKYMEHTAIHsI.

OcBeH npu pellaBaHe Ha KOHKpeTHU MHxeHepHu 3ajauun CKA
MOraT TBBpJE YCIEIIHO Ja C€ W3MOJI3BAaT M KATO MHCTPYMEHT B
PO EeCHOHATHOTO OOYIEHHE.

Hpyro romsamo mpenuMctBo Ha CKA e BB3MOXKHOCTTa 3a
MapaMeTpPUYHO H3CIEABAaHE Ha JaJeH MpoOieM, KaKTo U JIECHOTO
W3TOTBsIHE Ha rpaMIHU NPE3eHTAOHHN MaTepHallu.
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Preparation and investigation of zr—-ti-sm-nd-al oxide coatings on glass via sol-gel
method and dip-coating technique
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Abstract: In the present study, multicomponent Zr-Ti—-Sm-Nd-Al oxide coatings were successfully synthesized via the sol-gel method and
deposited on glass substrates using the dip-coating technique. The preparation procedure involved the formation of stable precursor sols
and oxides based on zirconium, titanium, samarium, neodymium, and aluminum compounds, followed by controlled hydrolysis, aging,
multilayer deposition, and thermal treatment at 430 °C. The obtained coatings were investigated with respect to their structural,
compositional, and optical properties using X-ray diffraction (XRD), energy-dispersive X-ray fluorescence spectroscopy (XRF), and UV—
VIS-NIR spectroscopy. The experimental results demonstrated the successful formation of uniform and transparent oxide layers with
thicknesses ranging from approximately 39 to 57 nm, depending on the number of deposited layers. XRD analysis revealed the presence of
nanocrystalline monoclinic ZrO, as the dominant crystalline phase, while no separate crystalline phases related to Ti, Sm, Nd, or Al oxides
were detected, suggesting homogeneous incorporation of the dopants into the oxide matrix. Optical characterization showed high
transmittance in the visible and near-infrared spectral regions, close to that of the untreated glass substrate, indicating the suitability of the
coatings for optical and photovoltaic applications. The incorporation of rare-earth and aluminum-containing species contributes to
improved structural stability and functional performance of the coatings. The obtained results confirm that the combined sol-gel and dip-
coating approach is an effective route for the fabrication of multifunctional transparent oxide coatings with potential application as durable
self-cleaning and protective layers for photovoltaic panels and related optical systems.

Keywords: SOL-GEL, DIP-COATING, MULTICOMPONENT OXIDE COATINGS, ZrO,, TiO, RARE-EARTH OXIDES, UV-VIS-NIR
SPECTROSCOPY, XRD, SELF-CLEANING COATINGS, PHOTOVOLTAICS

1. Introduction layers, and high-temperature structural applications [5]. However,

pure zirconia undergoes phase transformations during heating and

In recent decades, the development of advanced  cooling, which may affect its structural stability. The incorporation
multifunctional oxide Coatings has become an important research Of additional OXideS or rare‘earth elements can Stabi“ze the Zirconia

field due to the increasing demand for materials with enhanced  Structure and improve its mechanical and thermal properties [5].
optical, thermal, mechanical, and chemical properties. Thin oxide _ The combination of TiO, and ZrO, in binary or
films are widely used in optics, photovoltaics, catalysis, sensors, ~ Multicomponent oxide systems has demonstrated significant
microelectronics, corrosion protection, and self-cleaning surfaces ~ Synergistic effects. TiO,— ZrO, mixed oxides often exhibit
[1]. Among the numerous fabrication technigues, the sol—gel improved thermal stability, enhanced surface acidity, better
method has emerged as one of the most attractive approaches for ~ Mechanical performance, and modified crystallization behavior
the preparation of multicomponent oxide coatings because of its ~ compared to the individual oxides [4]. Furthermore, mixed oxide
simplicity, ~ low  processing  temperature,  compositional ~ SYystems can suppress grain growth and delay phase transitions,
homogeneity, and excellent control over the microstructure and ~ resulting in coatings with improved structural homogeneity and
thickness of deposited films [1, 2]. dura_blllty [4]. Previous studies have shown t_hat TiO,— ZrO,
The sol-gel process enables the synthesis of inorganic and ~ coatings synthesized by sol-gel methods remain amorphous at
hybrid materials through hydrolysis and polycondensation reactions ~ temperatures where pure TiO, and ZrO, already crystallize,
of metal alkoxide or inorganic salt precursors [2, 3]. Compared with ~ indicating strong interactions between both oxide phases [4].
conventional ceramic processing methods, sol-gel technology Rare-earth elements are increasingly incorporated into oxide
offers several advantages, including high purity of the final ~ coatings because of their ability to modify optical, luminescent,
products, molecular-level mixing of components, reduced energy  dielectric, and catalytic properties [5, 6]. Samarium (Sm) and
consumption, and the possibility of depositing uniform coatings on ~ neodymium (Nd) are among the most promising rare-earth dopants
substrates with complex geometries [2]. In addition, the process due to their unique electronic con_flguratlons and chargcterlstlc f-
allows easy incorporation of dopants and modifiers, enabling electron transitions [6]. Rare-earth ions can create localized energy
precise tailoring of the physicochemical properties of the resulting ~ levels within the oxide matrix, influence charge carrier dynamics,
materials [3]. inhibit grain coarsening, and enhance thermal stability [6, 7]. In
Among various oxide systems, titanium dioxide (TiO,) and TiO,-based systems, rare-earth doping has been reported to improve
zirconium dioxide (ZrO,) have attracted considerable scientific ~ Photocatalytic efficiency by reducing electron-hole recombination
attention because of their excellent functional characteristics. TiO, ~ and extending light absorption into the visible spectral region [6, 7].
is widely known for its high photocatalytic activity, optical In zirconia-containing systems, rare-earth oxides contribute
transparency, chemical stability, non-toxicity, and hydrophilic ~ t0 phase stabilization, mcrease_zd ionic conduc_tlwty,_ and _|mproved
behavior [1,4]. These properties make TiO,-based coatings resistance to thermal degradation [5]. Cp-dopmg \_Nlth mixed rare-
particularly suitable for self-cleaning surfaces, photocatalytic earth oxides has also been shown to refine the microstructure and
purification systems, optical devices, and photovoltaic applications ~ improve sintering behavior of zirconia-based materials [5]. Such
[1]. Sol-gel-derived TiO, thin films have been extensively modifications are particularly important for advanced coatings
investigated due to their controllable crystalline structure and  OPerating under aggressive thermal or environmental conditions.
surface morphology [4]. ~ The incorporation of aluminum-containing species into
Zr0,, on the other hand, exhibits excellent thermal stability, ~ Multicomponent oxide systems can additionally improve coating
high hardness, low thermal conductivity, superior wear resistance, ~ adhesion, hardness, chemical resistance, and structural integrity.
and remarkable chemical durability [2, 5]. Zirconia-based coatings ~ Aluminum oxide phases are known for their excellent mechanical
are widely used in thermal barrier systems, corrosion-resistant  Strength and resistance to corrosion and wear [2]. The presence of
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Al species within Ti-Zr-based matrices may also influence
densification processes, pore structure, and thermal stability of the
coatings [2,3].

Among the available deposition techniques, dip-coating
remains one of the most effective and economical methods for
applying sol-gel-derived thin films. The technique allows precise
control of coating thickness through adjustment of withdrawal
speed, solution viscosity, and processing conditions [1]. Dip-coating
is especially suitable for large-area substrates and provides uniform
coatings with relatively simple experimental equipment [1,3].

Despite the growing number of investigations on binary and
rare-earth-doped oxide systems, studies focused on multicomponent
Zr-Ti-Sm-Nd-Al oxide coatings remain relatively limited. The
simultaneous incorporation of transition-metal and rare-earth oxides
into a single sol-gel-derived coating may provide synergistic
improvements in structural, optical, thermal, and surface
characteristics. However, the complexity of hydrolysis,
condensation, and crystallization processes in multicomponent
systems requires detailed investigation in order to optimize
synthesis conditions and understand the interactions between the
different oxide phases.

There are also many studies on the synthesis and properties
of sol-gel coatings deposited on hybrid materials and other coatings
[9-13].

Therefore, the present study aims to prepare Zr-Ti—-Sm—
Nd-Al oxide coatings using the sol-gel method combined with the
dip-coating technique. Particular attention is focused on the
synthesis procedure, formation of homogeneous oxide films, and
investigation of the structural and surface properties of the obtained
coatings. The influence of the multicomponent oxide composition
on the morphology, phase formation, and potential functional
performance of the coatings is also discussed.

2. Experimental procedures

2.1. Materials

Each chemical used for this study were analytical reagent
grade and were not futher purified before use. Zirconium
oxychloride octahydrate (ZrOCl,-8H,0), samarium oxide (Sm,O3),
aluminum oxide (Al,O5), neodymium oxide (Nd,O3), titanium(1V)
butoxide (Ti(OBu),), nitric acid (HNO;), acetylacetone (AcAc),
diethanolamine (DEA), ethanol (C,HsOH) and deionized water
were used as received without further purification. Microscope-
grade soda—lime glass slides were used as substrates /26x76 mm/.

2.2. Preparation of Sols

2.2.1. Preparation of Sol 1 (Zr-Sm—Al-Nd system)

The first sol was prepared by dissolving 7.297 g
ZrOCl,-8H,0 in ethanol under continuous stirring. Subsequently,
0.518 g Sm,05, 0.255 g Al,O5) and 0.515 g Nd,O; were added. The
mixture was acidified with nitric acid to promote hydrolysis.
Ethanol acted as the solvent, while DEA stabilized the sol. The
mixture was stirred for 5 h.

2.2.2. Preparation of Sol 2 (Zr-Sm—AIl-Ti system)

In a similar process, 8.048 g ZrOCl,-8H,0, 0.527 g Sm,0,
and 0.255 g Al,O; were dissolved in ethanol. Then 1.1 mL
Ti(OBu), was added dropwise under vigorous stirring. ACAc was
used as a chelating agent to control Ti(1V) hydrolysis.

2.3. Combined Sol Preparation and Hydrolysis Control

The two sols stayed 30 days and were mixed and stirred for
30 min. Hydrolysis was initiated by adding: 85 mL ethanol, 65 mL
deionized water, 10 mL HNOj3 and 2.5 mL AcAc. The molar ratios
were:

-Zr:Ti=273:1

-Zr:Sm=43:1

-Zr:Al=87:1

-Zr:Nd=27:1

- Ti(OBu)4 : AcAc=1:1.7

-H,O: (Zr+Ti)=16:1

-EtOH : (Zr+Ti)=72:1

The final sol was aged for 24 h.

3. Substrate Cleaning

Glass substrates were ultrasonically cleaned in acetone,
ethanol and deionized water.

2.4. Dip-Coating Deposition

The sol was filtered (0.45 pum). Films were deposited using
dip-coating at 25 °C and 40-50% RH with withdrawal rates. The
prepared sols were coated onto glass substrates using the dip-
coating technique at a draw speed of 5 cm/min. After each layer,
films were dried at 100 °C. Typically 3-5 layers were applied.

2.5. Thermal Treatment

Films were heated to 430 °C at 2 °C/min (1-2 h hold),
yielding transparent multioxide coatings.

2.6. Characterization - XRD, UV-Vis spectroscopy.

3. Results and Discussion

3.1. XRD analysis of Zr-Ti-Sm—-Nd-Al oxide
coatings

The samples were examined using a Philips X-ray
diffractometer PW 1030, with an X-ray source of Cu Ko radiation
(A = 1.5406 A) and 6-26 Bragg-Brentano geometry. The scan step
size was 0.025°, 10 s in the range 25-65° 260.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:
D = 0.91/B.cos6

D - average crystallite size /Average Crystallite size/

) - wavelength (in angstroms) - 1.54178 A /X-Ray
wavelength/

0- Bragg angle (degrees) - 26/2 /Bragg angle/

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

The tablel presents the elemental composition and thickness
of the obtained ZSATN coatings determined by energy-dispersive
spectroscopy (EDS). The results reveal the presence of the main
elements characteristic of the investigated multicomponent oxide
system — Ti, Zr, Sm, Nd, and Al — confirming the successful
formation of Zr-Ti—-Sm-Nd-Al oxide coatings on the silicate
substrate.

Table 1
Elements
Samples [wt %]
Al Si S | Cl K Ca Ti
ZSATN-1 1.42 7024 | 02 | 0.2 | 2.69 23,92 0.16
2 1
ZSATN-3 155 72.30 02| 01| 248 21.97 0.18
3 6
ZSATN-5 152 71.43 02| 01| 257 22.67 0.19
3 8
Samples Fe Sr Zr | Ba Nd Sm
ZSATN-1 0.29 0.13 01| 01] 019 0.28
4 1
ZSATN-3 0.26 0.12 01| 01| 0.20 0.31
4 1
ZSATN-5 0.27 0.12 01| 01| 022 0.34
6 1
Table 2
Layer
Samples

Thickness [nm]
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ZSATN-1 39.47
ZSATN-3 53.97
ZSATN-5 57.29

Observed that the contents of Si and Ca are the highest for
all samples, which is associated with the influence of the glass
substrate and the relatively small thickness of the deposited
coatings. In table2 is show with increasing number of deposited
layers from ZSATN-1 to ZSATN-5, a gradual increase in coating
thickness from 39.47 nm to 57.29 nm is observed, indicating
successful accumulation of the oxide layer during the consecutive
dip-coating deposition process.

The concentrations of Ti, Zr, Nd, and Sm remain relatively
stable for the different samples, demonstrating good homogeneity
of the sol—gel system and uniform distribution of the components
within the coating structure. The slight increase in the
concentrations of the rare-earth elements Nd and Sm in the ZSATN-
5 sample may be related to the increased coating thickness and the
higher amount of deposited oxide material.

The presence of small amounts of K, Sr, Fe, Cl, and S most
likely originates from the composition of the glass substrate or from
residual impurities associated with the precursors and technological
process. Nevertheless, the low concentrations of these elements
indicate relatively high purity of the obtained coatings.

The obtained results confirm that the applied sol-gel
technology combined with the dip-coating technique enables the
formation of relatively uniform and thin multicomponent oxide
layers with controllable thickness and stable chemical composition.

Figures 1-3 present the results of XRD analyses of the
surface of the glass samples.
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Figure 1. XRD analyses of the surface of the coating on glass
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Figure 1. XRD analyses of the surface of the coating on glass
[ZSATN-5/

The crystalline structure of the synthesized Zr-Ti-Sm—Nd-
Al oxide coatings was examined using X-ray diffraction. Figure X
presents the diffraction patterns of the three samples, designated as
ZSATN-1, ZSATN-3, and ZSATN-5. All diffractograms exhibit
characteristic reflections corresponding to monoclinic zirconia, as
confirmed by comparison with the reference pattern:

“ZrO, monoclinic ref.code: 01-086-8527".

The presence of these peaks indicates that the sol-gel
synthesis followed by thermal treatment successfully induces
crystallization of ZrO, within the multicomponent oxide matrix.

A progressive increase in peak intensity is observed from
ZSATN-1 to ZSATN-5. The ZSATN-1 sample displays the lowest
peak intensities, suggesting either a lower degree of crystallinity or
a thinner deposited layer. In contrast, ZSATN-3 shows more
pronounced reflections, while ZSATN-5 exhibits the highest peak
intensities among the three samples. This trend indicates that
increasing the number of dip-coating cycles (or sol concentration,
depending on the experimental design) leads to enhanced
crystallinity and/or increased coating thickness.

No additional crystalline phases associated with Ti, Sm, Nd,
or Al oxides were detected. This implies that these dopants are
either incorporated into the ZrO, lattice without forming separate
crystalline phases or remain in an amorphous state within the
coating. Such behavior is typical for multicomponent sol-gel
systems, where dopants can act as structural stabilizers, inhibit grain
growth, and promote homogeneous distribution within the oxide
network.

The dominance of the monoclinic ZrO, phase is consistent
with the thermodynamically stable structure at room temperature.
The gradual increase in crystallinity with layer buildup suggests
improved structural ordering during heat treatment, which is
beneficial for mechanical stability, thermal resistance, and
long-term durability of the coatings.

Overall, the XRD results confirm that the applied sol—gel
and dip-coating procedures yield well-crystallized ZrO,-based
coatings, with structural properties strongly influenced by the
number of deposited layers. These findings correlate with the
expected behavior of sol-gel derived oxide films, where repeated
deposition cycles enhance film density, crystallinity, and structural
uniformity.

3.2. Optical characterization of Zr-Ti-Sm-

Nd-Al oxide coating

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.



INDUSTRY 4.0 2026, SUMMER SESSION, vol 1

100 100
Glass substrate
. 804 ZSATN_3 I 80
X
S, 70 ZSATN_L [70=
3 &
< 60 60 o
g g
= i 50 ©
£ 50 50§
§ 40 405
ZSATN 5
= 30 - [30®
20 1 20
104 PO =, P, oo 10
O T T T T T T T O
400 600 800 1000 1200 1400 1600

Wavelength [nm]

Figure 4. The figure shows the transmission and reflection spectrum
of an experimental coating on a glass substrate in the region 400 -
1800 nm / ZSATN-1, ZSATN-3 and ZSATN-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 / ZSATN-1, ZSATN-3 and ZSATN-5 //

4. Conclusions

This study preparation and investigation of Zr-Ti—-Sm-Nd-
Al oxide coatings via sol-gel method.

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 ZSATN-1, ZSATN-3 and ZSATN-5 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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Electrochemically Assisted Sol-Gel Synthesis of Si0.—CaO-P.0s Coatings Derived
from TEOS-Based Systems
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Abstract: n the present study, a combined approach for the synthesis of multicomponent coatings in the SiO:—CaO—-P:0s system was
developed using a sol-gel process combined with electrochemically assisted deposition. Tetraethylorthosilicate (TEOS), calcium nitrate
(Ca(NO:s)s) and citric acid (CsHsO7H20) were used as precursors. The obtained materials were characterized by X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The formation of amorphous-crystalline structures characteristic of bioactive silicate-calcium-
phosphate systems was established. The combined approach demonstrates effective control over the structure formation processes and
allows the preparation of multicomponent oxide coatings with potential for application in bioactive and functional surface systems.

Keywords: COATINGS, SiO-—CaO-P-0, SOL-GEL, CEM, XRD

1. Introduction

Bioactive silicate-based coatings have attracted considerable
scientific interest due to their ability to improve the surface
properties of metal implants and to promote the formation of a
stable bond between the implant and biological tissues. Among the
studied bioactive systems, SiO.—CaO—P.Os-type systems occupy a
particularly important place, since they combine the mechanical
stability of the silica network with the biological activity induced by
the calcium- and phosphorus-containing phases. These materials
have the ability to form a hydroxyapatite-like layer in a
physiological environment, which is considered a key factor for
successful osseointegration and long-term operation of implants .[1-
5]

The sol-gel method is widely recognized as one of the most
flexible approaches for the synthesis of silicate-based bioactive
materials. Compared to conventional melt-based methods, the sol-
gel process allows the synthesis to be carried out at lower
temperatures, provides better compositional homogeneity,
controlled porosity, and high specific surface area. In addition, the
hydrolysis and condensation reactions of the alkoxide precursors
allow for precise control over the structural evolution of the oxide
network. Tetraethyl orthosilicate (TEOS) is among the most
commonly used silica precursors due to its high purity, controllable
reactivity, and the ability to form stable silicate structures via
hydrolytic-condensation mechanisms [3, 4]

In the ternary systems SiO.—CaO—P-Os, calcium oxide acts as a
modifier of the silicate network, disrupting its connectivity and
facilitating ion exchange processes, while phosphorus-containing
components promote the nucleation and growth of calcium-
phosphate phases. The inclusion of CaO and P:Os in the silicate
matrix has a significant impact on the microstructure, degradation
behavior and bioactivity of the resulting coatings. Previous studies
have shown that the relative concentrations of calcium and
phosphorus significantly affect the gelation processes, thermal
stability, crystallization behavior and the ability to form an apatite
layer.[5, 6]

In recent years, electrochemically assisted sol-gel deposition
has emerged as a promising method for obtaining homogeneous
oxide coatings on electrically conductive substrates. The application
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of an external electric field during deposition can accelerate
hydrolysis and condensation reactions near the electrode surface,
improve adhesion, and influence the morphology and thickness of
the formed layers. In addition, electrochemical assistance allows
local control over film growth and facilitates the formation of
coatings on metallic substrates such as titanium, which is widely
used in biomedical applications due to its high corrosion resistance
and good biocompatibility.[7]

Despite the considerable number of studies on sol-gel
synthesized bioactive glasses, the combined effect of
electrochemical assistance and TEOS-based ternary systems SiO>—
CaO-P20s on the morphology and compositional distribution of the
coatings is still not sufficiently understood. Therefore, the present
study is focused on the electrochemically assisted sol-gel synthesis
of coatings from the system SiO.—CaO—P-0Os, deposited on titanium
substrates using TEOS-based precursor systems. Particular attention
is paid to the relationship between the synthesis conditions, the
microstructural evolution and the elemental distribution in the
resulting coatings.

2. Experimental part

The precursors used are tetraethylorthosilicate (TEOS), calcium
nitrate Ca(NOs)2.4H20, 0.2g CeHsO7.H20 (citric acid), (NH4)H2PO4
ammonium hydrogen phosphate, ethyl alcohol (C2HsOH). 15ml
C2HsOH was mixed with distilled water in a ratio of 1:0.5. Calcium
nitrate was previously prepared from 0.58g CaO and 10ml HNOs
(Solution 1). 2.75ml TEOS and 0.15g citric acid (Solution 2) were
added to the C2HsOH solution. The two solutions were
homogenized for 40 min on a magnetic stirrer until complete
homogenization. Solution 1 was slowly added dropwise to solution
2. The total solution had a pH of 3. The duration of homogenization
was 2 hours. (NH4)H2PO4 was added to the solution thus obtained.
The resulting sol had a pH of 3.5.The deposition of the layers was
performed on Ti (Ti—-6Al-4V) with dimensions of 30x20 mm.
(fig.1) They were cleaned with acetone in an ultrasonic bath and
dried. The layers were deposited by the immersion method. The
total layers are 7, and after each layer the sample is dried in a dryer
at 60°C for 20 min.
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SEM/EDS analysis of a titanium substrate with a deposited
coating of Si0,—CaO-P:0s by electrochemically assisted sol-gel
method.

Fig. 1 Experimental setup for layer deposition using the immersion

method
The next stage is electrochemical support. The sol solution is Fig. 3SEM images of the Fig. 4SEM images of the
used as the electrolyte. The anode of the experimental setup is a electrochemically assisted sol- electrochemically assisted sol-gel
stainless steel plate, and the cathode is the test sample. The set gel coating in the CaO-SiO-— coating in the CaO-Si0—P:0s
amperage is 1.2 A with a duration of 10 min. This process is P:0s system system

followed by drying in a dryer at 100°C for 2 hours and heat

treatment at 400°C with a hold of 1 hour.

. . SEM images (Fig. 3 and Fig. 4) of the electrochemically
3. Results and discussion assisted sol-gel coating in the CaO-SiO-—P-0s system on a titanium
substrate reveal a heterogeneous morphology. The porous
finoglobular region is associated with the silica matrix formed
during the sol-gel condensation. The compact flaky agglomerates
XRD analysis of a coating from the SiO>—CaO-P:Os system probably represent regions enriched in calcium and phosphorus, due

was carried out using an apparatus Bruker D8 Advance. to local agglomeration and partial crystallization of calcium
phosphate phases. The presence of microcracks between the

agglomerates is associated with compressive stresses during drying
— and heat treatment. T_he bright smoot_h areas are interpreted as
1 POF 062505 T locally exposed titanium substrate, indicating uneven surface
| POF 01088-0555 Ti0.624 02 Rutle, syn COVerage.

3.1. X-ray structural analysis
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Fig.2 X-ray diffraction analysis of electrochemically assisted
sol-gel coatings from the SiO-—CaO-P:Os system

The X-ray diffraction analysis (Fig. 2) of the electrochemically
assisted sol-gel coatings of the Si0.—CaO-P-0s system deposited on
titanium substrates shows the presence of mainly diffraction
maxima belonging to the metallic Ti substrate. The main peaks at
approximately 35°, 38-40°, 53°, 63°, 70° and 76° (26) are attributed
to the hexagonal a-Ti phase. Additionally, weak peaks
characteristic of the rutile phase of TiO. were found, suggesting R T R T R RN R
partial oxidation of the titanium surface during the heat treatment. ee00 R RO Dt Odane Bt s

No distinct crystalline reflections corresponding to silica, b)

calcium phosphate or calcium silicate phases are observed. This

indicates that the resulting coating is predominantly amorphous or Fig5.EDS analysis of the electrochemically assisted sol-gel
has a low degree of crystallinity. The lack of sharp diffraction peaks coating CaO-Si0-—P:Os on a Ti substrate

is typical of TEOS-based sol-gel bioactive coatings processed at

relatively low temperatures. SEM/EDS analysis (Fig. 5) of the sample shows the formation
of a heterogeneous microstructure. The porous regions with fine
globular morphology are enriched in Si and are associated with the
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silica matrix of the coating. The compact agglomerated domains
probably represent locally enriched in Ca and P regions, associated
with calcium phosphate segregation. The presence of microcracks
between the agglomerates is due to compressive stresses during
drying and heat treatment. In separate areas, a high Ti signal is
observed, which indicates partial exposure of the titanium substrate
and uneven thickness of the coating.

4. Conclusion:

Electrochemically assisted sol-gel synthesis was successfully
applied to prepare coatings of the SiO.—CaO-P:0s system on
titanium substrates using TEOS-based precursor systems. The
resulting coatings are characterized by a heterogeneous
microstructure composed of porous SiO-rich regions and compact
Ca/P-rich agglomerates distributed on the titanium surface.

SEM analysis revealed the formation of a porous globular
morphology, typical of sol-gel synthesized silicate materials, as well
as the presence of local compact domains and microcracks,
resulting from the drying and heat treatment processes. EDS
analysis confirmed the presence of Si, Ca and P in the composition
of the coatings, while the locally recorded Ti signal indicates partial
exposure of the metal substrate as a result of uneven layer thickness
and shrinkage processes. Elemental distribution shows that the
silicon phase forms the main matrix of the coating, while calcium
and phosphorus are included in the form of dispersed Ca/P-rich
regions in the amorphous silicate network.

X-ray diffraction analysis shows that after heat treatment the
coatings retain a predominantly amorphous character. The
diffraction patterns are dominated by reflections belonging to the
titanium substrate, while weak peaks of rutile TiO: phase indicate
partial oxidation of the surface during heat treatment. The lack of
clearly defined crystalline calcium phosphate or calcium silicate
phases suggests that the calcium and phosphorus components are
mainly incorporated into the amorphous SiO. matrix, without the
formation of separate crystalline compounds.

The combined results of SEM/EDS and XRD analysis indicate
that the electrochemically assisted sol-gel approach allows the
preparation of porous bioactive oxide coatings with high surface
heterogeneity and amorphous nature, which are favorable for
potential biomedical applications. The resulting SiO.—CaO-P-Os
coatings possess structural features that facilitate ion exchange and
surface bioactivity, making them promising for functional
modification of titanium implant materials.
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Abstract: Titanium matrix composites reinforced with titanium borides (TiB) represent a promising class of advanced structural
materials due to their high specific strength, hardness, wear resistance, and thermal stability. The combination of titanium alloys with
ceramic TiB reinforcing phases enables the development of lightweight materials with improved mechanical and skcniyamayiinumu
characteristics for aerospace, biomedical, and engineering applications.

This study investigates the fabrication of Ti/TiB titanium matrix composites using X-Beam 3D printing technology. The process is based
on electron-beam additive manufacturing under vacuum conditions, which ensures stable melting conditions, reduced oxidation, and
controlled heat input during layer-by-layer deposition. Special attention was focused on the in situ formation of TiB reinforcing phases and
their influence on the microstructure evolution of the composite material.

Microstructural analysis was carried out using scanning electron microscopy and metallographic techniques. The obtained results
demonstrated the formation of dense composite structures with relatively low porosity and homogeneous distribution of reinforcing phases
within the titanium matrix. TiB particles and whisker-like precipitates were observed to form during solidification, contributing to
microstructure refinement and strengthening effects.

The fabricated Ti/TiB composites exhibited improved structural uniformity and enhanced hardness compared with unreinforced titanium
materials. The morphology and distribution of TiB phases were found to depend on the thermal conditions and processing parameters of X-
Beam printing. The results confirm the potential of X-Beam additive manufacturing for producing advanced titanium matrix composites with
tailored microstructure and improved performance characteristics.

Keywords: TITANIUM HYDRIDE, MICROSTRUCTURE, POWDERS, MMC, HOT PRESSING.

Introduction. relationships between processing conditions, phase composition,
and microstructural features of the printed composites.

The aim of the present study is to evaluate the potential of cored
wires as feedstock materials for xBeam additive manufacturing of
TiB-reinforced titanium matrix composites and to investigate the
resulting phase composition and microstructural characteristics of
the fabricated products.

Titanium and its alloys possess an outstanding combination of
high specific strength, corrosion resistance, and thermal stability,
which makes them attractive materials for aerospace, automotive,
marine, and biomedical applications [1-3]. Nevertheless, their
relatively low hardness and limited wear resistance restrict the use
of titanium-based materials in components subjected to intensive

friction and abrasive conditions. One of the most effective Materials and experimental procedure.

approaches to overcoming these limitations is the development of The advanced directed energy deposition (DED) technology
titanium matrix composites (TMCs) reinforced with high-strength ~ known as xBeam 3D Metal Printing, developed by the company
ceramic phases. "Chervona Hvylya" [4,5], has demonstrated significant potential for

Among various reinforcement phases, titanium monoboride ~ manufacturing titanium alloy components with controlled
(TiB) is considered particularly attractive due to its high elastic ~ microstructure, precise chemical composition, and consequently
modulus, excellent thermal stability, and strong interfacial bonding ~ predictable mechanical properties [6-10]. Unlike conventional
with the titanium matrix. The incorporation of TiB whiskers into ~ Wire-fed DED processes, xBeam employs a hollow conical electron
titanium matrices significantly improves hardness, wear resistance, ~ beam to generate the melt pool while the wire feedstock is supplied
and mechanical performance while maintaining relatively low  coaxially through the center of the beam (Fig. 2) [7].

density. However, the enhanced hardness and brittleness of TiB- This unique deposition configuration, combined with the
reinforced  composites complicate their processing using  relatively low power density of the hollow electron beam, reduces
conventional manufacturing technologies. overall heat input and minimizes thermal gradients within the

Additive manufacturing (AM) provides a promising route for ~ deposited material and surrounding regions. As a result,
producing near-net-shape titanium matrix composites with complex solidification conditions can be effectively controlled, suppressing
geometries and reduced material waste. Among various AM the formation of the coarse columnar microstructures commonly
technologies, the xBeam electron-beam wire-feed process has observed in many metal additive manufacturing processes. Previous
demonstrated considerable potential for manufacturing titanium-  studies have shown that Ti-6Al-4V components produced by the
based materials. The hollow electron beam used in this process ~ XBeam process and subjected to appropriate post-processing heat
enables precise control of the thermal conditions, melt pool treatment can exhibit microstructures comparable to, or even
geometry, cooling rate, and resulting microstructure, which are  superior to, those of conventionally wrought materials [7-10].
critical factors for obtaining high-quality titanium products. Consequently, the mechanical properties of the printed material

The fabrication of conventional solid wires from TiB-reinforced ~ satisfy the requirements of relevant industrial standards [10].
composites is difficult because of their limited ductility. An  Additional advantages of the xBeam technology include its
alternative solution is the use of cored wires consisting of powder ~ combination of high deposition rates, good dimensional accuracy,
mixtures enclosed within a ductile metallic sheath. Such feedstock ~ and relatively low production costs, largely due to the use of
materials make it possible to introduce reinforcing components ~ commercially available wire feedstock.
directly during the printing process and provide flexibility in
tailoring the composition of titanium matrix composites.

Despite the growing interest in titanium matrix composites
produced by additive manufacturing, the microstructure formation,
phase evolution, and processing characteristics of TiB-reinforced
materials fabricated using cored wires in the xBeam process remain
insufficiently studied. Therefore, further investigation is required to
evaluate the feasibility of this approach and to establish the
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Fig. 1. Principle of the xBeam 3D Metal Printing process: (a)
general arrangement of the deposition system and (b) spatial
distribution of electron-beam power in the deposition area [26].

Fig. 2. Fabrication of Ti-TiB composite cored wire: (a) schematic
of the manufacturing setup (1—powder hopper, 2 and 3—forming
rollers, 4—powder feeder, 5—spinning unit); (b) appearance of the
fabricated cored wire; and (c) cross-sectional view showing the
metallic sheath filled with the powder mixture.

An important feature of the xBeam process is the possibility of
using cored wire feedstock owing to its coaxial wire-feeding
configuration. A cored wire consists of a metallic sheath filled with
powdered materials designed to achieve a required chemical
composition. Such feedstock offers a practical route for introducing
alloying or reinforcing constituents directly into the melt pool
during deposition. To ensure the desired composition of the
deposited material, it is necessary to achieve complete transfer of
the powder filler into the molten pool. In electron-beam-based
processes, direct interaction between the electron beam and the
powder should be avoided because it may cause electrostatic
dispersion of powder particles under vacuum conditions. This
requirement can be satisfied when the powder reaches the melt pool
before the metallic sheath is fully melted, thereby shielding the
powder from direct beam exposure. The coaxial feeding
arrangement of the xBeam process provides favorable conditions
for such powder transfer, although several additional processing
requirements must also be fulfilled, as discussed in the experimental
section.

In contrast to ductile titanium alloys, the production of wire
feedstock from titanium matrix composites reinforced with ceramic
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phases is challenging because of their limited ductility and
increased brittleness. Conventional wire-manufacturing techniques,
such as rolling, drawing, or extrusion, are generally unsuitable for
such materials. Therefore, the development of alternative feedstock
concepts capable of delivering the desired composite composition
into the additive manufacturing process is of considerable practical
interest.

The aim of the present study was to develop a processing route
for the fabrication of cored wire feedstock with a prescribed
titanium matrix composite composition, to evaluate its applicability
in the xBeam additive manufacturing process, and to investigate the
resulting microstructure, phase composition, and properties of the
fabricated composite materials.

The microstructure of the fabricated composites was examined
using an Olympus 1X-70 optical microscope and a VEGA 3
TESCAN scanning electron microscope (SEM) equipped with a
Bruker energy-dispersive X-ray spectroscopy (EDS) system for
local chemical analysis. The crystallographic characteristics and
local texture of the constituent phases were investigated by electron
backscatter diffraction (EBSD) using a MIRA 3 TESCAN
microscope. Vickers hardness measurements were performed using
a Wolpert Wilson Instruments 452 SVD hardness tester.

Results and discussion.

In the present study, a processing route was developed to
produce a cored wire feedstock corresponding to a titanium matrix
composite reinforced with TiB. The fabricated wire was
subsequently employed in the xBeam additive manufacturing
process to investigate the feasibility of producing TiB-reinforced
titanium composites and to establish the fundamental relationships
between processing conditions, microstructure evolution, and
material properties.

The cored wire was manufactured at the E.O. Paton Electric
Welding Institute using a specially developed technology [11-12].
A powder mixture containing commercially pure titanium powder
and boron-containing precursor powders was encapsulated within a
titanium foil sheath (commercially pure Ti Grade 1, 0.2 mm
thickness). The relative amounts of the powder core and titanium
sheath were selected to achieve the target composite composition
after deposition. During fabrication, the titanium foil was
continuously formed and drawn using a dedicated wire-
manufacturing device (Fig. 3a) while simultaneously being filled
with the powder mixture, producing a straight cored wire with a
diameter of approximately 3 mm (Fig. 3b). The filling ratio of the
internal wire volume was approximately 62% (Fig. 3c). The wire
was manufactured at a drawing speed of 30-35 m h™ !, while a
series of spinners was used to gradually reduce the wire diameter,
with each reduction step corresponding to approximately 0.1 mm.

The produced cored wire was subsequently used as feedstock
material in the xBeam electron-beam additive manufacturing
process [6-10]. Composite specimens with lateral dimensions of
10-20 mm and heights of up to 12 mm were fabricated layer-by-
layer on Ti-6Al-4V substrates. The printed samples were used to
investigate the microstructure development, phase formation, and
mechanical characteristics of the deposited material.

Titanium matrix composites reinforced with TiB were
fabricated using a powder cored-wire feedstock via the xBeam
additive manufacturing process. The feedstock consisted of a
titanium sheath filled with a powder mixture designed to form TiB
reinforcement during electron-beam deposition. The composites
were produced directly by layer-by-layer melting of the cored wire
on a Ti-6Al-4V substrate using a coaxial hollow electron beam.

The results confirm that the xBeam process enables stable
fabrication of Ti—TiB composite structures from powder cored wire.
During deposition, in situ formation of TiB occurs within the
molten pool, leading to the development of a composite
microstructure consisting of a titanium matrix reinforced with TiB
phases. The rapid solidification conditions inherent to the process
govern the morphology and distribution of the reinforcing phase.
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The X-ray diffraction patterns and microstructural features of the
Ti-40% TiB MMC fabricated using cored wire with raw TiB,
additions are presented in Figs. 4 and 5. Notably, no residual TiB.
phase was detected by XRD analysis (Fig. 4), indicating that the Ti
+ TiB, — TiB reaction was either fully completed or proceeded
nearly to completion during the additive manufacturing process.
The diffraction patterns reveal the presence of a (hcp) titanium
matrix and TiB monoboride reinforcing phase, with a clear increase
in the TiB phase fraction toward the upper regions of the build.

In addition, minor amounts of f (bcc) titanium were identified in
the lower part of the deposit, which can be attributed to the
influence of vanadium originating from the Ti—6Al-4V substrate.
The printed composite exhibits a lamellar titanium matrix
microstructure reinforced with TiB precipitates of non-uniform
morphology and size along the build height.
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Fig. 4. X-ray diffraction patterns of the upper and bottom sections
of the MMC produced by 3D printing with Ti + 40% TiB_, cored
wire.

The lower region of the MMC (Figs. 5a, b) is characterized by
relatively fine needle-like TiB precipitates with widths in the range
of 1-10 pum, while the interfacial zone between the MMC and the
Ti—6AI-4V substrate contains even finer boride particles, typically
1-4 pum in size. A well-defined and sharp interface between the
deposited composite and the substrate is observed in all
microstructural images.

For the middle region of the MMC (Fig. 5c, d), fine boride
particles coexist with coarser boride precipitates reaching up to 20
pm in width and 100-150 um in length. In cross-section, these
coarse features exhibit a hollow hexagon-like morphology. The
spatial distribution of coarse and fine precipitates within the CP-Ti
matrix is highly non-uniform; in particular, regions adjacent to
coarse boride formations are largely depleted of fine particles (Fig.
5d).

The upper part of the MMC contains boride precipitates with a
broad size distribution. The largest boride needles reach lengths of
up to 1 mm and widths of approximately 50 pum, while finer
precipitates are present between them (Fig. 5e, f).
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Fig. 5. Microstructural evolution of the
across the build height: bottom region adjacent to the Ti-6Al-4V
base plate (a—d), central region (e-h), and upper region (i, j). SE
mode (a, ¢, e, g); BSE mode (b, d, f, h, i, j).

A

Despite the pronounced microstructural heterogeneity, EDX
analysis indicates a slight increase in the overall boron content in
the upper region of the MMC compared to the bottom part (Table
2). Minor aluminium contamination is detected primarily in the
lower region, attributed to diffusion from the Ti—-6Al-4V substrate,
whereas only trace amounts are observed in the upper part.

A clear variation in hardness is observed along the build height.
The lowest hardness values (399-406 HV) are recorded at the
MMC/substrate interface. The bottom region exhibits higher
hardness levels in the range of 432-447 HV. The upper region
shows the highest but also most scattered hardness values, varying
between 430 and 541 HV

Conclusions.

Titanium matrix composites reinforced with TiB were
successfully fabricated using cored-wire feedstock via the xBeam
electron-beam additive manufacturing process. The approach
ensured stable layer-by-layer deposition and formation of dense
near-net-shape structures on a Ti—-6Al-4V substrate.

X-ray diffraction confirmed in situ formation of TiB, with no
residual TiB, detected, indicating near-complete transformation of
the precursor during processing. The resulting material consists of a
titanium matrix reinforced with TiB phases formed during
solidification.

The microstructure is heterogeneous along the build height,
with variations in TiB morphology and distribution governed by
local thermal conditions. This structural gradient leads to
corresponding variations in hardness, with increased values
compared to unreinforced titanium.

Overall, the results demonstrate that xBeam processing

with cored-wire feedstock is an effective route for producing
TiB-reinforced titanium composites with  enhanced
mechanical properties.
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Abstract: Paper deals with a newly designed low-power three-phase induction electric motor for continuous duty cycle operation with
application mainly in pumping system. The main features are presented. The problems and solutions related to the sizing and optimization of
the motors during design according to different criteria and conditions are analyzed, with energy efficiency being the main determinant.
Numerous graphical results obtained during the design are presented.
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1. Introduction

To set working machines in motion, the main engine is the
electric motor and, therefore, the main type of drive is the electric
drive.

Currently, there is a widespread orientation towards energy-
efficient technical solutions globally in the world and Europe and
in this regard the development of this direction in terms of
electricity consumption with a view to optimizing electricity costs.
The application of an optimal in this regard electric drive, the main
component of which is an electric motor, guarantees not only the
energy-efficient operation of entire systems, but also low
electricity costs for the industry. In other words — the most
expensive energy in the industry is the unnecessarily consumed
and the optimal electric drive will guarantee not only the energy-
efficient operation of a given system, but also low electricity costs

[1].

The creation of any mechanical unit is currently directly
related to the design of electrical equipment. In this case, one must
have a good knowledge of mechanical equipment and
technologies, methods of speed regulation, calculation of transient
processes of electric drives, and selection of the power of electric
motors. The appropriate design of rotating electrical machines is
the basis for achieving local and global electrical energy
efficiency.

2. Some considerations

Caproni JSC — Kazanlak is a leading manufacturer of hydraulic
components and systems for use in mobile and stationary industrial
equipment. One of the company's innovations is the development
of AC electric motors with the possible application of frequency
regulation and vector control to them [2].

Modern electric drive is developing mainly in the following
direction — simplification of the transmission mechanism between
the electric motor and the working machine. This is achieved
mainly by using electric motors that allow regulation of the
rotational frequency, which avoids the complication of the
transmission mechanisms. In this case, things such as the steady-
state torque-speed curve, the dynamic performance required, the
inertia of the load, the pattern of operation (continuous or
intermittent), etc. are important [3].

Speed control is the forced change in the speed of an electric
drive. The term ‘speed control’ should not be confused with the
natural change in speed that occurs in an electric drive due to
changes in the load on the shaft of a running machine. Speed
regulation is achieved by additional action on the driving electric
motor or the gear system of the production mechanism. This action
can be performed by a person or by a special automatic device. For
induction motors, pulse width modulation (PWM) inverters are
suitable for control. Voltage source PWM inverters are popular
because they are readily applied to different types of motor and
load. That's why they are called ‘the industrial work horse’ and are
the most widely used drives. Method of torque/speed control can

92

be Field Oriented Control (FOC) or Direct Torque Control (DTC),
as well as Simpler Scalar (V/f) variant [3].

In the historical development of drives, mechanical control
methods were the first step in the transition from unregulated to
regulated drives. Currently, electrical control prevails, which has a
number of advantages in terms of technical and economic
indicators. In electrical control, the aim should be to ensure that
the characteristics across the entire range have high rigidity and
that the electric motor has sufficient overload capacity. The
electrical method of regulation creates broad opportunities for
automation of the regulation process and allows to eliminate
mechanical regulating devices and thus to increase the reliability
of the operation of the installations and to simplify their design.

By the way, it should be noted that for self-ventilated electric
motors, the reduction in speed must correspond to the reduction in
permissible losses in them. At low speeds, these electric motors
must operate at currents lower than the nominal, and therefore the
permissible torque is reduced in proportion to the reduction in
speed.

Dynamic loads occurring during starting and stopping of
electric drives increase losses in the motor, but since they are
short-term compared to the duration of operation in a fixed mode,
their influence on the heating of the electric motor is negligible.
Therefore, in many cases, under the conditions of heating, it can be
assumed for a short time that the torque of the electric motor is
much greater than the rated one.

In addition to heating, there are other factors that limit the
permissible overload of electric motors — for each there is a limit
value of the moment, permissible under the conditions of normal
operation of the electric motor, which should not be exceeded even
briefly. It is this ratio of the maximum permissible moment to the
nominal one that is called the overload capacity of the electric
motor.

The peculiarity of the ATM range of AC electric motors
(manufactured by Caproni JSC) is that maximum unification of the
equipment used has been achieved in the implementation of
products in the usual IE1 (Standard Efficiency) and IE2 (High
Efficiency) energy class. The already available designs for the
various types of products from the basic range are a prerequisite
for implementing the IE3 energy class (Premium Efficiency).
Electric motors with the ATM designation are available in
standard and special designs according to their intended purpose,
with the different combinations not changing the connection
dimensions of the basic designs. In all products, the body and
bearing shields are cast from aluminum alloy. All versions are
ventilated except those operating immersed in an oil tank. More
special versions are also possible, such as:

e tropical performance;

o with protection degree IP55 or IP56;

o for other supply voltage and frequency;

o for operating modes other than S1;

o with parameters different from those of the basic versions;

o with second output shaft end;

o for operation immersed in hydraulic oil.
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The International Electrotechnical Commission (IEC) is an
organization based in Geneva that publishes and promotes
worldwide mechanical and electrical standards for electric motors,
among other documents. IEC uses duty cycle (mode) designations
(categories) S1 ... S10 to describe the operating conditions of
electric motors — IEC 60034-2-1:2024 [4]. The modes of electric
motors, in addition to specifying their operating parameters and
duty cycles, also determine the temperature rise (insulation class),
frame size (the physical dimensions of the electric motor), housing
type, service factor, etc. In typical modes, serial electric motors
should operate while the reliable operation of the machine is
guaranteed by the manufacturer if the electric motor is operated in
the mode specified in its passport at the rated load. Rapid failure is
usually due to the fact that the electric motor is selected without
taking into account the required rated mode.

It is necessary to clarify that the standards are recommended,
i.e. they are not mandatory. A given manufacturer declares that his
products comply with relevant standards, but this is for the purpose
of seeking and selling his products. However, the ordinances in
Bulgaria, as well as the regulations, directives and decisions
created by the European Commission, are mandatory for
implementation..

Electric motors for applications in pumps, fans, compressors,
conveyors, operate in S1 mode (continuous duty cycle). This mode
is characterized by operation at a constant load without
interruption and with a sufficient duration to reach thermal
equilibrium (thermal equilibrium is the state reached when the
temperature rise of the machine does not vary by more than 2
degrees on the Kelvin scale per hour) [4].

3. Specifics of the designed electric motor

The induction motor under consideration is designed for
operating mode S1 according to IEC, cooled by self-ventilation —
code ICO1, thermal protection is implemented with a Pt1000
thermistor in the stator winding (equipment upon customer
request), and the insulation of the stator winding has a heat
resistance class H (180°C). Parameter values and general view of
an electric motor ATM are given in Table 1 and Figure 1,
respectively.

The design is carried out with specified inner and outer
diameters of the blades, with a certain number and dimensions of
the stator and rotor channels. The possibilities for varying the
independent variables are limited by the conditions for minimum
dimensions and mass, as well as technological factors. Regarding
the moment of inertia of the rotor - it is known that higher rotor
inertias increase energy consumption when changing speed, with
more compact dimensions the rotor inertia is smaller [1].

Partial optimization tasks have been solved with a maximum
efficiency criterion and constraints on the current density in the
stator and rotor windings. These constraints are imposed to
achieve permissible winding temperatures. The parameters of the
equivalent circuit, the currents in the windings, losses, powers, etc.
have been determined. The results obtained allow us to estimate
the distribution of magnetic induction in the sections of the
magnetic circuit, to determine the magnetic flux through the air
gap and the electromagnetic moment.

For the rated speed, the overload capacity of the electric motor
is determined by the maximum torque factor. The maximum
torque factor is usually greater than 2, where the stator current is
more than twice the rated motor current. The air gap has the
greatest influence on the value of the magnetizing current of
induction motors. In turn, the magnetizing current determines the
current and losses in the stator winding and the power factor. The
production of induction motors with an optimal air gap depends on
the design of the bearing and the level of the manufacturing
process.
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Table 1: Parameter values for the considered induction motor

Parameters

Description Data

Type ATM 0.55-1500-
L70

Duty cycle S1
Connection (stator) Y
Rated power 0.55 kW
Stator terminal phase voltage 230V
Line-line supply voltage 400 V
Fundamental frequency 50 Hz
Number of pole pairs 4
Airgap 0.25 mm
Shaft diameter 25 mm
Copper diameter 0.63 mm
Synchronous rotational frequency 1500 rpm
Shaft rotational frequency 1427 rpm
Rated slip 0.04493
Rotor moment of inertia 0.0010668 kgm®
Rated torque 3.68 Nm
Starting torque 1.73 p.u.
Maximum torque 2.68 p.u.
Phase current 1.3368 A
Starting current 4.54 p.u.
Maximum current 32pu.
Rated efficiency 80.514%
Phase resistance 11.30Q
Line-line resistance 22.60 Q
Referred rotor resistance 10.74 Q
Stator leakage reactance 735Q
Referred rotor leakage reactance 2543 Q
Magnetizing reactance (saturated) 274 Q
Airgap flux density (mean) 0.5618 T
Stator copper losses (analytic on load) 60.58 W
Rotor copper losses (analytic on load) 29.15W
Stray load losses (analytic on load) 17.01 W
Stator iron losses (total, analytic on load), 25.91 W
Rotor iron losses (total, analytic on load)| 0.4707 W
Total losses (analytic on load) 133.10 W

The selected design scheme and the precision in machining the
stator and rotor packages, bearing shields and shaft create the
possibility of achieving a small and uniform air gap in the motors.

The machine winding and laying of the sections, the channel
filling factor and the quality of the impregnation of the stator
winding largely determine the heat dissipation and the temperature
state of the winding. The resistance of the winding, the losses in it
and the efficiency depend on the temperature.

Fig. 1 General view of an electric motor ATM.

The considered induction motor can be used to drive pumps
designed for household use at home and garden, for fixed
installation and pumping water from wells and other passive
waters. Such pumps are designed to handle clean, clear or
moderately contaminated water with solid particles at the declared
maximum volume and are suitable for the following applications
[5]:

e irrigation and watering of lawns, beds and vegetable gardens;

o the pumping of water reservoirs and ponds;

o for water-drainage from wells, tanks and rainwater tanks;

o the pump is suitable for pumping clean water, rain water and

chlorinated water (water pools).
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Figure 2 presents an example diagram for using a pump driven 4. Results obtained
by an induction motor [5].

Below in Fig. 3 + Fig. 12 are presented in graphical form the
results for the designed induction electric motor. An appropriate
software toolkit for electrical machines has been used — Ansys®
Motor-CAD [6].
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Fig. 2 General diagram of a pump with an induction motor
(depicted elements: 1- suction with filter and check valve; 2 — suction
pipe support; 3 — suction pipe slide valve; 4 — water filling plug (bleeding
valve); 5 — pump water drain plug).
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Fig. 3 Currents vs spéed characteristics
(green colored - line current, blue colored — referred rotor current, purple colored — magnetizing current).
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Fig. 4 Torque vs speed characteristics
(red colored — on load airgap torque, blue colored — on load shaft torque).
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Fig. 12 Flux density [T].

5. Conclusions

Based on the research carried out, the following summary
notes are formed. Models for different degrees of loading have
been created. It should be noted that the experimental results are
of great value, since as a result of their analysis it can be
established how correctly the electric motor is designed, to
clarify the reserves for improvement and possible shortcomings.
This is actually planned as future work - testing with different
loads on the shaft of the motor under consideration.

The selection of an electric drive should not end with
considering only the possibility of obtaining certain mechanical
characteristics. It is also necessary to evaluate the dynamic
qualities, economic indicators, reliability and ease of
maintenance.
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Abstract: This paper presents a study of some geometric characteristics of conic spatial rack drives with linear helicoids. Three variants of
the conic configuration are considered — with convolute, involute, and Archimedean helicoids — and their action surface properties are
analyzed in relation to the distribution parameter. The role of the distribution parameter in determining the geometry of the action surface
and the position of each variant in the design parameter space is discussed.
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1. Introduction

The transformation of rotational motion into rectilinear
translation, and vice versa, represents a fundamental kinematic
function in a wide range of mechanical systems — from industrial
machinery and robotics to precision actuators and mechatronic
devices. Spatial rack mechanisms occupy a special place among
such devices: unlike conventional plane rack-and-pinion systems,
they operate with non-orthogonal axis configurations, introduces
additional geometric freedom in the design process. This freedom
enables more compact drive layouts, customized force transmission
paths, and better adaptation to the spatial constraints typical of
modern robotic and mechatronic applications [1 -4].

The theoretical foundations for spatial gear mechanisms are
established by Olivier [5] through formulation of generation
principles, and later they are systematized by Litvin and Fuentes
[6]. The geometry of helical surfaces and hyperboloid gear
mechanisms has been studied extensively by Litvin [6], Minkov [4],
and Abadjiev [2], providing the theoretical foundation for spatial
rack drive analysis. Early studies on spatial conic rack
configurations are presented by Trahanov and Ilinski [8], who treat
a specialized conic rack enabling variable velocity ratio
transformation, and by Watanabe and Maki [9], who analyze a
Wildhaber-Novikov rack mechanism from a contact stress
perspective. Systematic geometric synthesis methodologies for
spatial rack drives with linear helicoids are developed in [1, 2, 7],
establishing action surface equations and mesh region
characterization for conic, cylindrical, and face configurations.

The present paper examines the role of the distribution
parameter in the classification of conic linear helicoid variants and
shows its connection to the geometry of the action surface and the
position of each variant in the geometric parameter space.

2. Kinematic Scheme and Sliding Velocity Vector

2.1 Kinematic Configuration

The spatial rack mechanism is considered as a three-link system in
which link 1 =1 rotates with angular velocity w, (value of the

angular velocity vector 51) around a fixed axis 1—1, while link
i =2 performs rectilinear translation with velocity (value of the

translation velocity vector \72 ) (see Fig. 1).
The motions transformation of type (R <> T ) and vice versa is
realized through high kinematic joints (X, : £, ) which elements X

and X, at any moment have a conjugate instantaneous contact

points P (the points of tangential contact P can belong to the
conjugate instantaneous contact line). The motions transformation is
characterized by the following conditions [1]:

@, =constant, V, =constant,

5, = Z(o,V,) = 7, =constant, 1)

. 1
i = = = = constant,
Vo a
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where with 6, it is a crossed angle between the motion
transformation vectors and with X it is noted an angle between the
motion directions of the rack drive; j;,, j,; - velocity ratio of

motion transformation of type R <> T .

X X /f/
1
P
X, 2 o
5 ®, 5 o
0,0, A
-I-.‘!(pl (p .\‘
X, 1 »,
e R 2
| b, ‘
/zz/? o_A4-
O, i
Z, f/ . \' Yo
D, R > t
\ B N
2 Ry JaSinZ,

Fig 1. Kinematic configuration of spatial rack mechanism, where
S(O,X,Y,2) is fixed coordinate system; the coordinate system

S1(O, %, Y1, 71) and S,(O,, Xy, Y5, 2Z,) are connected to the movable
links i=L1and i =2 correspondingly

For the rack mechanism in every moment of motion transformation,
more than one high kinematic joints (X;:%,) takes part in the
process of transformation. When rotation with angular velocity 51
is applied to the link 1 =1, the second motion link I =2 obtains a
translation velocity V2. According to (1) the condition
V, = j,,@, is accomplished for the value of V 2. Hence, the joints
(Z1:Z,) shown in Fig. 1 are kinematicaly conjugated, and the rack
mechanism, respectively.

From the kinematic configuration shown in Fig. 1, link i=1

obtains rotational velocity at any contact point P, while link i = 2
realizes translational velocity as defined in (1). The sliding velocity
at P is the difference between the two velocity components [1]:

Vi =V =V, =V, , =V, 1. )
where \712 is relative (sliding) velocity vector of the contact point

P; \/_I - transference velocity vector of P, joined to surface Z;;

V,,; - relative velocity vector of point P, when P moves on the
surface X;. For the kinematic conjugation of the high kinematic
joints (%;:X,), the sliding velocities displacement \712 at the

common contact points P of the geometrical elements X, and X,
is of a great importance.
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2.2 Sliding Velocity Vector and Scalar Field Analysis

According to the condition of transformation (1) and the kinematic
configuration shown in Fig. 1, for the function (2), written in the

coordinate system S(O, X, Y, ), it is obtained [1]:

Vi =Vip(%,Y,2) =y =V, =@y x py s V. (3)
By taking into account (1) and (3) in the fixed coordinate system
S(O,X,Y,2) and symbols shown in Fig. 1[1] it is obtained:

Viz =Via (X, Y, 2) :Vlz,xi_ +V12,yJT+V12,z'z: @
V12,X = _y’ V]_Z,y =X+ jzlsinzru VlZ,Z = jZlCOSZr,

where coordinates of \712 in the coordinate system S are Vi, ,,

Vioys Vig, and i, J, kare unit vectors of the axes of the

coordinate system S(O, X, Y,2).

In equation (4) without disturbing the community of arguments is
accepted @ =1 rad/s and therefore V, = j,; m/s. The scalar
magnitude of the relative velocity vector \712 (4) of the conjugate
tooth surfaces %, and X, in their common contact points P
defines a scalar vector field [1]:

Vip =Vip(X,Y,2) = \/V122,x +V122,y +V122,z ' ®)
The family of surfaces satisfying:
Vi, (X, y,2) =V,, V. =constant, (6)

constitutes the surfaces of level of the scalar field (5) they define it
geometrically. Their canonical type is determined in the coordinate

system Sq(Oy, Xg. Yo, Zg) - From (4), (5) and (6) it follows [1]:
X2 +y2=RZ, z5=H, H e (—o0,+x),
Xg = X+ JoSINZ., Yo=Y, Zp=2,

2 2
Ro = V& —(J21C08E,)”.
Equation (7) shows that the surfaces of level represent a family of

coaxial cylinders — named kinematic cylinders of level [1] — with
family parameter V, whose axis coincides with the axis O,z of

0]

the coordinate system Sy(Og, Xg, Yo,2Zp) - The surfaces of level
will exist if:

Vc 2 jZlCOSZr : ®)
When equality holds in (8), the cylinder transforms into the axis
0,2z, — the zero kinematic cylinder of level — which is the locus

of points of minimum sliding velocity.
Substituting the transformation (7) into the components of (4), the

sliding velocity vector in Sy (Oy, Xy, Yo, Zo) takes the form:

Vizx, =Yoo Vizy, =%0» Vizz, = J21COSZ,. 9
From equation system (9) for the sliding velocity in
S (Oq: X9, Yo, Zo) follows:

Vigs, = \/Xg + Y6 + (j21C08%,)?. (10

In every point of the axis Oyz;, the sliding velocity vector \712
obtains its minimum value:

=Py, = J21COS, (11)

V12, min = V12, 2,

3. Conic Linear Helicoids and Distribution

Parameter

The kinematic analysis establishes the spatial distribution of the
sliding velocity field and identifies the geometric locus
corresponding to minimum relative sliding. However, the actual
sliding conditions in a spatial rack mechanism additionally depend
on the geometry of the contacting tooth surfaces. In conic rack
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drives, these active surfaces are generated as linear helicoids whose
geometric structure determines both the orientation of the contact
lines and consequently the geometry of the action surface within the
kinematic field [1]. Therefore, the following analysis focuses on the
geometric characteristics of conic linear helicoids and, in particular,
on the role of the distribution parameter in relation to the sliding
conditions established above.

3.1 Generation of Conic Helicoids and Active Tooth
Surfaces- Parametric Representation

The helicoids and especially the linear helicoids are widely used as
active tooth surfaces of spatial gears with crossed axes, in both
working meshing conditions and instrumental meshing conditions.
Such choice of the active tooth surfaces for these gears is
determined by the technological manufacturing, especially when
their synthesis is performed in accordance with the second Oliver’s
principle [3, 7].

Fig. 2 shows the generation of right-handed conic convolute

helicoids = (j=1, 2) determined by different geometrical

characteristics of the helical teeth (treads) of the particular gear
mechanism. The process of helical surfaces generation is considered

in fixed coordinate system SE)D(OS),X%D, yﬁ,j),zﬁ,j)) and it is as
follows. The generatrix L(j) does not cross the axis Ogj)zgj)

which coincides with the geometric axis of the gear. LD and
Oéj)zf)j) conclude an angle 0,57z<§(j)<7z. The line LD
belongs to plane T which is tangential to the directed circled

cylinder cW, The generation of the Zij) by the line LD s
realized by two generatrix motions: axial helical motion along the
longitudinal axis OE,J)ZE)J) with parameter p{!) = const.; crossed

helical motion in the plane T(j), perpendicular to the axis
O"z{) with parameter p{)) = const. Here it should be noted

that Zf) is the conic convolute helical surface that is turned to the
positive direction of the axis Ogj)z(pj), and Zf) is the helicoid,
turned along the negative direction of the OEZ)Z%Z) .

The vector equation of the conic convolute helical surface 29) ,in

accordance with Fig. 2, has the form [1]:
—(D F(j) - (D) a(j)

Pl =r0 +S 4+t + 12)

where ,L_)ij) is a radius-vector of point N that belongs to the
conic convolute helicoid Zij) ; Féj) - radius-vector of the directed
cylinder c; S(j), uY - coordinates of the helical surface
Zij); s = p g axial motion of the generatrix LD,
t(j) = pt(j)S(j) - crossed displacement (tangential to the directed

cylinder C(j)) of the generatrix line LD
If (12) is written in coordinate system Séj) , then:
For the equation systems (13) the upper signs and j =1 refer to the

2&1) ,and the lower and j =2 refer to the Ziz).
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_0

.C,,

=(1
u()

N&
Fig. 2. Conic convolute helicoids generation
After a substitution in (13)
pt(J)lg(J)

7 and pP = p{ + pDeote™, (14)

RU) =y _

it is obtained
X0 = r{cos 9D £ R{PsingDsin g,

(15)

Equations (15) represents the conic convolute helical surface Zij)
as a cylindrical one with helical parameter p(j) =const and

coordinates 37 and R{" .

Conic involute helical surfaces generation. It is known [10] that
each developable surface is cylindrical one, conic one or locus of
the tangential lines to an arbitrary curve and vice versa - each
cylindrical, conic or surface representing the locus of tangential
lines to a curve is a developable surface.

The specific for each developable surface is, that the parameter of
distribution is equal to zero, i.e.

o

hD = p 4 rPeots =0, or cotg™ =—T=. (16)
o

Following the condition (16), the equation (15) describes the conic
involute helicoid as:

x() = rPcosg £ R{PcosafsingV,

y =rPsing® R cosaiPcost?, (17)
200 = p@.g» £ RWsinAD,
g
where  R{P =ul L PR p = pD 7 ptanl))  and
cos/y

/L(Jj) = §(j) —7¢/2 is spiral angle [11] for the directed helical line

on the cylinder CcY, For this case the cylinder CcW is named
basic cylinder.

Conic Archimedean helical surfaces generation. The conic
Archimedean helicoid is generated when the generatrix L(j) (see
Fig. 2) crosses the axis OE)J)ZE)‘) ,i.e. when rO(J) =0.

Then from (13) it is obtained:
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XE)J) — J_r(u(l)sinee(n _ pt(J)Lg(J))Sinlg(J)'
y%i) =$(u(j)sin§(j) _ pt(j)S(j))cos.Q(j),
ZE)i) - péj)S“) iu(j)cosg(j).

(18)

The curvilinear coordinate 9 in (18) represents the angle on
which the normal vector I’O(j) rotates to the axial plane (determined

by the LD and Oéj)zf)j) ). If it is noted with JV = 9D 4 7/2,

the angle, that the plane (L(j),Oéj)zg)) concludes with the plane

(Oéj)xg)zg) ), then the equation systems (18) turn into:
ng]) — i[u(j)sinf(j) _ pt(j)(géj) —7r/2)]00319§j),
yE)J') :l[u(j)sinf(j) _ pt(j)(lgz-gj) —7z/2)]sin19§j),
zéj) — péj)(lgéj) ~7/2) J_ru(j)cosg(j).

(19)

4. Action Surface Geometry

The action surface, considered as a locus of the lines of the tooth
contact in the fixed space, defines conjugate tooth surfaces of the
second movable link — tooth rack.

The offered here study is realized with shown in Fig. 3 symbols.

Fig. 3. Geometric-kinematic scheme of spatial rack drive having rotating
linear conic helicoids

Conic convolute rack mechanism. The equations (15) of the linear
helicoid 2(1” are shown as:
yP = rVsing xuDcosg?, (20)
Z(pl) — p(J)Lg(J) iu(J)Coté:(J),
ubh = Rc(,j)sinf(j) =u(j)sin§(j) — gl
The set of equations (20) describes the conic convolute helicoid as a
cylindrical one with helical parameter p(’) .

where
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The normal vector in an arbitrary point of Zij) is described by
equations system:
(1) — zpDging0) )] (6] (Dgjn.gh)
N =+Fh*Vsing ’cos gt —U cossHsin gt

n{) =FhDsingWsing® +U DeoscWeoss™, (21

() —yyDgjneD
nlyZp =U"siné'.
It is known [1, 12] that conic helicoids W are cylindrical helical
surfaces with constant helical parameter p(j) = const.
Hence, for these surfaces is valid the equation of meshing [1, 12]:
P+ j»1C0SO,
M, J218ind,
Then the action surface of the conic convolute helicoid is described
by using the equations (20) and (21) (written in the fixed coordinate
system S) and the analytical type (22) of meshing equation (see
Fig. 4), i.e.
x = Dsing,
yD = rPsing® U Deosgh
2 = p gt £y o,
FhWsingDsing) +U DeosgNeosy)
U(j)sine;(j) Jp1SinZ,
oD = g o, uh = u(j)sinf(j) _ pt(j)S(j) 0,
p(J') — pgj) + pt(j)COtf(j), h) = p(i) +r0(j)cot§(j).
The tooth surfaces 2(2” (j=1, 2) of the tooth rack i=2 ’

My

tanA = = constant. (22)

Deose) +y U

(239)

_ pV — jpicos%,

where

conjugated with ij), are obtained from (23), after it is written in
the fixed coordinate system S, , firmly connected with link i=2:
xé” - ro(j)cosé?(j) +UWgingt,
ygj) = ro(j)sine(j) FU Wcoso™ + Jp1@SinZ,,
zgj) = pthg iU(j)coté(j) + jo1COSE,, (24)

u® joiSINZ,
=2 @ 3‘ Fig. 4. Spatial conic convolute
i — = mechanism  with  velocity ratio
E e — Jo1=2,29 ; number of the teeth
‘ ‘ b z; =1: a) conic convolute worm
30 = £ —og b)

2&2) = 5(2) =120", c¢) region of
mesh MR® ; d) MR®

a) y
mf\. h \m“‘\I
¥ y §
¢

Conic  Archimedean rack mechanism. The analytical
representation of the action surface of the conic Archimedean rack
drive (see Fig. 5) is obtained from the (23) after a substitution

ro(j) =0, whence h() = p(j) ,i.e.

x) = 1y Dsing,
2D = p(J')lg(J') iU(j)cotrf(j),
ud B
Active tooth surfaces 2(2” (j=1, 2) of the tooth rack of the
Archimedean rack drive are obtained from the system (25):

(25)

p(l) — j21COSZr
JjpiSinZ,
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X = 24 Dsingh,

y$D =70 DeosoW 1 j, pysing,,

20— pD gt £ Deote 4, icoss,

7 pDsing +U DeoteWeoso)
U(j)

7

(26)

p(J) B jZlCOSZr
Jj21SINZ,

Fig. 5. Spatial conic Archimedean
drive with velocity ratio

Jp1=2,29; number of the teeth
z1=1: a)
right-handed
P =0 =08 )
Archimedean right-handed
T @ = E@ 21200, o

MR® d) mesh region

’
- —: 2 "

MR K

conic  Archimedean
worm

conic
worm

mesh
region
MR®
Conic involute rack mechanism. From equations systems (23)

after substituting h¥ =0
action surfaces (see Fig. 6):

7 — p(j)g(i) iU(j)coté‘(j),
p — jpic0sT,
Jo1SINZ,
Bellow (27) is written in the fixed coordinate system, connected

, it is obtained the analytical form of

@7)

cotéWeosgl) =

with the link i=2. Hence, the active tooth surfaces Z(zj)
(j=1, 2) ofthe spatial involute conic rack drive are:

y§ = r{Dsing FU Weosot) + j,psing,,

20 = p g £y Dot 4 j, pcoss,, (28)

() _
i i — ],1COSZ
coteWeasgh) = P~ 1210052
Ja1SINZ,
i T Fig. 6. Spatial conic involute
_ \<;J‘_), ‘g_‘P mechanism with velocity ratio
) =S 1 e Jo1 = 2,29 ; number of the teeth
) P , 23 =1: a) conic involute right-
handed worm
MK MR o )
: . e Zil) :>§(1) =98 b) conic
involute  right-handed  worm

y

Ziz) = £@ =120°; ¢) mesh

region MR(l); d) mesh region
MR(Z)

5. Helicoid types and distribution parameter

The distribution parameter h(  establishes a geometric

relationship between the angle inclination cf(j) and the directed
cylinder radius ro(j) which uniquely determines the types of conic
helicoid. For conic helicoids, h s defined as [1]:

h{) = p(J')

+ricotg™ (29)
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where p(j) is the helical parameter, ro(j) is the radius of the
cylinder radius, and &) e (90°180°) is the angle between the

generatrix LD and the longitudinal axis of the helicoid. When
dimensionless geometric ratiopzro“)/pt(‘) , Is introduced, the
three variants occupy distinct regions in the (&, p) parameter
space:

T Fig. 7. Parameter space
(é:(l),p) for conic rack drive

( j21 = 2,29 mm/rad,
%, =60).

involute curve h(” =0, : blue

Black  curve:

region: convolute h(J)>O;
pink region: convolute

h <0 dashed
Archimedean p =0.

line:

Inclination angle £V (degrees)

- Conic involute helicoid (h? = 0): the condition h'Y) = 0 gives
ro(j) Cotf(j) =—p(j), which for the resultant helical parameter
p=tan(E —90°) . This is the black curve in Fig. 7. For this
configuration the action surface is of plane type.

obtains the curve

- Conic convolute helicoid (h(j) #0. ro(j) >0): lies above

h() >0) or below (h(j) <0) the involute curve. The action
surface is convolute.

- Conic Archimedean helicoid (ro(j) =0, h() = pgj) #0): lies
on the boundary p =0, shown as the dashed line in Fig. 7. The
action surface is Archimedean type.

The involute curve thus separates the parameter space into regions
of positive and negative h  Fora given inclination angle éf“) ,
the type of conic helicoid is uniquely determined by the ratio p : a
scientist or designer can take from Fig. 7 which configuration
corresponds to their geometric parameters and what action surface
geometry to expect. Thus, the distribution parameter connects the
geometry of the active tooth surfaces to the sliding conditions of the
mechanism — the type of action surface geometry, determined by
h(’), defines the contact line orientation and consequently the

conditions under which relative sliding between the tooth surfaces
is realized.

6. Conclusion

The paper presents a study of the geometric characteristics of conic
spatial rack drives with linear helicoids. The kinematic analysis
establishes the sliding velocity field and its theoretical minimum,
which depends only on the kinematic parameters of the mechanism.
The three variants of conic linear helicoids — convolute, involute,
and Archimedean — are characterized by the distribution
parameter, which determines the geometry of their action surface.

The design parameter space, defined by the inclination angle §(j)

and the geometric ratio pzréj)/pt(j), provides a unified
geometric framework in which the position of each variant is
uniquely determined by h  The involute configuration is located

on a well-defined curve that separates the convolute regions, while
the Archimedean configuration lies on the boundary o =0. This

classification allows a designer to identify directly, from the
geometric parameters of the mechanism, which helicoid type is
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realized and what action surface geometry to expect — without
additional computation.
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Determination of the stress-strain state of an aircraft wing twisted around its spar

Raul Turmanidze”, Zurab Mchedlishvili, Giorgi Popkhadze
Georgian Technical University
inform@gtu.ge”

Abstract: This paper examines an improved method for calculating the stiffness and strength of a pre-twisted wing for special-purpose
aircraft. These wings represent a type of adaptive wing, the development of which is the subject of active research in many industrialized
countries due to the pressing need for improved aerodynamic performance. Such wings are intended for use in experimental aircraft to
determine the influence of their aerodynamic parameters over a wide range of angles of attack during twisting during takeoff, landing, and,
most importantly, during cruising flight for complex missions. For example, during rescue operations in hard-to-reach areas or the use of
military aircraft for special defense missions.

Such variable-geometry wings require comprehensive research using modern methods of strength of materials and elasticity theory. In this
regard, the problem being solved is one of the main fundamental issues of structural mechanics of special-purpose aircraft.

Keywords: WING, TWIST, DISPLACEMENT, SECTION, BENDING MOMENT.

1. Introduction

Efficient flight requires changing the aerodynamic
characteristics of an aircraft depending on the mission and the
corresponding flight modes. The traditional approach to designing
new aircraft currently allows only a slight (up to 5%) increase in
lift-to-drag ratio and improvement in takeoff and landing

performance. =
Wing high-lift devices in the form of simple deflectable leading %

and trailing edge elements, as well as changes in wing sweep, do
not allow for achieving high maximum lift coefficients under
varying flight modes.

In recent years, due to the development of technical know-how
and the emergence of new aviation materials, increasing attention
has been paid to improving aircraft aerodynamic performance by
changing wing geometry depending on flight modes, i.e., by using
an adaptive wing (Fig.1-2).

Adaptation of aircraft load-bearing components can be achieved Fig. 2 Aircraft diagram, top plan view.
by changing the span and sweep of the wing, as well as the shape
and size of the wing, and the twist of the wing relative to its spar.
We performed a strength and rigidity calculation for such a wing in
a previous study; however, this was insufficient to address more
complex issues and fully describe the stress-strain state of the
structure under consideration.

Therefore, in this study, we attempted a more detailed
investigation of this issue and additionally performed a calculation
to determine the rotation angles of the wing's free edge cross-
section. This allowed us to gain a more complete understanding of
the structural deformation of the unit under consideration.

Fig. 1 General axonometric view of an aircraft with twisted wings.

Fig. 4 Diagram of distributed loads acting on the wing, which change
according to a parabolic law.
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A twisted wing with a lenticular cross-section (Fig. 3) is loaded
along its span by two distributed loads acting in mutually
perpendicular planes Oxz and QOyz, which vary according to a
parabolic law (Fig. 4). Its geometric shapes and dimensions, as well
as the mechanical parameters of its cross-section, are
predetermined: I,, I, are the moments of inertia of the section, I is
the wing length, E is the modulus of elasticity of the rod material, q;
is the parabolically distributed load acting in the Oyz plane, and g,
is the parabolically distributed load acting in the Oxz plane [1, 3, 9].

To determine the displacements of the twisted wing tip, we use
Mohr's formula. First, we obtain the dependences of the bending
moments in an arbitrary cross-section on the action of applied
parabolically distributed loads g; and g, and unit forces F,=1N,
F1,=1N applied to the end section (Fig. 5). In an arbitrary cross-
section, oblique bending occurs in all loading cases [6, 8, 17].

The bending moment from a distributed load in an arbitrary
cross-section is determined by the formula:

3 5
3z 2qz2 3z q-z2
Mq - —=——"— =
8 3V 8 4Vl )

Fig. 5 Scheme of application of unit forces to the free end of the wing.

On the coordinate axes associated with the wing section, the
bending moment from the external load acting in this section is
projected using the following formulas:

My, = M, - cosp + M, - cos(QDu - qa) =

5 5
i q,z2 G222 .
=M, -cosp + M, -sing = i\ﬁ ~cos¢ + :\ﬁ - sing; )

M, =M, 'COS(QOB - (p) + M, - cos(lSDu - qa) =

5 5
9122 . qz°z2
=2 -5sin — - (—cosg) =
o ¢+, 7 (cose)
5 H
qrzz . 922
=2 —:5inQY — ——+ co5Q; 3
0 LG @; 3)

Bending moments from unit loads applied at the end of the wing
are projected onto the same axis (Fig. 6-7) associated with the
section using the following formulas:

M{‘xl =z cosp; M{‘yi = z-sing; (4)
MY, =z-sing;  M{, = z-(—cosp); 5)

To determine the displacement along the Oy axis, we write
Mohr's formula in the following form:

1M, ME. I My, MY,
A,= L —ldz L —ldz;
i fo EIXI- + jO E"yl > (6)

Fig. 6 Diagram of internal and external force factors acting on the cut-off
part of the wing.

Fig. 7 Scheme of application of internal moments acting in an arbitrary
section of the wing.

Fig. 8 Scheme of application of internal moments acting in a section at a
distance Z from the free edge of the wing.
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To solve this expression, the integrals included in it must be Solving the second integral from expression (6) we obtain:
solved separately, for which it is necessary to replace the variable
according to the following formulas:

5 5
6l 6l 2 2
z=—¢@, dz=—_dg; @) 1 22 me— 3222 o5l 2 - sing;
X i momp, | T T i
Since the wing tip rotates by 30° at maximum twist in the case we f EII dz = f 7 dz =
are considering, the integration limits are taken from 0 to ”/6(Fig.8) 0 6 0 &
Then the first integral from expression (6) is calculated as 7 5
follows: 72 - z2
qu\ﬁz -sin? ¢ — qz\ﬁz - cos@sing
= - dz =
q Z; q z; J(.) EIJ’:‘
1 L 2% cos + 1225 sing |- z - cos
fo,Mi‘x, . f[ aE T iy !
z= z= 9
EL, o El,, (6_1)2lq LT
_\m T > 2
=t @2 - sin” @ de —
7 7 4nEL NI o
q, - z2 2 q; - z? :
——=—"C0s + *Cos@psin
_ J-I 4\ﬁ @ 4\ﬁ Q@ (pdz _ .
o ElxI (61‘)§q 71:/6 7
= 2 £
7 AL @2 - cospsing - do )
6l \2 anE1, N1 o
(z¢) o "
T cosZ g I
:j 4l i —dep + By summing up the obtained results of these integrals, we
0 x T obtain an expression for determining the displacement of the end of
; a twisted wing along the Oy axis [4, 6]:
2
(Zo)e MM, M
n/GT- cosgsing Ay:J. @ Ldz + f‘iy‘dz =
4 f _ g = El,, El,
o EL, i 0 . 0
z
7 (%I)'(h /e % 2 o do +
6l z = @2+ cos @dg
To(we) @ el 4mE L, V1o
:j - c0s @ —d¢ + 9
0 4EL V1 ™ 61\2 z
, m fe % - cos@sing - do +
6\ 4mEL N1y
s f”/e(;'-qo) "4z o8 0
—————" cos@sing -—dg = >
o 4EL.VI ™ (6—1)2 qy (e 7
A/ - @2+ sin?@dp —
0 4mELN1 o
z 7
J‘”/ﬁ (%I) P2-q 2 deo + 6l g
= ———* CO0S
0 47’[E1x\ﬁ ¢ae (F) ' n/(: 7 )
i - @2+ cospsing-de =
0 4mEL, V1 Jo
v (6172 EI
+J- LSM- cospsing - dg = 6l ; 6l g
0 4HEII'\H = (K—)JO 0099 + m 0,0045 +
, AmEL AT 4mEL VL
60\2 9 9
el "2 e RO
T —— - COos e g1 —_ P
L)y O o T 0 e 0005 o
Ly, oy,
9
612 -
—) g2 ("e 7
(n) NG @2 - cospsing - dep (8) To determine the displacement along the Ox-axis, we write
4nElL, 0 Mohr's formula in the following form:
oMM, LMy My,
A= fO EL,, dz + -[0 El, dz; (11)
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Proceeding in a similar manner to the previous one, calculations

are made for the first integral of the expression:

1
foifo‘d Lo (M- cosp 4+ M, -sin(p)-z-sin(p-d
EI, EI,, z
0
7 7
q, 22 . 4222 . 2
- cos@sing + - sin
- J.I wl - 4l quz =
o Ll
9
2
G rafes
=" . cosgsin
peerad A psingdy
9
612 -
—) qz s 7
L @2 - sin? @dep (12)
4mEL N1 Jo

For the second integral of expression (11) we will have:

M)"x Mluyl dz

EL,

UM, - sing + My - (—cos@)] -z~ (—cosqo)dz _
EI

¥i

J

w
w

q,- 72

;i -z (—cosg)

2z
©cos@

sing — qil\f?

EI,

dz =

E[

7 7
qy - z? qp - 22

_ f 4 4yl

- (—cosgsing) + -cos?

dz =

EI)’:‘

7
- z2 i
B j.n'/qu}T- cospsing 6ld N
-, EI z

Vi

2
2

(& o
anEL VU,

z
2

= @2 - cospsinpde +

2
2

(&

AmEL N1y

Tfe 7 2,4
@2 cos“@de
(13)

By summing up the results obtained from these integrals, we

obtain an expression for determining the displacement of the end of
a twisted wing along the Ox axis:

8-

RORD
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IMxIMu[
Ef

1M, M}
J‘O Yi y‘dz —
E[}’I

e 7 (61

2 - cosgsingdp + ———
@ estnede 4nE1\f

(I\ff %

0,0021 —

dz

9

N|\D

S —— 5'1112 de —
4mEL N1y eae

2
2

)

4nEL, V1

Tl 7

@2 cosgsingdp + cos2 g dp =

2
2z

_ &

T 4nEL T

2
z

()2

0.0045 + P

9
z

[
) % 0,0099
mE Ly, V1

(20,

4EI vt

£0.0045 + (14)

The total displacement of the end of a twisted wing is obtained
by summing the displacements found:

A= (A2 4+ A2

To determine the rotation angles of a twisted wing tip, bending
moments equal in magnitude to unity must be applied to the free
end. Substituting these moments into Mohr's formula yields
expressions determining the rotation angles of the free wing tip
(Fig. 9) [10, 20].

First, we apply a unit moment around the Ox axis,
My=1 N/‘mm, and determine its projections onto the axes O; x; and
O, y; associated with the section:

(15)

Mlx(x[-) = M, rcos@ =1-cosp = cosp (16)

My (yiy = My, - c0s(90° — @) = 1+ sing = sing 17)

After this, we apply My=1 Nfnm - around the Oy axis and
determine its projections onto the same axes O; x;and O; y;

Myy ety = Myy - cos(90" — ) =

=M, -sing = 1-sing = sing (18)

Myy(yiy = My, - cos(180° — @) =

= My, - (—cosp) = 1 (—cosp) = —cosg (19)

The angles of rotation of the wing tip relative to the axes Ox,
Oy are determined using Mohr's formulas:

l MxiMlx(xi) d

0x = Jo—51 (20)

(1)

L My M x(yi)
+f0 Ty, dz

_ j-l MxiMly(xi)d

_ fl My M1y(yi) dz
Py 0 Ely

0 Elyi



First, we calculate each integral separately, and then we sum
them up [20, 26].

Fig. 9 Scheme of application of single moments of a pair of forces to the
free end of a wing.

For the first integral of expression (20), the following
calculations are performed:

5 5

q, - z2 q, z2
I —F=cos@ +——F= - sing| - cosp
foiMlx(xi) fl 4\/? 4\ﬁ
- =, dZ = dz =
. EIL,. o EI,
5 5
9,2z 2,4 q,  Z2 ]
™= -cos @ - coS@QSing
f 4l W
= dz =
0 Elxi
5
(o)
p 1
= T—ag
0 Ellff
£l
6l 2
ﬂ (Eqa) = * cosS@sin
+f /6 NG psing 6Id
—de =
o ElL, T
3
6l 2
f% (7o) a , 6l
= © cos“@--—do +
o 4ELNT n
5
x, (6l z
f fe (F qa) 1 - cos@sing -G—Id(p =
o 4EL VI ™

- cos®pdp +

+ cos@sing -dp =
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7
2
(?Er) e /6 g 2 do +
= * COs
4nEL V1o ¢ v
7
& e s 22)
o cospsing - ;
4mEI N o @ psing - dg
For the second integral of this expression we will have:
3 5
q1- 2% qp - 22 :
1 *Sing — *COS *sing;
My M1y z[ WL T e
S Vi 0 Vi
3 3
_ II% sin? ¢ — qi;ﬁz - cos@sing o
0 Elyi
z
2
(%I) 0 ”/6 % in2 d
=—F - sin —
4mEL, N1 o v pae
7
2
(& aes
- @2+ cospsing - de
4nEL, V1 Jo 23)

After calculating the first integral of expression (21), we obtain:

MMy
ET,,
|

- z2
qz\;{ ~cos@sing +

dz

0
5

qq - 22
41

s

qz - 22
a1
EI,

- (—sing) + - (—cos@) |- (—cosp)

dz =

s

5

z2

92
Vi

4

EI,

L cos@sing 6l

[

[l
0

- (6l
g [5)
—— cospsing - — E——
BT gsing-Todo |

61\2
, s (=) 07+ az
: cosqasrnqudqu+f
0

AL . cosedp =
4mEL N1 oo

Qo (e 5
@2 cos? g do;

()

4nEL V1

2. cospsinpde + (24)
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For the second integral of this expression we will have:

5 5
‘h'zi, 92" —cf .
Ly M, - z[ W sp + 4\/_ - (—sing) |- ( squ),
Vi Yy _ _
— L —dz= dz =
| —mm, ) I,
5 5
z2
cosgsing) + I22% . gin?
:fz 4{ "(—cosgsing) N qodz B
0 El,,
l 7 [ 7
6 )Z . 6[\2 z
(F ‘a1 (e 5 (*) Gy (s s L
= . d . de; 25
anEL, )y @2 cos@sing (p+4nEl i @z sin’® ¢ -de ( )

After substituting the solutions of these integrals into formulas
(20) and (21), we finally obtain expressions for the angles of
rotation of the wing tip relative to the Ox and Oy axes:

The rotation relative to the Ox axis is determined by the
expression [12, 16]:

_ j-lMxiMlx(xi) dz+j-lMyiM1x(yi) dz =
Ely;

7
2

Ry

@2 - cosgsing do +

@2 cos>@dp +

4mEL V1 4mEl, \f

7 z

2 2
0 g B85 .
— = * S cospsing - =
4nELNT ¢ Y Vi ¢ pimerae

z
2

61
(&) e

= ~-——0,0347 + —L——0,0098 +
4n51x‘ﬂ 4mEL V1

mm

7
1 61\2
(e 00031—()?

471.'E1y VU 47rE[yIvI

S

_l_

0,0098 (26)

The rotation about the Oy axis is determined by the expression:

1 MMy (i) 1 My M1y
(Py_fo Ely; dz+f0 Ely, d

7 7
R (&) e

@2 - cospsinpdg + @2 -cos?@-do =
anELNT g 4rElL, \/—

Z z
_ e ggg 4 ()
AmE] I\ﬁ

T amBL L

0,0031 —

7
z

1% 61
(e ~0,0098 + - () e 0,0347; (27)

4::51 N 7EL, N1

To determine the normal stress in any section of the wing in the
formulas for bending moments from transverse loads relative to the
axes O; x; and O; y;, it is necessary to replace the variable in the
following way [9, 20, 22]:

6l
z2=_—@; @ = %’;; (28)

Relative to the O; x; - axis, the bending moment will have the
form:

5 5

q,z2 . ZT
os T+ % “sin’ (29)

61

My, = M; -cosg + M, - sing = q;

The formula determining the moment of inertia of the wing
section relative to the axis O; x; will be:

Jlnpx[ - EL 1 imp. Xyiz (30)

The formula determining the moment of resistance of the wing
section relative to the same axis O; x; will be:

Mf;:_ — E?:lpinp.nyz (31)
i Ymax

The normal stress from this bending moment is found using the
formula [4, 6]:

5 5
5 5 q12z2 zrr qez2 , zm
2 j [ T
9122 zn qpzZ . zm Ymax'\ " 7 Sel T 4T "l

o :E: w1 0 ei+4wsn5:_ .
oy I Finp 97 I Finp X} ! (32)
Ymax
Relative to the O; y; - axis, the bending moment will have the
form:
3 5
. Q22 qp 22
M, = M, -sing + M, - (—cos¢@) = - sing + *(—cosgp) =
y, = My - sing + M, - (—cos¢) il W (—cosg)
g 2
_ 41
- 4\ﬁ (33)

The formula determining the moment of inertia of the wing
section relative to the O; y; axis will be:

Jlnpy[ 21 1 imp. Xxiz (34)

The formula determining the moment of resistance of the wing
section relative to the same axis O; y; will be:

ZiL ) Funp XX} (35

Xmax

%]:

The normal stress from this bending moment is found using the
formula:

5 5
qz2 ., zm gpz2 zn
max| T Sing — Ecos
o, = = = 6l — .
¥ i F XXy n 2 !
i Wy, 1=1"lnp. Zx:lplnp‘)‘tx (36)
Tmax

My( My sm 7M2 casf
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The total normal stress acting in an arbitrary section of a
twisted wing is obtained by summing the previously obtained

stresses:

My My
=0, +to, =+ =
i Yi WX: WJ’(

Oz

5

z2

5 5

Zm qp-z2 zr{+q2-z7- . Zm
"CoS— || =F=rcos—+—=sin—
[ Ymax'| " F 6l 4Vl

) .

5
.zmw
sine—

4222
xmax( a1 Stny

n 2z
T Pimp %]

4l

n 2
Ex:1Flﬂp‘xyi

2. Conclusion

Based on the results of the analysis of design options and
preliminary corresponding aerodynamic calculations for the
proposed special-purpose aircraft, it has been established that:

1. Future experimental aircraft, in principle, could be equipped with
variable-geometry wings, since these wings can practically change
their shape during flight, allowing them to adapt to changing
conditions at different stages of flight. These measures enable the
aircraft under consideration to become more efficient, safer, and
easier to control.

2. Particularly noteworthy are the advantages that allow the aircraft
to more easily respond to turbulence, strong cross-currents, and
unexpectedly changing and extreme flight conditions.

3. A critical step in the design of such wings is strength and rigidity
calculations, based on the fact that large wing deformations can
cause additional normal and shear stresses in structural components
that may exceed their permissible values. This can lead to
component failure, including the failure of the entire wing and,
ultimately, the entire aircraft.

4. We deemed it necessary to perform not only strength calculations
but also calculations to determine the lateral displacements and
rotation angles of the entire wing. A preliminary solution to these
issues is presented in our proposed work.

5. After the development and implementation of modern automatic
control system methods, the effectiveness of the above solutions
will be significantly increased.
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Abstract: Blockchain technology is primarily implemented in the supply chain for disintermediation to reduce transactional fees. A
secondary use case is for product traceability. A key element in achieving Industry 4.0 within the supply chain includes the use of blockchain
for product traceability. To do this, questions arise concerning critical success factors for implementation and their interaction. This research
evaluates a potential relationship between identified critical success factors and uses those relationships to design a model for successfully
implementing product traceability in the supply chain through blockchain. This research also evaluates the impact certain factors, such as
organization size, revenue, or type of industry may have on which critical success factors are most important for implementing blockchain in

the supply chain.
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1. Introduction

Blockchain was originally designed for cryptocurrency. Initially
focused on financial transactions blockchain found success when
applied to other types of transactions. This creates possibilities for
other blockchain applications, including supply chain traceability.
Using blockchain in the supply chain has been advocated in recent
years [1].

Purchasing goods in a modern supply chain involve third parties
such as a banks or brokers. This process incurs bank transaction
fees. Satoshi Nakamoto’s 2008 paper, which first proposed a
distributed ledger, eliminated the need for a trusted third-party
payment system [2]. Blockchain technology allows for peer-to-peer
payments using a digital currency across a public ledger system
which avoids transaction fees. These small transaction fees add up
to large sums of money when hundreds, thousands, or tens of
thousands of transactions are processed.

In addition to avoiding transactional fees, there are other use
cases that make the implementation of distributed ledger technology
a growing trend [3]. The use case of interest here is that of product
traceability. Traceability is always a concern for companies.

2. Prerequisites and means for solving the problem
2.1 Prerequisites

There is a lot of discussion around traditional traceability
systems and their improvement. Methods of improving current
systems include bar codes and Radio Frequency Identification
(RFID) tags [4]. While these methods provide improvements, they
do not fundamentally change the process. Current processes around
product traceability, and established technologies for improvement,
cannot fundamentally support achievement of Industry 4.0. There
are five common types of issues experienced in traceability
systems:

Real time information [5] — The ability to retrieve
information in a timely manner. The inability to have
timely information is not only a frustration for companies
and consumers, it can also be a legal requirement.

Easy availability [6] — The ability to access information.
When a blockchain established on the supply chain has
the traceability information included, the information
becomes easily available at every stage of the supply
chain.

Long term storage [4] — Retaining information for
extended periods of time. Traditional filing systems (i.e.
paper) create difficulties including, physical storage
space, degradation of materials, and reliance on master
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copies. Storing the same data on the blockchain alleviates
the need of physical storage space, degradation of
materials, and reliance on master copies. Inclusion on a
distributed ledger, by definition, contains multiple copies
and protects against data corruption.

Security [7] — Preventing the data from being
compromised. A public ledger system is solved in blocks
making it almost impossible to forge. These blocks cannot
be altered but only added to, which creates a chain of
blocks. Thus it was titled block chain. Short of a 51%
attack it is impossible to change an entry after it has been
codified as part of the blockchain.

Accuracy [7] — The data does not contain errors. Systems
designed to automatically enter traceability information
mitigates risks associated with human data entry. Sharp
estimates that data entry, even among skilled typists,
contains one mistake for every 300 characters [33].
Conversely, automated systems have approximately one
mistake per 1 million characters.

Blockchain is well suited to handle the issues associated with
traditional traceability systems. Improving upon the limitations of
traditional traceability systems presents a powerful support for the
use case of blockchain for product traceability in the supply chain.

2.2 Research Problem

It is clear that Blockchain has the capacity to solve many issues
associated with traceability systems and support the transition to
Industry 4.0. The question now concerns the implementation of
blockchain in the supply chain for product traceability. There are
many factors influencing blockchain implementation. Which factors
have the greatest influence on implementation of blockchain in the
supply chain?

2.3 Research Questions

Research question 1: What factors most influence blockchain
implementation in the supply chain for product traceability?

Research question 2: Do organization size, revenue, or type of
industry have an impact on which critical success factors are
considered most important for implementing blockchain in the
supply chain?

2.4 Analysis

Two types of analyses were used to complete the study, with all
data being collected from one survey instrument. The research
design was a quantitative non-probabilistic study using a
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convenience sample of supply chain professionals at the
Association for Supply Chain Management (ASCM) national
conference and LinkedIn ASCM group members.

The analysis for research question 1 was correlational using
stepwise regression. The analysis for research question 2 was
causal comparative using t-tests.

The quantitative survey instrument used a Likert-type scale
based on the research questions enumerated above and the critical
success factors given by Clohessy [8]. The critical success factors
from Clohessy under consideration were:

Technological
Perceived Benefits
Complexity
Compatibility
Data Security
Smart Contract Coding
Maturity
Relative Advantage
Disintermediation
Permissions (public vs private)
Architecture
Organizational
Organizational/Value Chain Readiness
Top Management Support
Organizational Size
Business Model Readiness
Technology Readiness
Innovativeness
Participation Incentives
Blockchain Knowledge
Environmental
Regulatory Environment/Regulation
Market Dynamics/Competitive Pressure
Industry Pressure/Standards
Government Support
Business Use Cases
Trading Partner Support
Critical User Mass

The 25 factors identified by Clohessy were categorized in two
groups. The first category is factors that influence the decision to
implement blockchain as compared to the second category which
are those factors that influence how well blockchain is
implemented.

Decision factors are those a company would consider when
deciding whether or not to implement blockchain. A company
should consider the compatibility, complexity, data security,
regulatory  environment/regulation,  participation  incentives,
maturity, business model readiness, critical user mass, technology
readiness, government support, perceived benefits, trading partner
support, organizational/value chain readiness, innovativeness,
disintermediation, relative advantage, and market
dynamics/competitive pressure. These are factors companies use to
determine if they are ready for blockchain implementation.

Implementation factors are those that help determine how well
blockchain is implemented. These include architecture, permissions
(public vs private), industry pressure/standards, top management
support, blockchain knowledge, organizational size, smart contract
coding, and business use cases. These factors help predict
successful implementation.
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2.5 Research Hypotheses

To answer research question 1, implementation factors were
analysed using a stepwise regression in Minitab to build the
statistical model. This method ensured all variables were
considered.

Three groups were compared to answer research question 2.
Comparisons of groups were organization size, revenues, and
industry. Small to Medium Enterprises (SMEs) are defined as those
with 500 or fewer employees. Large organizations are defined as
those with more than 500 employees [9]. Revenue used two
categories — low and high revenue. Low revenue was defined as less
than 250 million US dollars annually and more than 250 million US
dollars annually for high revenue. The third comparison was
industry. Broad categories of manufacturing and service were used.

Using these categories, the following research hypotheses were
established:

Hol: There is no significant difference on the critical success
factors between small and large organizations for implementing
blockchain in the supply chain.

H,1: There is a significant difference on the critical success
factors between small and large organizations for implementing
blockchain in the supply chain.

Ho2: There is no significant difference on the critical success
factors between low and high revenues for implementing
blockchain in the supply chain.

H.2: There is a significant difference on the critical success
factors between low and high revenues for implementing
blockchain in the supply chain.

Hq3: There is no significant difference on the critical success
factors between manufacturing and service industry for
implementing blockchain in the supply chain.

H.3: There is a significant difference on the critical success
factors between manufacturing and service industry for
implementing blockchain in the supply chain.

3. Solution of the examined problem

3.1 Research Question 1

The survey instrument asked the respondents to rank to what
extent the critical success factors influence implementation of
blockchain in the supply chain. They were asked to rate how much
the listed factor will influence blockchain implementation in the
supply chain. A rating of 1 is no influence on implementation and a
rating of 10 is extremely high influence on implementation. These
rankings were averaged across all responses and the following bar
chart was created.
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Figure 1. Bar Chart of Critical Success Factor Rankings

Critical Success Factors
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Top management support, data security, and complexity (how
complicated blockchain will be to implement) represented the top
three factors with average rankings of 8.07, 8.00, and 7.98
respectively. It is worth noting the large drops in relative rankings
after complexity and again after perceived benefits. With only a
1.98 difference between the average ranking of the top critical
success factor and the lowest average ranked critical success factor,
a drop of 0.446 from complexity to perceived benefits and another
drop of 0.202 to compatibility represents 22.5% and 10.2% of the
total difference. Roughly one-third of the difference.

Research question 1 asked which factors most influence the
implementation of blockchain in the supply chain for product
traceability. Simplistically this can be answered by the bar chart
shown in figure 1. A more complete answer includes evaluating a
relationship that might exist between the identified critical success
factors and using those relationships to design a model for the
successful implementation of blockchain in the supply chain as it
relates to product traceability.

Successful implementations and unsuccessful implementations
were compared using stepwise regression to generate a model. The
regression model for implementing blockchain in the supply chain
is written as:

Success = 0.286 + 0.1512 Permissions + 0.0745 Organizational
Size + 0.1589 Blockchain Knowledge.

It is interesting to note that in the simple bar chart, the top 3
factors are Top Management Support, Data Security, and
Complexity, while in the model none of these factors are
represented.

Permissions in the model refers to the two basic formats for the
implementation of a block chain; public and permissioned
(sometimes called private). Public blockchains are exactly as the
name sounds. They are open to the public. Anyone with network
access can become a node on the network. Once on the network, the
node has full permissions to read, transact, and create blocks. In a
permissioned blockchain, someone must receive permission from
the network owner to access the blockchain network. The network
“owner” can set permissions on who can read information on the
blockchain, who can transact on the blockchain, and who can write
new blocks to the chain [10].

3.2 Research Question 2

For organizational size there are two critical success factors that
have a statistically significant difference at the .05 level. Trading
Partner Support, with a p value of 0.036, shows a clear difference in
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responses for organizational size. Participation Incentives is also
statistically significant with a p value of 0.05.

The null hypothesis for organizational size is that there is no
significant difference between the critical success factors between
small and large organizations for implementing blockchain in the
supply chain. With two critical success factors having a statistically
significant differences between small and large organizations, this
study rejects the null hypothesis at the .05 significance level for
those two factors. There is a significant difference between the
critical success factors among small and large organizations for
implementing blockchain in the supply chain. The means of the
critical success factors are not the same between small and large
organizations. This can be interpreted that the organization size may
affect the level of influence of critical success factors.

The next comparison of the data was by revenue.

Based on the o of 0.05, there are no critical success factors that
have a statistically significant difference.

The null hypothesis for organizational revenue is that there is no
significant difference between the critical success factors between
low and high revenues for implementing blockchain in the supply
chain. With no critical success factors having a statistically
significant difference between low and high revenues, this study
fails to reject the null hypothesis at the .05 significance level for
those two factors. This can be interpreted that the organization
revenue does not affect the level of influence of critical success
factors.

The final comparison of the data was by industry.

Based on the a priori a = 0.05, there is one critical success
factor that has a statistically significant  difference.
Organizational/Value Chain Readiness, with a p value of 0.014,
shows a clear difference in responses from manufacturing and
service.

The null hypothesis for industry is that there is no significant
difference between the critical success factors between
manufacturing and service industry for implementing blockchain in
the supply chain. With one critical success factor having a
statistically significant difference between manufacturing and
service industry, this study rejects the null hypothesis at the .05
significance level for those two factors. There is a significant
difference between the critical success factors among industries for
implementing blockchain in the supply chain. The means of the
critical success factors are not the same between industries. This
can be interpreted that type of industry affects the level of influence
of critical success factors.

4. Results and discussion

4.1 Research Question 1

To answer research question 1, the 25 critical success factors
had to first be divided into implementation factors and decision
factors. The implementation factors are what were considered in
developing the model for implementation. The findings for research
question 1 indicate that of the eight implementation factors, only
three are needed to model successful implementation. A multiple
linear  regression was calculated to predict successful
implementation of blockchain (the dependent variable) based upon
the independent variables of the implementation factors
((blockchain knowledge, organizational size, permissions (public vs
private), architecture, smart contract coding, business use cases, top
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management support, and industry pressure/standards)). A
significant regression equation was found (F(3,5) = 47.29, P<.000),
with an R?* of .966. Participants’ predicted successful
implementation of blockchain is equal to 0.286 + 0.1512
Permissions + 0.0745 Organizational size + 0.1589 Blockchain
knowledge, where permissions, organizational size, and blockchain
knowledge is measured as a 1 to 10 ranking. Permissions,
organizational size, and blockchain knowledge were significant
predictors of successful implementation.

The R? value predicts 96.6% of the variability of its response
data around its mean. This is not to say that the factors not included
in the model are not important to implementation. It is to say that
these 3 best represent the regression line.

To represent the mathematical model in a visual way, only the
implementation factors are presented. When thought of this way, a
visual representation of the model becomes apparent. Figure 2
represents the visual model.

Figure 2. Model of Factors Influence on Implementing Blockchain
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4.2 Research Question 2

Blockchain knowledge, organizational size and permissions
(public vs private) are the primary factors predicting successful
implementation of blockchain. Though, the other five
implementation factors in the model (Top management support,
industry pressure/standards, architecture, smart contract coding, and
business use cases) should also be considered.

By failing to reject the second null hypothesis, the model would
apply in organizations of different revenue levels. The implication
of rejecting the first and third null hypothesis is whether or not the
implementation model still applies in organizations of different size
and different industries. On its face, the model would not apply to
different organizational sizes or different industries. Looking
deeper, the critical success factors that had a statistically significant
difference are those that are not in the model. It is further shown
that the critical success factors that had a statistically significant
difference are decision factors and not implementation factors.
Based on this further examination, the model would still apply to
organizations of different sizes and different industries.

5. Conclusions

Investment is ongoing as companies work to develop
blockchain technology. An example of this is Catena-X in the
automotive industry. One of the main goals of the technology is
disintermediation. By removing banks and brokers from the
payment process in the supply chain, transactional costs can be
eliminated. By eliminating the transactional costs, the benefits are
monetary. Standardized data exchange across a supply chain can
improve transparency, efficiency, and sustainability[11]. One of the
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identified advantages of blockchain beyond disintermediation is to
incorporate traceability. This immutable database of provenance
makes traceability a natural fit with blockchain technology.

Companies want to be successful when implementing
blockchain in the supply chain. Of the 25 critical success factors
determined by Clohessy [8], companies should primarily consider
the factors of blockchain knowledge, organizational size, and
permissions. Secondarily, architecture, smart contract coding,
business use cases, top management support, and industry standards
should also be considered.
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Abstract: Having as an initial motive a very high level of importance of the risk related parameters and their relevance for the overall
decision making, in this paper are taken into consideration some elements of the risk management process in a seaport. In order to establish
bases for the research, a literature overview was carried out with special attention on different approaches to defining phases of the risk
management process in a port, variety of classification manners of risks, techniques for assessing risk, national (in Montenegro) and
international regulation used as a base for structuring and functioning of a risk management system in the field of safety and health on work.
Using DEA CCR input oriented method, intensity of impact of the risk related inputs (number of workers directly engaged in the cargo
handling process, berth length, water depth, operation costs) on the berth efficiency is analyzed, having as a base date series from a concrete
dry bulk cargo terminal in a seaport. Results indicate that risk related input parameters, of various characters, causing intensive variations
in berths efficiency scores. An approach proposed in this paper can be implemented in other ports as well as in other systems for
investigating intensity of impact of risk related influential factors on parameters which characterize their functioning.
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the risk management in the logistic chain as a whole or some of its
elements (ships, customs, ...). The priority is given to structure of
the risk management process, risks’ classification and recognition
of their criticality ranks, etc.

Auvailable literature contains different approaches to defining
phases of the risk management process in a port, as shown with the
following table (Table 1).

1. Introduction

The risks faced by the ports are larger than ever before. They
could lead to interruptions of the working process in a port itself,
with negative impacts on local, regional and global economies due
to the role ports have in the supply chain.

In the available literature are taken into consideration different
aspects of the risk management in the ports (terminals) as well as

Table 1: Some approaches to defining phases of the risk management in a port

Approach Reference
A risk management process consists of risk identification, assessment, prioritization, implementation, and tracking. [1]
There are four steps of the risk management procedures, which are: identification, classification, analysis and estimation and control. [2]
The risk management process consists of six steps: System identification (Port); Risk identification (what go wrong?) Risk assessment [3]
(investigation of important risks); Risk control options (measures to mitigate risks); Cost/benefit assessment (cost/benefit of measures);
Decision-making (recommendation);

The risk management process is usually structured around five phases: (1) Identification of risks; (2) Risk Analysis; (3) Planning and [4]
scheduling preventive and corrective actions; (4) Monitoring and implementation of action plans; (5) Effectiveness monitoring of measures;

Risk management process can be structured according to following model: establish the context, identify risks, analyze risks, evaluate risks, [5]
treat risks, all connected with communication, consulting and monitoring and review.

The risk management process can be structured as follow: establishing the context, collection of information and intelligence, risk assessment | [6]
(risk identification, risk analysis, risk evaluation and prioritization), risk treatment, monitoring and review, documentation, communication

and consultation;

(source: authors)

Classification of risks — With the available literature are
proposed numerous approaches to classification of risks. In Table 2

of identified categories.

Table 2: Classification of risks

are presented some characteristic classifications, with a description

Risk classification Description of risks Reference
@ @ (©)

internal risks the risks generated within a port: ship collisions, lack of personnel, irresponsibility, document interpretation [7-10]
problems, ...

external risks the risks originate from external sources: fuel price, traffic jam, monopoly, electricity blackout, old shipping
lane, storms, ...

hidden risks the risks are generated by smaller separate threats related to a local scale (within a port) or to a larger scale
(over the supply chain).

natural risks the risks which cannot be connected with the human actions: strong winds, hurricane, earthquake, volcano [11]
eruption, floods, high temperature during working hours, heavy rain.

man-made risks a man-made risk occurs mainly as a consequence of one or more intentional or negligent human actions.

liability risks and third-party property damage; loss or damage to vessels or cargo; wreck removal errors and omissions; fines and | [12]

associated duty;

property and handling loss or damage to port’s assets, including handling equipment or property; damage to sea walls, piers, and

equipment risks wharves, from natural hazards or vessel impact;

revenue stream risks strikes; denial of access or transportation incidents; damage that incapacitates critical cargo handling
equipment; damage to key customers’ or suppliers’ premises;

cyber risks loss of availability, integrity, or confidentiality related to critical systems or data; ...

environmental risks can arise at all stages of a port life cycle [13]; ship emissions, dredging, oils spills, chemical contaminants,
ballast waters, noise pollution, alien species, ... [14];

construction risks dredging, removal and disposal of contaminated material, ...

health and safety risks port safety is affected by multiple factors related to design, installation, operation and maintenance [15];

country risks the risk of investing in a country (in a port), financial factors such as currency controls, devaluation or [16]
regulatory changes, or stability factors such as mass riots, civil war;

business risks the externally driven uncertainties which can impact any subject within or outside a port.
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organisational risks

lack of clarity over roles and responsibilities, inadequate or inaccurate information, poor staff selection
procedure, inappropriate decision making, performance failure (people or equipment).

operational risks

lack of management supervision, errors, malice, fraud, poor health and safety procedures and environmental
compliance failures, physical disasters, and poor internal controls; the risks generated during: operational
planning process, loading/unloading and storage of cargo, ... [17]; the risk of loss arising from the failure or
inadequacy of internal processes, poor work culture, poor occupational safety and health, etc. [18];

port safety risks

people safety: port workers, customers, service providers, ship’s crew, ...

contract related risks

the risks generated with the inadequate contracts with port customers.

human related risks
performance, training and communication...

here belong following risks™ factors: people - knowledge, skill, ability, decision making, safety culture,

technical risks

equipment types, ...

inadequate maintenance policies, caused by: absence of preventive and corrective maintenance, lack of
qualified maintenance personnel, lack of adequate stocks of spare parts, insufficient standardization of

climate risks

The entry and exit of vessels into and from a port, including pilot transfer operations, are sensitive to wind and
wave conditions. Within the port, changes to wind conditions and precipitation patterns can interrupt cargo
operations, potentially even risking damage during extreme weather events.

[19]

added, this figure increases to 11 % [20].

According to researchers from the Massachusetts Institute of Technology Supply Chains Initiative, freight
transportation contributes approximately 8 % of global greenhouse gas emissions. If the warehousing operations are

In the first European Climate Risk Assessment report [21] are identified the many different economic and
social risks that Europe will need to manage over the next decade due to the climate crisis. Managing climate
risks is a necessary condition for improving living standards, fighting inequality and protecting people [22].

Projected increases in global temperatures are expected to cause or intensify several climate-related hazards
that can pose considerable physical risks to the shipping and port industries: sea level rise; severe tropical
storms; inland flooding; drought; extreme heat events, etc. [23-24].

(source: authors)

Some additional categories of risks, not mentioned in the Table
2 are recognized in the available literature: risks caused by national
and international regulation, risks generated by multiple jurisdiction
[2,5], security risks [14], financial risks [18,25], commercial risks
[18], risk associated with physical flows, risks associated with
payment flow, risks associated with information flows [26], , etc.

Techniques for assessing risk - EC 31010:2019 provides
guidance on the selection and application of techniques for assessing
risk in a wide range of situations [27]. The methods used for risks
assessment are [28]: brainstorming, check-lists, hazard analysis and
critical control, scenario analysis, business impact analysis, failure
mode effect analysis (FMEA), failure mode effect and criticality
analysis (FMECA), fault tree analysis, cause-and-effect analysis,
Markov analysis, Monte Carlo simulation, ...

In the process of risk assessment, the Data envelopment
analysis (DEA) cross-efficiency method is used to evaluate a set of
risk factors obtained from the FMEA [29]. DEA is initially
employed to prioritize risk factors, and based on obtained results,
optimal response strategies are determined [30].

For example, FMECA is widely used in order to assure that all
potential failure modes have been considered and the proper
provisions have been made to eliminate these failures [31-32].

Regulation - In general, risk management in a port has to be
based on the international and national — domain specific —
regulation. In order to illustrate complexity and very wide range of
risk related regulation in this section are summarized some elements
of the national and international regulation which is used as a base
for structuring and functioning of a risk management system in the
field of safety and health on work.

National regulation (in Montenegro) — The Law on Safety and
Health at Work [33], states that safety and health at work is ensured
and implemented by applying modern technical-technological,
organizational, health, social and other measures and means of
protection in accordance with this law, other regulations, ratified
and published international agreements. The Law defines
occupational health and safety as the process of ensuring working
conditions that do not lead to work injuries, occupational diseases
and work-related illnesses and that create conditions for full
physical and psychological protection of employees.

International regulation — here are summarized some elements
of the European Union regulation in the field of safety and health on
work.

Framework Directive 89/391/EEC requires employers to carry
out a risk assessment to enable them to take the appropriate
measures to protect workers' safety and health. The Directive
introduces as a key element the principle of risk assessment [34-35].
Individual directives tailor the principles of the Framework
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Directive to [36]: specific tasks (e.g. manual handling of loads);
specific hazards at work (e.g. exposure to dangerous substances or
physical agents); certain work-related aspects (e.g. organisation of
working time).

The EU Strategic Framework on Health and Safety at Work
2021-2027, announced in the European Pillar of Social
Rights action plan, sets out the key priorities and actions necessary
for improving workers” health and safety [37-38].

The European Commission has announced its top three
occupational safety and health actions in its Communication Safer
and Healthier Work for All - Modernisation of the EU Occupational
Safety and Health Legislation and Policy [36].

Relevant directives and regulations from the domain of health
and safety on work [39-42]: Directive 2009/104/EC — use of work
equipment; Directive 92/58/EEC - safety and/or health signs;
Directive 89/654/EEC - workplace requirements; Regulation
2023/1230/EU - machinery; Regulation (EU) 2016/425 on personal
protective equipment; Directive 2003/88/EC - working time etc.

European directives set out the minimum standards for safety
and health in the workplace [43].

Although a very wide group of topics are treated in the available
literature on risk management in the ports, there is a lack of
references related to quantification of influence of risks on port
efficiency. It is a main motive of the authors to select the central
theme of this paper: to measure intensity of influence of risk related
inputs on the berth efficiency, as one of metrics of a port
efficiency, using DEA CCR method.

2. A description of a port where the analysis is
performed

The Port of Bar [44] is a multipurpose port, situated at the south
of the Adriatic sea, established at the beginning of the last century
(1906). The Port is managed according to the landlord port
management model. Within the Port area are functioning two
terminal operators: Port of Bar JSC, where major shareholder is The
State of Montenegro, owning 78.55% of shares, and the Port of
Adria JSC, where majority of shares — 62% are owned by the
Turkish Company Global Ports Holding. There are several
specialized terminals in the Port of Bar: Terminal for dry bulk and
liquid bulk cargo, Container terminal, General cargo terminal, Ro-
Ro terminal and Passenger terminal.

Concrete results presented in this paper are related to the
Terminal for liquid bulk and dry bulk cargo, managed by the
Terminal Operator Port of Bar JSC. Basic characteristics of the
Terminal are given in the Table 3.


https://climate.mit.edu/explainers/freight-transportation
https://osha.europa.eu/en/legislation/directives/the-osh-framework-directive
https://osha.europa.eu/en/safety-and-health-legislation/eu-strategic-framework-health-and-safety-work-2021-2027
https://osha.europa.eu/en/safety-and-health-legislation/eu-strategic-framework-health-and-safety-work-2021-2027
https://osha.europa.eu/en/about-eu-osha/what-we-do/corporate-strategy-and-work-programmes/supporting-european-pillar-social-rights
https://osha.europa.eu/en/about-eu-osha/what-we-do/corporate-strategy-and-work-programmes/supporting-european-pillar-social-rights
https://ec.europa.eu/social/BlobServlet?docId=16874&langId=en
https://ec.europa.eu/social/BlobServlet?docId=16874&langId=en
https://ec.europa.eu/social/BlobServlet?docId=16874&langId=en
https://osha.europa.eu/en/legislation/directives/3
https://osha.europa.eu/en/legislation/directives/3
https://osha.europa.eu/en/legislation/directives/9
https://osha.europa.eu/en/legislation/directives/2
https://osha.europa.eu/en/legislation/directive/regulation-20231230eu-machinery
https://osha.europa.eu/en/legislation/directive/regulation-20231230eu-machinery
https://osha.europa.eu/en/legislation/directive/regulation-eu-2016425-personal-protective-equipment
https://osha.europa.eu/en/legislation/directive/regulation-eu-2016425-personal-protective-equipment
https://osha.europa.eu/en/legislation/directives/directive-2003-88-ec
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Table 3: Basic charactersitics of the Terminal

Volujica Quay - berths: 01, 02, 03)

Total lenght: 554 m; Water depth: 14 m;

Old Quay - berths: 04, 05, 06

Total lenght: 280 m; Water depth: 5.00 m — 7.20 m;

New Tanker Berth (NPV)

Maximal ship’s LOA: 200 m; Water depth: 13.50 m,

(source: [44])

3. An analysis of impact of risk related inputs on
berth efficiency

Port efficiency is the capability of a port (terminal) to fit the
optimum number of inputs to a given output level [45].

The efficiency of port operations directly influences the speed,
cost, and reliability of global shipping [46]. Port efficiency is
depending on different influential factors: the various technological

Table 4: Additional references on port efficiency

advancements, including, digitalization, advanced analytics and
sustainable technologies [46], adaptation to climate changes
(especially for the coming years) [47], security procedures
according to ISPS Code [48], etc. Port efficiency was researched in
some additional references, too, as shown with the next table (Table
4).

Object of research/Findings Reference
Object of research: A new methodology to quantify the efficiency dynamics of a port over time. / Findings: An optimization-based approach for | [49]
efficiency measurement under uncertainty and a risk-based index to measure the efficiency of any operating unit.

Object of research: Risk management in the maritime supply chain. / Findings: When supply chain risk increases, efficiency significantly goes [50]
down even when the maritime supply chain is very good.

Object of research: The importance of port efficiency and service quality. / Findings: Exporting firms have a positive willingness-to-pay for a [51]
reduction in the handling time. Findings emphasize the importance of trade facilitation measures in improving port efficiency and service

quality.

Object of research: Determinants of effective high-risk cargo (HRC) handling at seaports. / Findings: The study confirmed the correlation [52]
between HRC training and the level of knowledge of risk mitigation and emergency procedures, documentation understanding and regulations
adherence.

(source: authors)

In general, there are three required elements for measuring
efficiency in ports: decision making unit (DMU), output variables,
and input variables [45]. It the available literature related to
measuring port efficiency are used different methods (techniques):
original least squares (OLS), corrected original least squares
(COLS), data envelopment analysis (DEA), stochastic frontier
analysis (SFA), etc. [53].

Efficiency in a port can be measured in different manners, using
various metrics: efficiency of whole port (in comparison with other
ports), efficiency of terminals in the same port or among different
ports, efficiency of berths within a terminal, etc.

As defined before, in this paper will be analyzed impacts of risk
related inputs (elements directly generated by the risk management
system) on berth efficiency, using DEA CCR method (input
oriented).

3.1 Methodology

Data Envelopment Analysis (DEA), developed by Charnes et al.
in 1978, is a linear programming based method for evaluating
performance of organizational units called decision-making units
(DMUs) [54-55]. There are two basic DEA models, DEA-CCR
(Charnes—Cooper—Rhodes) and DEA-BCC (Banker—Charnes—
Cooper) [56]. DEA approach has been used in numerous domains,
including ports [45,54].

DEA-CCR model has its two versions: the first - input-oriented
and the second - output-oriented. The objective of the first is to
minimize inputs for reaching outputs, while the second attempts to
maximize outputs [53,57].

The original DEA-CCR model problem formulation for
assessing efficiency was defined as a task of fractional
programming (FP), while the solution procedure consists of linear
programming (LP) usage for each of the units under assessment
[57]. The mathematical interpretation of the DEA-CCR model for
the chosen entity “o” is analyzed in [57-58].

An analysis of impacts of risk related inputs on berth efficiency
will be performed through following steps: STEP 1: selection of
input and output variables, decomposition of input variables (where
applicable) and recognition of risk related components; STEPS 2:
calculation of efficiency scores in two variants: V1-using total
values of input parameters; V2-using values of input parameters

after deduction (isolation) of risk related components; STEPS 3: a
comparison between efficiency scores in variant V1 and variant V2.

3.2 Selection of input and output variables

The assessment of port efficiency using DEA method begins
with the adequate selection of input and output variables [59]. The
most frequently used inputs are resources such as land, human
resources, and equipment as well as the total quay length (m); net
berth productivity (t/h); operation costs; maximal allowed ship draft
(m); etc. [54,56,59-61]. The measurement of the output is done by:
throughput (t); terminal capacity (t); number of ships; number of
passengers; number of containers; berth occupancy; vessel
turnaround time [53,60-62], etc.

There is no universal rule (no consensus) on selection of the
input/output variables, which could be recognized from the
available literature [59,63]. In the following parts of this section are
defined DMUs, input/output parameters and period taken into
consideration.

Decision Making Units (DMUs): berths (seven berths) at the
Terminal for dry bulk and liquid bulk cargo in the Port of Bar JSC
(Table 5).

Table 5: Decision Making Units (DMUs)

DMU; Purpose/Main activities carried out

DMU; — berth 01 loading/unloading operations with dry bulk cargo

DMU, — berth 02 loading/unloading operations with dry bulk cargo

DMU; — berth 03 loading/unloading operations with dry bulk cargo

DMU;, — berth 04 unloading operations with dry bulk cargo

DMU:s — berth 05 loading operations with liquid bulk cargo

DMUjs — berth 06 loading/unloading operations with liquid bulks

DMUjy — berth 07 unloading operations with liquid bulks
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(source: [44])

Input variables: input - number of workers directly engaged in
the cargo handling process, N, berth length, B, (m), water depth
(by a berth), D,, (m), operation costs, C, (€);

Output: annual cargo throughput by berths (DMUy), Qy; (1);

Period taken into consideration: 2021 — 2024.

Description of the input parameters per variants is given in the
Table 6.
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Table 6: Description of the input parameters

Input parameters: Variant 1 (V1),

Input parameters: Variant 2 (V2)

Total number of workers, directly engaged in the cargo handling process
— Nu1: a group of workers engaged for realization a loading/unloading
operation, consists of: foreman, port machinery operater(s), stevadores,
fireman, ... depending on the type of cargo and type of operation;

Number of workers — risk related, Ny, - engaged in the cargo handling
process, after deduction (isolation) of risk related workers; risk related
workers whose engagement is determined by the requirements of the risk
management process: signal man, fireman, ... depending on the type of
cargo and type of operation;

Berth lenght, By, (m)

Berth lenght — risk related, B, (m) - available berth lenght after deduction
(isolation) of the lenght of a part which was under maintence (risk related
activities) in the analyzed period,;

Water depth (by the berth), Dw: (m)

Water depth (by the berth) — risk related, Dw; (m) — there were no
differences in values of this parameter in both variants within the anlyzed
period.

Direct operation costs, Cy (€):

-daily wages, Co1-1(€) - related to the workers (from a group of engaged
workers for realization a loading/unloading operation, consists of: foreman,
port machinery operater(s), stevadores, fireman, depending on the type of
cargo and type of operation), caluclated based on the average productivity per
shift, period of effective work in a shift, total number of workers in a engaged
group, average gross salary per month of a worker in the port, average
working hours per employee (per month), average costs per hour (per
worker);

-port machinery costs, Co:-2(€) — related to used port machinery, depending
on the type of the cargo handling operation and type of the cargo; costs are a
sum of following components (depending on the type of port machinery):
fuel costs, electric power costs, depreciation costs and cost of periodical
inspection by authorized external body (fulfillment of safety requirements),
calculated based on fuel consumptions per effective working hour, average
price of the fuel, electic energy costs per unit, number of effective working
hours per year, etc.;

-costs of personal safety equipment, Co1.3(€), calculated based on costs of
personal safety equipment per year, total number of working hour of a
employee per year, number of effective working hour necessary to handle
annual total cargo quantity per berth, ...;

-costs of fire truck, Cos.4(€), caclulated based on fuel consumptions per
effective working hour, average price of the fuel, number of effective
working hours per year, depreciation costs, ...;

-costs of insurance of engaged workers, Co15(€), calculated based on annual
insurance costs per employee, total annual fund of working hour per
employee, average insurance costs per hour, period of effective work
necessary for handling total annual quantity of cargo per berth, ...;

-costs of using protective dam, Co;.5(€), against spilages of oil derivates
during handling operation with that cargo type, calculated based on costs of
usage protective dam per hour and number of effective working hours used
for loading/unloading total annual quantity of cargo per berth.

Direct operation costs related to Variant V1:

Co1 = Co11 + Cor2 + Cor3 + Corg + Cors + Corg

Direct operation costs — risk related, Cy, (€) — after deduction (isolation)
of risk related components:

-daily wages-risk related, Co,.1(€) — is caclulated based on the value of the
component Coy.1 reduced for costs of the risk related workers (signal man,
fireman), depending on the type of cargo and type of operation.

-port machinery costs, Co,-2(€) — is calculated based on the value of the
component Cos., reduced for the cost of periodical inspection by authorized
external body (fulfillment of safety requirements).

Direct operation costs related to Variant V2:

Co2 = Coo1 + Coz2

Remark: All other cost components are risk related and are not taken into
account in the Variant V2.

(source: author)
In both variants, the same output parameter values were used.
3.3 Data series

In the Table 7 are presented data series for selected DMUs
(berths at the Terminal for dry bulk and liquid bulk cargo in the Port

Table 7: Data series

of Bar JSC), selected input and output variables - variants V1 and
V2 - for the period from the year 2021 to the year 2024. Sources of
data were official reports from the Port of Bar JSC Information
System [44].

DMU; Year Output Inputs
Annual Number of directly Berth length (m) Water depth (m) Direct operation costs
throughput (t) | engaged workers (x 10°%) (x 10%) (x10%) (€) (x10%)
(x 10% V1 V2 V1 W V1 W V1 V2
@ (&3] (©) ) ©) (6) @) (8) ) (10) 11
Berth 2021 156.74 0.49 0.37 | 0.185 0.185 0.014 0.014 34.31 29.00
01
2022 182.68 0.58 0.43 | 0.185 0.185 0.014 0.014 39.98 33.80
2023 343.07 1.08 0.81 | 0.185 0.185 0.014 0.014 75.09 63.48
2024 306.10 0.97 0.72 | 0.185 0.185 0.014 0.014 67.00 56.64
Berth 2021 662.58 1.08 0.72 | 0.185 0.185 0.014 0.014 175.68 160.89
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02 2022 1,084.76 1.76 1.18 | 0.185 0.145 0.014 0.014 287.62 263.41
2023 323.60 0.53 0.35 | 0.185 0.145 0.014 0.014 85.80 78.58
2024 204.59 0.33 0.22 | 0.185 0.185 0.014 0.014 54.25 49.68
gerth 2021 50,471.23 0.027 0.014 | 0.198 0.198 0.013 0.013 2.87 0.49
o7 2022 83,110.87 0.045 0.022 | 0.198 0.198 0.013 0.013 4.73 0.81
2023 30,315.94 0.016 0.008 | 0.198 0.198 0.013 0.013 1.73 0.29
2024 20,140.00 0.011 0.005 | 0.198 0.198 0.013 0.013 1.15 0.20

(source: [44])
3.4 Berth efficiency scores

Based on values of input and output variables given in the Table
7, efficiency scores for defined DMUs (berths at the Terminal for
dry bulk and liquid bulk cargo in the Port of Bar JSC), per defined
variants (V1 and V2) and years of the analyzed period from 2021 to
2024, are calculated using appropriate software (based on DEA

Table 8: Efficiency scores related to Variant V1

CCR input oriented model). Having in mind that throughput per
years related to the berths 01, 02 and 03 had the biggest share in the
total throughput achieved by Port of Bar JSC, per analyzed years
[44], considerations are focused on the berths 01, 02 and 03.
Calculated efficiency scores per analyzed variants V1 and V2 are
presented with the next tables (Table 8 for Variant VV1; Table 9 for
Variant V2).

Berths 2021 2022 2023 2024
Score Rank Score Rank Score Rank Score Rank
@ @ (©)] 4) ©)] (6) U] (8 ©)

01 0.4447 2 0.5115 3 0.8300 2 0.7078 2
02 1 1 1 1 0.8078 3 0.5770 3
03 0.2548 3 0.6119 2 1 1 1 1
(source: authors)
Table 9: Efficiency scores related to Variant V2

Berths 2021 2022 2023 2024

Score Rank Score Rank Score Rank Score Rank
@ @ (©) (4) ©) ) @ ®) (©)
01 0.4678 2 0.5177 3 0.8390 3 0.9146 2
02 1 1 1 1 0.8898 2 0.7010 3
03 0.4557 3 0.6241 2 1 1 1 1
(source: authors)
A comparison of efficiency scores per analyzed variants is done in the Table 10.
Table 10: A comparison of efficiency scores per analyzed variants V1 and V2
Berths 2021 2022 2023 2024
V1 V2 V1 V2 V1 V2 V1 V2
01 0.4447 0.4678 0.5115 0.5177 0.8300 0.8390 0.7078 0.9146
02 1 1 1 1 0.8078 0.8898 0.5770 0.7010
03 0.2548 0.4557 0.6119 0.6241 1 1 1 1
2021 2022 2023 2024

01-
V2IV1 1.0519 1.0121 1.0108 1.2921
02-
V2IV1 1 1 1.1015 1.2149
03-
V2IVL 1.7884 1.0199 1 1

(source: authors)

4. Discussion of results

The results presented in the Table 10 enable quantification of
impact of risks" related inputs on the efficiency scores for analyzed
DMUs (berths at the Terminal for dry bulk and liquid bulk cargo):

* Variations of efficiency scores for the year 2021:

- in the variant V2, efficiency score for the berth 01 is bigger for
5.19% than in Variant VV1: as the length of the berth and water depth
by the berth were the same for both variants, changes in the
efficiency score were caused by reduction in number of engaged
workers (after deduction of number of risk related workers for
24.49%) and reduction of operation costs (after deduction of risk
related components of costs for 15.47%); efficiency score for the
berth 02 are the same for both variants; in the variant V2, efficiency
score for the berth 03 is bigger for 78.84% than in Variant V2, what
was caused by the reduction of number of workers in an engaged

group of workers for 12% (after deduction of the number of risk
related workers), reduction of the berth length for 67.58%
(deduction of the part of the berth which was under maintenance)
and reduction of operation costs for 12.55% (deduction of risk
related components of costs);

* Variations of efficiency scores for the year 2022:

- in the variant V2, efficiency score for the berth 01 is bigger for
1.21% than in Variant VV1; as the length of the berth and water
depth by the berth were the same for both variants, changes in the
efficiency score were caused by reduction in number of engaged
workers (after deduction of number of risk related workers for
25.86%) and reduction of operation costs (after deduction of risk
related components of costs for 15.46%); efficiency scores for the
berth 02 are the same for both variants; in the variant V2, efficiency
score for the berth 03 is bigger for 1.99% than in Variant V1, what
was caused by the reduction of number of workers in an engaged
group of workers for 14.42% (after deduction of the number of risk
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related workers) and reduction of operation costs for 12.57% (after
deduction of risk related components of costs);

* Variations of efficiency scores for the year 2023:

- in the variant V2, efficiency score for the berth 01 is bigger for
1.08% than in Variant VV1; as the length of the berth and water depth
by the berth were the same for both variants, changes in the
efficiency score were caused by reduction in number of engaged
workers (after deduction of number of risk related workers for 25%)
and reduction of operation costs (after deduction of risk related
components of costs for 15.47%); in the variant V2, efficiency score
for the berth 02 is bigger for 10.15% than in Variant V1, what was
caused by the reduction of number of workers in an engaged group
of workers for 33.96% (after deduction of the number of risk related
workers), reduction of berth length for 21.62% (after deduction of a
part of the berth which was under maintenance) and reduction of
operation costs for 1.17% (after deduction of risk related component
of the costs); efficiency score for the berth 03 is the same for both
variants;

* Variations of efficiency scores for the year 2024:

- in the variant V2, efficiency score for the berth 01 is bigger for
29.21% than in the Variant V1, as the length of the berth and water
depth by the berth were the same for both variants, changes in the
efficiency score were caused by reduction in number of engaged
workers (after deduction of number of risk related workers for
25.77%) and reduction of operation costs (after deduction of risk
related components of costs for 15.46%); in the variant V2,
efficiency score for the berth 02 is bigger for 21.49% than in the
Variant V1, what was caused by the reduction of number of workers
in an engaged group of workers for 33.33% (after deduction of the
number of risk related workers) and reduction of operation costs for
8.57% (after deduction of risk related components of the costs);
efficiency score for the berth 03 is the same for both variants;

* Influences on efficiency scores for selected DMUs (berths)
were generated by changes in number of workers in a group of
engaged workers per analyzed variants, variations in the available
length of the berths due to maintenance works and variations in
values of operation costs per analyzed variants.

5. Conclusions

Presented results directly confirm a high level of importance of
the risk management system for functioning of a port and existence
of correlations between the elements generated in the risk
management system and level of a port efficiency. As well, results
indicate that risk related input parameters, of various characters,
caused intensive variations in berths efficiency scores. In addition,
results suggest additional interdependencies among values of risk
related input parameters, type of handled goods and implemented
cargo handling technology.

An approach proposed in this paper can be implemented in
other ports as well as in other systems for investigating intensity of
impact of risk related influential factors and can be used as a
reliable base for further engagement of the author in this domain.
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Quality management in SMEs as a factor for green transition and circular economy: an
empirical study in the context of industry 5.0
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Abstract: The paper investigates the specific role of quality management systems (QMS) as a factor for green transition and circular
economy in small and medium-sized enterprises (SMEs) within the context of Industry 5.0. Based on a sub-sample of 209 SMEs (from n =
250 Bulgarian industrial enterprises), a targeted statistical analysis was conducted. Results show that QMS maturity in SMEs is significantly
lower than in large enterprises, but the effect of its growth on the Green Transition Index (GTI) is proportionally stronger. The regression
model for SMEs explains 61.4% of GTI variation (R?> = 0.614), with integrated 1SO 9001 + ISO 14001 systems remaining the strongest
predictor (B = 0.271; p < 0.001). Specific barriers facing SMEs are identified and targeted recommendations are formulated.

Keywords: SME, quality management, green technologies, circular economy, Industry 5.0, ISO 9001, 1SO 14001, GTI

1. Introduction

Small and medium-sized enterprises (SMEs) represent the
backbone of the European and Bulgarian economy — over 99% of
all enterprises in the EU are SMEs, providing nearly 65% of
employment and generating approximately 55% of added value [1].
Nevertheless, SMEs face the most serious challenges in the
transition to sustainable production: limited financial resources,
weaker access to technology and specialized competencies, and
greater vulnerability to regulatory changes.

In the context of Industry 5.0, which emphasises sustainability,
humanisation, and innovation [2], [1], quality management
acquires strategic significance as a mechanism for systemic
transformation. The 1SO 9001 and ISO 14001 standards provide a
structured approach to continuous improvement, performance
measurement, and integration of environmental goals into day-to-
day management [3], [4].

This report fills an existing gap in the literature: while research
on QMS and sustainability in large enterprises is well developed,
the specific context of SMEs — particularly in Central and Eastern
Europe — remains underexplored [5]. The aim of the report is to
analyse the impact of QMS maturity on the green transition in
SMEs and to identify the specific drivers, moderators and barriers.

2. Theoretical Framework

2.1. SMEs and Sustainable Transformation — Specific
Context

SMEs differ fundamentally from large enterprises in their
organisational characteristics: flatter structures, greater dependence
on key individuals, limited budgets for investment and certification,
and weaker regulatory pressure [6]. These features define a specific
readiness profile for green transition — different from the corporate
model on which most research is focused.

Despite their limitations, SMEs also possess unique advantages:
flexibility in organisational change, faster communication between
management levels, and higher sensitivity to market signals for
sustainability. Research shows that SMEs with formalised quality
management systems are able to compensate for scale limitations
through more efficient resource use [7], [8].

2.2. QMS as a Catalyst for Green Transition in SMES

Quality management systems, and in particular their integration
with environmental management under 1SO 14001, provide SMEs
with a structured mechanism for identifying, measuring, and
reducing their environmental footprint [4]. The process approach
and the principle of continuous improvement embedded in 1SO
9001:2015 create an institutional foundation for the gradual,
measurable, and cost-effective adoption of green practices [9].

In the context of the circular economy, the quality of products
and production processes is critically important for ensuring
durability and reuse [10]. Publications in the Journal of Cleaner
Production confirm that SMEs with an implemented QMS
demonstrate a greater inclination to adopt circular business models
[11].

2.3. Barriers Facing SMEs in the Green Transition

The literature identifies three main categories of barriers facing
SMEs. Financial barriers include high upfront costs for certification,
implementation of green technologies, and staff training. Human
capital barriers manifest as a lack of specialised competencies.
Regulatory barriers stem from the unequal application of
requirements to SMEs and from the complexity of reporting under
ESG standards [5].

3. Research Hypotheses

The main research hypothesis is: "In SMEs, the effect of QMS
maturity on the green transition is statistically significant and
proportionally stronger than in large enterprises, despite the lower
starting position of SMEs."

H1-SME: 1SO 9001 certification in SMEs is positively associated
with the adoption of green technologies, with the effect being
stronger in small enterprises (10-49 employees) than in micro-
enterprises.

H2-SME: 1SO 14001 certification in SMEs is positively associated
with circular economy principles (CEl), with a particularly
pronounced effect in medium enterprises (50-249 employees).

H3-SME: The integration of QMS and EMS (ISO 9001 + ISO
14001) generates a synergistic effect on GTI in SMEs, exceeding
the sum of the individual contributions.

H4-SME: Industry 5.0 readiness moderates the relationship between
QMS and GTI in SMEs more weakly due to a lower degree of
digitalisation.

H5-SME: Enterprise size (micro/small/medium) is a significant
moderator in the adoption of green technologies.

4. Methodology

The present study uses a sub-sample of 209 SMEs drawn from
the overall sample of the main study (n = 250 Bulgarian industrial
enterprises). SMEs are defined in accordance with the European
Commission classification: micro-enterprises (1-9 employees, n =
42), small enterprises (10-49 employees, n = 78), and medium
enterprises (50-249 employees, n = 89). The structure is presented
in Table 1.

Table 1. Structure of the SME Sub-Sample by Category

% of ISO 9001 | 1SO 14001
SME Category | n SMEs (%) (%)
Micro (1-9 | 45 | 5010 38% 9%
employees)
Small (10-49 | 20 | 57501 61% 29%
employees)
Medium (50- | g9 | 45 605 74% 52%
249 employees)
Total SMEs | 209 | 100% 60.3% 33.5%
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Note: Data extracted from the main study (n = 250). Developed by
the author.
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The statistical analysis includes: descriptive statistics and a
comparative analysis of SMEs vs. large enterprises; correlation
analysis (Pearson r); multivariate regression analysis (MRA) with a
separate model for SMEs; and moderation analysis with enterprise
category as the moderating variable. Reliability was verified using
Cronbach's o coefficient [12], and statistical power was assessed
following the methodology of Cohen [13].

5. Conceptual Model

Based on the theoretical review and the specific SME context, a
conceptual model — "Three Pillars of Sustainable Transition in
SMEs" — has been adapted (Fig. 1). Unlike the corporate model,
the SME version places emphasis on the accessibility and
gradualism of the transformation.

Sustainahle Green Transition of SMES (GTI)
I R R

Accessible QMS Gradual Green Innovations Human Capital & Flexibility

Practical application of IS0 9001 Energy efficiency & waste reduction Skills development

Phased cerffication Partnerships with technology suppliers Training programmes (HRD OP)

Public funding (QPIC, ERDF) Cireular supply chains Organisational adaptability

Integration IS0 9001 + 150 14001 Green technologies (loT, ERP) Leadership & mofivation

Barrier reduction Circular economy (CEl} Good working environment

Industry 5.0

Sustainability » + Innovation

Fig. 1. Conceptual Model "Three Pillars of Sustainable Transition
in SMEs in the Context of Industry 5.0"

Note: Adapted by the author for the specific SME context.

The model is structured around three interconnected pillars:
Pillar 1 — Accessible Quality Management System (pragmatic
application of 1ISO 9001, phased certification, public funding); Pillar
2 — Gradual Green Innovations (energy efficiency, circular supply
chains); Pillar 3 — Human Capital and Organisational Flexibility
(multifunctional competencies, HRD Operational Programme
schemes).

6. Results and Analysis

6.1. Comparative Profile: SMEs vs. Large Enterprises

The comparative analysis reveals significant differences in
QMS maturity between SMEs and large enterprises (Table 2). The
mean QMS index for SMEs is 2.81 (SD = 0.94) compared to 4.23
(SD = 0.61) for large enterprises — a difference of 1.42 points
(t(248) = 11.47; p < 0.001). The analysis shows that a 1-unit
increase in the QMS index for SMEs is associated with a 0.31-unit
increase in GTI — comparable to the effect of 0.28 units for large
enterprises.

Table 2. Comparative Profile: SMEs vs. Large Enterprises (n =

250)
. SMEs Large
Indicator (n=209) (n=41) p-value
2.81 4.23
QMS Index (mean) (SD=0.94) | (SD=0.61) <0.001
1SO 9001 cert. (%) 60.3% 93.2% <0.001
ISO 14001 cert. (%) 33.5% 80.5% <0.001
GTI (green transition) (8853221) (83'273114) <0.001
CEI (circular economy) (SD33116 3) (853171 2) <0.001
15.0 Readiness Index (SD2¥%488) (3[;’;90172) <0.001

Note: Developed by the author based on own research.

6.2. Correlation Analysis for the SME Sub-Sample

The correlation matrix (Table 3) reveals significant positive
associations between all studied constructs (p < 0.01). The strongest
correlation is observed between green technologies and GTI (r =
0.821**), followed by circular economy-GTI (r = 0.774**).
Correlations for SMEs are moderately lower than for the overall
sample (r = 0.836 and r = 0.791), reflecting the greater
heterogeneity within the SME segment.

Table 3. Correlation Matrix for the SME Sub-Sample (n = 209, ** p
<0.01)

Construct QMS EMS St Cllre, GTI
tech. econ.
QMS (ISO 9001) | 1.000 — — — —
EMS (ISO B
14000 0.598 1.000 — — —
Green | g51q#x | 0658%* | 1.000 | — | —
Technologies
é‘;ﬁiﬁ; 0.463** | 0.601** | 0.698** | 1.000 | —
ﬁgngﬁlrgf]')’ 0.548** | 0.681%* | 0.821%* | 0.774** | 1.000

Note: Developed by the author based on own research.

6.3. Regression Analysis for SMEs

The regression model for the SME sub-sample explains 61.4%
of the variation in GTI (R? = 0.614; F(4, 204) = 81.3; p < 0.001).
The EMS index remains the strongest predictor (B = 0.271),
followed by the QMS index (B = 0.221). SME category is a
significant moderator (f = 0.134; p = 0.006). The 15.0 Readiness
Index has a weaker effect (B = 0.158) compared to the overall
model (B = 0.187), confirming H4-SME (Table 4).

Table 4. Results of the Regression Analysis for SMEs (n = 209)

Predictor B SE Beta t p
Constant 0387 | 0201| — |1.925| 0.055
QMS Index (1ISO o <
0001} 0.261 | 0.071 | 0.221%* | 3676 | o 5
EMS Index (ISO o <
100D 0.318 | 0.079 | 0271 | 4025 | (5
15.0 Readiness Index | 0.162 | 0.062 | 0.158** | 2.613 | 0.009
SME Category | ) 145 | 0053 | 0.134%* | 2.792 | 0.006
(Momeparop)
R? = 0.614; F(4, 204) = 81.3; p < 0.001

Note: ** p < 0.01. Developed by the author based on own research.

6.4. Hypothesis Testing

All five hypotheses are confirmed (Table 5), including H5-
SME, which in the overall sample was only partially confirmed
(AR? = 0.031). This confirms that enterprise size is a more
significant differentiating factor within the SME category.

Table 5. Summary of Hypothesis Testing for the SME Sub-Sample

Hyp. Statement Method Result Status
1SO 9001 and
H1 green Pearsonr; | r=0.511; v
technologies in MRA p<0.001 | Confirmed
SMEs
H2 ISO 14001 and | Pearsonr; | r=0.601; v
CEl in SMEs MRA p <0.001 | Confirmed
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QMS+EMS _ )
H3 synergistic SEM p <%%Z)11 Conf‘i/rme d
effect in SMEs p=9
15.0 weakly
Ha moderates Moderatio | B=0.158; v
QMS-GTlin | nanalysis | p=0.009 | Confirmed
SMEs
Category is a . AR? =
e Hier. v
H5 significant 0.041;p= .
moderator MRA 0.006 Confirmed

Note: Developed by the author based on own research.

6.5. Specific Barriers Facing SMEs

Financial constraints are identified as the most significant
barrier (mean score 4.21), followed by the lack of specialised
personnel (3.87) and the complexity of regulatory requirements
(3.64). Lack of information is rated comparatively low (2.93),
suggesting that SMEs are aware of the requirements but encounter
practical obstacles in meeting them (Fig. 2).

| Average threshoid (3.04)
Lack of information

Regulatory complexity

Lack of personnel

Financial constraints

2 3 4 5

=

Mean score (1 = not significant, 5 = critical)

Fig. 2. Significance of Barriers to Green Transition in SMEs (mean
score on a scale of 1-5)

Note: Developed by the author based on own research.

7. Conclusions and Recommendations

The present paper confirms that quality management functions
as a significant catalyst for the green transition also in SMEs. The
regression model (R? = 0.614) demonstrates that integrated ISO
9001 + I1SO 14001 systems are the strongest predictor of GTI. The
key original contribution is the identification of a specific SME
effect: investment in QMS yields a higher relative return in smaller
enterprises.

Targeted recommendations include: (1) phased certification
with public funding; (2) sectoral clusters for 1SO 14001; (3)
digitalisation following baseline QMS maturity (loT, ERP); (4) a
simplified national QMS + EMS light scheme for SMEs; (5)
competency development through industry chambers and HRD
Operational Programme.

Limitations include the cross-sectional study design, the self-
reported nature of the indicators, and the focus on Bulgaria. Future
research should include longitudinal observations, regional
comparative analyses in CEE, and sector-specific models.
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OﬁmeXO3ﬂﬁCTBeHHLIe CTPpAaTErn4eCKue peeHus: BJIUAHUEC FOCYI[apCTBeHHOﬁ NMOAACPKKHU
Ha BLIﬁOp NMPOU3BOACTBCHHOI0 HOqu)O.]'II/IO B CeJIbCKOM XO0351iiCTBe CeBepH0r0 Ka3zaxcrana

Whole-farm strategic decision-making: impacts of government support on portfolio choice in North-Kazakhstani agriculture
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Kazaxckuii arpoTexHudeckuii uccnenoparensckuii yuusepeutet uM. C.Ceitpymnuna — Actana, Kasaxcran
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Annomayua. B nanHoil paboTe paccMaTpuBaeTcs BIHSHUE (aKTOpa HEMPUATHA PHCKa, a Takke cyOcHauii Ha BBIOOp HampaBiCHUS U
CTPYKTYpBhl TPOU3BOJICTBA CEJILCKOXO3SUCTBEHHBIX NPEANPUATHII B MNPHUPOAHO-d3KOHOMHUYeckHX ycioBusax CeepHoro Kazaxcrana.
Hcnone3oBamichk maHHBIE 00cieqoBaHHS XO3siWcTB 3a mepuon ¢ 2020 mo 2024 rTonmsl Al MOCTPOCHHS MaTEMAaTHYCCKOW MOJICIH,
3¢ (GEeKTHBHOW C TOYKH 3pCHUs MOJE3HOCTH. ['MMOTe3a COCTOsIa B TOM, YTO CYOCHIMpPOBAHHE OKa3bIBACT CYIICCTBEHHOC BIIMSHUC Ha
OTHOIIICHUE (hepMepa K PUCKOBAHHBIM PEIICHUSIM, Ha (OPMHUPOBaHKE MPOU3BOJICTBEHHON CTPYKTYPHI MPEINPHUSITHS, a TAKKE CIIOCOOCTBYET
Oonee TMOMHOMY HCIIOJIB30BAHUIO 3KOHOMUYECKHUX PECYpPCOB CENbCKOXO3SMCTBEHHBIX MpeAnpuaAtuil. llomyueHHble pe3ynbTaThl
MOATBEPKAAIOT 3Ty TOUKY 3peHHs. Ha ocHOBe pacyeToB MO PUCK-MOJENHU JENAcTCs BBIBOI, YTO PACTEHHEBOJCTBO B PErHOHE O0JIafacT
OTHOCHUTEIBHBIM 3KOHOMHYECKHM NPEUMYLIECTBOM B CPaBHEHHUHU C >KUBOTHOBOJACTBOM. [103TOMy CKOJIB-HHOYIb 3HAUUTEIBHOE PAa3BUTHE
MSICO-MOJIOYHOTO CKOTOBOJACTBA B PErHOHE BO3MOXHO JMIIb HPH HATMYUH COOTBETCTBYIOLIMX IMPAaBUTENbCTBEHHBIX cyOcuamil. Taroke
JIeNaeTCsl BBIBOJ, YTO Pa3BUTHE TOJBKO NIBYX MM TPEX OTpacieil B XO3SHMCTBE MOXKET OBITh JOCTATOYHBIM JUIS 3aMETHOTO CHHKCHUS
9KOHOMUYECKOI'O PHUCKa.

Knruesvie cnosa: AI'POBU3HEC, PHUCK, CYHFCHAUU, MOLUEJIb, DYHKLHUA I[IOJIE3HOCTHU, IIPOU3BOJCTBEHHAA
CTPYKTYPA, [IPUHATHE PELIIEHWH.

Prof. Dr. Econ. Talgat Kussaiynov, PhD Gulnara Mussina
S. Seifullin Kazakh Agricultural Research University - Astana, Kazakhstan
E-mail: kta2006 @bk.ru, gmusina@mail.ru

Abstract. This study examines the influence of risk aversion and subsidies on the choice of production direction and structure of agricultural
enterprises under the natural and economic conditions of Northern Kazakhstan. Data from a survey of farms conducted between 2020 and
2024 were used to formulate a utility-based mathematical model. The hypothesis was that subsidies have a significant impact on farmers’
attitudes toward risky decisions and on the formation of a farm’s production structure, and that they also contribute to a more efficient use of
agricultural enterprises’ economic resources. The results obtained confirm this view. Based on calculations using the risk model, it is
concluded that crop production in the region has a relative economic advantage over livestock production. Therefore, any significant
development of meat and dairy cattle farming in the region is possible only with the availability of appropriate government subsidies. It is
also concluded that the development of just two or three sectors in the economy may be sufficient to significantly reduce economic risk.

Key words: AGRIBUSINESS, RISK, SUBSIDIES, PROGRAMMING MODEL, UTILITY FUNCTION, PRODUCTION STRUCTURE,
DECISION-MAKING.

1. Beeoenue JKOHOMHMYECKMX  YCJIOBHHI M  OCOOEHHOCTEHl  TOBeIeHHs

B cenbckoM xo3s1#icTBE pa3BUBAIOIIMXCS M TPAH3UTHBIX SKOHOMHK TpenpHUHUMATesel B yCI0BHAX HEONPECTICHHOCTH
Han0oJjiee YacTo MCIHONIb3yeMbIM HHCTPYMEHTOM HMPOTHBOJACHCTBHUS XO3SHCTBEHHOM CPe/IbL
pucky sBusiercs  OnozmBepcndukamms  [1].  Mepbl,  KoTOpbIe Knumatrueckue 0CcOOeHHOCTH CesepHOro Ka3axucraHa
OCHOBaHBl HA HCIIONb30BAHMM OMOPA3HOOOPA3MS  CENBCKOTO CYLIECTBEHHO OTPaHHYMBAIOT BO3MOKHOCTH CEJIBCKOTO XO3siiCTBA.
X03fiicTBA B OTBET HA pE3KHe M3MEHCHWS KIMMATa N Ilpu sTOM coXxpaHseTcs 3HAYUTEeNbHAs H3MEHYMBOCTH YPOBHS
SKOHOMHMYECKOH CpEbl, MOJKHO pa3NeduTh Ha JBE OOJBIIHE Map>KHHAJIBHOTO JI0X0/1a, CBSI3aHHAsl ¢ KOJIeOaHUAMH ypOXKaifHOCTH,
KaTerOpUH:  BBIpAllUBaHWE  OONBINIET0  YWCIa  BHIAOB U KaqecTBa MIPOAYKIHN U PHIHOYHBIX IICH.
nmuBepcupukaims GepMEpCKUX XO3SIHCTB B 1EJIOM; BHEIPEHUE WIIN B BeposTHOCTHOH MozeNM IUIAHMPOBAHWS BaXHO YYHTHIBATH
pacuipeHue MaciitaboB BbIpAIllMBaHUs Oojiee aJanTHPOBAHHBIX oTHoweHne (epmepos K pucky. Hempusitme pucka oxassiaer
KyJIbTYp ¥ COPTOB, a TaKKe JOMAIIHEro cKoTa U mnopox. Passutue CYWIECTBEHHOE ~ BIMAHHE Ha  BBIOOp  OOLLEXO35HCTBEHHOrO
KMBOTHOBOJCTBA  TaKXKE  pPAacCMaTpUBAETCs KaK  CTpaTerus IPOM3BOACTBEHHOrO IlaHa [6,7]. OnHako B yKasaHHbIX pafoTax
muBepcuUKalMd B OTBET Ha U3MEHeHHe kimumara [2]. 3a (xpome  [7]) aHamM3y  NOABEPrajMCh  YCIOBUS,  CHIBHO
MOCJIeIHAE JIECSITUIICTHsI B 3aCyNUIMBRIX perrnoHax Kazaxcrana OTIHYAIOMMECH OT Ka3aXCTaHCKUX 110 CBOEMY CONCPIKAHHMIO.
(epMepsl  COKpAaTHIM WHBECTHIMM B  PACTEHHEBOJACTBO W B kiaccuueckoil 5JKOHOMUUYECKON JIUTEpaType YTBEPKIAAECTCSA, YTO
COCPEIOTOYMINCh Ha pa3BeleHHH O0oJiee YCTOMUYMBBIX K 3acyxe (yHKUMS TIONE3HOCTH JIOJKHA ACMOHCTPUPOBATH MOJOKUTEIBHOC,
JKHBOTHBIX, TAKHX KaK OBI(bI, JIOIIAAM M BepOIofbl. 110100HbIe HO yObIBaroliee aOCOMIOTHOE HENpUATHE pucka [8], ammupudeckue
TEHICHUMM  HAGMIOZAIOTCS W B JAPYrMX  crpamax  [3]. UCCIICJIOBaHUSI YKa3bIBAIOT Ha OTCYTCTBHE COTVIACHs B JIAaHHOM
Jlusepcubukars PacTeHHeBOACTBA U MHTerpawus Bonpoce [9]. IlpakTH4Yeckn Bce HCCIENOBaHHS OCHOBBHIBAJIMCH Ha
pPACTEHHEBOJICTBA M JKMBOTHOBOJCTBA 4YacTO COYETAIOTCS C IOJIE3HOCTH GOraTcTBa (38 PEAKHM HCKIIOYCHHEM — CM., HalpUMep,
KOPPEKTUPOBKOM  METOJOB  BEACHMSI  CEJIbCKOTO  XO3SHCTBA, [10]). Mexmy Tem, arpoOu3HeC HMEET LENbIO U3BICUECHHE I0XOI.
BHEJPEHHEM METOZI0B COXPAHEHHs IUIONOPOAMS [OYB H BOIHBIX B wuccienoBaHuM mpejcTaBieHa BEPOSITHOCTHAs MOJENb 3aqadu
pecypcoB, a TakKe WCIOJB30BaHHEM 0ojiee aJalTHPOBAHHBIX 00IEeX035HCTBEHHOr0 [IAHNPOBAHNS U ONTHMHU3ALMH CTPYKTYPEI
COPTOB CEJILCKOXO3AUCTBEHHBIX KYIbTyp [4]. BMecTe ¢ TeM B psize MHOT'00TpacJeBoro CeNbCKOXO035/ICTBEHHOTO NpOU3BO/ICTBA,
cllyuacB  (epMepbl IPOJOILKAKT BHIPALIUBATH TPAIULIHOHHbIE BKJIIOYAIOLIET0 PACTEHHEBOJCTBO M JKHBOTHOBOJCTBO. [Ipu 3TOM
copta Omaromaps WX CIOCOOHOCTH aaanTHPOBATHCS K HOBBIM MCIONb3YeTCs  QYHKUMS — TOJNE3HOCTH € MOCIIeJ0BaTeIbHON
KINMATHYECKHM yCIOBUAM [ 5]. KOPPEKTHPOBKOM IapaMerpa HENpUsTHS pHCKa. Pa3zpaboTaHHas

OCHOBHO# BBIBOJ M3 aHaIHM3a MyOJUKalKil 10 paccCMaTpUBacMOM MOZCIb OTpaxacT yCIOBHA MPCATIPHUATIA, (yHKUHOHUpYIOLIEro B
TEMe COCTOUT B TOM, 4TO 3P PEKTHBHOE U aJCKBaTHOE MPUMEHEHHE TUMAYHBIX CCIIBCKOXO3AUCTBCHHBIX YCIOBHSIX CTCITHOU
METOIOB ~ CHCTEMHOTO  aHanmW3a Ui [POTHO3HPOBAHHS YEPHO3EMHON 30HBI, 3aHHUMaromel 96,3% Bcex MaxoTHBIX 3eMelNb
SKOHOMHYECKOTO PAa3BUTHUSI arpO’KOCHCTEM BO3MOXKHO JIHING IIPH CCBCPO-KHSaXC{aHCKOﬁ obmacti.  IIpHpoAHO-KIMMATHYECKHS
TIATENbHOM — yueTe  CHeu(MYeCKHX  MECTHbIX — [PHPOIHO- YCJIOBHS JIaHHOW 30HBI MO3BOJIAIOT 3aHHUMAThCSl PACTEHHEBOICTBOM
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U OSKMBOTHOBOJCTBOM. 3ajaua 3aKII04aeTcsi B SMIHPUIECKOM
U3YYCHHN BIMAHHSA CyOCHIMH ¥ OTHOIIGHMH (epMepoB K
PHMCKOBaHHBIM PEIIEHHAM Ha (GOPMHUPOBAHUE OOIIEXO35HCTBEHHOTO
UIaHA U CTPYKTYPHI IPOU3BOJICTBA.

2. Memoowvt u mamepuansl

CTpyKTYpHO MOJENIb COCTOUT U3 B3aHMOCBSI3aHHBIX OJIOKOB:
NEepBBIN OJIOK MpeACTaBiIsieT COOOH 3amich YCIOBHI 1O TOBaPHOMY
pacTeHHEBOACTBY, BTOPOHl - MO BEACHHIO >KUBOTHOBOJICTBA,
BKJIIOYass KOPMOIIPOM3BOJCTBO, TPETHUH - 3allUCH  yCIIOBHH,
CBSI3BIBAIOIINX OJIOKM PpAacTeHHEBOJICTBA M JKUBOTHOBOJCTBA B
eIMHBIA KOMIUIeKC. B Monenn peanusyercsi CIeHapHBIH IOIX0[ C
COOTBETCTBYIOIIUMHU BEPOSITHOCTAMHU. B KadecTBe CLieHapueB B3ATHI
MOTOJHbIE M SKOHOMHYECKHE YCIOBHA B KaKABIH M3 TOCIEIHHUX
TISITH JIET.

OCHOBHBIE TEpEeMEHHbIE MPEACTABIAIOT COOOH pa3Mep MOCEBOB
KyJIbTyp TOBapHOTO M HETOBAPHOTO DPAaCTEHHEBOJCTBA, a TaKXkKe
TIOTOJIOBEE  KPYITHOTO pOraToro ckora M Jomaneil. Kirodesble
OTPAaHMYCHUS] MOJEIH OTPAXAIOT  YCJIOBUS  HCIOJIB30BAaHHUS
3eMEJIbHBIX, TPYJOBBIX M KOPMOBBIX PECypcoOB, TpeOOBaHUS K
ceBOOOOPOTaM M CTPYKTypE PpAIMOHOB >XMBOTHBIX, YCIOBHS IIO
(MHAHCHPOBAaHMIO  TEKYIIMX  IPOU3BOACTBEHHBIX  3aTpar,
BBIIIOJTHEHNIO ~KOHTPAaKTHBIX  00S3aTeNbCTB, EMKOCTH pBIHKA
TIPOAYKIMH, CTPAXOBBIM B3HOCAM M BhITUIaTaM. Mepsl prHAHCOBO
HOAJEP)KKH TOCYAapCTBa YYHUTHIBAIOTCS Yepe3 HX BIMSHHE Ha
YPOBEHB JIOXOZa B pa3pe3e KyJIbTyp M JKMBOTHBIX, a TaKke Ha
CTOMMOCTB OCHOBHBIX M 000pOTHBIX cpencTB. HopMel noTpebieHus
JKUBOTHBIMM KOPMOB 110 BHZAaM YYHTHIBAIOTCS B KOPMOBBIX
enuHunax. COOTHOIIEHHE MEXIy B3POCIBIM MOTOJIOBBEM U
MOJIOIHSIKOM OHPENesIOCh MPOAODKUTEIFHOCTRIO BBIPAIBAHMS
JKMBOTHBIX M MEXOTEIBHBIM MEepHOJIOM. lMMeeT cMbIcn Takxke
BBECTH B MOJIE]Ib OTPAHUYEHHUS 110 BMECTUMOCTH (hepM AT CKOTA.

Ilens B paccMmaTpuBacMO#l 3agade COCTOMT B TOM, YTOOBI C
Y4ETOM YKa3aHHBIX YCIOBHH MaKCHMH3HPOBAaTh OXHAAEMYIO
MOJIE3HOCTh Map)KUHAIBHBIX JOXOJIOB 10 CLIEHAPUAM (MCXO0IaM):

(1) E(U) = Esesp° U(zs,7) = Esesp°[1/(1 =123 7],

rne E(U) — oxwumaemas monesHocth, I - Ko3(¢uipeHT
OTHOCHTEJBHOTO HEMpPHUATHS pUCKa; S - HCcXox (MPUPOIHO-
9KOHOMHYECKHE YCIOBUS TOfa); S — MHOXKECTBO HCXOJOB
(IpUpPOTHO-SKOHOMHYECKUX  COCTOSHHUHK); Zg — CyMMAapHBIH

Map KHHATBHEIN JOXO/I B HCXOJ S; P° - BEPOATHOCTH MCXO/IA .
B kadecTBe (yHKIMM IOJE3HOCTH B3ATa CTENEHHAs (YHKIUSL

1 —
BUIa U= (1—) Z1 T, T Z —CyMMapHasd CTOUMOCTb aKTUBOB, 1" —
=T

KO3 (HUIMEHT OTHOCHTENBHOrO HENpUATHA pucka. Yem Oosnbie
3HAQUEHHE 7', TEM BBINIE CTENEHb HenpusTus pucka. Ilpum r =0
(GyHKIMSA TPUHUMAET JIMHEHHYI0 (GOpMYy, COOTBETCTBYIOLLYIO
HEUTpadbHOMY OTHOLICHUIO K pucky. Ilpu r =1 creneHHas
¢yHknus mpeBpamaerca B Jorapupmudeckyro. Ilockombky B
MozenM  KO(Q(OHUIMEHT HenpuATUs pHCKa OLICHUBAEeTCS B
OTHOILICHUH Map>KHHAIBHOTO J0XoAa (a He oOImeill crouMocTH
CEIIbCKOXO3SHCTBEHHBIX AaKTHBOB), TO HEOOXOIMMO IIPOBECTH
pacuer Kod()(HUIMEHTa OTHOCHTEIHHOTO HENPHATHS pPHCKa IO
Map>KHHAJIBHOMY JOXOMY C MTOMOIIBIO (hOPMYJIBL:

@) r(2) = (z/W)yr(w),

rie z — cpemHeromoBoil moxox; W-— cpemneromoBas oOmast
CTOMMOCTb aKTHBOB MpEANPHATHS (BBIBOA YKa3aHHOH (opmyisl
npuBoutTcs B padore [11].

Ilomck Hammyymiero pemieHdHs MO MOJEIH HPOBOJHUTCS C
ucnosb3oBaHueM BerpoeHHoro B MS Excel mpunosxenust Solver.

[TnannpoBanne 001IeX 035 ICTBEHHOTO oxona B
MHOT'OOTpPACJIEBBIX IPOU3BOACTBAX HMEET psJ OCOOCHHOCTEH,
CBS3aHHBIX C HAJMYMEM H XapakTepoM CTOXaCTHYECKOH CBSI3M
MEXIy YPOBHSIMH Pa3IHYHBIX IPOM3BOJCTBEHHO-3KOHOMHUYECKHX
MoKa3arele, a Takke HEONPENeIeHHOCTRIO IPOU3BOACTBEHHO-
PBIHOYHBIX YCIIOBHH IUTaHOBOTO mepuopa. Ilostomy mms pacuera
O’KHJJAa€MbIX BEIMYUH MOKa3aTelel IPUMEHSIETCSI METO, B KOTOPOM
UCTIONB3YIOTCS MPHUHIUIBI 3KCHEPTHOH OIEHKH B COYCTAHHH C
BEPOSTHOCTHBIM QHAIM30M HCTOPHYECKUX JaHHBIX. [Ipu 3TOoM
NpEeBapUTEILHO  TPOBOAMUTCA  KOPPEKTHPOBKA  HCTOPHYECKUX
JTAHHBIX Ha TPEH] X HHQILIIHNIO.

B ananmmi3e ¥ NOCTPOCHUH MOJIEIH UCTIONIB30BAINCH HCTOPUIECKHE
JaHHBIE 10 YPOXKAWHOCTH CEIbCKOXO3SIMCTBEHHBIX KYNbTYp H
MPOJYKTUBHOCTH JKHBOTHBIX, IIEPEMEHHBIM pPacxXolaM H ILeHaM
peammzanun npoaykuuu B nepuof ¢ 2020 mo 2024 r.r. DTOT nepuos
OXBATHIBAET IIOJMHBIH HA0Op THIIOB MOTOAHBIX M PBHIHOYHBIX
yciaoBuil  pernoHa. Bce  gaHHBle 1O ypokallHOCTH U
NPOOYKTUBHOCTH OBUIM TIEPEeCYUTaHbl C YYEeTOM TpeHIOB (Ha
OCHOBE METOAMKH U3 paboTsl [12]).

CTOMMOCTHBIE HCTOPHYECKHE JaHHBIE MEePECUNUTHIBAIUCH C
MOMOIIBIO MHIEKCAa MOTPEOUTENBCKUX IeH (B KadecTBe 0a30BOTO
Ut iepecdera 0wt B3T 2024 Tox).

B Tabmue 1 mpeacraBiieHB HCXOTHBIE TaHHBIE TI0 YPOKAHMHOCTH
KyJIBTYp, MIPOIYKTHBHOCTH €CTECTBEHHBIX yroamit u
CENIbCKOXO034HCTBEHHBIX KMBOTHBIX 3a 2020-2024 r.r. Kymsic B
AQHANIM3UPYEMOM XO3SHCTBE HE IPOU3BOANTCS C LIENBI0 pealn3aln.

Tabnuya 1. Ypooicatinocms cebCKOXO3AUCMEEHHBIX KYIbIMYD U RPOOYKMUGHOCHIb HCUBOMHBIX HO 200aM (COCMOSHUIM Cpedbl), y/ea
Mmuoroneraue | OpHomernue TpaBel | EcTecTBeHHBIE = KPC Jlomamn —
% TpaBBI yroaust 2 2 %
< Q Q.
5| " = | 82| C | g |85 |22 %584 ¢|%3|2| %28
e = F|F |z = | 282 :
2020 221 1155 65|59 | 216 | 576|721 | 1729 | 769 6,6 17,6 264 | 531 | 49 - 133 0,2
2021 300|136 | 73|49 124 | 332 |415| 996 | 76,9 3,8 10,1 15,2 | 60,7 | 4,2 - 143 0,2
2022 3701299 | 131 |93| 131 | 349 | 43,7 | 1048 | 76,9 4,0 10,7 16,0 | 64,0 | 4,6 - 135 0,2
2023 180300147 55| 115| 306|382 | 917 | 769 3,5 9,3 140|531 ] 49 - 133 0,2
2024 16,8 1 31,8 | 19,6 | 88 | 164 | 43,7 | 546 131 | 76,9 5,0 13,3 20,0 | 590 | 44 - 149 0,2
Jlanuple 1o (aKTHYECKMM I[eHAM peaau3aluud  MPOXYKIHH OnHONETHHE ¥ MHOTOJICTHHE TPABbl B XO3SHCTBE MCIIOJB3YIOTCS B
pPacTeHHEBOACTBA U KUBOTHOBOJICTBA MPEACTABJICHBI B Tadnuie 2. KauecTBe pecypca aid  (GopMHpOBaHHMsS ~ KOPMOBOi  0a3bl.
Tabnuya 2. Lenv pearuzayuu npoOyKyuu pacmenuesoo0Cmsd U HCU80MHOB00CHEA N0 200aM (COCMOSIHUAM cpeobl), mbic. meHze/y
T'ox (cocrosuue ITmenuna Sumens Panc Jlen Kpynnslii poratslii ckoT Jlomagu
cpempl) MoJtoko Msico Kymeic Msico
2020 7,8 5,6 10,1 8,9 11,9 62,2 - 79,7
2021 9,9 79 18,9 14,2 13,7 72,1 - 1113
2022 11,7 8,9 21,2 25,6 16,6 84,1 - 108,0
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2023 9,2 6,5 18,2

17,1 18,6 944 - 1118

2024 8,2 54 17,2

214 18,4 85,3 - 115,2

B aHanu3upyeMoM XO3sIHCTBE CTPaXOBaHKE [TOCEBOB B YKa3aHHbIH
Hepuo]] He OCYLIECTBISLIOCE.

Pa3Mepbl TEpeMEHHBIX PacXOl0B B JKUBOTHOBOJACTBE (KpOME
3aTpaT Ha KOpMa) M NEPEMEHHBIX PacXOJOB B PACTCHUEBOACTBE,

BKJIIOYAIOIIMX B ce0s 3aTpaThl Ha HCIIOJIb30BaHHE MUHEPAIbHBIX
yIOOpeHUid, Troplove-CMa30uHBIX MaTepHajloB, CPEICTB 3aIlUTHI
pacTeHui, 3apabOTHYIO IUIaTy pabodYMX, CTPaxOBBIE B3HOCHI,
MpUBeeHBI B TabauLe 3.

Taonuya 3. [lepemennvle pacxodsi 8 pacmenuesoocmeae (mvic. meHae/2a) u JHCUgomMHo800CmaEe (Kpome 3ampanm Ha KOpmMda, mulc. meH2e/201.)

Msuoroneraue |  OmHONETHUE Tpasa - Kpynubrii Jlomamn
) TpPaBbI TpPaBBI €CTECTBEHHBIX g 2 | poratsiif ckoT . 8
= g 2 yrouid =g 5 a
o = = R s o ©
& 4 = 5 Q o) S B o oR
2 a 5 = 5 2 ° i % Q Sx o g\ 5 = o = =
S| E| & | = |7 | 8 |E5| 2 2|55 B 55|52 &g | 8| g |&f
5 | " S 15g| 8|3 |58 S |sg|E8| §| 55| g |25
= 2127 el gz 8|72 2 < g
= = =
2020 80,7] 59,6/ 218 291 181 154|169/ 365 144 3,3 2,8 0,8| 261,2| 117,5] 3235 388,2 0,2
2021 83,6/ 706 356| 474 211] 179)196] 43| 166 3,8 32 1,0 210,0] 945| 217,0] 2604 0,2
2022 121] 1215 33,7 449 244 208|231]505 19,6 4,4 3.7 1,1] 337,7] 151,9| 446,1] 5353 0,2
2023 107| 96,6] 432| 57,6 285 242 27,3 58| 2372 51 4,4 1,3| 367,5| 1654/ 448,4] 5381 0,2
2024 | 103,2| 100{ 405| 50,6| 32,6] 27,7 308|655 262 8,0 5,0 2,00 3715 167,2] 3105 372,6 0,2

®dakruyeckue HeHsl Ha mokymHble kopma B 2020-2024 romax
COCTaBWIM: KOMOWKOpM - 5,4; 6,5; 7,5; 8,3 u 8,8 Thic. TeHre/i
COOTBETCTBEHHO, KOPMOBBIC 100aBkH - 6,0; 7,5; 8,2; 9,0 u 10,3 ThIC.
TEHre/I] COOTBETCTBEHHO. HOpMBI MOTPEOHOCTH JKUBOTHBIX B
KOpMaX, a TaKkXKe CTPYKTYpbl PalliOHOB KOPMIICHHUS JKHBOTHBIX B
3aBUCHMOCTH OT HPOJYKTUBHOCTH B3STHl M3 PEKOMEHIAIMH
CeBepo-Ka3axcTaHCKOTO Hay4HO-HCCIIEI0BATENBCKOTO HHCTUTYTA
JKHBOTHOBOJICTBA ¥ BETEPUHAPHH.

OrneHka BEpOSATHOCTH TOTO, YTO B IUIAHOBOM Iepuone OyayT
HMETh MECTO yCIIOBHSI, CXOTHBIE ¢ TEMH, 4T0 ObuTH B mepuon ¢ 2020
no 2024 r.r., Obula mHpoBeJeHAa Ha OCHOBE OMNpOCA TIPYIIIBI
PErHOHABHBIX JKCIepToB. OLEHKN BEPOSITHOCTH HPEJCTaBICHBI B
Tabmuue 1.

B  aHanmsupyemom  Xo3siicTBE yyacTHe B IIporpamMMmax
CyOCHAMPOBaHMS 110 PACTEHHEBOJCTBY HE IUIAHHPYETCS, pa3mep
cyOcuIMy Ha TPOW3BOJCTBO MOJIOKA COCTaBIAET 4,5 THIC. TEHTe/T,
Ha BblpamuBaHue MonoxHska KPC nHa otkopm - 30,0 THIC.
TEHTe/TOIL.

3amava peranack B HECKOJIBKHMX BapHaHTax: 0e3 ydera cybcuanmit
U C yUeTOM CyOCHIV NPY pa3HBIX YPOBHIX HENPUSTHUS pHcKa. Ml

HPEINONOKWIN, YTO KOI(GQUIHMEHT OTHOCHUTENIBHOTO HENPHATHUS
pHCKa TI0 OTHOLIEHUIO K 6OTaTcTBy, 7, (W), HAXOIUTCS B TpEenax
or 0,5 (puck mpakTHYeCKH HE NMPHHUMAETCS BO BHHMaHHE) 10 4
(xpaiiHe BbICOKasl CTENCHb HEMPUATHs prcKka) (0OOCHOBaHHE TaKoU
HHTEPIPETAlNU YKa3aHHBIX KO3()(OHUIMEHTOB NMPUBEACHO B padore
[13]). CootBercrBytomye Ko3)HUINEHTH HEHNPUSTHS PUCKA IO
OTHOLICHUIO K JIOXOAY IEPECUHTHIBAINCH C HCIOJIB30BAHHEM
ypaBHeHus (2).

3. Peynomamol peuieHus u 00cyrcoenue

B rtabmuie 4 mpUBEACHBI PE3yNbTAaThl pEIICHHs 3amaud. B
BapuaHte 0e3 ydera cyOcumuii mpu Kod(pHUIHUEHTAX HETPUATHI
pucka o 6orarcTBy B mpoMmexxyTke oT O 10 1 (MM COOTBETCTBYIOT
K02(PUIIHEHTH OTHOCHTENFHOTO HETIPHUATHS pUCKa MO J0Xoay oT 0

nmo 0,4) crpykTypa TNpOM3BOJCTBA IpeTepleBaeT  KpaiHe
HEe3HAUUTEeNbHbIE M3MEHeHus, a npu kKoddduimmenrax or 1 mo 2
(cootBerctBenHo ot 0,4 go  0,8)  depmepbl  CKIOHHBI

MPUAEPKUBATECS COBEPILIEHHO OJMHAKOBON IPOU3BOJICTBEHHOM
CTPYKTYPHI.

Taonuya 4. I[Ipoussoocmeennuviii nopm@pens npednpusmusi 6e3 u ¢ yuemom cyocuouil npu pasiuiHbIx Kodp@huyuenmax Henpusimusi pucka

Tloxazarens Ennanna BapwuanT 6e3 yuera cybcuanit Bapwuanrt ¢ yuetom cyOcuamii
HM3MEpeHHs KOd(QQHIIMCHT HENPHUSATHS PUCKA
rW)=0 | n(w) =1 | n(w)=2 | rwW)=0 | rnw)=2 | r(w)=~4
1, (2)=0 1.(z) =04 | r.(2) =0,8 1,.(2)=0 r,(z) =0,8 | r.(2) =17
Map>KUHATBHBINA TOXOM TBIC. TEHTE 1549080 1548841 1548841 1750932 1743339 1173829
I1oniags MoCeBoB:
[TureHuna Msirkast TeKTaphbl 4348 4309 4309 4348 3944 306
STumenp Ha BHYTpEHHEE | TeKTapbl
noTpebieHHe 259 167 167 259 286 1408
SlumeHp Ha POJAXY TeKTaphbl 0 0 0 0 0 916
Paric TeKTaphbl 2916 2916 2916 2916 2916 2123
Jlen TeKTaphbl 0 0 0 0 0 793
MHOTO0JIETHHE TPaBbl
- Ha ceHo TEKTaphl 1611 1611 1611 1611 1692 1844
- Ha 3e1eHyI0 Maccy TeKTaphbl 459 525 525 459 566 1215
OJHOJIETHUE TPaBBI T'eKTaphbl
- Ha ceHanc T'eKTaphbl 672 794 794 672 789 1037
- Ha cunoc TEKTaphl 514 514 514 514 566 658
- HA 3e]IeHYI0 Maccy TeKTapbl 884 827 827 884 903 1013
TpaBa eCTeCTBEHHBIX YIOAMH
- Ha ceHo TeKTapbl 207 207 207 207 207 182
- Ha 3€1eHyI0 Maccy TeKTapbl 0 0 0 0 0 25
IMacTOuiHas TpaBa Ha 3CJCHBIA | TEKTapbl
KOpM 1361 1361 1361 1361 1361 211
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IToronoBbe KUBOTHBIX:
- KOpOBbL TOJIOBBI 600 600 600 600 663 776
- monoousak KPC TOJIOBEI 400 400 400 400 442 517
- I0uaodu 83pocvle TOJIOBBI 250 250 250 250 250 250
- 10UAOU MOJLOOHSK TOJIOBBI 250 250 250 250 250 250

Ipu xodpduuueHTax, MPEeBBILIAMKUX 2, HAOMIOZAeTCs yiKe
HEIOJIHOE HCIIOJIb30BaHHE HPOHM3BOJCTBEHHBIX PECYPCOB, MPEXIE
BCETO 3eMEJIBHEIX. DTO 00CTOSATEIBCTBO MOYKHO, IOMIMO IIPOYETro,
TPaKTOBaTh KaK YKIOHCHHE OT BeJCHHs OM3HEca B CHIY BBICOKOW
CTENIEHH  HempusATus  pucka. Heckonbko WHas — KapTUHA
CKJIQJBIBAa€TCI MpU pacderax ¢ yderoM cybocummit. Ilpm
K03(PUIUEHTaX OTHOCHTEIHHOTO HENPHUSTHS pHCKa 110 OOraTcTBY
B mpenenax oT 0 mo 2 (mo moxoxy coorBercTBeHHO oT 0 mo 0,8)

HaOMIoaeTcs  HE3HAUMTENbHBIE  HM3MEHEHHS B CTPYKType
NpOU3BOJCTBA. 3aMETHBIE W3MEHEHHs B IPOU3BOACTBEHHON
CTPYKTYype MpeAIPUATHS B HONB3Y MSICO-MOJIOUHOTO

JKHBOTHOBOJICTBA MMEIOT MECTO B CIIydasx, Korza Kod(duimeHt
HENpUsATUS. pucKa npeBbimaer 2. HemomHoe wucnons3oBaHne
pecypcoB  (YKIOHEHHE OT BENEHHA CEIbCKOXO3SHCTBEHHOTO
OusHeca) Habmromaercs NpH KOSY(PQUIMEHTE HENpHATHA pHUCKa
6onee 4.IlomydeHHbIe pe3yNbTaTHl CBUACTENBCTBYIOT O TOM, YTO B
MIPUPOJHO-IKOHOMUYecknX  ycrnoBusix CesepHoro Kasaxcrama
CKJIIOHHOCTh  CEJIbCKOXO3SIMCTBEHHOTO  IpEANpHHHMATENs K
PHUCKOBAaHHBIX PELICHHUSAM B 3HAYUTEIBHON Mepe MpeIopeensieTcs
HaJM4YWeM WIM OTCYTCTBHEM cyOcuIMii W Jpyrux  ¢opm
¢uHaHCOBOH Tonep KKK oTpaciu. [Ipm oTcyTcTBHM (pHHAHCOBOM
HOMOIIM CO CTOPOHBI IPABUTENBLCTBA arpoOM3HECOM B PETHOHE
3aHMMAFOTCSI HHIIMBUAYYMBI C JIOCTaTOYHO BBIPQKEHHON PHCKOBOW
HaTypoil. Hammume cyOcuamii MO3BOJISET BOBICKaTb B OpOUTY
CETbCKOXO03SIHCTBEHHOTO HpeIIpHHIMATEIbCTBA TaKxKe
HWHIUBHAYYMOB C O0jiee BBICOKIM yPOBHEM HETPUSTHUS PHCKA.

B CeBeprnom Kazaxcrane mnpupoIHO-3KOHOMHYECKHE YCIOBHUS
MOATANIKUBAIOT (hepMepoB (OPMHPOBATH CTPYKTYPY NPOHM3BOJICTBA
B TI0JIb3Y BBIPAIMBAaHMs 3€PHOBBIX M MAaCIMYHBIX KynbTyp. MHaue
TOBOPsI, PAaCTEHHEBOJCTBO B PErnoHe 00J7alaeT OTHOCUTENIbHBIM
9KOHOMHYECKHM MPEUMYIIECTBOM B CpaBHEHHH c
JKHBOTHOBOACTBOM. CKONBKO-HHOYIb 3HAUUTENBHOE pa3BHTHE
MSICO-MOJIOYHOTO  XMBOTHOBOJACTBA B  HBIHENIHHX  YCIOBHSX
BO3MOKHO JWIIB npu HaJIMIAN COOTBETCTBYIOMINX
TIPaBUTENbCTBEHHBIX cyOcumuii. CyOcumuu B 3HAYUTEIBHOW Mepe
HHUBEJIUPYIOT BIMSHHME TAKOro (akTopa Kak HENpUsTHE pHCKa Ha
(hopMHpOBaHHE TPOHM3BOJICTBEHHON CTPYKTYPbl M CIOCOOCTBYIOT
Oonee TIOJHOMY MCIIONB30BAaHUI0 OIKOHOMHYECKHX DPECypcoB
CeNIbCKOXO03HCTBEHHBIX NPeIIPUSTUH.

4. 3akniouenue

B mHamem aHamM3e MBI HCXOAWIM U3 MPEIIOJIIONKEHHS O
paloHaNnbHOCTH (epMepa B MIPUHITUH YIIPABICHYECKUX PEILICHUIL.
W XOTs JaHHOE MAOMYIICHHE B IOCICIHEE BpPEMs OCHAPUBACTCS
HEKOTOPBIMH HCcIenoBaTeNsiMA (cM., Hampumep, [14]), cunemyer
HUMETh B BUJY, YTO OOJIBIIMHCTBO CIHELHAINCTOB BCE XKE CXOIATCS
Ha MHEHHH O TOM, YTO NPEINPUHAMATEINH B [IETIOM PalliOHATBHBI B
BBIOOPE PEIICHUI — XOTS U C ONPe/IeTIeHHBIMI OTOBOPKAMH.

CenbCKOX03HCTBEHHBIE npeAIpPUHUMATEIN CeBepHoOro
Kazaxcrana JIOCTaTOYHO OTpaHUYEHBI B nondope
IPOU3BOICTBEHHOIO noptgonuo, 4TO 00BsACHAETCS
cnenuduueckumMu  reorpaduuecKUMH M KIMMaTHYECKHMHU

ycnoBusiMa. [IpencTapisiercs, 4To B TaKMX YCIOBHSX pa3BUTHE B
XO3SHCTBE TOJILKO JBYX HJIHM TPEX OTpacieidl YacTo OKa3bIBAeTCs
JIOCTaTOYHBIM JJISi CYHIECTBEHHOTO CHW)KEHHS JIKOHOMHYECKOTO
pHCKa B pacCMaTpHBaEMOM PETHOHE.

[locTpoeHne ¥ HCHONB30BaHHME PHUCK-MOJENCH, B KOTOPBIX
CTaBUTCS 1eJb MAaKCHUMH3HPOBaTh OXHIAEMYI0 II0JIE3HOCTh
KOHEYHOTO pe3yJbTaTa, MpelICcTaBsieT co0oi BechbMa HEMPOCTYIO
3amady. Bompoc B TOM, OIpaBIaHbBl JH YCHIHS IO pa3paboOTKe
TakuX MoJjeiei. Puck-mMomenn ¢ MakCHMH3aIUeH O0XUTAeMOK
MOJIE3HOCTH W TOCNEAYIOUINI aHalInu3 pe3yJbTaTOB MOT'YT HMETh
TEOPETUYECKYI0 IEeHHOCTb. (OJHaKo, pe3yJabTaTbl HEKOTOPBIX
CHEIMAJIBbHBIX HCCIIEOBAHUI MOKa3bIBAIOT, YTO JaXKE B Pa3BUTHIX
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SKOHOMHMKAX TaKHe CJIOKHBIE MOJIXO0/IbI HAXOIAT ceOe MPpaKTHUECKOoe
npuMeHeHue muiie B 5-10% ciydaeB aHanmsa OusHeC-CHUTYaruit
[15].

Pazpabotka Monerneil ¢ MaKCUMH3alUeH 0XHIAEMOU TTOJIE3HOCTH
TpeOyeT BechMa TIIATEIHHOM MPOPa0OTKH MPOOJIEMBL, YTO B CBOIO
ouepenb MpeONpeIeIIeT HEO00XOUMOCTh MIPUBJICYCHUS
3HAYUTENFHBIX PECYPCOB: HWHTEIUICKTYalbHBIX, (DUHAHCOBBHIX, a
TaKke BpeMeHH. Bmecte ¢ Tem, oOpalleHHe K TaKUM MOJIEISM
BIIOJIHE OINpPaBIaHO B CHUTyalMsAX, KOT/la CTaBUTCA 3adada
MPOTHO3UPOBAHMSA M aHANM3a TMOCICACTBUII OT peaau3aluu
PETHOHANBHBIX M HAUMOHAIBHBIX  CEIBCKOXO3SHCTBEHHBIX
SKOHOMHUYECKUX MpOTrpaMM. 3HAYUTEIBHBIC PECYpPCHI, BKIIOYAs
BpeMsi, 3aTpayMBacMbIc Ha TINATEIBHYIO MPOPabOTKY MpOOIEeMBI,
000CHOBELIBAIOTCS MaciTabamu, OOIIECTBEHHOM 3HAYMMOCTLIO H
JTIOIATOCPOYHBIM 3(H(HEKTOM TAaKUX MPOTPaAMM.

5. Brazooapnocms
HccnenoBanne (GpUHAHCHPOBAIOCH MUHHCTEPCTBOM — CEIIBCKOTO
xo3stiicTBa PecriyOimku Kazaxcran (BR22886885).
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Ways to stimulate the development of sustainable entrepreneurship
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Abstract : Sustainable entrepreneurship development meaning is a big challenge for scientific society and demands cooperation
strengthening with entrepreneurs , princely states with structures and with youth who influence they make sustainable development in a new
way on understanding and they need innovative approaches .

In this paper we have reviewed and investigated sustainable entrepreneurship development stimulates economic , social and environment
dimensions which they form various prerequisites and certain circumstances are filled each other and hand promote in country sustainable
entrepreneurial activity high level . It is important that countries they took obligation priority to be granted to advance , for which
creativity, knowledge , technology and financial resources of society by addressed will be Sustainable Development Goals - SDGs to achieve
all in context . This goals taking into account , by 2030 possible should to become all of a woman and of men complete and productive
employment and decent of work achievement.

It is emphasized that countries should support the development of higher education, especially to increase the staff of higher professional
education by expanding the educational balance, by increasing the financing of education for sustainable development, for the existence of
more knowledgeable and qualified personnel.

KEYWORDS : SUSTAINABLE ENTREPRENEURSHIP , QUALITY EDUCATION , ENVIRONMENT , INNOVATION , INEQUALITY
REDUCTION .

1. Introduction infrastructure; reducing inequality and others. They recognize that

The purpose of the research is to review and investigate the ~ action in one area will affect outcomes in another and that
ways of stimulating the development of sustainable  development must balance social, economic and environmental
entrepreneurship, which includes three dimensions of economic,  Sustainability. . o
social and environmental protection, trends and certain Countries have committed to prioritizing progress so that
circumstances, Also to establish the basic theoretical principles of ~ creativity, knowledge, technology and financial resources can be
research on how the various preconditions influencing sustainable ~ channeled by society to achieve the SDGs in all contexts.
entrepreneurship complement each other and contribute to a high The SDGs promote sustainable economic growth, higher levels
level of sustainable entrepreneurial activity. This effort has ~ Of productivity and technological innovation. Encouraging
significant potential to advance the field of entrepreneurship while ~ entrepreneurship and creating jobs is key to this. As well as
promoting a cleaner planet. effective measures to eliminate forced labour, slavery and human

The presentation of ways of stimulating the process of trafficking. Because of this, in the last ten years, entrepreneurship
sustainable development of entrepreneurship and the theoretical ~ has been recognized as a potential lifeline for social inequality and
analysis of factors made it possible from economic and social ~ environmental degradation [1]. Scholars have expanded this concept
factors that education can better achieve high-quality sustainable 0 include conventional entrepreneurship, its impact on society and
development. Quality development can contribute to the efficient ~ the environment, and the emergence of a new form of
use of resources and energy, the construction of sustainable  entrepreneurship known as sustainable entrepreneurship [2].
infrastructure, the green development of the environment, and the Research by scientists has confirmed that sustainable
reduction of production and consumption waste and losses. entrepreneurship today faces many challenges, such as lack of

As a result of the research, the economic and social factors ~ funding, misinformation and government support. Because of this,
ensuring the development of sustainable entrepreneurship were  National involvement of scientists, the state and entrepreneurs is
determined, which, despite their contradictory nature, still provide ~ necessary to identify and investigate ways to stimulate the
significant incentives for environmental protection and the process  development of sustainable entrepreneurship. This study is based on
of sustainable development in an environment of risk and  the ecological theory of sustainable entrepreneurship and

uncertainty. establishes a framework for theoretical analysis that includes three
The paper establishes a theoretical analysis framework on ways ~ dimensions: economic, social and environmental.

to stimulate the development of sustainable entrepreneurship, which The economic dimension includes GDP and SDG9 - Industry,

includes three dimensions of economic, social and environmental Innovation and Infrastructure; The social dimension includes SDG4

protection, thereby achieving sustainable development and - quality education and SDGI10 - reduced inequality; And the

efficiency of the world economy. environmental dimension includes environmental quality and

SDG12 - responsible consumption and production. Sustainable
entrepreneurship  systematically considers all elements of
sustainability and pursues social, economic and environmental
goals. [3] These three pillars are interconnected and interdependent.

2. Sustainable Development Goals ( SDGs )

Today, the world economy is characterized by high rates of
development, but there are still often acute daily problems of
political, economic and social security and well-being, such as
poverty, climate protection and environmental degradation. To
address these and other challenges, the United Nations adopted the
Sustainable Development Goals (SDGs) in 2015 as a call to action
to end poverty, protect the planet, and ensure that by 2030, all
people enjoy peace and prosperity. * Real GDP growth,

The Sustainable Development Goals, also known as the Global percent 5.4 -6.3 10.6 6.9
Goals, .include 17 development gc_JaIs. such_as: no pc_)verty; zero GDP per capita (at
hunger; good health and well-being; quality education; gender current prices), USD
equality, clean water and sanitation; affordable and clean energy; ' 47414 43008 50836 22275
decent work and economic growth; industry, innovation and

Table 1: Gross domestic product (GDP) of Georgia
2020 2021 2022 2023

GDP at current
prices, Billion USD

17.6 16.0 18.9 8.3
https://www.geostat.ge/ka/modules/categories/23/mtliani-shida-produkti-mshp

! https://sdgs.un.org/goals
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The economic pillar means that in the process of sustainable
development, economic growth should be sustainable and not at the
expense of the environment and society. The social pillar implies
that sustainable development should consider factors such as social
justice, human well-being and social stability. The environmental
pillar means that sustainable development must protect and improve
the environment and achieve ecological balance in order to provide
the necessary resources and foundations for future development of
environmental protection, in the context of important global
challenges and threats, such as global warming and the loss of non-
renewable resources, all of which require broadening the research
perspective from a narrow beyond economic considerations to
include social and environmental dimensions. [4]

All this proves that it is not enough for entrepreneurs to focus
on economic growth as the goal of business development, they also
need to consider the long-term survival of the business and pay
more attention to sustainability issues, which makes them pay more
attention to the SDGs. Thus, sustainable entrepreneurship is not
only a social responsibility, but also a business opportunity. Taking
advantage of the business opportunities created as a result of
sustainable development and using them requires more pragmatic
actions by countries.

GDP per capita is considered as an indicator of the country's
economic development potential. There is a correlation between
entrepreneurship and economic development. In this context, a
country's high GDP per capita, defined by purchasing power parity,
indicates a high standard of living, improved conditions and
opportunities for entrepreneurial activity. The positive impact of
sustainable entrepreneurship and its advancement can be attributed
to the level of economic development, and the measure of economic
growth and development is GDP. Thus, sustainable
entrepreneurship is related to GDP. Studies have shown that
currently, countries around the world are trying to build resilient
infrastructure and sustainable industries and promote innovation [5],
thereby promoting sustainable entrepreneurship. Thus, sustainable
entrepreneurship is linked to industry, innovation and infrastructure.

Education is one of the greatest drivers of sustainable
development. In order to achieve quality education, countries
should pay more attention to SDG4 - quality education.

Governments should support the development of higher
education, especially the increase of higher vocational education
personnel by expanding educational equality and increasing
education funding for sustainable development to have more
knowledgeable and qualified personnel.

Quality education focused on the values of sustainable
development helps educated people develop the necessary scientific
knowledge, learning competencies, values and behaviors for
sustainable development and environmental protection. Quality
entrepreneurship education fosters a sustainable entrepreneurial
spirit, awareness and competence, enabling entrepreneurial
candidates to create businesses that contribute to the sustainable
development of humanity and society [6].

A higher level of education makes it easier for people to
innovate, and allows entrepreneurs to identify possible market
opportunities, and different tools can be used more effectively to
carry out entrepreneurial activities. At the same time, students form
an important pool of entrepreneurs, and a quality education can
encourage them to solve social and environmental problems, as well
as to make sustainable solutions a reality. Thus, sustainable
entrepreneurship is linked to quality education.

Quality education helps reduce inequality. SDG10 works to
reduce inequality between countries, which consists of various
goals, which include the growth rate of household expenditures,
equal opportunities by promoting social, economic and political
participation and reducing inequality in results, universal sharing of
the fruits of economic growth. This goal aims to meet the needs of
all countries and people, especially women, youth and vulnerable
groups. This requires the creation of more quality jobs and
entrepreneurship. A reduction in social inequality and a stable
environment encourage individuals to perceive and exploit new
economic opportunities in the face of market uncertainty, thereby
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engaging in entrepreneurship and promoting social well-being [7].
Thus, eliminating inequality and guaranteeing fair opportunities for
individual development is an important prerequisite for achieving
sustainable entrepreneurship. Thus, sustainable entrepreneurship is
associated with reduced inequality.

To achieve economic growth and sustainable development, it is
necessary to reduce the ecological footprint by changing the ways
of production and consumption of goods and resources. This goal is
served by SDG12 - Responsible consumption and production,
which requires practical support for industry, business and
consumers for responsible consumption and production. This is
necessary because traditional consumption and production rely on
resources from the natural environment, economic development
takes place at the expense of the environment and human health [8].
Responsible consumption and production involves achieving higher
levels of productivity and efficiency with limited resources, while
breaking the link between economic growth and environmental
degradation. From the perspective of sustainable entrepreneurship,
this effort of sustainable development concerns firms involved in a
wide range of entrepreneurial activities interested in and seeking
economic and social returns due to the needs of responsible
production. Because improving the quality of their environment
requires a departure from traditional production methods and the
use of clean production practices. Along with promoting
responsible consumption, it is possible to diversify economic
activities, conserve valuable resources and minimize waste. Thus,
the way to stimulate sustainable entrepreneurship is responsible
production and consumption.
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Abstract. The digital transformation of healthcare systems is significantly changing the way healthcare organizations operate and
healthcare is delivered. The rapid development of digital technologies has increased the demand for digital competencies among healthcare
professionals and managers. These competencies are essential for the effective implementation and use of digital technologies in healthcare.
The aim of this study is to identify and analyze the key digital competencies required in healthcare organizations in the context of digital
transformation. A systematic literature review was conducted using the PRISMA methodology to identify relevant scientific publications
focused on digital competencies in healthcare. The analysis focuses on the digital skills and competencies of healthcare professionals and
managers. The findings highlight the importance of digital literacy, data management, information security, and continuous professional
development. The study contributes to an understanding of how healthcare organizations can better prepare their employees for digital
transformation.
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; technology, high financial costs associated with implementing
1. Introduction digital solutions, as well as insufficient institutional support [2, 19].

Although the COVID-19 pandemic officially ended several
years ago, its consequences continue to significantly impact the
functioning of society [9, 10]. The coronavirus crisis, combined
with the ongoing development of digital technologies, has
accelerated the process of digital transformation across multiple
sectors, and the healthcare sector was no exception. As a result of
widespread lockdowns and efforts to minimize physical contact,
healthcare facilities were forced to seek new ways of providing
healthcare [6, 11].

Systematic education and training of healthcare staff can be
considered a key factor in the successful implementation of digital
technologies [4, 6]. Managers should therefore place greater
emphasis on the development of their healthcare staff. Planning
educational activities is essential to ensure an adequate level of
digital competencies, as the successful adoption of digital
technologies depends on healthcare workers’ readiness to use them
effectively in practice [7]. Training programs should therefore be
focused on developing practical skills and utilize diverse forms and

This has significantly accelerated the transformation of  methods of training [2, 6].
healthcare delivery, but the implementation of changes in the o )
healthcare sector continues at a slow pace [11, 14]. The digitization Based on the above, the digital competencies of healthcare
of healthcare brings several benefits, including remote patient  Professionals and managers appear to be a key prerequisite for the
monitoring, real-time data availability, the use of virtual assistants, ~ successful digital transformation of healthcare. The aim of this
telemedicine consultations, and electronic health records (EHR) [6,  article was therefore to identify the digital competencies required of
9]. The positive impact of digital technologies is also evident in the ~ healthcare professionals and managers in the context of the digital
work of healthcare staff, particularly through the elimination of  transformation of healthcare.
human error, timely identification of anomalies, optimization of
workflows, reduction of routine tasks, and support for faster 2. Methods

decision-making [2, 12]. The PRISMA methodology was applied to ensure a systematic

The goal of digital health is to provide safer, higher-quality, and ~literature review. The original version of the methodology was
more efficient healthcare services, while at the same time relieving ~ simplified for the purposes of this article, as the search for scholarly
healthcare professionals of administrative and routine tasks so that ~ sources was conducted in only one database. The aim of the review
they can devote more time to strategic and professional activities [5, =~ Was to answer the following research question: What digital
7]. However, the digital skills and competencies of healthcare ~ competencies are required for healthcare professionals and
workers are key to achieving these benefits [15], [20]. Digital managers in healthcare organizations in the context of digital
competencies are an essential prerequisite for the active transformation
participation of healthcare staff in the process of digitizing
healthcare systems [6, 11]. Insufficient digital literacy can lead to
the ineffective use of digital technologies and, consequently, to the
failure to realize the potential of digital health. Therefore, managers
should possess competencies in change management, strategic
planning, and the creation of appropriate infrastructure to eliminate
barriers that prevent the achievement of the desired level of digital
skills [7, 19].

Digital competencies must be viewed holistically, as they
encompass not only technical skills but also ethical, security, and
information competencies related to the use of digital technologies

The search for academic articles was conducted using the Web
of Science database, which provides extensive access to peer-
reviewed scientific publications in the fields of healthcare,
management, and digital transformation. The following search
string was used in the database: TS=(("digital competenc*" OR
"digital skill** OR "digital literacy”) AND (“healthcare
professional** OR "healthcare manager*") AND ("digital
transformation™ OR "digital health" OR e-health)).

Based on the search string provided, 145 records were
identified. The filtering criteria listed in Table 1 were then applied.

[2], [12]. However, the implementation of digital solutions in Table 1 Selection criteria

healthcare is accompanied by several obstacles. One of these is Criteria Description
resistance among healthcare staff to adopting and using new Publication years 2022 -2026
technologies, which is often linked to insufficient training, low Language English

levels of digital literacy, or limited knowledge of available Access type Open access
technological solutions [1,7,8]. Other barriers include inadequate Document types Article, Review Article
technological infrastructure, limited access to information Source: own elaboration
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After applying the inclusion criteria and completing the
screening process, 30 articles were assessed for relevance.
Irrelevant studies, articles unrelated to the topic under investigation
based on their title and abstract, as well as sources that did not meet
the required quality criteria, were excluded from the dataset.
Following the final evaluation and analysis of the full texts, 19
studies were included in the systematic review. The article selection
process is illustrated using the PRISMA flow diagram in Fig. 1.

Figure 1 PRISMA flow diagram

Identification of studies via databases.

)

Records identified from*:
Databases:
Web of Science (n=145)

Records removed before
screening:
Records removed for filter

Identification

criteria applied (n = 42)

[

]

J

Records screened Records excluded™
(n = 103) *| (n=73)

2 I

1]

€

5 Reports assessed for eligibility
(n=30) ™| Reports excluded:

Not focused on digital
competencies (n = 11)

Studies included in review
(n=19)

[ Includod} [

Source: own elaboration, according to PRISMA 2020 methodology based
on Page etal. (2021), https://doi.org/10.1136/bmj.n71

To enhance the relevance and practical value of the findings, the
data from the systematic review were supplemented with statistical
data from Eurostat and OECD databases, which provide an
overview of digital competence levels.

3. Research results

To ensure greater clarity, the findings from the systematic
review have been organized into three tables. The first two tables
focus on the digital competencies of healthcare professionals and
managers, while the third table highlights the challenges and

and communication technologies [2]. At the same time, digitization
enables the processing of large amounts of data, and healthcare
professionals must have the ability to filter this data and identify the
relevant information needed for decision-making and solving
specific problems [3].

The digitization of healthcare is also giving rise to new forms of
healthcare delivery, particularly remote counseling, telemedicine,
and video consultations, which require healthcare personnel to
possess sufficient digital skills [6, 17]. As the volume of data and its
sharing increase, so does the importance of protecting sensitive data
and ensuring information security to prevent unwanted data leaks
[12].

Table 3 Digital Competencies for Healthcare Managers

Area Description_ of Authors
competencies
Digital Developing a Fiigital vis!on (Erfani et al.,
Leadership and implementing | 2025; Lee et
innovations al., 2023)
Managing the transition to
Ma&ggggfent digital processes and staff (E;Ferzi')nzgg)et
adaptation !
(Byungura et
Workforce Planning training and al., 2022,
Development | organizing workshops Navarro-
Martinez et
al., 2023)
(Esperanga et
Infrastructure | Ensuring connectivity and al., 2026;
Management | digital infrastructure Hailu et al.,
2026)

Source: own elaboration

Managers’ competencies should be supplemented with
managerial skills related to setting digital transformation strategies,
as well as organizing and managing the transition from traditional
forms of healthcare delivery to new digital solutions [2,3].
Workforce development is also emerging as a key area, as
employees and their competencies are a significant factor in
successful digital transformation.

According to Byungur et al. (2022), the training of healthcare
professionals should take the form of blended learning, while Erfani
et al. (2025) emphasize the importance of using a variety of
educational methods. The main reason for this is the existence of a

barriers contributing to the insufficient level of digital multigenerational work environment, which requires adapting
competencies. training methods to different groups of employees [1, 2].
Table 2 Digital Competencies of Healthcare Professionals To ensure an effeCti\{e and seamless digit_al trzflnsformation, it is
Description of also essential to establish an_aqlequate dlglta_l _mfrastrug:ture and
Area competencies Authors ensure connectivity between existing and new digital solutions [3].
. Ability to use hardware and | (Erfani et al.,
Technical and X - T S
. software and solve other | 2025; Kulju Table 4 Factors contributing to low levels of digital literacy
ICT literacy .
technical problems et al., 2024)
Information Searching for, filtering, and (Esperanga et Challenge Authors
and data L2 . al., 2026; Lee -
literacy evaluating information et al., 2023) (Fernandez-Luque 2
— Resistance to change, frustration Ramirez-Montoya, 2024,
. . . . (Guillari et L, .

Digital Video consultations, using al. 2024 Picon-Jaimes, 2024)
communication | applications, and email OJdbier e't Lack of training and educational (Esperanga et al., 2026;
and counseling | communication al., 2024) programs Mikkonen et al., 2026)

—— . (Hengst et al., 2026; Kissi
Ethics and Cybersecurity, GDPR, and (Erfar?l et ql., Level of education et al., 2022)
. - L . 2025; Kulju -
Security ethical decision-making et al.. 2024) Ade and generational differences (Erfani et al., 2025;
- g g Mikkonen et al., 2026)

Source: own elaboration

We have identified the four most frequently recurring areas and

competencies related to the digital transformation of healthcare
personnel. One of the core competencies is technical proficiency,
which in practice refers to the ability to effectively use information

(Hailu et al., 2026; Kulju et
al., 2024)

(Kissi et al,
McDevitt et al., 2025)

Inadequate infrastructure

Cybersecurity 2022;

Source: own elaboration
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Achieving an adequate level of digital skills is influenced by a
number of factors and challenges that hinder or slow down the
acquisition of the necessary digital competencies. Figure 2 also
illustrates the slower progress in acquiring basic digital skills,
highlighting differences in the level of basic digital skills among
European countries. Several countries still do not meet the required
level of digital literacy, which can pose a significant barrier to the
effective implementation of digital technologies in healthcare [22].

Figure 2 Individuals with at least basic digital skills
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Source: own elaboration, According to Eurostat (2025), Available at:
doi:10.2908/isoc_sk_dskl_i21

Figure 3 Digital health literacy scores by education

Source: own elaboration, According to OECD (2024), Available at:
OECD - Digital Health
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Other significant challenges include a lack of training and
generational  differences. Younger healthcare professionals
generally have a more positive attitude toward adopting digital
technologies, while older staff may be more resistant to change and
the implementation of digital solutions. At the same time, OECD
data (Figure 3) highlight differences in digital health literacy levels
between higher- and lower-educated groups of the population aged
45 and older, supporting the claims of several authors that a higher
level of education positively influences the adoption and effective
use of digital technologies [2, 15].

To achieve the necessary level of digital literacy, it is essential
to adapt training so that it is not only practice-oriented but also up-
to-date, given the rapid evolution of digital technologies. Training
should employ multi-method approaches, or methods such as
“reverse mentoring.” This approach is based on the assumption that
younger employees generally possess a higher level of digital skills,
while older colleagues have more extensive professional and
practical experience. The combination of this knowledge and
experience has proven to be an effective model for developing the
digital competencies of healthcare personnel [1, 2, 15].
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4. Discussion

According to Esperanca et al. (2026), digital competencies
constitute a comprehensive set of knowledge, skills, and attitudes,
and cannot be reduced merely to the technical use of information
and communication technologies. This assertion is also supported
by our findings, which indicate that digital competencies can be
assessed across multiple domains. Several authors agree that one of
the key prerequisites for the successful implementation of digital
technologies is employee readiness and a sufficient level of digital
literacy [2,7]. At the same time, the findings of several authors, as
well as data published by Eurostat (2025), suggest that the level of
digital competencies is still insufficient in many cases.

Education is emerging as a key factor in the development of
digital competencies. Mikkonen et al. (2026) emphasize the need to
continuously adapt competencies to the current demands of the
digital environment, a view supported by Byungura et al. (2022),
who argue that competencies must be continuously updated to
reflect current technological developments. Guillari et al. (2024)
and Kulju et al. (2024) also argue that the competence of healthcare
personnel is key to realizing the full potential and benefits of
healthcare digitization.

Some authors also emphasize the need for a multi-method
approach to education, as digital competencies must be developed
across various age and professional groups [2, 15]. Erfani et al.
(2025) note that younger healthcare workers generally possess a
higher level of digital skills and can pass this knowledge on to older
colleagues. Conversely, older workers can pass on their professional
and practical experience to younger colleagues. In this context,
Mikkonen et al. (2026) highlight the importance of reverse
mentoring.

At the same time, older workers may be more resistant to
adopting digital technologies than younger generations. Hengst et
al. (2026) add that higher levels of digital literacy are also
associated with a more positive attitude and greater enthusiasm for
using digital technologies.

5. Conclusion

Digital competencies are proving to be a key factor in the
successful digital transformation of healthcare. Digital competence
must be viewed from a multidimensional perspective, as it
encompasses not only technical skills but also the ability to work
with data, apply digital technologies in practice, ensure data
protection, and effectively manage change within organizations.
The results also highlight the need for continuous education and the
development of digital competencies among healthcare workers and
managers. Educational level, generational differences, and the
availability of training and digital infrastructure also play a
significant role. For the successful implementation of digital
solutions, it is therefore essential to create conditions that support
the development of digital readiness among healthcare personnel.
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Abstract: This study presents a framework for the digital profiling and online representation of traditional Bulgarian belt buckles (pafti)
through the integration of structured cultural data and accessible 3D visualization approaches. The research is positioned within the context
of Industry 4.0, where digital transformation, data-driven methodologies, and virtual representation increasingly influence the preservation
and interpretation of cultural heritage. Traditional ethnographic artifacts are often documented through fragmented textual descriptions and
static photographs, limiting their accessibility and analytical potential in digital environments. The proposed approach combines
ethnographic documentation with data structuring and digital visualization techniques. Cultural attributes such as regional affiliation,
ornamentation, material composition, decorative elements, and object form are organized into a structured descriptive model suitable for
digital analysis and presentation. In parallel, the study applies a low-cost photogrammetry workflow for creating a digital representation of
selected artifacts, supported by online visualization through a web-based environment and QR-based access. The results demonstrate how
traditional cultural objects can be transformed into structured digital entities that support visualization, accessibility, and interactive
exploration. The study highlights the potential of combining cultural heritage research with digital technologies in order to create accessible
models for the preservation and presentation of ethnographic artifacts within contemporary digital ecosystems.

Keywords: CULTURAL HERITAGE, DIGITAL PROFILING, PHOTOGRAMMETRY, BELT BUCKLES (PAFTI), INDUSTRY 4.0, DIGITAL
REPRESENTATION

1. Introduction 2. Problem discussion
The rapid development of digital technologies has significantly The digital representation of cultural heritage has become an
transformed the ways in which cultural heritage is documented, increasingly important research direction within contemporary

preserved, and presented. Within the broader context of Industry digital humanities and cultural preservation initiatives. Despite the
4.0, concepts such as digital transformation, data-driven growing use of digital technologies in museums, archives, and
methodologies, virtualization, and interactive access increasingly virtual heritage platforms, many ethnographic artifacts continue to
extend beyond industrial applications and find relevance in the be documented primarily through static photographs, descriptive
fields of humanities, cultural heritage studies, and digital inventories, and fragmented textual records. In many cases, this
humanities. As a result, traditional cultural artifacts are gradually information remains unstructured and dispersed across museum
becoming part of new digital ecosystems that enable their structured catalogues, private collections, printed publications, and local
representation, visualization, and long-term preservation. historical archives, limiting the possibilities for systematic digital

T analysis and interactive representation.
In recent years, museums, researchers, and cultural institutions

have increasingly explored digital approaches for documenting and Traditional ethnographic objects often contain complex visual,
presenting ethnographic objects through virtual collections, symbolic, and regional characteristics that are difficult to organize
interactive platforms, and 3D visualization technologies [1]. Despite within conventional descriptive approaches. This is particularly
these developments, many traditional artifacts continue to exist evident in the case of traditional Bulgarian belt buckles (pafti),
primarily as static photographs or descriptive museum records, where variations in ornamentation, material composition, shape,
often lacking structured metadata and digital analytical decorative motifs, and regional stylistic features create a rich but
representation. This limits both their accessibility and their potential highly heterogeneous body of cultural information. Although such
integration into contemporary digital cultural environments. artifacts possess significant ethnographic and historical value, they
are rarely approached as structured cultural data objects suitable for

Traditional Bulgarian belt buckles, known as pafti, represent an integration into digital environments.

important element of women’s traditional costume and material
culture. Beyond their decorative function, they reflect regional
identity, craftsmanship traditions, symbolic ornamentation, and
cultural continuity across generations [2]. Due to their visual
complexity and ethnographic significance, pafti provide a suitable
case for exploring the possibilities of digital representation and
structured cultural data organization.

The present study proposes a framework for the digital profiling
and online representation of traditional Bulgarian belt buckles
through the integration of structured descriptive attributes,
photographic documentation, photogrammetry, and web-based
visualization [3]. The research aims to demonstrate how accessible
digital technologies and data-oriented approaches can support the
preservation, accessibility, and interpretation of ethnographic
artifacts within the technological paradigm of Industry 4.0.

The study is guided by the following research question:

How can structured cultural data, photogrammetry, and web-
based visualization technologies be integrated into a digital
framework for the representation and accessibility of traditional
ethnographic artifacts? Fig. 1 Traditional embroidered belt from Central Northern Bulgaria
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Figure 1 presents a traditional embroidered belt from Central
Northern Bulgaria used as part of the ethnographic material
examined in the present study. The artifact combines textile
craftsmanship, decorative bead ornamentation, and leather structural
elements characteristic of regional traditional costume accessories.
The visual complexity and ornamental composition of the belt
demonstrate the diversity of ethnographic objects that can be
documented and represented through structured digital approaches.

Fig. 2 Traditional Gabrovo-style pafti from a private ethnographic
collection

Figure 2 illustrates traditional Bulgarian pafti of Gabrovo style
distinguished by detailed metallic ornamentation and sculptural
decorative forms [4]. As representative elements of women’s
traditional costume, pafti contain significant visual and symbolic
characteristics that make them suitable objects for digital profiling
and online cultural representation. Their structural complexity and
decorative richness provide an appropriate basis for the application
of photogrammetry and digital visualization techniques within
contemporary cultural heritage environments.

The selected artifacts illustrate the diversity and visual
complexity of traditional Bulgarian ethnographic objects. Their
combination of textile craftsmanship, metallic ornamentation,
symbolic decorative motifs, and regional stylistic characteristics
demonstrates the rich informational potential embedded within
traditional material culture. At the same time, such artifacts present
significant challenges for digital documentation and representation
due to the coexistence of visual, structural, and cultural attributes
that are often difficult to organize within conventional descriptive
models.

Another important challenge is the limited accessibility of many
ethnographic artifacts outside museum exhibitions and private
collections. Traditional forms of documentation are typically based
on static photographs and descriptive records, providing restricted
opportunities for interactive exploration and digital engagement. As
a result, valuable cultural objects often remain insufficiently
integrated into contemporary digital heritage environments and
online cultural ecosystems [5].

Within the context of Industry 4.0, concepts such as digital
transformation, virtualization, structured data processing, and online
accessibility create new possibilities for the preservation and
presentation of cultural heritage. In this regard, accessible digital
workflows based on photogrammetry, structured cultural metadata,
and web-based visualization technologies offer practical
opportunities for transforming traditional ethnographic artifacts into
interactive digital cultural objects. Such approaches support both
the preservation and the broader accessibility of cultural heritage
through contemporary digital platforms and mobile environments
[3, 6].
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3. Objective and research methodologies

The main objective of this study is to develop a framework for
the digital profiling and online representation of traditional
Bulgarian belt buckles (pafti) through the integration of structured
cultural data, photographic documentation, photogrammetry, and
web-based visualization technologies. The proposed approach aims
to transform traditional ethnographic artifacts into structured digital
entities suitable for visualization, accessibility, and future
integration into virtual cultural heritage environments.

The research methodology follows a structured multi-stage
process that combines ethnographic documentation with digital
technologies and data-oriented approaches (see Fig. 3). The
workflow includes artifact documentation, cultural data structuring,
digital representation, and online accessibility through interactive
web-based environments.

¥

Photogrammetry Processing
Image processing
3D generation

. 1

Photographic Documentation
Multi-angle image acquisition
Visual documentation

Physical Artifact
Traditional belt and pafti
Ethnographic object documentation

Digital Representation
Generated digital object
Interactive digital visualization

! |

Cultural Data Structuring

Online Visualization and QR

Region
9 . Access
Material .
] Web-based environment
Ornamentation ) .
QR code integration
Shape

Mobile accessibility

Decorative motifs

Fig. 3 Methodological framework for the digital profiling and online
representation of traditional Bulgarian pafti

The proposed methodological framework illustrates the
sequential process used for the digital profiling and representation
of the selected ethnographic artifacts. The workflow begins with the
documentation of the physical object through photographic
acquisition, followed by the structuring of cultural and descriptive
metadata. The collected visual and descriptive information is
subsequently used within a photogrammetry-based workflow for
generating a digital representation of the artifacts. The final stage
focuses on online accessibility through web-based visualization and
QR-supported access, allowing users to explore the digital
representation in an interactive environment. Each stage of the
framework contributes to the transformation of traditional cultural
objects into accessible digital cultural entities suitable for
visualization and future digital preservation initiatives.

3.1 Data Collection

The study is based on the documentation of selected traditional
Bulgarian belt buckles and belt elements originating from private
ethnographic collections. The artifacts were photographed from
multiple perspectives in order to capture their overall form,
decorative structure, and visual characteristics. Additional
ethnographic observations related to ornamentation, material
appearance, stylistic features, and regional characteristics were also
included during the documentation process.

The photographic documentation served both as a visual
archival source and as the basis for the subsequent photogrammetry
workflow used for digital representation. Particular attention was
given to the visibility of decorative details and structural elements
characteristic of traditional pafti craftsmanship.
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3.2 Data Structuring and Profiling

Following the documentation process, the collected information
was organized into a structured cultural dataset describing the main
characteristics of the artifacts. The profiling approach includes
descriptive attributes such as object type, regional affiliation,
material composition, ornamentation, decorative motifs, shape, and
estimated historical period. The structured organization of cultural
data allows the transformation of traditional ethnographic objects
into digital entities suitable for classification, comparison,
visualization, and future integration into digital cultural archives.
This approach also supports the development of metadata-oriented
models for cultural heritage representation and improves the
accessibility and interpretability of ethnographic information [7].

The selected profiling attributes were defined in accordance
with the visual, structural, and ethnographic characteristics of the
examined artifacts. The attribute selection process aimed to include
both descriptive and culturally significant elements that support
digital identification, classification, and comparative analysis.
Particular attention was given to attributes related to regional
affiliation, material composition, ornamentation, decorative motifs,
and object form, as these characteristics play a central role in the
interpretation and representation of traditional ethnographic objects
within digital cultural heritage environments.

Table 1: Comparative structured cultural attributes of the selected
ethnographic artifacts

Attribute Embroidered Belt Belt Buckles

Traditional

embroidered belt Traditional belt buckles

Object type

Central Northern

Regional origin

Bulgaria

Gabrovo region

Material

Textile, leather, beads

Metal alloy

Historical period

Late 19th — early 20th

Late 19th century

century
. Embroidery and bead Relief metallic
Ornamentation - -
decoration ornamentation
Shape Elongated textile form Oval
Decorative motifs Floral motifs Floral and animal motifs

Cultural function

Costume accessory

Women'’s costume
accessory

Documentation
methods

Photographic
documentation

Photographic
documentation

contemporary digital cultural ecosystems through practical and
accessible technological solutions [6].

4. Results and visualization

The application of the proposed framework resulted in the
creation of structured digital representations of the selected
ethnographic artifacts. The implemented workflow combined
photographic documentation, cultural data profiling,
photogrammetry processing, and web-based visualization in order
to provide accessible digital presentation of traditional Bulgarian
cultural objects.

The digital processing stage enabled the transformation of the
documented artifacts into interactive visual representations suitable
for online exploration and future integration into digital cultural
heritage platforms. Particular attention was given to preserving the
visibility of decorative details, structural characteristics, and
ornamental composition during the visualization process. The
resulting digital representations retain the distinctive visual features
of both the embroidered belt and the Gabrovo-style pafti while
supporting accessibility through contemporary digital environments.

4.1 Technology Stack and Implementation Environment

The implementation of the proposed framework was based on a
combination of accessible hardware and software technologies
intended to support low-cost digital cultural heritage representation.
The photographic acquisition process was performed using a
smartphone camera, allowing multi-angle image capture of the
selected ethnographic artifacts. The captured photographs were
subsequently processed through a photogrammetry workflow for
generating digital object representations.

The digital visualization environment was developed through a
web-based platform supporting online presentation and mobile
accessibility. QR code integration was additionally implemented in
order to facilitate direct access to the digital representation from
mobile devices. The selected technological workflow emphasizes
accessibility, practical applicability, and the possibility for future
adaptation within small museum collections, educational projects,
and independent cultural heritage initiatives.

Table 2: Technology stack used in the digital representation workflow

i . Photogrammetr: Photogrammetr:
DIEie [presessiy W(?rkflow / W(?rkflow /
- Web-based S
Dlg!ta}ll visualization and QR Web-based visualization
accessibility access and QR access

Component Technology Purpose
Image acquisition Smartphone camera Artifact photography
Photogrammetry - . .
Photogrammetry software Digital object generation

Table 1 presents a comparative overview of the structured
cultural attributes used for profiling the selected ethnographic
artifacts. The organization of the data into clearly defined
descriptive categories supports consistent digital representation,
comparative analysis, and future integration into digital cultural
heritage environments. The profiling model also demonstrates the
applicability of metadata-oriented approaches for the documentation
and accessibility of traditional ethnographic objects.

3.3 Digital Representation and Online Accessibility

The digital representation process combines photogrammetry
techniques with accessible online visualization technologies. A low-
cost and accessible workflow based on photographic image
processing was applied in order to generate a digital representation
of the selected artifacts. The resulting visualization was integrated
into a web-based environment developed for online presentation
and interactive access.

In addition to static visual documentation, the study
incorporates QR-based accessibility, enabling users to access the
digital representation directly through mobile devices. This
approach supports broader accessibility and demonstrates how
traditional ethnographic artifacts can be integrated into

Cultural data

Data structuring organization

Metadata profiling

Canva-based

Web visualization ]
environment

Online presentation

QR integration QR code generation Mobile accessibility
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Table 2 presents the main technological components integrated
within the proposed digital representation workflow. The selected
tools and technologies support the creation of accessible digital
cultural environments through low-cost and widely available
solutions suitable for independent cultural heritage initiatives and
small-scale ethnographic digitization projects.

4.2 Digital Representation Results

Figure 4 presents the digital representation generated through
the photogrammetry workflow applied in the present study. The
visualization demonstrates the possibility of creating accessible
digital cultural objects through low-cost and widely available
technologies, without the necessity of specialized museum
digitization infrastructure.
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Fig. 4 Digital representation generated through photogrammetry processing

The generated digital representation preserves the main visual
and structural characteristics of the examined ethnographic artifacts,
including decorative motifs, ornamentation, and object form. The
resulting visualization demonstrates the applicability of
photogrammetry-based approaches for the digital preservation and
presentation of traditional cultural objects within contemporary
digital environments.

4.3 Web-based Visualization and QR Accessibility

The resulting digital object was subsequently integrated into a
web-based visualization environment designed for interactive
presentation and mobile accessibility. In addition to static visual
documentation, the developed environment allows users to access
the digital representation through QR-supported interaction,
facilitating direct access from mobile devices and supporting
broader public accessibility. Figure 5 illustrates the web-based
visualization environment used for presenting the generated digital
representation. The integration of QR access extends the
accessibility of the artifacts beyond conventional museum
documentation and creates opportunities for interactive digital
engagement with ethnographic cultural heritage.

Fig. 5 Web-based visualization environment with QR-supported access

The presented results demonstrate that structured cultural
profiling combined with accessible digital technologies can support
the transformation of traditional ethnographic artifacts into
interactive digital cultural entities. The proposed approach
contributes to the broader integration of cultural heritage within
contemporary digital ecosystems and illustrates the applicability of
Industry 4.0 concepts in the field of ethnographic documentation
and digital heritage representation.

5. Key findings and discussion

The results of the present study demonstrate that traditional
ethnographic artifacts can be successfully transformed into
structured digital cultural entities through the integration of cultural
data profiling, photogrammetry, and web-based visualization
technologies. The proposed framework illustrates how accessible
digital workflows can support both the preservation and the online
presentation of traditional Bulgarian cultural heritage within
contemporary digital environments.
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One of the main findings of the study is the applicability of
structured metadata approaches in the organization and
interpretation of ethnographic information. The use of descriptive
attributes related to regional affiliation, material composition,
ornamentation, decorative motifs, and object form allows the
creation of consistent digital cultural datasets suitable for
classification, comparison, and future expansion within larger
digital heritage collections. This demonstrates the potential of data-
oriented methodologies for improving the accessibility and
interpretability of ethnographic artifacts. Another important
outcome is the implementation of a low-cost digitization workflow
based on accessible technologies. The study demonstrates that
smartphone photography, photogrammetry, web-based
visualization, and QR-supported access can support the digital
transformation and broader accessibility of cultural heritage objects
within small-scale projects and independent ethnographic research.
Within the broader context of Industry 4.0, the proposed framework
demonstrates how concepts such as digital transformation,
virtualization, structured data processing, and online accessibility
can be applied in the field of ethnographic documentation and
digital heritage representation.

The study highlights the role of interdisciplinary approaches
combining ethnographic knowledge and digital technologies for
supporting cultural heritage preservation and accessibility. The full
digital cultural heritage environment is available online at:

https://shevitsa.my.canva.site/digitalculturalheritage

6. Conclusion

The present study proposed a framework for the digital profiling
and online representation of traditional Bulgarian ethnographic
artifacts through the integration of structured cultural data,
photogrammetry, and web-based visualization technologies. The
research demonstrated how accessible digital workflows can
transform traditional cultural objects into interactive digital entities
suitable for visualization, accessibility, and future integration into
digital cultural heritage environments. The implemented approach
highlights the applicability of metadata-oriented profiling models
and low-cost digital technologies, including smartphone
photography, photogrammetry, web-based visualization, and QR-
supported access. The study also demonstrates the relevance of
Industry 4.0 concepts such as digital transformation, virtualization,
and structured data processing within the field of cultural heritage
preservation. Future research may expand the proposed framework
through the inclusion of additional ethnographic artifacts and more
advanced digital visualization environments suitable for integration
into virtual museums and educational platforms.
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Abstract: Contemporary architecture is crucial for post-socialist urban identity formation of cities in transition, and in particular of Tirana.
During the last thirty years, the city has undergone a transition from the centralized socialist model into diverse, complex and ambivalent
metropolitan space. This research examines the relationships between contemporary architecture and urban identity formation in Tirana
using a mixed-methods approach, incorporating qualitative spatial analysis and quantitative data based on the citizens’ perceptions
analysis. The qualitative analysis explores three main urban interventions (Skanderbeg Square, the Pyramid of Tirana, the “Deshmoret e
Kombit” Boulevard), and the quantitative analysis is based on the survey findings. The results suggest that Tirana‘s urban identity has
become increasingly hybrid, through interaction of historical layers and global modern influences, and continues to develop new identities.
But it is in tension with the forces that seek to preserve existing sources of urban identity and to modernise the city. This research increases
the discussion on post-socialist cities and proposes an analytical framework of three perspectives, based on citizens’ perceptions [7], [10],
[14].

Keywords: CONTEMPORARY ARCHITECTURE; URBAN IDENTITY; URBAN TRANSFORMATION; POST-SOCIALIST CITIES; TIRANA;
MIXED-METHOD APPROACH; PUBLIC PERCEPTION.

1. Introduction 2. Literature review

Urban transformation is one of the major processes of the The concept of urban identity is a highly debatable issue, which can
emerging contemporary city which is often among the most not be summarized simply as a critical term. It reveals itself as a
complex processes. Since globalization and liberalization processes multi-dimensional idea, which contains physical, social, and
the post-socialist cities experienced a fast and largely uncontrolled symbolic components of the urban environment [1], [5]. Kevin
transition from the centrally operated cities to the market-oriented Lynch emphasizes the importance of urban form and spatial
urban models [7], [9], [10]. These processes have represented a legibility in shaping the imageability of the city [1]. Aldo Rossi
great change and had important implications not only over urban considers the city as a repository of collective memory shaped
form but [also]social life, the spatial model and symbolic expression through historical continuity and urban artifacts [2]. Relph and Tuan
[5], [6]. have formulated a phenomenological approach which emphasizes
the significance of human life, perception and relationship to the
place in the formation of identity [3] [4]. Urban identity in post-
socialist cities has increasingly become a fluid and process of
ongoing redefinition, shaped and redefined by globalization,
market-oriented development and socio-spatial reordering [7], [8],
[10], [14]. Transition also results in hybridities of identities that sit
in between remnants of socialist history, urban compact and
pressures of global economic integration [9], [10].

The city that emerges as ‘a paradigmatic example of a rapid
urban change’ in the group of above cities is Tirana. Since early
1990 the city has experienced a rapid pace of demographic growth,
large-scale construction and a transformation of land-uses and land
use patterns which have created a fragmented, heterogeneous urban
fabric where different planning logics, planning practices, styles,
and types coexist [17], [18] ranging from informal settlements, to
mass new developments to aestheticised public spaces.

Urban identity, therefore, should not be considered as a tangible,
static state, but an ongoing socio-spatial process influenced by
political-economic-culturo-historical changes [14], [16].

While the physical changes of the city are evident, the ongoing
impact of contemporary architecture to urban identity is a critical
issue that needs to be further studied. Many contemporary
architectural interventions, from high-profile public projects to
privatized projects, have imported new formal languages and used 3. Methodology

state of the art material and new spatial ideas that embodied A methodology based on a mixed-methods qualitative and
contemporary architectural trends and socio-economic changes  qguantitative approach is utilized in this study to examine the
around the world[11], [15]. Nonetheless, such interventions created  relationship between contemporary architecture and urban identity
worries about the conservation of the urban layering, culture and in Tirana.

history [2], [5]. The analytical framework is built around three major axes that
appear in both Urban theory and the urban design literature:

(i) the morphological dimension, consisting of the city shape,
structures and types of space;

(if) the functional dimension, that is related to land use, urban uses
and open space.

(iif) The symbolic level or dimension which relates to meaning,
collective memory and the development of identity [1], [5], [11].
The form of this work is qualitative and features urban and visual
analysis of three case studies, which show how three campaigns in
Hence, this study intends to research on the association between Tirana: Skanderbeg Square, the Pyramid of Tirana, and the

Urban identity is thus seen as a dynamic and polycentric
process emerging through the continuous interaction of spatial
(re)formations, social practices and collective meanings [3], [4], [5]-
The fast paced urban changes in Tirana have led to the integration
of a hybrid urban identity in the city as many layers of history
merge with the present [7], [10], [14]. This state of transition has
led to debates on the disappearance of local identity and the
simultaneous production of new global city representations.

people’s perception and transformation of urban identity with the “Deshmoret ¢ Kombit” Boulevard, interpret urban and architectural
contemporary architectural interventions. In this respect, the  space for the city and the identity of its urban fabric.
research will attempt to answer the following research question: Quantitative analysis is obtained from a questionnaire survey which was

how do the contemporary architectural interventions affect the administered to the residents of Tirana on a 5-point Likert scale (1-5).
perception and transformation of urban identity of Tirana? By the The questionnaire examined citizens’ opinions about urban
answer of this question, this research intends to reveal the processes processes, modern architecture, cultural heritage and urban identity.
of change on urban identity in Tirana and to help architects take into The responses were analyzed by means of descriptive statistics in
consideration various local aspects to create more balanced urban order to grasp general trends about the citizens’ view towards
development. modern urban processes. Combining qualitative and quantitative
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approaches produces a more holistic picture of urban change, [12]. It reflects an effort to construct a contemporary urban identity,
providing a means to understand the spatial characteristics of while simultaneously incorporating elements that resonate with
architectural interventions in conjunction with the voices of the local context. However, the project also illustrates the influence of
people [11], [12]. global design trends in shaping urban space.

1. X a 9 1

Figure 2: Evolution of the Skanderbeg Square

a) View in 1990; b) View in 2020
Source: Google Earth Pro and authors’ elaboration.
Figure 1: Conceptual framework of urban identity based on It shows how the Skanderbeg Square evolves from a traffic-
morphological, functional, and symbolic dimensions (author) dependent and monumental urban space to a civic square built for

pedestrians. Morphologically, the intervention redefines the
morphological shape of the city centre by enabling the enclosure of
the square and intensifying pedestrian permeability. Functionally,
the intervention transforms the square from circulation to two
categories of use; vehicular circulation into public use and civic
activities. Symbolically, the square now stands as a contemporary
symbol of the transitional urban identity of Tirana.

Diagram shows the relationship between the three analytical
dimensions and their level of contribution to urban identity.
Morphological dimension is related to the spatial form and urban
morphology; also as the Functional dimension related to land uses,
activities and the use of public spaces and symbolic dimension to
the; meanings, collective memories and social perception.

. . 42P id of Ti
4. Urban Transformation of Tirana yramidot Tirana

One of the most symbolic restructuring of architectural spaces
The modernization of Tirana is considered one of the most since the end of socialist Albania is the pyramid of Tirana. The
prominent examples of post-socialist urban evolution in Southeast pyramid which was initially built as a museum for the Albanian
Europe. During the past three decades the city has experienced communist leader Enver Hoxha, has been subjected to several

massive population increase, spatial growth and architectural interpretations symbolizing national political shifts, cultures and
change as a result of the political transition, market liberalization  social changes [14]. The intervention reconfigured the Pyramid as a
and globalization dynamics [7], [10], [18]. multifunctional civic and cultural institution that maintained its
The urban form of Tirana could be understood as a complex layered historic location within the city while also becoming a site for
spatial arrangement, which has emerged from different historical-  education, creativity and sociability. This form of adaptive reuse

political phases of the city: the Ottoman city, the Italian planning, exemplifies an approach to contemporary architecture that
the socialist urbanism and the post-socialist periphery. Due to the appreciates and celebrates the value of historic monuments.
coexistence of these layers, the city portrays an heterogeneous I _ ,
appearance in terms of architectural styles, planning principles and
spatial arrangements [2], [7].

In socialist period, the urban form was mainly directed by centrally-
planned control: modernization was implemented through high
popular standardization, zoning of functions and monumentalized
design in architectures and public spaces [7], [10]. Thus, the city
formed a more uniforme urban formdominated with collective Figure 3: Evolution of the Pyramid of Tirana

housing blocks, monumental public places and pluralistic public a) View in 1990; b) View in 2025
institutions. Contrary to the socialist period, in the post-socialist era Source: Google Earth Pro and authors’ elaboration.

informal and unregulated processes of urban transformation

emerged almost instantly. Migration, demographic increase, From the morphological point of view, the intervention retained the
privatization and city deregulation, promoted informal construction, geometrical figure of the building as well as the original spatial
urban consolidation and dispersed spatial development [9], [16], identity of the structure, although it repackaged it with modern
[18]. As a result, the urban pattern of Tirana is a mixture of layers of architectural language and a system of open access circulation. The
historic urban fabric, modern architecture and global urban new design produced a more permeable and accessible relation
processes. This process of transformation has deeply impacted the between the building and the urban context.

way urban identity is perceived and constructed. Modern projects of From the point of view of its use, the Pyramid became a publicly
architecture, public spaces regeneration and new urban accessible and flexible building used for educational, cultural and
developments have helped to develop a hybrid urban identity, recreational purposes and converted from a solely restricted
somewhere between the past and the future [14], [15]. symbolic monument. It had a fundamental impact on the city‘s
social life.

The Pyramid keep the symbolic meaning of the reinterpretation of
the collective memory in the post-socialist Tirana [2], [14] by
managing to not delete the historic meaning of the building but in
the same time to project its mean into a new one symbol, openness

In order to have a better insight of these urban transformations and
their contribution to the urban identity, the next section will focus
on three case studies of each of them in Tirana, namely: Skanderbeg
square, the Pyramid of Tirana and the “Deshmoret e Kombit”

Boulevard. and transition towards a new urban identity.
4.1 Skanderbeg Square 4.3 “Deshmoret ¢ Kombit” Boulevard
Skanderbeg Square represents a significant urban intervention The “Deshmoret € Kombit” Boulevard functions as a major

that has redefined the role of public space in Tirana. The redesign ~ historical axis that embodies the continuity of Tirana’s urban
has enhanced accessibility, pedestrian connectivity, and functional ~ development [2], [7]. It connects different periods of the city’s
flexibility, transforming the square into a central civic space [11], ~ evolution, linking monumental structures, public institutions, and
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open spaces. As a linear urban element, it reflects both the historical
layering and the ongoing transformation of the city, serving as a key
component in the construction of urban identity.

Figure 4: Evolution of the Deshmoret ¢ Kombit” Boulevard
a) View in 1990; b) View in 2025
Source: Google Earth Pro and authors’ elaboration.

The visual comparison confirms that the “Deshmoret e Kombit”
Boulevard has continued to be one of the main urban axes of the
city. Morphologically, the boulevard keeps its original linear
morphology even after recent densification and vertical urban
growth. Functionally, the boulevard has shifted from an
administrative and institutional corridor to a multifunctional urban
space where cultural, commercial and public uses take place.
Symbolically, the boulevard keeps standing as an important
historical and political layer of the city, together with its image as a
“new” part of the city where the current identity of Tirana is
practically built.

4.4 Survey Results and Public Perception Analysis

A completed five-point scale on questionnaire survey was
applied for the residents of Tirana in order to find out the public
attitudes toward contemporary architecture, urban change, urban
identity, and cultural heritage conservation. The survey was based
on 186 respondents and focus on the citizens attitudes toward
current architectural and urban change in place.

-
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Figure 5. Urban Development Perception
Source: Authors’ elaboration based on survey results (2026).

From the analysis it appears that residents view Tirana as a city
in transitory dynamics between modernity and tradition. The most
highly rated statement was “Tirana is a city in transition between
tradition and modernity”, listed in the mid-range with an average
score 3.30. This indicates that people perceive the city strongly in
terms of a juxtaposition or hybrid places.

The survey also identified concerns about the preservation of
local identity and cultural heritage. Preservation of historical
buildings was regarded as crucial for the good identity of the city
(Mean = 3.43). Conversely, urbanizations were perceived as not
respecting cultural heritage (Mean = 3.21), which indicates an
opinion that the fast expansion of the city and new developments
may also threaten the historical and symbolic character of the city.

Also, respondents worried about the erosion of the identity of
Tirana, as it is altering very quickly under urban development
pressures and accelerated building activities, (Mean = 3.29). The
above points to the fact that modern interventions are more likely to
be welcom within the cityscape but citizens do however feel more
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hesitant about the maintenance of historical continuity and cultural
identity [10], [14].

With respect to modern architecture, participants displayed
neutral to somewhat positive attitudes toward it. The statement
“Modern architectural projects follow international trends of
design” obtained 3,20, suggesting that citizens are aware of the
influence of international architectural trends on the urban image of
Tirana [15]. Similar was the Citizens’ evaluation of the statement
“Modern architecture improve the city image”. This garnered an
average score of 2,97.

On the other hand, the results for the integration of recent
developments into the urban fabric were less positive (Mean =
2.22).

e N
Overall Perception
Ifeel a
strong
sense of
belonging
to the city.
46% . .
Tirana is a
city in
transition
between
tradition and
modernity.
54%
A /

Figure 6. Public perceptions regarding urban transformation
Source: Authors’ elaboration based on survey results (2026)

This highlights that a significant number of the respondents feel
there is not a proper relation between current buildings and the
historic fabric of the city.

Additionally, the survey data show the discontent with aspects
of urban management and planning processes. There was -although
many of the questions show high standard deviations- low public
involvement with urban planning and decision-making procedures
with the statement: “Citizens participate sufficiently in planning
procedures” (Mean=1.80). Urban transformations, were, also
perceived to have been insufficiently organized (Mean=2.04).

Other indicators that scored poorly included perceptions
associated with environmental sustainability and quality of life. It
appears that citizens are skeptical with respect to the degree to
which  urban  development accommodates environmental
sustainability (Mean=2.23) and enhances people‘s daily quality of
life (services, mobility, environmental conditions) (Mean=2.28).
These values imply that while urban development has reconfigured
the face of the city of Tirana, citizens are not entirely satisfied that
these changes have had a significant impact in terms of urban
functionality and sustainability.

Public spaces, although, were rated a little more favorably.
There was recognition that public spaces have improved in recent
years (Mean=2.20) with regard to the ease of walkability and
revival of the center of the city. In general, the findings indicated
that Urban identity in the case of Tirana is an ongoing and dynamic
process5 between the local influences and external ones, such as the
global,2 in the present age and the imprint in time, heritage, history,
urban context and urbanization,3, [4], [5], [10], [14]. These are the
feelings and observations of the citizens about contemporary
architecture’s contribution to the redefinition of the city image,
which coexists with worries towards the safeguarding of the
existing cultural memory, local identity, urban cohesion and
participative planning.
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These findings concur with the qualitative findings described in
this work and strengthen the argument for the hybrid urban
condition to exist and that Tirana is a hybrid urban condition in
which ‘global contemporary influences and traditional urban
memory coexist at some levels in a complex and, at times,
contradictory relationship’.

5. Discussion

The conclusion that emerges from this study is that the City of
Tirana, is constructing its hybrid urban identity through the process
of interacting between past and present layers of city building
interventions. This new urban identity appears to be a constitutive
factor of the process of developing itself. Nevertheless, the process
also involves with a bundle of tensions. These start from the
dilemma between ‘preservation of historic parts’ and ‘urban change’
as high-rise developments threaten the continuity of the old
structure; ‘formal’ vs ‘informal’ development which is derived from
diverse planning principles that inform policy and regulations; and
between ‘local identity’ and ‘global images’ as the city adopts
global building trends and architecture while losing its sense of
place.

Overall, the quantitative findings affirm the previous qualitative
analysis. They show that urban identity in Tirana is not yet
constituted, but remains in a process of ongoing formation. The
citizens’ perceptions demonstrate a dual attitude, as both chronicle
the new changes while concern about the possible disregard of
cultural and territorial identity.

On the whole, this discussion underpins the idea that Urban identity
is a dynamic process of continuous ‘negotiation’, instead of a
‘fixed’ condition [5], [10], [14] with many different, and sometimes
conflicting urban realities. It underpins the demand for a more
pluralist, and contextually aware urban development policy
framework that can reconcile innovation with continuity.
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6. Recommendations

Based on the results of the present work, a few suggestions could be
made in order to address the issue of a more balanced and
sustainable urban development of Tirana. First, the role of cultural
heritage should be more effectively integrated into urban
development policies [2], [14] approaches which involve historic
cities of numerous layers should be adopted. Second, stronger
community participation in planning and decision-making processes
is necessary [11], [17] and decision-making activities should be
promoted with a hope of meeting citizens’ needs and increasing
their sense of ownership. Third, an enhanced control of informal
urban development requires stronger regulation and governance
mechanisms [9], [18] needs to be achieved through better
regulations and more efficient urban governance; forth, a spurring
of context-sensitive architectural approaches should be encouraged
in order to preserve spatial continuity and local identity [15], [16]
should be strongly supported, highlighting design strategies based
on local contexts and spatial continuity over another model copied
from the global context. Guidelines that follow are meant to serve
the policy makers, planners and designers toward an integrated and
identiy centered approach.

7. Conclusions

The urban condition of Tirana is presented as a hybrid and
multidimensional urban process [7], [10], [14] influenced both by
the contemporary built environment and a wide range of socio-
economic changes. The analysis indicates that the city is in the
process of reflecting both its historical past and new developments.
Yet, this process demands the existence of well-balanced policies to
prevent the loss of cultural identity and heritage while leading the
city to a more sustainable and inclusive urban development [17],
[18] of the future. Urban planning becomes more successful when
physical, social and symbolic considerations are equally addressed
and incorporated. These findings overall enhance knowledge of
post-socialist urban change, as well as demonstrate a need for
holistic and context-sensitive urban approaches [11], [16], [17] in
current urban processes.
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Abcmpaxkm:

Texnonocuunama adanmueHOCm HA AOMUHUCTPAYUAMA HA Mecmuume éiacmu 6 bvicapus 6 oueumannama npozpecusi Ha Cb8peMueno
€b30a6a OUCKYCUSL OMHOCHO PA3OUPAnemo u Kanayumema Ha nyOIudHUs CeKmop 3a A0eK8amHo ONepupane u UsnviHeHue Ha QyKHyuume cu
6 oHaaln cpeda. Ycunuama na nyoIuuHama AOMUHUCIMPAYUs 6 MAasu HACOKA 00YCAABAM KOMAULIAMUBHA PEATHOCH OM (OPMU U MOOCTU HA
npucvcmeue Ha NYOIUYHUS CEKMOP OHAAUH, KOUMO OMpPA3Ieam MeopUecKa CAMOUHUYUAMUGA, HepA3OUpane, HeUsNvIHeHUe Ha YKA3AHUsL C
npenopvuumeNnen Xapakmep 3a CMPYKMypupawe U eKCnioamupaue Ha yeO-0azupanama uH@pacmpykmypa Ha nyOIuuHus Cekmop.
Pesynmamvm 6 nogeuemo ciyuau e npooOyKkm, HeCbOMeemcmeauy ¢ UUCKEAHUAMA 34 NPeOCMABUMETHOCT HA AOMUHUCTIPAYUAIMA, HOCeWd
Oenesume HA UHCMUMYYUOHATHUSL aemopumem.Bceku caiim credeéa Oa npumedscasa npeoCmMaeUmMenHa CMOUHOCH, AKMYAIHOCH U
cnocobrocm epekmugno oa docmuea 00 ceoume NYOIUKU 8 USNBIHEHUE HA Yelume HA OP2AHUIAYUSMA U CoOMEEMHO KOMYHUKAYUOHHUME
makuea. B nyonuunus cekmop KoM me3u Xapakmepucmuku ce 000ass u Cneyu@uuHOmo usMepeHue Ha UHCIMUmMyyUOHAIHOCIMMA, 3aujomo
caimem e Hocumel HA asmopumem u NYOIUYHA NESUMUMHOCT HA UHCMUMyyusma. B mosu cMucvi OHIQUH NPUChCmeuemo Ha
admunucmpayusma Ha mecmuume eracmu 6 Bvacapus nocu ne camo ungopmayuonna, Ho u 0bwecmeena 0OM2080PHOCH, CEbLP3AHA C
2apaHMupanemo Ha NPo3PAUHOCH, OOCIBRHOCI U ehEeKMUEHA KOMYHUKAYUSL C AyOUmopusimad.

Kniouosu oymu: OHITAUH KOMYHUKALTUH, ITYEJTHIHA ATIMHUHUCTPALIHA, KOMYHHUKALIMH, HHCTUTYIJUOHAJIEH CAHT,
OBLHUHCKA AJIMUHUCTPALIUA, KOMYHUKAIJUOHHA CTPATET'MA

1. Anomauusn

Hacrosimara cratus pasriexia CbhCTOSHHETO Ha JUTUTATIHOTO
MIPEACTaBUTENICTBO HA aJMUHHUCTPALMMTE HAa MECTHHTE BIIACTH B
Benrapus u nocraest BIpoca JOKOJIKO JUTHTATHATA MIPOTPECcHs Ha
IMyONMWYIHUST CEKTOp Ce peal3upa KaTo yCTOHYMBA NMPaKTHKA WM
octaBa B c(epara Ha KOHIENTyaTHHUTe HamepeHus. llenra Ha
U3CIIEJIBAHETO € J]a aHaIU3Mpa CTENeHTa Ha HMHCTUTYLHOHAJIHA
NPECTaBeHOCT, JOCTBITHOCT M KOMYHUKAallMOHHA e(pEeKTHBHOCT Ha
oduIMaTHUTEe MHTEPHET CalTOBE Ha OOIIMHCKUTE aAMUHUCTpPAIMN
B KOHTEKCTa Ha JUTUTAIN3aLUATA U €JIEKTPOHHOTO YIIpaBlICHUE.

W3crenBaneTo € MpPOBEACHO 4Ype3 KOMIUIEKCEH METOIOJIOTHUCCKU
moaxo, BkirouBai desk research, koHTeHT aHaM3 ¥ CpaBHHUTENCH
aHaIM3 HAa  WHTEPHET  CTPaHWUOUTe HAa  OOI[MHUTE B
aIMUHHCTpaTHBHa oOnact bmaroesrpan. AHamusupaHu ca
MMOKa3aTeNd, CBBP3aHH C JOMEHH CTPYKTypa, WHCTUTYIHOHAIHA
UJIEHTHYHOCT, BU3yaJIHa OPTaHU3AIUs, JOCTBIIHOCT, IIPO3PAaYHOCT U
HaJIMYUE Ha EJIEKTPOHHU YCIYTH.

PeSyJ'ITaTI/ITe IMoKa3BaT 3HAYUTCIIHA HECAHOPOAHOCT B OHJIAIH
npeacTaBAHETO Ha  MECTHUTEC aAMUHHUCTpaluu, OrpaHUYCHO
U3IOJI3BAHE Ha IMPEAOCTAaBEHUTE OT AbprKaBaTa yHI/I(i)I/IHI/IpaHI/I
peuieHusd W HaJIW4Yue€ Ha IMPAKTHKU, KOUTO HE CHOTBETCTBAT HaA
YTBBPACHUTE HaCOKH 3a UHCTUTYLIMOHAJIHA UIOCHTUYHOCT.
VYcranoBsBa Ce, Y€ JIcara Ha HOPMATUBHO 3aABbJIKUTCIHHU
CTaHAapTH BOAW OO pas3jinyusad B Ka4YC€CTBOTO H e(l)eKTI/IBHOCTTa Ha
JUTATATHOTO NPEACTABUTECIICTBO HA MECTHATA BJIACT.

M3BogbT OT Wu3CIEABAaHETO €, 4e YCHelIHaTa JUTUTaaHa
TpaHchopMalss Ha aIMHHHCTpPALUATa H3UCKBA HE  CaMo
TEXHOJIOTMYHHU pELIeHUs, HO M IIOCJIE[OBaTENHA IOJIUTUKA 3a
CTaHIapTU3aLus, KOSTO JIa TapaHTHpa JOCTBITHOCT, MIPO3PAYHOCT U
pasno3HaBaeMa HHCTUTYIIMOHAIHA UJICHTUYHOCT B OHJIAlH cpeza.

2. lucumannama aOMUHUCIPAYUs Ha MeCmHume
enacmu ¢ bvacapua — medxcoy yuupuuupanama
6U3USL U UHCIUMYUUOHATTHAMA A6MOHOMHOCH

IIpucbecrBUeTO Ha aJAMUHHUCTpanMATa HA MECTHUTE BIIACTU B
boarapus onnaiin He e HOopMmarupana. Msrorsenute IlpaBuna 3a
HWHCTHTYIIMOHAIHA HMAEGHTUYHOCT W HACOKM 3a YHHQHIUpaHe Ha
BU3MATA U CTPYKTypaTa Ha OBIrapcKuTe OOIIMHU B MHTEPHET ca C
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NpPEeNophUYHTENICH XapakTep, a eKCIUloaTalusiTa Ha caiTa e
BTOPUYHO BMEHEHO 3aIbJDKEHHE OT MHOXKECTBO 3aKOHH U
HOpMaTMBHM aktoBe. OT wu3cieaBaHM OOMMHM B eHA
aJIMUHHUCTpaTUBHa 0071acT, crmopen EnuHHMS xmacudukatop Ha
aJIMAHHCTPAaTUBHO-TEPUTOPHUATHATE W TEPUTOPUATHUTE CIWHHIY,
mo cwiata Ha 3akoHa 3a aJMUHHCTPATHBHO-TEPUTOPHATHOTO
ycrpoiictBo Ha PemyOnmuka bBoeirapus, pesynratuTe HHAMKHPAT
npobjieM  TIpH  TPEACTaBHTENCTBOTO M paborara  Ha
aJMMHUCTpaLMsATa HAa MECTHUTE Biactu ounaitH. 35.7% or
OOIIMHUTE ca C JIOMEWHH, HECHOTBETCTBAIM HAa YCTaHOBEHUTE
CTaHJapTH, BKJIIOYMTEIHO M C HEKOPEKTHa TPaHCIUTEpalus Ha
MMETO, KOETO € IIBPBH MoKa3areln 3a AocThiHOCT. Exsa 7.1% (wm
elHa OT YETHPHHAAECET) OT OOIIMHUTE H3ION3BAaT W3TOTBEHHUS
tdemepupaH mopTanm 3a aAMHHUCTpaUUs Ha OOmMMHH. Bcendkum
OCTaHAIM ca MPOAYKT Ha IHW3aHHEPCKO BIDKIaHE/HEHOTJICKAAHE.
PesynrarbT e HeyHH(UIUPAHO MpEACTaBsiHE U (QYHKIMOHUPAHE Ha
aJMUHHCTpAlUUsITa Ha MeCTHaTa BJIacT, OT KOETO Cle/Ba
OrpaHMYeHa JOCTBITHOCT 3a ayAUTOpHATAa M HEH3IbJIHCHHE Ha
LEJIMTE ¥ MUCHSTA HAa OPTaHNU3aIUATA.

Pesynrature ca oT M3cieqBaHe, YacT OT IUCEPTALOHEH TPYHX Ha
tema  ,KoMmyHukamumuTe B IIyONMYHHS ~ CEKTOp  4pe3
WHCTHTYIIMOHATHMS caifT, neduHMpaHoO ¢ meN JAa aHaIu3upa
CTENEHTa Ha WHCTUTYIHOHAJIHA MPEJCTaBeHOCT, IOCTBIIHOCT U
KOMYHHKAI[IOHHa e()eKTUBHOCT Ha WHTEpHET CaWToBeTe Ha
AIMUHHUCTPAUUTE HAa MECTHUTE BJIACTU B BLnrame B KOHTCKCTAa Ha
QUTHTAIM3alMATa Ha myOnuuHus cexTop. CrenuaneH akIeHT ce
IOCTaBsl BBPXY pOJIsiTa Ha OQHIHANHUS yeOCaUT KaTo MHCTPYMEHT
3a CTpaTerMyecka KOMYHHUKAuus, IyOJM4YHA MpPO3PavyHOCT U
WHCTHTYIIMOHAITHA HCHTHYIHOCT.

W3cnensanero ce cTpeMH JAa YCTaHOBH JIOKOJKO —OHJIAWH
NPUCHCTBHETO HAa MECTHUTE AaJMHHUCTPAIlMH CHOTBETCTBA HAa
YTBBPACHHUTE TIPUHIOUIN 33 HWHCTUTYIHOHATHA KOMYHHUKAIHS,
JOCTBITHOCT, YHU(HIMpPAHA BHU3yalHa WICHTHYHOCT U e()EKTHBHO
oOciy’xBaHe Ha TpakJaHUTE. B TO3M KOHTEKCT ce aHamM3upa U
BIMSHUETO Ha JIMICaTa Ha HOPMAaTHBHO perjaMEHTUpPAHU
CTAQHZAPTH BBPXY KauecTBOTO, (DYHKLHOHATHOCTTA M MyOJIMYHATA
JICTUTUMHOCT HA JWIUTAJIHOTO IPEJCTaBUTEICTBO HA MECTHATa
BJIACT.

B wuscnenBaHeTo € MNpUIOKEH KOMIUIEKCEH METOJONOTHYECKU
noxaxon, Bkmousail desk research, KOHTEHT aHaIM3 M CpaBHUTEICH
aHanu3. IlpoydyeHu ca HOpPMAaTHBHM JOKYMEHTH, TpaBHiIa 3a
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UHCTUTYLIMOHAIIHA HMJEGHTUYHOCT, HACOKM 3a YHU]uUUMpaHEe Ha
OOLIMHCKHUTE CaiiTOBE, CTpaTerMYeckH JOKYMEHTH B 00JacTTa Ha
JUTUTATM3ALUATa U EIEeKTPOHHOTO YIPABJICHHE, KaKTO U HAy4HU
nyOJIMKalnK, CBBP3aHH C  IYONMYHUTE KOMYHUKAIUH |
QUTHTaHATa aIMHUHHCTpanus. UYpe3 KOHTEHT aHamM3 Ha
odunmamTHATe WHTEpHET CTPAaHWIM Ha H3CIEIBAHHTE OOIIMHH ca
aHAIM3UPaHU eJIEMEHTH KaTo JOMEHH, CTPyKTypa, TpaHCIUTeparys,
BH3yaJlHa WAECHTUYHOCT, CTENeH Ha yHHU(DUIMPAHOCT, aKTyaJHOCT
Ha wuH}OpManuUATa, JOCTBIHOCT, HAaBUTallUsi, HalM4yue Ha
CNEKTPOHHH YCIYyr'H ¥ MpPO3PayHOCT Ha HHCTHTYLHMOHAIHATA
JeiiHoCT. V3cnenBaHeTO BKIIIOYBA M CPABHHUTENICH aHAIM3 MEXAY
OOLIMHNTE B paMKUTE Ha KOHKPETHAa aJMHUHUCTpAaTHBHA 00JacT
cermacHo  ExumHHuMA — knacudukatop Ha  QIMHHHCTPaTHBHO-
TEPUTOPHATHHUTE ¥ TEPUTOPHATHHUTE SIMHUIIN, KaTO IIPU aHAJHM3a ca
W3NON3BaHM  KPUTEPHH,  CBBp3aHM C  HHCTHTYIMOHAIIHA
HAEGHTUYHOCT, KOMYHHKallMOHHAa  e(eKTHBHOCT,  JIUTHTaJHA
JOCTBITHOCT, (DYHKIIMOHAJIHOCT, IIPO3PAYHOCT, OPHEHTAIUS KBbM
noTpeduTeNss U ChOTBETCTBUE C JNOOpPH MPAKTUKUA B IyOIUYHUS
CEKTOpP.

B navanmoto ma XXI| Bek, ¢ MHUIMAaTHBa Ha MUHHCTEPCTBO Ha
Ibp)KaBHATa aJMHHUCTPAMA W aJMHUHHCTpaTHUBHaTa pedopma, ce
NpaBiIT IIBPBH CTBIIKM KBM YCTaHOBSABaHE Ha IIpaBHiIa 3a
MHCTUTYLIMOHAJIHA ~ WAGHTUYHOCT B  JUTHTAJHA cpeja u
yHUHIIpaHe Ha aIMHHHCTpanusITa B MyOJIMYHHS CEKTOP.
Cocpnanenn ca IlpaBmina 3a yHuduIMpaHe Ha Jbp)KaBHaTa
aIMUHUCTpAlLMs, pa3pabOTeHH MO MPOEKT €  EBPOMHEHCKO
(uHaHCcHpane — ,,Cp3qaBaHe Ha MOJCPHA U yHUPHUIIUpPAHa BU3HS Ha
Obarapckarta Ibp)KaBHAa aJMUHUCTpallMsi B  KOHTEKCTa Ha
YIEHCTBOTO Ha cTpaHata B EC* ¢ odakBaHe 3a CTaHZApTH3UPAHO U
MOAEPHH3HPAaHO BH3YyalHO ¥ IMyONMYHO MpPEACTaBsIHE Ha
aIMHMHHCTpanusTa 4pe3  Happunmk 3a  npunaraHe  Ha
MHCTHTYLIMOHAJTHATA UICHTHYHOCT — MpaBMiIa 3a M3IMOJI3BAaHETO Ha
rpagUYHUTE CUMBOJIH, M3TOTBSIHE Ha JOKYMEHTH, MYJITHMEIUHHO
W MHTEpHET NpencTaBsiHe. Pa3snmuchT B JOKYMEHTa € 3a Ch3aBaHe
Ha MHCTHTYLMOHAIHA HMICHTHYHOCT 4Ype3 CHhBPEMCHEH M CTHJICH
JIM3aiiH, C KOHCEPBATHBEH MOAXO0/]] 32 €MHHA BU3Us Ha Obarapckara
aIMUHHCTpanms, 0Oe3 wu3KmouyeHuns. Taka de ma  Obae
pa3no3HaBaeMa, C aBTOPUTET, IPHUCHII Ha JbPKABHOCTTA.

B mBpBHYHMSA IOKYMEHT 3a CTaHIapTH3UpaHe Ha Obirapckara
aIMMHHCTpalUs. W TO3WIMOHHpAHE HAa NyOJINYHHS CEKTOp B
UHTEPHET, O4YaKBaHMATA Ca 3a ChUCTABAaHE HA TPAAULHUMTE H
CBHBPEMEHHOCTTa, 4pe3 0000IIaBaHe Ha BCHYKO HAJIMYHO, HO Ha
MSICTO, PEJIEBAaHTHO C MOTPEOHOCTUTE Ha CHBPEMEHHOTO OOIIECTBO.
Vnesara 3a chb3faBaHe Ha T[OpTajl 3a HHCTUTYIMOHAJHA
HCHTHYHOCT € CIY)KHTEJINTEe Ha MHHHCTEPCTBA W arcHIMH, Ha
00JIaCTHH YNpaBH M Ha OOIIMHCKY aAMMHHUCTpPALUK J1a UMaT JAOCTBII
IO JeTailliHa W wW34eprarenHa wuH(opmanus 3a mpaBuiata H
CTaHAapTUTE 3a ynoTpeda Ha JIbpXKABHUTE CUMBOJM Ha PemyOunka
Bbnrapus, kKakTo M 3a NpaBWiIaTa M HauMHa Ha OoQOpMIICHHE Ha
NICYAaTHUTE MaTepuain nu CJICKTPOHHUTE KOMYHUKaIUN Ha
anMuHHCTpanuaTa. Dokyc B paspaboTkara ca IpaBuiara 3a
pa3paboTBaHETO Ha MHTEPHET CTPAHHUIMTE HA JIbPIKABHUTE
HHCTUTYLHA MHCTPYKIMH 32 JOCTBIIHOCT, BKIIIOYHMTENIHO 32
HE3PSILIN X0pa, IBETOBH M AU3aHHEPCKU PEIICHHS, YICCHSBAIIH 10-
Bb3pacTHUTE TnOTpeduTenu. Ch3ganHa €  oOIOAOCTBIIHA 32
aJMUHUCTpALMUTE HA MECTHATa BiacT IUIaTdopMa 3a M3rpaxaaHe
Ha OOIIMHCKH CaMT.

[IpaBunarta 3a HHCTUTYLIMOHAJIHA UICHTHYHOCT Ca HAIICAaHU B yXa
Ha BBBOXJANIM CTAaHTApTH ¥ TpH yeOd TIpeAcTaBIHETO Ha
aJIMIHHICTpaNusTa, Ch0OPa3eHo ¢ M3UCKBAHUITA HA HOpPMAaTHBHATA
ypenba 3a ENeKTPOHHO YIpaBICHHE U aJMHHHCTPATHBHO
oOciykBaHe, KAaKTO M C €BPONEHCKHTE HOPMH 3a JOCTBIHOCT HA
yeb chabpikaHuero. JIOKyMEHTBHT € HalHcaH C yBEpeHOCTTa 3a
YCTaHOBSIBAaHE Ha HOBA IIOJMTHKA 32 (OPMHUPAHETO HA JOMEHHUTE U
HOBH  CTaHAApTH  3a  BU3yalHO  MpEACTaBIHE  CIOpEN
MHCTUTYLIMOHATHATa MISHTHYHOCT. MapkupaHu ca M OCHOBHUTE
HOPMAaTHBHH aKTOBE, C KOHMTO ce choOpaszsBa wu3paboTkara M
paboTata Ha caliTa Ha aAMHHUCTpAIUATa — AJIMHHUCTPAaTHBHO-
IpoLecyaieH KOJEKC, 3aKOH 3a EJIEKTPOHHOTO YIpaBJICHUE,
Hapen0a 3a enekTpoHHHUTE aIMHHICTPATUBHU YCIYTH U IPYTH.
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Ce3nanenute IlpaBuna u HappuHumm ocraBaT —yKazaTelHH
JOKyMEHTH, 0€3 HOpMaTHBHA CTOHHOCT M Ha MpaKTUKa — C
MpEeNnopbUYUTEIEH XapakTep. TakuBa ocTaBaT M MpH MOCIeABaIaTa
UM  aKTyanu3auuss oT /JIppxkaBHata areHuus ,,EnNeKTpOHHO
yIpaBleHHe, NPHEeMHUK Ha (YHKIMUTE Ha MUHHCTEpCTBH Ha
JbpKaBHAaTa aJMUHHCTPAIMS W aJMHHHCTpaTHBHaTa pedopma. B
ylleCHeHNE Ha aAMUHUCTpAIMUTE HA MECTHATa BJIacT, J[bpikaBHATa
areHius ,,Enexrponno ympasnenme (JAEY) akryammsmpa un
miatopMaTa 3a caifToBeTe Ha aIMHHUCTpPAIMATA, AOCTBIIHA 3a
cBoOoHA ymoTpeda, BKIOUUTENHO aKTyaldM3alus U MOAIPBKKA.
Pazpaboren ot [IbpxkaBHa areHuus ,,E1eKTpoHHO ympaBieHHE e
¢denepupan mopran Ha Obirapckure obumuu. Ilnardopmara
OTpa3siBa TEXHOJIOTMYHHUS TIPOrpec, KaTo 3ama3Ba OCHOBHHUTE
HACOKM 3a WHCTUTYIMOHATHA WICHTHYHOCT U  CTPYKTYpO-
OpraHM3allMOHHA IUTBTHOCT Ha calta. W mpexacraBmsiBa
HEHTPAIM3UPAHO pEIICHNe, C WHHIMAaTHBAa Ha IIPABUTEJICTBEHO
HHUBO, 3a yHH(UIUpaHe Ha BH3WATA HA aJMHUHHCTpanusITa B
uHTepHeT. denepupaHnTe NOPTAIM 3a OOMIMHCKA aJMUHHUCTPALHS,
obracTHa aAMHHUCTpAIMs W  aIMHHUCTPATHBHH CTPYKTYpH,
CB3JaJCHH CBC 3aKOH, MpPEACTABIABAT OOJAYHO pEIICHHE 32
M3TpaXJaHe HA CAHTOBE IO MPEABAPUTENHO MOATOTBEH MIAOIOH B
paMkuTe Ha ennHHa uHppacTpykTypa. lllabnonuTe mO3BOIABAT
OTHOCHTEIIHA IEePCOHAM3alus Ha O0JMKa Ha caiTa, HO 3ama3Bar
CIpyKTypaTa ¢ Il YJIECHEHHE Ha KpallHUs IOoTpeduTes Hu
Chb3JaBaHe Ha eIWMHHA BH3yaJlHA OHJAH MIEHTHYHOCT Ha
JIbpKaBHUTE MHCTUTYIHH. [InaTdopmara ce mogappxa OT eKUINTE
Ha MuHHCTEPCTBO Ha eneKTpoHHOTO ympasieHue (MEY) wu
WMsnenaurenna arennus L JH(pacTpykTypa Ha eJIEKTPOHHOTO
ynpasnerue (MA HEY), a cpaspxanuero Ha (empepupaHus
HOpTall — OT EKUINUTE Ha ChOTBETHATA aJMUHHUCTPALHS, 32 KOSATO €
cp3nanenl.

denepupaHuTe MOPTANIU CE PA3IIIEKAAT KaTO FOTOBU PEIICHUS 3a e-
aJIMUHHCTpANus, ¢ MPUOPHUTET 32 3HAYMMOCTTA B EKCIUIOATALUATA
Ha EnuHHMS mOpTaN 3a IOCTBH [0 €IeKTPOHHH aJMUHHCTPATUBHU
yenyrn, e-Ilmamanns, Cucrema 3a 0OMEH Ha yIOCTOBEPHUTENHA U
cnpaBoyna wuHpopMmamus  (RegiX), Cucrema 3a cHTYpHO
enektporHo  BppuBaHe (CCEB), BebTpemHu  eneKTpOHHHU
aJIMUHUCTPATUBHU yciryrd. CaliThT KaTto MeIUeH MPECUEeHTHP € B
nepudepusta Ha ¢yHkuuure My. [lo mamam wa MEY, nmk B
NPUCHEUHIBAHETO HA aJMUHHCTPALIMHATE HA MECTHATAa BIACT KbM
EnvHHMS Mozien uMa B ToJMHaTa Ha OOHOBsIBaHe Ha ruiatopmara2.
OT MHHHCTEPCTBOTO OCTOHHOCTSIBAT INpeAMMCTBaTa Ha EnuHHMS
HopTajl ¢ JINICa Ha Pa3XxoJu 3a pa3paboTBaHe M MOIIBbp)KAHE HA
mopraji; JUIca Ha pa3xoau 3a noagbpxkane Ha @ UT
HHPpACTPYKTypa, B KOATO (YHKIMOHHpA TIOpTalia; HE ca
HeoOxomumu cnenuduuan T KoMIETeHTHOCTH; CTpyKTypaTa e
CTaHJIapTH3MpaHa M BU3MATA HA TNOpTaja € EQHOTHIIHA; KaKTO U
OTroBapsAT Ha W3UCKBaHWATAa M IlpaBmiata 3a MHCTUTYLHOHAJHA
WJICHTHYHOCT, JIOCTBIIHOCT M MpexoBa W HWH(DOpPMalIMOHHA
CHT'YPHOCT.

B ycrmoBus Ha Bce mO-0Bp30 pa3BuBama Ce IWTUTATHOCT WU
YCKOPEHO HaBIIM3aHE HA BCE MO-HOBU TEXHOJOTUH M MHCTPYMEHTH,
aJIMAHHICTPAllMATe HA MECTHHUTE BIACT BCE OIIE ca MPEACTaBEHU B
HMHTEpHET ChC caifToBe, pa3paborenu Ha atdopmu ot mpeau 20
TOAWHU - MOPAJIHO OCTapEiii U He(byHKLIPIOHaJ'IHI/I 3a CbBPEMCHHUTE
CTaHJapTH Ha WHTEpHeT. ,,Hai-Bb3pacTHHAT® OOLIMHCKH CalT B
obmact bmaroesrpaa e ot 2006 romuna (o6mmua [ome Jlemdes),
KakTo W caWThT Ha obOumHa Cumutian ot 2007 r., U3rpajeH Ha
paspabdorena ot MJIAAP mmardopma, 4YHHTO TPUEMHUK U
nocnenoBaren ¢ ¢exepupanusat nopran Ha JAEY, B mocnenctsue
MEY. Kem asrycr 2023 romgmna, emsa 7,1% (wm emnHa oOT
MOHHTOPHPAaHH UYCTUPHHANECET OOIIMHCKH  aJMUHHCTPAINB
0o01acT ¢ agMUHHCTpAaTHBEH LeHTbp buaroesrpan) pabotu c
tdenepupanuss moptan Ha JIAEY — o6mumHa Pasmor. 13 ot
yeTUpuHaiicerTe oOmmHM B oOmact braroesrpaxg paGotat B

! https://unifiedmodel.egov.bg/wps/portal/unified-model/for-
administrations/federirani-portali/

? https://www.namrb.org/uploads/tinymceup/files/2022-
GSMV/Prezentacii/Mestni-resursi/MEU.pdf
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UHTEpHET ¢ Iuiaropma, MPOAYKT HA pa3pabdOTYMLM Ha CalToBe.
Hanuunara  uwHbpacTpykTypa oHJNaiiH — aedpuHHpame — KaTo
MHOroo6pasHa. HabmromeHneTro HOTBBp)KIaBa ONpEAEICHHETO Ha
JIUBETBIBPH (pa3pabOTUUIM Ha CAlTOBE), ONUCBALIN TCHICHIIMHUTE
B Pa3BUTHETO HA MHTepHET B Brirapms, 3a ,,mapeHus B HHTEpHET
(maHHH OT JBIOOYMHHO HHTEpPBIO). BBB BCHYKM calToBe ca
HaJIMYHNA KITIOYOBHTE KOMIIOHEHTH 3a CalT W € JeHOHHMpaHa
nHdopmara. Ho opranmsammsta He ciegBa NPUHIUINATE HA
HOpMaTHpaHHUTE NPaBHiIa 32 YHUQUIIMPAHE HAa aAMUHHUCTpAlUsATa Ha
MEeCTHaTa BJIACT.

ApXHMTEKTYDHOTO  pelleHHe, KoeTo J[bpikaBHAaTa  arcHIUA
~EnexkTponHo ympasieHue (cera MEY/ MunucrepctBo Ha
€JIEKTPOHHOTO YIIPaBJICHHUE) U3II0JI3BA 32 MamadupaHe Ha OOJauHU
yeiyru e INB - Integrated Business Network (MuTerpupana 6usnec
Mpexxa). Mpexara ce XapakTepusupa C ILEHTpaJH3HpaHa
apXUTEKTypa, Bpb3ka C (epepupaHnTe MOPTaIM U TEXHOIOTHYCH
crek. Te3n xapakTepHCcTHKa Ha IIPAKTHKA JaBaT Bb3MOXKHOCTTA 3a:

v' Enmunna wadpacTpykTypa: Benmukm mopcaiitoe (Hampumep

Te3W Ha OOIIMHKTE) CE€ XOCTBAT BHPXY 00IIIa MOIIIHA OCHOBA.

v' Cnogenenn pecypeu: Msmomssar ce oOmu 6asu JaHHH,
3aIIUTHU CTEHH U ChPBBPHH KAMalUTETH.

v' Bwp3o pasrpbuiane: Hosa oOIuHa WK Jbp)KaBHa CTPYKTypa
MOJK€ JIa aKTHBHPA TOTOB CalT 3a MUHYTH.

v' OO0uM CTaHAapTH 3a CUTYPHOCT: BCAKO 3BEHO B Mpexara €
3aIUTCHO OT OOIIHS LEHTHP 38 KUOEPCUTYPHOCT.

v' CuHxpoHm3anus Ha paaHHM: IIpoMEeHM B HOPMAaTUBHATA
ypenba Ha LEHTPATHO HHUBO Ce OTpa3siBaT aBTOMATHYHO BHB
BCUYKH CaliTOBE B MperKaTa.

v' OmnepatuBHa cbBMeCTUMOCT: [103BOJIsABA Ha MOpTAIA HA €1HA
obumHa fga ,,KOMYyHHKHpA® JHPEKTHO C LCHTPATHUTE
PErUCTpH Ha IbpiKaBaTa.

v' SaaS monen: Codryep karo yciyra (Software as a Service).

v' Multi-tenant mogapexkka: Equn codryep ob6Cay)Ba MHOTO

pa3nmMuHU KIueHTH (oOmwuHu), 0e3 HTaHHWTE WM Ja ce
CMecBar.

IMomn3BaTenu Ha (enepupaHUTe MOPTAIH CHOOIIABAT 32 OABHOCT MPU
TeHepHupaHe Ha ChIbpkaHWe B caiitoBere. KpM mait 2026 r. ot
MuHHCTEPCTBO HA EJICKTPOHHOTO YIpaBICHHE € BB3JIOKEHa
akTyanm3anmsa Ha ¢enepupanus mnopran. Hoata mimatdopma ce
paspabotBa ot ,JMHpOpManmoHHO O0OCITyXBaHE“ W € B JEMO-
TectoBa (opMa 3a aJMUHHCTpALMATa Ha Abp)KaBHAaTa/MeCTHATa
BracT. Mutepdeiickt ¢ mo anamorus Ha WordPress — Haii-
nomyJisipHata IwiaTgopma 3a YHOpaBICHHETO Ha ChIBPIKAHUETO,
KOATO 3aiBIKBa OKoJo 40% OT caiiToBeTe B CBETOBEH Mainao.
PazpaborBanara HoBa IuIaTopMa € C JIOTUYHA CTPYKTypa |
TeMaTHYHa BEPTHUKAIHA OPTaHU3AMs. AJIMUHUCTPATOPCKUAT ITaHel
crenBa mo3HatuTe OT Word JOTHKAa W HHCTPYMEHTapUyM.
OOHOBEHUAT MA0IOH MAKCUMATHO ce TOOJMKaBa A0 HACTOSIINS, C
e YJIeCHEeHHe Ha aJMHHUCTPAaTOPUTE, KaKTO W, MPHUOPUTETHO,
CBEXKAaHE 10 MHHUMYM HeEyJ0OCTBOTO OT NMpOMsHaTa B caiiTa 3a
notpeourenure. Ot MEY rapanTupaT 3a LAIOCTHa MUTpalys Ha
JAHHWTE TIPH BbBEXXAaHEe Ha HOBaTa Iiatopma.

Ilnarpopmara Ha pa3paboTBaHOTO OONAYHO pelIeHHE 3a
H3rpak[JaHe Ha CalTOBE MO MPEIBAPUTEIHO TOATOTBEH MAOIOH B
pamMkuTe Ha eAWHHa HMH(QpAacTpyKTypa 3a  Ibp)KaBHarTa
aJMMHUCTpauusi Komupa BbBeAeHara mnpe3 2020 roauHa B
cucTemara Ha cbaeOHara BiacT. C KOATO mapaien MpaBUM U B
KOHTEKCTa Ha 000CHOBaBaHEe HAa HEOOXOJMMOCTTA OT YHU(HLIUpaHE
Ha a}lMHHHCTpaLLI/ISITa OHHaﬁH, )IOpI/I u B yCHOBI/IﬂTa Ha
3aBJKATEITHOCT.

[1Ipu npoabmKaBanio HepazdupaHe Ha MPENOPBKHUTE 33 yHoTpeba Ha
(denepupaHus TOpTaN, JOTHYHO M pa3yMHO € Ja ce OOMHUCIH
HOpMaTUpaHe Ha ynoTpebata Ha yHuuUIUMpaHus WHTEpGeiic.
OOmunaTa e opraH Ha MECTHOTO CaMOYIIPaBJICHUE, HO OOIIMHATA €
aJIMMHHICTpaTUBHA €JWHHIA B ypenbara Ha aIMHUHHUCTPATHBHOTO
nesneHe B bbarapus u nmonuTtukata 3a yHuUIMpaHe Ha AbpKaBHATA
aZIMUHHCTpanus e HeHTpanu3upana. [lo aHasngor Ha yHuduImpaHara
BU3US M TPUCBCTBHE Ha cbhaeOHAaTa cHUCTEeMa B HHTEPHET.
Merononoruyeckata  BaIMAHOCT HAa  AHAJIOTWYHUS  IOAXOM
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NO3BOJISIBA M3BEXKAAHETO HA CpaBHMTENHHM 3aBucumoctH. C
SCHOTATa 3a pa3iMyusiTa B ChIIHOCTTA, OPraHM3aLMUATA HA JBETE
BJIACTH: B €IMHUSA CIIy4ail TOBOPUM 32 MECTHO CaMOYIIPaBJICHHE, a B
JpYTHs € HAJIMIE eIMHHOCT Ha BIACTTa, NeMHUPAaHA B OCHOBHUS
3aKOH Ha JbpkaBata — Koncrurynusra Ha PB, ¢ pasgenennero Ha
Binacture. Ho chlieBpeMeHHO € Hamume npodecHoHaIM3anus Ha
nyOnnkata B ChAeOHaTa cUCTeMa, M IIHPOKAa ayJUTOPHOCT C
pa3NIMYHM HUBa Ha TO3HAaHUS W BB3MOXKHOCTH, KakTo H
oOpasoBaTesieH IIeH3, NpH MecTHara BiacT. Ilpu yHubuIupaHa
BU3MS Ha aJMHHHCTPALMATA HA MECTHATa BJIACT, OT €JHA CTpaHa €
YIECHEH NOTpeOuTeNs Ha YCIYTrH, HOCTHra ce 3aJ0BOJICTBO Yy
nyounukute. OT Ipyra cTpaHa € IOCTHIHATa CTpaTeruyecka lienl B
MECTHOTO CaMOYIIpaBJIeHHE. 3a pasiuKa OT chAcOHATa cucTeMa, B
OpraHNTe Ha MeCTHAaTa BIACT HMMa HOPMAaTHBHO Ae(pHHUpaHA
CaMOCTOSITEJJHOCT M B TO3M CMHCBHI € HAbBIHO JOIyCTHMO
HAJMYAETO Ha pPa3HOCTWIHA HH(OpMAIMoOHHA ToiauThka. Ho
yHuUIEpaHeTo Ha  IUIaTgopmara 3a  [pPEACTaBIHE  Ha
uHGpOpMAIIMATA, HE3aBUCHMO OT HH(OpPMALMOHHATA MOJHUTHKA,
o0JsaroJieTencTBa KakTo MOTPEeOUTENHTe, Kaka U W3TOYHULUTE Ha
nHpopmarma. [lpm cp3mameH HaBUK y moTpeOuTenuTte 3a
JOCTBIBaHE Ha KOHKpeTHA HHGOPMAIM B YHU(UIMPAHA CTPYKYTO-
OpraHM3allMOHHAa  CHUCTEMa,  OTKPMBAaHETO  HAa  ThpCeHaTa
uHbOpMaIMA €  YIECHEHO, KOeTO Cbh3JlaBa yCCllaHe Ha
YIOBJIETBOPEHOCT U HH(OPMAIOHHO 3a/I0BOJICTBO.

Tosu pesynrar uma pgoOaBeHa CTOMHOCT 3a H3TOYHHMKA Ha
nHdopMalys, Thil KaTto IOCTBIIHOCTTA 10 MH(pOpMaLys 10 Haii-
0e3MpPemATCTBeH HAYMH BOIH 0 YCEUIaHETO 3a OTKPHUTOCT, a OT TaM
U JI0 yBeIMYaBaHE Ha JOBEPHETO, PECHEKTHBHO OJ0OpEHHeTO Ha
MOTPEOUTENNTE Ha YCITyTH B ISUIOCT.

3. 3aknrouenue

JlururanHara TpaHchopMarys Ha aJMUHUCTPALUATa HA MECTHHUTE
BacTH B bbarapus e HEOOXOAMMOCT M CTpaTerHyecKka MOCOKa Ha
pa3BHUTHE, HO PE3YJNTATUTE OT HACTOAIIOTO M3CJIE/ABAHE IIOKA3Bar,
4e HEeHHOTO MPAaKTHYECKO PealM3UpaHe OCTaBa HEMOC/IEeOBATEIHO
u  (¢parmeHTupano. Hes3aBucumMo OT TpeanpHETHTE  Ipe3
MOCJIETHATE JIBE IECETHJICTUs] MHCTUTYLHOHAIHN WHHUIMATHBU 32
CTaHJApTHU3UpaHe Ha OHJIAH NPHCHCTBUETO HA IMyOIMYHHS CEKTOP,
BKJIFOYHMTETHO Pa3pabOTBaHETO Ha MpaBWia 32 HHCTHTYLIMOHATHA
UJICHTUYHOCT, YHU(QUIMPAHH MOJENIH 32 HMHTEPHET IPEACTaBsSHE
gpe3 (enepupaHd TMOPTaTH 32 OOIIMHCKUTE aIMUHHUCTpPAIIH,
CTEINEHTA Ha TSAXHOTO PEaIHO NPUIIOKEHHUE € OTPaHHYCHA.

EMnupudyHuTEe JaHHM OT M3CNeBaHUTE OOLMHH B o0mact
brnaroesrpaj moka3BaT 3HAYMTENHW pa3fiMyus B JIOMEWH
CTPyKTypara, BH3yalHaTa MWICGHTUYHOCT, apXUTEKTyparta Ha
ChABPKAHMETO M  KOMyHHKAllHOHHATa  OpraHM3alys  Ha
obumHckuTe caiftoBe. HHCKOTO HHBO Ha U3MOJN3BaHE Ha
NpEIOCTABEHUTE OT [JbpKaBaTa YHU(GWIMpPAHH pEIICHHS |
npeobiaaBaHeT0 Ha CaMOCTOSITENTHO pa3paboTeHH IaThopMu
Cb3JaBaT IpENINOCTaBKM 33 HEPABHOMEPHO  KauecTBO Ha
JUTCHTATHOTO MPEICTAaBUTENCTBO, 3aTpPyJHEHA JOCTBIHOCT H
OTCi1a0BaHe HA HHCTUTYIIMOHAJHATA Pa3MO3HABAEMOCT HA MECTHATA
BJIACT B OHJIAiH cpera.

H3cnensaneto MOTBBPkK/aBa Te3aTa, Ye JIMIICATa HA HOPMATHBHO
periaMeHTHpaHd M 3aAb/DKMTENHM  CTaHZapTH 33  yeb
NPEACTaBAHETO HA aAMUHUCTPALUATA BOAU 10 Pa3MUHABAHE MEXKIY
KOHIIENIMATA 32 MOJEpPHA, €IMHHAa U paslo3HaBaeMa IyOJIMYHA
aIMUHMCTpAlMsd W  PEAJHOTO CBbCTOSHME Ha  JIMTUTAJIHAaTa
MH(PACTPYKTYpa HAa MECTHATA BIACT. B TO3M CMHCBHJ qUrUTAHATA

nporpecus Ha aJMUHHCTpauusiTa B bbarapus ce mposBsaBa
€JIHOBPEMEHHO KaTO IapajurMa M KaTo yTONHsA — Iapaaurma
opajy HaJUM4YUMeTO Ha CTpaTernvyecKka BH3MSA, TEXHOJIOTMYHHU

peuI€HN U MHCTUTYLIMOHAJIHA BOJISL 3a pa3sBUTHC, U YTOIIMS IMOpaau
HCIIBJIHOTO MM [OpWiIaraHe, JiiIcata Ha 3aAbJLDKUTCIHOCT U
OTCBCTBHUCTO Ha e(i)eKTI/IBHI/I MEXaHU3MU 3a rapaHTUpPaHEC Ha CAUMHHU
CTaHJapTH.
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AHanmu3bT MO3BOJISABA []a CE HANMPaBH M3BOABT, Y€ yHHU(UIMPAHETO
Ha marGopMuTe 3a OHJIAWH IIpeJICTaBiHE HE OrpaHHYaBa
CaMOCTOSITETHOCTTa Ha MECTHaTa BJIACT, a HANpOTHB — Cbh3JaBa
NpEeanocTaBKU 3@ IO-BUCOKA  HPO3PAvHOCT, no-n06pa
MOTPEOUTENICKa OPUEHTALMS, MO-JIECeH JIOCTBII 10 MH(pOpMaIUs H
YCIYTH W TI0-BHCOKO OOIIECTBEHO nxoBepue. M3rpakmaHero Ha
MpeABUIMMA U Pa3llo3HaBaeMa AUTUTATHA CPea € B HHTEpeC KaKTo
Ha rpaXAaHNTe, Taka ¥ Ha CAMUTE HHCTUTYIINH, ThI KaTo yJIecHsBa
KOMYHHKAI[MATa W TMOBHIIAaBa €(PEKTHMBHOCTTA Ha MyOIMYHOTO
oOcIykBaHe, a OT TaM U [TOBUILIABAaHE JOBEPUETO Y IMyOIHKUTE.

Benuko mocodeHo [0 Tyk Hpejronara 3akiiodeHHe, e ObIeeTo
Ha AWTUTaNHaTa afMUHUCTpPAIMs Ha MECTHHUTE BIAacTH B Bwarapus
HE 3aBUCH €JUHCTBEHO OT TEXHOJIOTMYHHUTE pEIIeHHs, a OT
CrmocoOHOCTTa  Ha  NyONWYHUS ~ CeKTOp  Oa  ITIPEBBpHE
CBINECTBYBAIUTE TOOPH NMPAKTHKUA W NPENOPBUUTEIHH MOJEIH B
YCTOHYMBH U TIOCIIEROBATEIHO IpwiIaraHd cranmaptd. Camo mpu
mojo0eH MOAXOA AWTuTanHata TpaHchopManus OM Moria naa
npeMuHe OT cdepaTa Ha JKETAHOTO pa3BUTHE KbM pPEaHO
(yHKIMOHHpAIa HHCTUTYHOHAIHA PAKTHKA.
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Predictive security analysis based on new technologies

HPEIIHKHTHBeH AHAJIU3 B CHTYPHOCTTA, OCHOBAH HA HOBUTE T€XHOJIOI'MH

Nikolay Radulov, D.Sc,
New Bulgarian University
n.stefanovb@gmail.com

Summary: The paper examines how predictive analysis — the use of statistical algorithms, machine learning, and Big Data processing to
forecast future threats — is transforming modern security. Rather than simply reacting to incidents, predictive systems aim to anticipate,
prevent, and neutralize threats proacti. The paper highlights the convergence of Al + Blockchain + loT + 5G/6G networks as the next
frontier, alongside the looming challenge of quantum computing, which threatens existing cryptographic methods but also promises far more

powerful predictive capabilities
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1. Bweeoenue

HapnnzaneTo Ha M pOBUTE TEXHOJIOTUH B TIOYTH BCUYKU
chepu Ha OOLIECTBEHHS IKUBOT TpaHCHOPMHpA KOPSHHO
pa3bupaHeTo HHM 3a CHTYpHOCT — (u3ndecka, KHOCpHETHYHA H
HanuoHamHA. B meHTspa Ha Tasum TpaHchopMamus CTOU
NPETUKATUBHUAT aHAIU3 — CBBKYIIHOCT OT METOAM, ITOPUTMU U
TEXHOJIOTUH, MO3BOJIABALlM HE MPOCTO Jla CE pearupa Ha 3allaxu
clie]] TSXHOTO HACTBIIBAaHE, a J1a e IPEIBIKIAT, IIPEIOTBPATSIBAT U
HeyTpanusupar npoaktusHo. Hapen ¢ uskycrsenus unrenext (1MW)
¥ MAIIMHHOTO OOy4eHHe, OIOKYEHH TEeXHOJOTHUTA CEe YTBbPXKIaBa
Karo TpeTH CTBIO Ha Ta3d apXUTeKTypa — TapaHTHPaNKH
HEM3MEHHOCT Ha MJaHHUTE, MPO3PadHOCT HA OIEpaluuTe M
JELEHTPAIN3UPAHO JOBepHe, 0e3 KOeTo MPeIUKATUBHUTE CUCTEMHU
OMxa ocTaHaIN YSI3BUMH.

2.Teopemulmu OCHO6U U KOHUenmyalHa

pamxa

2.1 Onpeodenenue u o6xeam Ha NPeOUKAMUBHUA AHATIU3

IIpenMKAaTUBHUAT — aHaJW3 Ipe[CTaBiIsiBa KIOH Ha
AQHAIMTHYHATA HayKa, KOWTO M3IOJ3Ba CTAaTHCTUYECKH aJTOPHTMH,
METO/IM 32 MAaIlIMHHO 00yYeHHe M TeXHUKH 3a 00paboTKa Ha roJieMu
nannu (Big Data), 3a na uaeHTHMIMpa BEPOSTHOCTTA OT ObJeNH
pe3ynTatd Bb3 OCHOBAa Ha HMCTOPMYECKH IaHHU. B KoHTekcra Ha
CUT'YpHOCTTa TOM ce Ipwiiara 3a NpOorHO3WpaHe Ha KuOeparaky,
KPUMUHAJIHA ~ JIHHOCTH, TEPOPUCTHYHH 3aIUlaXH, (QU3HYECKH
TPOOUBH M CUCTEMHH YSI3BUMOCTH.

Criopen u3cnenosarenute ot Mesopotamian Journal of
Big Data (2024)', ,.ipeMKATHBHHMST aHANW3, WHTEIPHpaH ¢ Big
Data  aHanuThKara, TpeACTaBIsiBa HOBa  Mapajgurma  3a
KHOEpCUTYPHOCT, TPU KOSATO 3alUIaXUTe Ce HACHTUQHIHMPAT U
HeyTpaJM3upar mpeau 1a ycresT jaa Haxecar metn” (Al-Mahmood
et al., 2024)°. Tasu neUHMLMS AKUEHTHPA BLPXY MNPOAKTHBHHS
XapakTep Ha TEXHOJOTWSITa — KaTerOpUYHO PasTpaHUuCHHE OT
TPaJUIHOHHNTE PEAKTHBHH ITOAXO/IH.
PycKOE3HYHUTE aHANM3aTOPH OIMCBAT MPEIUKATHBHUAT aHAIU3
Karo ,,CHCTeMa OT METOAHM 3a MAalIMHHO OOydeHHe, MpeiHa3HauYeHH
3a TpeAcKa3BaHe Ha KuOeparakd M IOBHINABaHE HHUBOTO Ha
KHOSPCUTYpHOCTTa  uYpe3  ajJropuTMH 32  KiacuduKauus,
KIbCTEPU3ALIUS perpecus"  (KubepJlenunka, 2024)3.
Opaniry3kara aKaJeMHYHa TpaaUIHs JIO'BJIBA,
nedunupaiiku l'analyse  prédictive kato  ciocobHOCTTAa  1a
ce , anticiper des incidents en se basant sur des données
historiques” — mpexBwKJaHe Ha HWHIMICHTH BB3 OCHOBAa Ha
HCTOPUYECKH [[@HHH, Karo OCOOEH aKIEHT C€ IOCTaBs BBbPXY
HHTETpalMATa C HWHTEIUICHTHH CHCTeMH 3a HaOIoNeHHe |

%4

1

https://mesopotamian.press/journals/index.php/bigdata/issue/view/3
3

2
https://www.scirp.org/reference/referencespapers?referenceid=3763
144

® https://www.facebook.com/cyberleninka/

148

noBeneHuecku aHanmu3 (Convergence Formation, 2024)*. B
OBArapcKH KOHTEKCT MOHOTPadUYHOTO M3cneBaHe ,,VI3KyCTBEHHUAT
HHTEJICKT B KOHTEKCTa Ha YIPABJICHUETO U CUTYPHOCTTA" OMUCBA U
aHanu3upa BbIpoca 3a UM m mpenukaTMBHUTE TEXHOJIOTHH KaTo
KJIIOYOBA aKaJeMH4YHa pa3paboTka B HAOHMOHATHOTO HAydHO
npoctpancTBo (ResearchGate, 2022)5.

2.2 Tpu cmwvnba na cvépeMeHHAmMa NPEOUKAMUBHA
cuzypnocm

CbBpeMeHHaTa  apXUTEKTypa Ha  IIpeIUKaTHBHATa
CHT'YPHOCT IIOYMBA HA TPH B3aHMMO3aBHCHMH TEXHOJIOTHYHH CThHI0A:
ITEpBUAT € H3KYCTBEHHUSIT MHTEJIEKT M MAIIMHHOTO 00y4YeHHe —
HHCTPYMEHTHTE 3a aHaju3 W nporxHosupane. Bropusr e Big Data
HH(ppacTPpyKTypaTa — TeXHONOTMYHaTa 0Oa3za 3a chOHpaHe,
ChbXpaHeHHe U 00paboTka Ha MAaCHUBH OT JaHHH. TPETHST, U HEPSIIKO
HOJIICHABAH, CTHIO ¢ GJI0KUYEiiH TeXHOJIOTHATA — rapaHTHpAIll, Ye
JaHHUTE, BBPXY KOMTO C€ OCHOBAaBaT MPCIBWKAAHUATA, ca
HENPOMCHCHH, BEPUGHIMPYEMH M 3alllUTCHH OT MAaHHITYJIalys.
Tly6nukanuss B IEEE Computer Society (2025) ¢opmynupa Tasu
B3aHMO3aBUCUMOCT JIUPEKTHO: ,,blIOKuelH ono0psiBa CUrypHOCTTa
U TOBEPUTENHOCTTa HA MAaHHUTE, OCHTYpsBAa JIelEHTpaln3upaHa
BepuHKaLlis W rapaHTHpa Mpo3payHd OAWTHH ciequ (immutable
audit trails) 3a Al cucremure” (IEEE Computer, 2025)°. TTpoyusane
cpexn 608 cienuanicTi, TUTAPAHO B CHUIMA TEKCT, TOTBBPKIaBa, 4e
OpraHU3alKuTe, UHTErpHpau OnokdeitH B cBoute Al mmardopmu,
OTYHMTAT 3HAYUTEIHO MO-BHCOKA CTEMEH Ha JIOBEpHE B Pe3y/ITaTHTE
Ha TIPEUKAaTHBHHS aHAJIU3.

2.3 Hcmopuuecku Konmekcm u eoiioyus

Kopenute Ha mpemuKaTHBHHS aHAIW3 B CHTYPHOCTTa
Morar Ja ObIaT NpPOCIEJeHH J0 CTaTHCTHYECKUTE METOAU 3a
kpumuHoOnorus or  1970-1980-Te romuHM, HO HCTHHCKUST
TEXHOJIOTHYEH MpOOMB HAacThIBA C TOsBaTa HAa MAaIIMHHOTO
oOydenne B kpas Ha 1990-Te W c jgeMoOKparu3amusATa Ha
n3unciurennata mom cienq 2010 r. Ilepmomsr 2020-2026 T. e
Gemsi3aH  OT KOHBEpreHuusita Ha TeHepaTnuBHH Al Monenw,
TpaHC(OPMALIOHHN apXUTEKTYPH, PAa3lpEICNeHH pPErUCTpH U
KBAaHTOBH M3YHCIICHUSI, KOETO KaYeCTBEHO NPOMEHS MOTEHIHAaNa Ha
NpeIVKaTUBHUTE cUCTeMU. [la3apHHUTE TPOTHO3M codYaT, ue
uHTerpanuaTa Ha Al u Grokueiid me Haaxebpiu 703 mumrona USD
nasapha croiinoct 10 2025 r. (Blockware Solutions, 2025)’, koeto
KPacCHOPEYHMBO HJIIOCTPHpA HApacTBAalIOTO 3HAYCHHE Ha TIXHATA
CHHEpIHsL.

3. Texnonozuunu uHcmpymeHmu u Mmemoou

3.1 Mawunno odyuenue u 0v100Ku HeGPOHHU MPeHCU

MamuHHOTO 00ydeHHE € TPHOHAKBT Ha CHBPEMEHHHS
NpeIUKaTUBEeH aHalM3 B CUTYpPHOCTTA. M3cienBaHe, ImMyOIHKyBaHO
B ScienceDirect (2024), cpaBHsiBa e(heKTUBHOCTTA HA pasinuaun ML

4 https:/ftrustindigitallife.eu/event/convergence-2024/

° Ugan HanoB, mpod. a-p , ,,/I3KyCTBEHHUAT UHTEJIEKT B KOHTEKCTa
Ha YyIOpaBleHHEeTO M curypHocrra® (2022) , wMoHorpapuyHo
n3cnensane .ResearchGate.

® https://www.computer.org/about/year-in-review

! https://www.blockwaresolutions.com/research-articles/2025-
market-forecast/
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ITOPUTMH 33 U3TPaXJaHE HA CHCTEMH 3a 3acHYaHe Ha
MPOHUKBAHUS, BKIIOYUTETHO IbPBETa HA PEHICHUATA, CIydaiHU
ropu (Random Forest), k-NN anroputmu, Support Vector Machines
u HeBpoHHU MpexHu (ScienceDirect, 2024). XuOpunHure moaxonu
JeMOHCTpHUpaT  ocobeHa  e(eKTHBHOCT ITyOIMKanus
B PMC/NLM ormucBa ,,xubpuHa cucteMa 3a 3acCH4aHe Ha MPEKOBH
nporukBanus (NIDS), kosiTo HHTErprpa MHOXKECTBO AITOPHTMH 3a
MallMHHO OOydYeHHe W ABIOOKO OOydeHHe ¢ el 3acHdyaHe Ha
aHOMAllMM, TIOCTUTalKM 3HAYUTETHO IMO-BHCOKA TOYHOCT B
cpaBHeHHUe ¢ MoHonmuTHUTE noaxonu" (PMC, 2025).

Pyckure aBropu, mnybmukyBamu B KubepJlenunka,
aHaIM3UpaT KOHKPETHH MOJENH 3a Ipe/CcKa3BaHe Ha KuOepaTaku:
,,OCHOBHOTO ~BHMMaHHE C€ OTAeNs Ha alrOpUTMHTE 32
KacuQuKanus ¥ CoCOOHOCTTa UM JIa pa3rpaHrdaBaT HOPMaJIHOTO
OT aHOMAaJHOTO MpPEXOBO IIOBEACHHE B peaimHo Bpeme"
(KubepJlenunka, 2024).

3.2 bnokueiin mexHonouama
RPUHYUNU 3G RPUNIOIICEHUE 8 CUZYPHOCHMA

bnokueitn  (Bepura oT  ONOKOBE)  IpeEACTaBIsBA
pasmpeneneH, AENEHTPaNu3UpaH PETHCThp, IPH KOHTO BCSKA
TpaH3aKUUs WM 3alHC ce Kpunrorpapcku Bepudummpa u po0ass

apxumexkmypa u

HEoOpaTuMo. Tpure KIIIOYOBU XapaKTEPUCTUKH —
neusmennoct (immutability), mpospaunoct (transparency)
u nenenTpayu3amusn (decentralization) — mnpasst TexHosOrUATA

0co0CHO TOAXOIAIla 3a OCHIypsiIBAHE Ha HHTETpUTETa Ha
TIPEAUKATUBHUTE CHCTEMH.

[y6mukammss B Rapid  Innovation (2024)8  popmymipa
ponsiTa Ha OIIOKYEHH MO CICIHUS HAYUH: ,,bIOKUeHH TeXHOMOTHATa
3HAQUUTENHO MON00psiBA MHTETPUTETa HA ITAHHUTE, OCUTYPSIBAHKH
JNELCHTpAIN3UpaHa ¥ HEW3MEHHa CHCTEMa 3a perucTpUpaHe.
Bennbx 3ammcaHy, JaHHHTE HE Morar 1a Obaar MoxuduumpaHu
WM u3TpuTH 0Oe3 KoHceHcyc Ha Mpexara" (Rapid Innovation,
2024). ToBa cBOWCTBO ¢ OT (YHJAAMCHTAJIHO 3HAuCHHEC 3a
MIPEAUKATUBHUTE CHCTEMH 3a CHUTYPHOCT — BCSIKA HPOMsSHAa B
oOyJaBaluTe JAaHHH WM B MOJENUTE MOXe Ja Obae He3a0aBHO
JeTeKTHpaHa.

Pyckusar wuscnenoBarencku pecypc Habr nonsnsa Tasu
nmepcreKkTuBa: ,[3cmenBar ce  KIIOYOBUTE NpeIUMCTBA Ha
OnokyeiiHa, BKJIIOYMTEIHO TIIOBHINIABAHETO HA CHUTYPHOCTTa U
MOBEPHUTEITHOCTTA Ha JTAaHHHTE, BBb3MOXKHOCTTA 3a
JelieHTpanu3upana Bepudukarus u onuT Ha Al cucremu" (Habr.ru,
2025)°. Linkedln my6nmkamms Ha pycKH esuk goGaBs, de
,IIPEMaxBalikl IEHTPAIN3UPAHOTO yIpaBICHHE, OJIOKYCHHBT
BBBEXKJ[A PEBOJIIOIIMOHEH TOIX0M KbM BepH(HKAIMATA HA JAaHHUTE
u ycranossiBareto Ha gosepue” (LinkedIn RU, 2024).

Openckusar usrounnk OVHcloud France nedunupa Al-
6nokueiin uaTerparmsra (blockchain 1A) karo cuneprus, npu Kosto
»ONIOKICHHBT € TEXHOJOTMs Ha  pasnpeneieH  PerucTsp,
rapaHTHpalia CHI'ypHO, NMpPO3PadHO M HEM3MEHHO 3allMCBaHE Ha
JAHHUTE, NOKATO H3KYCTBCHUAT HUHTEJICKT HOCU AHAJIUTUYHUTE U
npemukatuBEH  crocobmocts”  (OVHcloud  FR,  2024)%.
Wznanwero Alyra (2025) xoncrarupa, ue ,.0mokdueiinsr u WU
TpaHcopMHUpaT KIIOUOBUTE CEKTOPH, Karo CB3[aBaT HOBH
BB3MOXKHOCTH B cdepara Ha CHTYPHOCTTA, YIPABICHHETO W
Bepudukanuata Ha ganuu" (Alyra, 2025).

OT 0co0eHO 3HaYeHuEe 3a MPaBHUSA KOHTEKCT € pelleHHue OT
mapt 2025 r. Ha TpuOynan mpo Mapceit (Tribunal judiciaire de
Marseille), ¢ koeTo 3a IBpPBU MBT Ce MPU3HABA J0KA3aTEICTBEHATA

8 bbp3ute nHoBamu npe3 2024 1. ce XapakTepU3UpaT C YCKOpEHa
KOHBEPIreHIUA Ha U3KYCTBCHUSA MHTCIICKT, OJIOKUEHH U HUHTEPHET Ha
HEOIara, BoJAfIIa J0 Hp06I/IBI/I B JHArHoCTukara, yCTOﬁ'{HBHTG
TCXHOJIOTUH H (bI/IHaHCOBI/ITe cuctemu. KirogosuTte TCHACHII U
BKJIIOYBAT KJIIMMAaTU4YHU  PCHICHUS, 6a3I/IpaHI/I Ha U3KYCTBCH
UHTEJICKT, AUWArHOCTHKa B 3paBEONa3BaHETO, MoAloMaraHa oT
M3KYCTBEH MHTENEKT, U MO0sBaTa Ha ,,6KUIH 32 Obp3U MHOBALUU 3a
YCKOPEHO peanusupaHe Ha OusHec MIPOEKTH.
https://www.rapidinnovation.io/post/ai-knowledge-management-in-
2024

® https://habr.com/en/feed/

19 https://corporate.ovhcloud.com/
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CTOMHOCT Ha OJIOKYEHH JaHHU B ChAEOEH Mpolec — IMpeLeieHT C
JIaJIEYHH TOCIIECTBHS 3a ynorpebara Ha OOKYEiiH B CUCTEMUTE 3a
curypHocT u Habmonenue (Village Justice, 2025).

3.3 Cmapm Konmpakmu u asmomamu3upana peaxuyus
npu uHyUOeHmu

CMapT KOHTPAKTHTE MPEICTABISABAT CAMOU3ITHIHIBAIIN
ce IporpaMH, CHbXpPaHEHH B ONOKYEHH, YMHTO KOX aBTOMATHIHO
npuiara NpeBapUTENHO 3aJaJeHH IpaBuia. B KoHTekcra Ha
CUT'YPHOCTTA TE OTBapsAT HOBa BB3MOXKHOCT — aBTOHOMHA,
He320aBHA ¥ Bepu(ULUPYeMa peakuus NPH 3ace4eHH 3aIIAXH.

Uscnensade B ResearchGate (2025), 03ary1aBeHo
,Leveraging Smart Contracts for Automated Incident Response in
Cybersecurity Systems"*!, komcrarmpa, dYe ,.cMapT KOHTPAKTHTE
MOTar Jla aBTOMaTU3HMpaT IPOIeCUTe Ha PeaKys IPH WHINACHTH B
KHOepCUTYPHOCTHHTE eKOCHCTEMH, 103BOJISIBANKA OBp3,
HpeIBAPUTEIHO IPOrpaMHpaH OTrOBOp 0e3 HyXJa OT 4YOBENIKa
Hameca" (ResearchGate, 2025). Toa e kadecTBEeH CKOK — OT
NpPEANKATUBEH aHalM3, W3MCKBAll DPbYHA HHTEPBEHIMUS, KbM
ABTOHOMHHM CHCTEMH, CIIOCOOHM CaMH Ja H30JMpaTr 3apa3cHH
CErMEHTH OT Mpexkara, Ja OJOKHMpaT MOI03PUTEIHH aKayHTH MU Jia
MHULUMPAT KPUNITHPAaHE Ha KOMIIPOMETHPAHU JaHHH B PAMKHTE Ha
CeKYH[IH.

LinkedIn myOnukarus 3a eBOMIONHATA HA CTAaHAAPTHTE 32
CUTYPHOCT Ha cMapT koHTpaktute (2025) mpenynpexiasa, ue ,,J10
2025 r. curypHocTTa Ha cMapT KOHTpAaKTUTE€ C€ MNpeBpblla B
KpaifbI'bJIcH KaMbK Ha ONOKYeHH ekocucremara', BKIIOUBAHKH
KoMOMHanus 0T Al-ynpaBisBaHM TEXHOJIOTMH ¥ KBAaHTOBO-
ycroitumBr  kpuntorpadpckn  meromu  (LinkedIn,  2025).
Wspnanuero Hacken (2025) nokymeHTHpa JnecerTe Hall-KpUTHYHU
VA3BUMOCTH Ha CMapT KOHTPaKTHTE, NOMYepTaBaiiKy, de TsAXHaTa
CHT'YPHOCT U3MCKBa HETIPEKbCHAT MPEIUKaTHBEH MOHUTOPHHT.

3.4 Oépabomka na Big Data 6 kKoumekcma Ha
cuzypnocmma

Big Data aHaiu3bT € HEOTHENUM OT MPEIUKATHBHUS
AQHAIM3 B CHI'YPHOCTTAa IIOpaad OTrPOMHUTE OOEMH [aHHH,
TreHepupanu oT mpexoBus Tpaduk, loT ycrpoiicTBa, cucTeMHH
KypHanu u  ceHsopu. M3cnemBanme B ResearchGate (2024),
o3armaBeHo ,,Big Data Analytics in Cybersecurity: Enhancing
Threat Detection, Response and Prediction"!?, momueprasa, ue
LAHTerpanusta Ha Big Data anamm3a B omepanuumre MO
CHT'YPHOCTTA IOZI00psiBa He caMO e()eKTHBHOCTTA Ha 3aCHYAHETO Ha
3allax¥, HO M IPJIOCTHaTa OpraHM3alloOHHa YycroitumBocT"
(ResearchGate, 2024). brnokueitnpr gombnBa Big Data
WHpaACTPyKTypara, KaTo TapaHTHpa, Y€ CHOpaHHTE MAacHBU OT
JaHHH He Morar jaa ObJaT pPeTPOAKTHBHO MAaHHUMYIHPaHH —
mpoOneM, 0COOCHO  aKTyaJeH TMpH  ChIACOHO-TEXHHUECKU
pascienBaHusL.

3.5 Humepnem na newgama (loT), ymuu zpaoose u
Onokuein-6azupana cuzypHocm

Wnrerpanmsta Ha IoT ycTpoiicTBa B KpUTHYHAra
UHPaACTPYKTypa pasIIkpsiBa 3HAYUTEHO MOBBPXHOCTTA Ha araka,
HO EJHOBPEMEHHO MpPEeNOCTaBs OIPOMHH MACHBH OT CEH30pHH
JaHHH 3a NpeIMKaTHBEeH aHainu3. KIIFOUOBHAT BBIIPOC € KaK Ja ce
rapaHTHpa, Y€ Te3M JaHHH Ca aBTEHTHYHH H HEMPOMEHEHH.

Uscnensane B Nature Scientific Reports (2025) npemiara
SHJeleHTpaiu3upana pamka 3a jgosepue (Decentralized Trust
Framework)”, u3nons3Baiia  ONOKYeMH — TexHosorus,  Al-
YIPaBIsIBAHO 3acHYaHe Ha 3allaXd M aJalTHBeH KOHCEHCYCEH
MeXaHu3bM'", CHEIHMAHO MPOEKTHpPaHa 3a YMHH TIpaJioBe.
ITy6nukanus B Springer mompiBa ¢ ,uHTerpHpana loT-Omokueitn
JeKa paMKa 3a CUTypHa KOMYHHKauus" C aKLIEeHT BBPXY

11

https://www.researchgate.net/publication/397655619_Leveraging_S
mart_Contracts_for_Automated_Incident_Response_in_Cybersecur
ity_Systems

12
https://www.researchgate.net/publication/386143147_Big_Data_An
alytics_in_Cybersecurity_Enhancing_Threat_Detection_Response_
and_Prediction

13 https://www.nature.com/articles/s41598-025-06405-y
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ABTEHTHUKAIMATA Ha ycTpolicTBara (Springer, 2025).
Nsnanuero MDPIl Smart Cities (2025) mnpencTasst KOHIENTyanHa
paMka, IpH KoATO ,,cuHepruuHara uarerpauus Ha loT u GnokueitH
CIy)kKM Karo MOIUEH KaTajgu3aTop 3a YMHHTE TpajoBe,
OCHTYpSIBAaliKM pPa3IIMpEeHH CIIOCOOHOCTH B CHTYpHOCTTa Ha
JaHHWTE, TIOBEPHUTEIHOCTTA U yrpasieHuero" (MDPI, 2025). Pycka
myommkamust B LinkedIn (2024) o6o6maBa: ,,CimuBanero Ha
omoxueitn u [oT B 2024 1. Oenexn KIIOY0OBAa CTBIIKA KBM IIO-
CHUTypHa, Tpo3pauHa u edukacHa uuppoBa EKOCHCTEMA,
paspemraBaiku  mpobnemu, —Tpeq  KOMTO — TPaAUIMOHHUTE
LEeHTpaJM3upaHu peuieHus ce okasBar OescmHH" (LinkedIn RU,
2024).

4. Ilpunosicnu obracmu

4.1 Kubepnemuuna cuzypnocm

KubepcurypHocTra € BOAEIIOTO NPHIOKHO TIOJIE Ha
MIPEeIUKATHBHUS aHauHu3. VHCTpyMEHTHTE BKIIIOYBAT CHCTEMH 3a
3acnyaHe Ha nporuksaHusa (IDS/IPS), mmardopmu 3a ynpasieHue
Ha nHdopmanus u crouTusTa B curypaocrra (SIEM), ananuzaropu
Ha TmoBeneHWeTo Ha motpedurenmn u obmHoctn (UEBA) n
mwiatgopMu 3a pasy3HaBaHe Ha 3amiaxu (Threat Intelligence
Platforms). Axagemuuno uscnensane ot IACIS (2025), nocereno
Ha  NPEAUKAaTHBHHS  aHaIM3 B KHOCPCUTYpPHOCTTa  Ha
3[]paBCONa3BaHETO, YCTAHOBSIBA, Y€ ,,JIPCAMKATUBHUS aHAJIUTH3
3HAQUUTENIHO  HOno0psiBa  3acCHMYaHeTO  Ha  3aIlUlaxd  4pe3
YCBBBPILCHCTBAHU METO/IY 32 aHAJIU3 Ha IaHHU".

Hoxnanst Ha CeemosHus uxoHomuuecku gopym ,,Global
Cybersecurity Outlook 2025"**  mogueprasa  mapacTBamoTo
HEPaBEHCTBO B KHOECPIPOCTPAHCTBOTO M HEOOXOOMMOCTTA OT
JIEMOKpaTH3UpaHe Ha JOCThIA 10 MPEAUKATHBHH WHCTPYMEHTH 3a
curyproct (WEF, 2025). CrowdStrike Global Threat Report
2026 paskpuBa TpeBOKHA TEHIGHIWS: ,CPEOHOTO BpeMe 3a
NpoOWB € HaMaJsulo 0 camo 29 MHUHYTH — YCKOpeHHe oT 65%
capsamo 2024 1", koeTo npaBu NPEAUKATUBHUTE CUCTEMU C PEaHO-
BPEMEBHU OTTOBOP a0COIIOTHO HEOOXOANMH.

Wnrerpanusata Ha OnokueH B KHOEp-CHUTYpHOCTHHUTE
olepanyy peliaBa KOHKPETEH M CTap MpoOjeM — JOBEpHETO B
omutaute cnemu. M3cmensane B MDPI Applied Sciences (2025),
03arIaBeHo ,,Al-Blockchain Integration for Real-Time
Cybersecurity"’®, mpemmara ,HoBa paMka 3a KHOEPCHIYPHOCT B
peayHoO BpeMme, MHTerpHpallia M3KyCTBEH MHTENIEKT M OJOK4eiiH 3a
3acWJieHa 3alllUTa Cpenly 3ariaxu’, Oph KOeTo OMOKYECHHBT
ocHTypsiBa HEM3MEHHA pervcTpanus Ha BCSko cbOuthe, a Al
npoBexxaa mnpeaukaruBHus aHamu3 (MDPI, 2025). LinkedIn
nyonuKanus 3a KoMOuHHpaHeTo Ha Al W ONOKYECHH IUPEKTHO
obob6miaBa: ,,Al, meficTBallKM KAaTO HWHTEIMICHTEH I1a3a4, HOCH
HECPAaBHUMH CIIOCOOHOCTH B MPOAKTHBHOTO 3acHYaHE Ha 3aIlIaxu,
NpeJJMKaTHBHATA aHAIUTHKA U aBTOMATH3MPAHHS OTTOBOP, OKATO
ONOKYEHHBT OCHTypsiBA HETPHUKOCHOBEHAaTa OCHOBAa OT JaHHH"
(LinkedIn, 2024).

Pycka mybnukarus B LinkedIn (2024) anammsupa ,,I B
KHOSPCUTYpPHOCTTA: TPEAUKAaTHBEH aHaiM3 Ha 3allUTara CperLy
3amtaxu”, MOCOYBAWKH, Ye ,,[TIOOATHUAT ACPHUIMT Ha Kaapud B
cdepara Ha KMOEPCUTYPHOCTTA € MOYTH 4 MHIHOHA CICLHAINCTH
(mo mammm Ha ISC?), a Al arenture Morar jma aBTOMATH3Upar
3HauWTeNHa dacT OT Tasum pabora" (Linkedln RU, 2024).
Ily6nukamusta B Scilead.ru monenea:  ,,C  H3mOI3BaHETO  Ha
MallMHHO oOyueHne Al cucremuTe Morar Aa HASHTU(QUIMPAT
3amiaxd, KOMTO HE ca OWIM TpeJBapuUTENHO H3BECTHH,
BKJIIOYHMTEITHO aTaky oT Tl 'HyneB neH'" (scilead.ru, 2024).
DpenckuAT roaumeH noknan Ha Recorded Future (2024) ,,Analyse
des menaces pour 2024 et prévisions pour 2025"Y ycranossiBa, ue
»IBE KIIOYOBH TEHACHLMH Ca ONIpeae/siM Janamadra Ha

14 https://www.weforum.org/publications/global-cybersecurity-

outlook-2025/

15 https:/imww.crowdstrike.com/en-us/global-threat-report/

1 https://www.researchgate.net/publication/394707993_Al-
Blockchain_Integration_for_Real-Time_Cyber_Security -
_System_Design_and_Evaluation

1 https://www.recordedfuture.com/fr/research/2024-annual-report
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KHOEpCUTYPHOCTTA: YCTOMYMBOCTTa HAa KHOEPIPECTHIIHUTE MPEKHU
BBIIPEKH MpeNnpueTuTe MEpKU'" M HapacTBamlata ymnorpeba Ha Al
ot camuTte Hanaaarenan (Recorded Future FR, 2024).

4.2 Bnokuein kamo 2apanm 34 uHmMezpumem Ha
O0oKazamencmeama 6 pascied8anuama

Enva oT Hali-3HaYMMHTE W HOBH MPUHOCH Ha ONOKYCHH
TEXHOJIOTUATA € B cdepara Ha IM(ppoBaTa KPHUMHHAUINCTHKA H
YIIPaBJICHHUETO Ha JI0Ka3aTeJICTBa. UscnenBane
B ResearchGate (2025), ozarmiaseHo ,,Immutable Audit Trails Using
Blockchain for Al-Driven Financial Fraud Investigations", ormcsa
MoAXoN, MpH Koito ,,Al Momenute 3a 3acMuaHe Ha H3MaMH ce
UHTETPUpPAT C PETHUCTpUpAaHE HAa OIMTHU CJIEAd 4Ype3 CMapT
KOHTPAKTH, MO3BOJISIBAKH Mpo3padHa Bepudukanus”
(ResearchGate, 2025). Ta3u pamka rapaHTupa, 4e JOKa3aTelcTBara,
cpOpanu or mnpernukatuBHH Al cuctemm, He Morar na Obnar
OCIIOPEHH KaTo MaHUITyIUpaHu KITIOY0BO H3HCKBAaHE IIPU
cbIeOHO IpecieaBaHe Ha KHOEPIPECThILICHHS.

Hlupoxomamaben mperien B WJARR (2025), ,,The
Integration of Al and Blockchain Technologies for Secure Data
Management in Cybersecurity”, moTBbpkKIaBa, 4e ,,AHTETpaIHATa
Ha Al wu OmokdyeliH mpegocTaBs MHOTOILTacCTOBa 3ammuTa: Al
00paboTBa MaHHWUTE aHAJIUTHYIHO, JOKATO OJOKYEHHBT OCHTypsiBa
TAXHaTa Hewm3MeHHOCT U mpocieaumoct” (WJARR, 2025).
ApxuTekTypHO mpoyusae, mybmukysaHo B OUCI (2025), ommcsa
,,ONIOKUEHH-0a3upana HHPPACTPYKTYpa, MPH KOATO OJOKICHHBT
(YHKIMOHMpPA KaTo CIION 3a MHTETPHUTET, 3aCHJIBAII CUTYPHOCTHHS
npodun Ha Al-ynpasmsaanute cucremu'" (OUCI, 2025).

4.3 Ilpeouxamuena nonuyeiicka 0elinocm u nyoOnUYHA
bezonacnocm

[penuxaTnBHATa MONUIEICKa IEHHOCT M3MOI3Ba TAHHHU U
aQHAIN3U 3a NPeIBIKIAHE, NPENOTBPATSABAHE W PEAKIHS CIPSIMO
npectoivieHus. M3cneasane B Minnesota Journal of Law, Science &
Technology (2024)*® amammsupa Kax ,,IpeIMKATHBHATA MOTHIEICKA
JEHHOCT, JaBa MPaBOMOIIMS Ha NPABOOXPAHUTEIHHUTE OPTaHH Ja
MpefcKa3BaT MOTEHIWATHW TOPeI TOYKH Ha IPECTHITHOCT"
(MIJLST, 2024). Hayuna cratus B ScienceDirect (2025) npencrass
KOMIUTEKCEH aHalIW3 Ha ,,IpeUKAaTUBHATA TIONHIEHCKa ACHHOCT M
NpPEeTUKaTUBHOTO MpPABOCHAME" B KOHTEKCTa Ha ,,eTHKa, 3allliTa Ha
JMAHHUTEe W TpaBHH mpeausBukarenctsa" (ScienceDirect, 2025).
broxueiiHbT MOXE Ja HW3Urpae pemaBama poiast M TYK —
BepudUKanusITa Ha CaMOJMYHOCTUTE, MPOCICAMMOCTTAa Ha
OllepalMiTe W HEM3MEHHOCTTA Ha 3alHCHTE OT BHICOHAOIIONEHHE
Morar ga ObmaT TrapaHTHpaHH dpe3 paslpeneieH pPeTHcThD,
MpeOTBPATIBANKA 3JI0yHOTpeOr M MOCT(AKTyM MaHUITYTAlMH Ha
JTaHHH.

4.4  @usuuecka
6udeonadnIoOenue

®pannyskoro usnanue FEND Security (2024) or6ensi3sa,
4ye ,,KOMIIAaHUUTE IpUEeMaT PEIICHUS 3a IOBEJCHYECKM aHaIu3 B
pealHO BpeMe, CHCTEMHM 3a MpeAMKaTUBHA CHUTHAJIM3aLUs U
WHTEIUTeHTHH Kamepu" Karo HoBa HopmMa (FEND, 2024).
IMopramet Access Protection (2025) mobaBsi, ye wWHOBaIMHUTE B
€JICKTPOHHATa CUTYPHOCT BKJIIOYBAT ,,IpeAnKaTuBeH Al, Gnomerpus
1 ONOKYEHH 3a ONTHUMajHa 3ammra’ — W3PUYHO NPU3HABAHKU
OnokueiiHa KaTro HEOTAeIMMa KOMIIOHEHTa Ha ChbBpeMEHHaTa
¢dusnuecka curypraoct (Access Protection, 2025).
broret Ha HaumoHanHust MHCTUTYT 3a npeBeHUUs B bbiarapus
omucBa Kak ,3a Leaute Ha kubepcurypHoctra WU moxe
MPOAaKTHBHO Ja HICHTHUINpPA aHOMAJIeH MpPEXOB TpadHK WIN
3JI0HaMepeH codTyep W Aa pearrpa Ha AaHOMAJHOTO MOBEJCHHE
npean To ga npuuanHu metu" (HUIIIB, 2023). UaTerpupaneTo Ha
OJOKUYEHH B TE3W CHUCTEMH AOINBJIBA KapTHHATA, OCUTYPSIBAKH, Ue
PETUCTPUPAHUTE HMHUUACHTH HE MOrar Ja 61)}13.T 3aJIMYCHU WJIN
Mo UIpaHH.

4.5 30paseonazeane u Kpumuuna ungpacmpykmypa

CU2yprocm u UHMETTU2eHMHO

18 https://scholarship.law.umn.edu/mijlst/

8 JInuesa, T. ,IIpenukTvBHA MOJUIMS: MUHTEJIUTEHTHA MPEBEHLIUS
Ha npectbnHocTTa”. B. CO6. [lok. ot

IX Mexnynaponna HaydHa KOH(EpEeHIUS IO CHUTYpPHOCT
»CONFSEC 2025” 8 — 11 nek. 2025 ., ctp. 18-20, ISSN 2603-2953



INDUSTRY 4.0 2026, SUMMER SESSION, vol 1

[IpenukaTuBHUAT aHanM3 M ONOKYCHH HaMHpaT BaXHO
NPUIOKEHWE B 3allMTaTa Ha KpUTH4YHarta MHQpacTpyKrypa.
Pyckusit  wm3cnemoBareincku - pecypc synaptik.ru ormcsa  kak
,,OTIOKYEHHBT TO03BOJsIBa O€30MacHO ChOHMpaHe, CHXpAaHEHHE U
oOMEH Ha MEAMLIMHCKA HH(OpMAIUs — JIeKapcTBa, MCTOPUH HA
3a00JIBaHKUsl — TPU CAHOBPEMEHHO MpHIaraHe Ha MPEAUKTHBHO
obcmyxkBane"  (synaptik.ru,  2024).  Jlowmam ot Coherent
Solutions (2025) noGapsi, ue ,uHTerpauusTa Ha Al yciayrum u
MalMHHO o0ydeHHWe B 37paBHATa AaHAIWTHKA IOAOOpsBa
NPEANKATUBHUTE CIOCOOHOCTM M MOBMINABA YCTOHYMBOCTTA
crpsimo kubeparaku” (Coherent Solutions, 2025).

5. Tenoenyuu u nepcnekmueu

5.1 Keanmoeu uzuucnenun — 3annaxa u 6b3mM0HcHOCH

KBaHTOBHTE W3YMCICHHUS MPEICTaBIsIBAT CJIeBaIaTa
rpaHHila — MOTCHIMAlHA 3alliaxa 3a ChIIeCTByBallaTa OIOKYCHH
Kpunrorpadus, HO W HHCTPYMEHT 3a KauyeCTBEHO I10-MOIICH
npenukatuBeH aHanu3. LinkedIn myGnukanmsra 3a eBoironusTa Ha
CTaHJApPTUTC 3a CUTYPHOCT Ha cMapT KoHTpaktute (2025)
MpeABIKAa, U ,,koMOHHANUITa OT Al-yrpaBisiBaHH TEXHOJOTHU H
KBAaHTOBO-YCTOWYHBH KPHUITOTpAaCKA METOOM MIE€ ONpeneiu
cienBamoro mokosneHue OnokueitH curypHoct" (LinkedIn, 2025).
Wspanuero Cyberhoot knacupa KBAHTOBUTE U3YHCIECHHS U TSIXHOTO
BIIMSHHE BBPXY KPUNTHpaHETO cpeq Tom-10 cTpareruyecku
Mpeanu3BUKaTelicTBa Ha kubepcurypHoctta (Cyberhoot RU, 2024).

5.2 Koneepzenuyusa mna Al, IoT, onoxkuein u 5G/6G
mpeicu

CMBaHETO HA TE3H YETHPU TEXHOJIOTHH e Ch3/ajie HOBO
MMOKOJICHHE MPEIUKATUBHU CHUCTEMH, CIOCOOHH Ja aHAIH3Hupar
TPWIMOHM TOYKH OT [aHHH B peajHO BpeMe, MpH IIbIIHA
MpoCIeUMOCT U HensmeHHoCT. [Tyonukanusra va TNGlobal (2026)
HOTBBPXKIaBa, Y€ ,,0N0KYCHHBT Hrpae TpaHcOpMHpala pois B
YIPaBICHUETO HAa YMHHUTE TPajioBe, MOAOOPSBAliKH CHIYPHOCTTA,
npo3padHocTTa U oneparuBHara edekruBHOCT" (TNGlobal, 2026).
Wspannero websoftshop.ru (2024) wa pycku mnporHosupa, ue
,,OIMOKYEIH MPOEKTHTE Il¢ HMHBECTHPAT B HAACKIW MEPKH 3a
curypHoct", mombiaHeHH oOT Al mOpenuKkaTMBeH MOHHTOPHHT
(websoftshop.ru, 2024).

5.3 Jexnapamuena onokuein-Al apxumexmypa 3a
HAUUOHATIHAMA CUZYPHOCH

CreABaIioTo €BOMIOIMOHHO CTHIANO € M3rPaKAaHeTo Ha
HAI[MOHAJIHA W HaJHAIHOHAIHA HH(PACTPYKTypH 3a CHI'YPHOCT,
MpU KOUTO OJIOKYCHH-Oa3MpaHUTE PETUCTPH CIyXKAaT Karo oOIia,
B3aMMHO BepH(UIMpyeMa OCHOBA 3a CIIO[EICHO pa3y3HaBaHEe Ha

3aIIaxy  MEXIy ~ JObpXKaBM W opraHm3anuu.  JIoKmameT
Ha Gartner (2025) uaeHTHUIMpa  TpaHchopmammATa — Ha
yOpaBlIeHHEeTO U HopManu3upaHero Ha Al karo Boxemu

npropuretn (Gartner, 2025)%, a Trend Micro (2025) Ha ¢perckn
OIMHUcBa HEOOXOIUMOCTTA OT ,,yChBBbPIICHCTBAHE Ha 3aCHYaHETO Ha
3alIaXy 4pe3 YIPaBISABaHM YCIYTH 3a pasNo3HaBaHE M PeaKius,
MOJKpENeH OT YChbBBPIICHCTBAaH aHanu3 U aBroMarm3anusa” (Trend
Micro FR, 2025)%.

6.3axnouenue

[IpequKaTUBHUAT aHaIW3 B CUTYPHOCTTa, OCHOBaH Ha
HOBUTE TEXHOJIOTWH, TIPEACTAaBIsABAa €IHO OT Hail-3HAYNMHTE
TEXHOJIOTUYHH SIBIEHHS Ha HameTo aecermiaerie. CHHTE3BT Ha
H3ClIefloBaTeNickaTa  JINTepaTrypa pasKphBa eJUHOAYIINE MO
CllefHNTEe KIOoUoBM To4ukw: Al M MammHHOTO oOydeHme ca
HEe3aMEHNMH WHCTPYMEHTH 3a MpeUINYaHe U 3acHYaHe Ha 3aIulaxi;
Big Data anamu3 e texHonorumynusaT ¢ysmament; 0T u ymHuTe
rpajoBe ca HOBOTO MHPHJIOKHO MOJie; a OJOKYSHH TEXHOJIOTHsTa
€ HeoOXOIMMHAT CJIOH 32 HMHTerpHTeT M [0BepHe, 0e3 KOHTO

2 https://www.gartner.com/en/newsroom/press-releases/2025-03-

03-gartner-identifiesthe-top-cybersecurity-trends-for-2025
2 https://www.trendmicro.com/vinfo/us/security/news/threat-
landscape/trend-2025-cyber-risk-report
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MpeTUKaTUBHUTE CHCTEMH OCTaBaT YA3BMMM KbM MaHHITyNalus Ha
JTaHHM, OCTIOPHMOCT Ha J0Ka3aTeJICTBA U JIMIICA Ha OTYETHOCT.
bnokueitnpT He 3amecTBa Al MpenuKaTHBHUSA aHAIU3 —
Toi rO JeruTtuMupa. OcurypsiBailku HEM3MEHHOCT Ha JaHHUTE,
aBTOMAaTU3UpaHa peaxuus upes cMapT KOHTPAaKTH,
JICLIEHTPAJIU3UPAHO YIPABICHUE HAa HJICHTUYHOCTTA U IPO3padHU
OIMTHU ClleqH, ONOK4YeiHBT TpaHcopMupa NpeaUKaTHBHUTE

CUCTEMH OT TEXHOJOTMYHU HHCTPYMEHTH B IOPUAMYECKH
3HAYUMH, OJMUTHPYeMH H JIOBepeHH HHppacTpyKTypH 32
CUT'YPHOCT.

bearapus, B pamkuTe Ha €Bpomeiickata M MeEXIyHapoAHara

OOIIHOCT, CTOM Tpe. MPEIU3BHKATEICTBOTO Ja M3TPagd COOCTBEH
KallalUTeT B Ta3d KOHBEPICHTHA TEXHOJIOTMYHA EKOCHCTeMa —
aKaJeMIUYeH, HHCTUTYIIHOHAICH W MHAYCTpHaJeH — Karo chueTrae
TEXHOJIOTUYHHS IIParMaTH3bM C AHTAXUMEHTa KbM IIpaBaTa Ha
TPaKAAaHUTE M JEMOKPAaTUIHHUTE [IEHHOCTH.
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IMPLEMENTATION OF BLOCKCHAIN IN COUNTERINTELLIGENCE
BHEJIPSIBAHE HA BJIOKYEH B KOHTPAPAY3HABAHETO
H-p JIuuesa, T.
HTC, cexuus TexHuuecka CUTYpHOCT
teodora_licheffa@abv.bg

Abstract: The report explores the implementation of blockchain technology in counterintelligence as a tool for increasing security and
protecting sensitive data. Based on decentralization and cryptography, the technology provides tamper-proof records and an audit trail that
eliminates the risk of information manipulation. It has been successfully applied worldwide in the fields of intelligence, defense, and
international cooperation against crime. In the counterintelligence cycle, blockchain protects against insider threats and provides a
transparent, multilaterally approved decision-making process through smart contracts.

Keywords: BLOCKCHAIN, COUNTERINTELLIGENCE, DATA SECURITY, NATIONAL SECURITY, CRYPTOGRAPHY, SMART

CONTRACTS, ZERO TRUST, HUMINT

1. Yeoo

BbrokoBara cuctema ch3faBa CTPYKTypa OT JaHHH C NPUCHIIU
KauecTBa 3a CUTypHOCT. basupa ce Ha mnpuHOUIMTE Ha
KpunTorpaduara, MAEHEHTpaIM3anUsITa H KOHCEHCyca, KOHTO
TapaHTHpPaT IOBEpPHE B TPAHCAKIMUTE M UCTHHHOCT Ha JaHHUTE. B
HOBEYETO OJIOKOBM BEPUTH WIIM TEXHOJIOTUM 33 paslpelieNeH
perucTsp (DLTl) JTAaHHHUTE Cca CTPYKTYPHPaHU B OJOKOBE M BCEKH
OJIOK ChIBbpKa TPAHCAKLWS WIX IAaKeT OT TPaHCAKIMU. Bcexn HOB
OJI0K ce CBBbp3Ba C BCHUKHU OJIOKOBE Ipeau HEro B Kpunrorpadceka
Bepura 1o Ha4YMH, 4€ € HEBB3MOXKHO Ja Obje moampaseH. Bewdku
TPaHCAKIUHU B PaMKHTE Ha OJIOKOBETE Ce BaIMIMPAT U ChIVIACYyBaT
4ype3 KOHCEHCYCEH MEXaHH3bM, KaTo 110 TO3U Ha4YMH Ce TapaHTupa,
e BCAKA TPAHCAKIIHS ¢ BAPHA U IPABMIHAZ,

brokyeifH mo3BonsABa JELEHTpalM3alusl 4pe3 Y4YacTHETO Ha
YJICHOBE B paslpezerneHa Mpexa. Hima efnHnYHa TOYKa Ha OTKa3 U
€JIMH MOTPEeOUTEI HE MOXKE J]a IIPOMEHH 3alluca Ha TPAHCAKIUHTE, a
€ HeoOX0IMMO ChITIaCyBaHE M OROOpPEHHE Ha BCHUKU HOTPEOUTEINH
ot OmnokoBara cucteMa. TeXHONOTMATAa CE pa3NU4YaBAT B HAKOH
KPUTHYHM acleKTH Ha CUTYPHOCTTAa M 3a OTHEIHHM ACHHOCTH €
HEOOXOIMMO [la ce mondepe Hal-TIOAXOIsIaTa W OTroBapsia Ha
HHBOTO Ha CHT'YpPHOCT Ha JaHHHUTE OJIOKOBA BEpHTa.

2. Humezpupane na 610K4eiin ¢ cuzypnocmma

Jlokato B CcBeTOBeH Mam@ad ce HaOmoJgaBa aKTHBHO
eKCIIEPUMEHTHPAaHe W BHEApsBaHE Ha OJIOKYCHH B KPUTHYHH 3a
CHT'YPHOCTTA CEKTOPH, bbirapus M3ocTaBa B YCBOSIBAHETO Ha TO3M
TEXHOJIOTHYEH IOTeHIMal. B Tasum wact or paspaboTkara e
aHaNM3MpaM KakTO JIOKAa3aHWTEe IOJ3M W HaydYeHH YpOUH OT
MEXIYHapOAHHsS OIKMT, Taka ¥ IpPeIU3BHKATEICTBaTa U
HEOOXOMMHTE CTBIIKH 32 €BEHTYAITHOTO OBJENIO NPHIOKEHNE Ha
OJIOKYEHH B OBITAPCKUTE CITY)KOU 332 CUTYPHOCT.

=  PazysnaBartesien aHaau3: [7100anHU KOMIAHUU

xaro Cognyte ° paspaboTBaT  creLHATH3MPAHE

! Pasnpenennrenta i cionenena kuura (ot aHri. e3. Distributed
Ledger Technology). [IpencrasmisiBa KOHCEHCYC Ha PEIUTMKUPAHH,
CIIOJICJICHH U CHHXPOHHU3UPAHU HU(PPOBHU JaHHU, KOUTO Ca
reorpadcKo pasIpeelicHd B CaliTOBe, HHCTHTYIIMU WIN TbPIKABH.
PasmnpenenurenHaTa KHATA HE N3UCKBA IIEHTPAIICH a[IMHHICTPATOP
https://en.wikipedia.org/wiki/Distributed ledger

2 https://www-ibm-com/topics/blockchain-

§ecuritv? x_tr_sl=en& x_tr_tl=bg& x_tr_hl=bg& x_tr_pto=sc

https://www.cognyte.com/?utm_term=cognyte&utm_campaign=Co

AQHAMUTHYHU  IUIAaTGOPMH, KOUTO  H3IION3BAT
U3KYCTBEH HHTEIEKT M ONOKYeHH aHamu3 3a
MpOCNeAsBaHE HAa HE3aKOHHH KPUITOBAITYTHU
TPAHCAKIMK, CBBbpP3aHM C (UHAHCHpaHE Ha
TEPOpPH3HM ¥ (PHHAHCOBH IPECTHILICHH .

CHUrypHOCT Ha BEPUTaTa 3a JJ0OCTABKH B CEKTOP
oropana: MuHHCTEPCTBOTO Ha oOTOpaHaTa Ha
CAIIl npoBexaa MHOXECTBO MHJIOTHU IMPOEKTH,
YeCTO B MAPTHHOPCTBO C YACTHH KOMITAHWH, 32
M3IMOJ3BAHEC HA YACTHU OJIOKYCHH MpPEKH 3a
IpoCiesiBaHe HAa KOMITOHCHTH, YIPaBJICHHE Ha
JIOTUCTUKATA U TapaHTUPaHE HA aBTEHTUYHOCTTA
Ha YaCTH B OTOPAHNTEHATA HHAYCTPHS .

= Jloka3zaTteiicTBa M  CbAe0HA  MeIMIIMHA:
IMpaBonpuaraiu opranu B pasIMYHN
IOPUCIUKINK, BKIIOYMTEIHO B CTPAHH Karo

Wnmus wn  [Jly6ail, H3MON3BaT TEXHOJOTHYHU
pemieHus, OasupaHu Ha MyOJUYHU ONOKYCHH
CHCTEMH, 32 Ch3J]aBaHEe Ha HEM3MEHNMA Bepura Ha
MIOTIEYUTEIICTBO 32 KPUMHHAIIHH JIOKAa3aTeNICTBA,
KaTo 10 TO3W HAa4YMH C€ ITOBHIIABAT TAXHATa
HAJIeKTHOCT 1 JIOCTOBEPHOCT B ChIa’.

Memyﬂapoaﬂo CbTPYAHUYIECTBO:
Me)KZ[yHapO)IHI/I opranusalii €KCIIEPUMEHTHpAT

¢ OyokueitH-0a3upanu  cucteMd. [IWIOTHHST
mpoekt ,,CpeObpHO u3BecTHE” WMa 3a Ied Ja
YCKOPH  TPAaHCTPAHHYHOTO  MPOCIEIsABAHE U
BBH3CTAHOBSBAHE HA AaKTHUBH, MPHUAOOUTH OT
MpeCThITHA JeHHOCT, BKJTFOYHUTEITHO
KPHIITOBATYTH .

Hurerpanusta Ha OnokueiiH B CiyXOuTe 3a CUTYpHOCT
€BOJIIOMpa OT TCOPETUYHU KOHLCTIIHUH N0 KOHKPETHU OINCpaTUBHU
IPOEKTa B PAMKUTE Ha IO-MAJKO OT jaecertmyieTve. Tosu mpouec
MOXe na ObIe pa3meneH Ha TPU OCHOBHH (hasy, oTpassBamin
HapacTBaIaTa 3psIoCT Ha TEXHOJOTUATA M pa30MpaHeTo 3a HeWHUS
MOTEHIHAJ B chepaTa Ha HAIIMOHAIHATA CUTYPHOCT.

3. Konmpapa3sy3nasane

* https://itrade.gov.il/uae/2024/02/23/uniting-global-forces-for-a-
safer-tomorrow-world-police-summit-2024-in-dubai/ (mocnenuo

gnyte+--+KD+-+Brand+-+EMEA+-+Cognyte+-
+20220106&utm_source=adwords&utm_medium=ppc&hsa_acc=7

noceTeH cailT Ha 20 okt. 2025 1.)
5 https://www.boozallen.com/insights/blockchain/blockchain-

164007194&hsa_cam=22465899263&hsa_grp=177035958126&hs

promise-for-defense-agency-supply-chains.html (mocienso moceren

a_ad=747631148588&hsa_src=g&hsa_tgt=kwd-
1185607441640&hsa_kw=cognyte&hsa mt=e&hsa_net=adwords&

caiit Ha 20 okt. 2025 1.)
® https://adapulse.io/securing-forensic-chain-of-custody-for-indian-

hsa_ver=3&gad_source=1&gad_campaignid=22465899263&gbraid

state-govt-using-cardano-and-zero-knowledge-proofs/ (mocneano

=0AAAAACDPxrXtqw5B913 5ntljQISJaMuDI&gclid=Cj0KCQIAr
OvIBhDLARIsAPwWJXOb9t0ukZRbvByrxEYindFCfYkJRRr oWy

nocereH caiT Ha 20 okT. 2025 1.)
7 https://www.mishcon.com/news/interpol-publishes-the-first-silver-

7rulduDJ70b0PQscxFCBYaAl_DEALw_wcB (mocienHo
noceteH caiT Ha 20 okt. 2025 1.)
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enforcement (mociexHo nocere caiir Ha 20 okT. 2025 1.)
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Wznon3Baneto Ha ONOKYEHH B KOHTpapa3y3HaBaHETO €
HACOYCHO KbM €JIHU OT Haii-KpUTUYHUTE YI3BUMOCTH B Ta3u cdepa:
pHCKa OT BBTPEIIHM 3alllaXd, MAHUIyJalus Ha JaHHH H
KOMIIDOMETHpAHE Ha ONepaTUBHATA CUTYPHOCT. TexHoJorusra
mpejylara  paMkKa  3a  U3TpakJAaHe Ha  BHUCOKOYCTOWYMBH,
MOBEPUTEJIHM M IpOCIACIUMU CHCTEMU 3a YIpaBICHHE Ha
KOHTpapa3y3HaBaTe/IHU OIEepaLuu.

3amura cpelly BbTPEUIHHU 3allJIaXU U MaHUITyJIalluU

B cpumnata Ha TexHOJNOTHUATA, OJOKYEHH OCHUTypsiBa cpela ¢
HYyJI€BO JOBepue, KOATO € OT KIIOYOBO 3HA4YeHHE 3a
KOHTpapa3y3HaBaHETO. 3a pas3iduka OT pa3y3HaBaHETO, KbAETO
OCHOBHHUAT (OKyCc € ChOMpaHeTO Ha HH(GOpPMAaUus 3a BBHIIHU
CyOeKxTH, KOHTpapa3y3HaBaHETO ce OOpH M ChC 3aIulaxara oOT
BBTPEIIHM  KOMIIPOMETHPAHHS ¥  BPaXECKO  IPOHHUKBAHE.
JlenenTpanu3npanaTa ¥ Kpunrorpadcku CBBp3aHa CTPYKTypa Ha
OJIOKYEIH IIPaBH M3KIIOYUTEIHO TPYIHO 3a BBTPEIICH 3JI0HaAMEpeH
areHT Jja MPOMEHH WM M3TpUE Bede BHBEICHU JaHHU B OJOKOBaTa
Bepura, 6e3 ToBa J1a ObJe He3a0aBHO YCTaHOBEHO OT IsjIaTa Mpexa.

Tlo TO3u HA4YMH ce Ch3/aBa HEM3MEHHMA U CUTypHA IIbTeKa Ha
BCSIKO JICHCTBHE — OT MOCTHIIBAHETO HA CHTHAN 33 MOTCHIHAHA
3ariaxa /0 OTOpU3alLHsATa Ha KOHTpa-omepaius. ToBa rapaHtupa,
4ye JaHHUTE 33 M3TOYHUIIM, ar€HTH U Pa3CleBaHusl ca 3alllUTEHN He
CaMo OT BHHIIIHYU aTaKd, HO U OT MaHWITYJIal[MH OTBBHTPE.

IloBuIIeHA CUTYPHOCT M ONEPATHBHA JUCKPETHOCT

BrokueiiH momoOpsiBa KOHTpapas3y3HaBaTENHHS YIPABICHCKH
OUKBI 9Ype3 CHeNU(pUIHHM MEXaHU3MH, KOHUTO IIOJICHIIBAT
CHT'YpPHOCTTa M JUCKPETHOCTTa Ha OMNEpaluuTe M pabOTHUTE
TPOLIECH.

CohOupane u aHaau3 Ha wuHpopManusaTa:
TexHosorusTa TO3BOJISIBA CUTYPHO YIpaBJIEeHHE
Ha JaHHUTE OT YyBCTBUTENHM H3TOYHHUIH. Upe3
TEXHHKU KaTo J0Ka3aTejCTBa C HYyJEBO JOBEpHE,
MOXE Jla Ce MpOBEpH aBTEHTHMYHOCTTa Ha
nHpOpMaIATa OT NaJeH HM3TOYHHK, Oe3 ma ce
Pa3sKpHBa HEroBaTa CAMONMYHOCT B PECHCTHpA’.
JlenieHTpanu3upaHusaT MPOTOKOJ 33 KOHCEHCYC

rapaHtupa, 4e JOKJIaguTe OT  pa3IUYHH
M3TOYHHIM CE€ BAJIMIUPAT OT MHOXECTBO CTPaHH,
HaMaJsIBaiKK ~ pHCKa  OT  TI0JlaBaHe  Ha
ne3uHdopmanus.

W3roTBsine Ha MPOTrHO3HU, MPOTHO3HU OLEHKH,
BapHAHTH 3a pellieHHe, B3MMaHe HAa pelIeHHe
peulenne W mJaaHupaHe: MHOTOCTPaHHOTO
ono0peHre €  KIIOYOBO.  VIHTENUTeHTHUTE
JIOTOBOPH MOTAT Ja HAaJl0XaT MPaBHjo, CIHOpe]
KOETO JaJeHa KOHTpa-omepaius Moxe Ja Obnae
omobpeHa camo ¢ 1HU(QPOBUTE TMOIMKUCH Ha
HSIKOJIKO BHCOKOIIOCTaBEHH Cirykutend. [1o To3u

HaYMH Cce TpeJoTBparsiBa  CJHOMMYHH U
HEeperJIaMeHTHPAaHH JeHCTBHS W B3UMaHe Ha
perIeHusI.

=  OpranmupaHe, H3NbJIHeHHe, KOHTPOI H

NMpoBEepKAa Ha M3MBbJIHEHHETO ¢ MJAHHpaHaTa
mej: YTNpaBICHHUETO HAa OMNEPATUBHU AKTHBU WU
SKMITH CTaBa MO-CUI'YPHO. AHOHHMHHM3UPAHU
MQPOBH  CaMOJMYHOCTH MoraT Ja Obaar
MPUCBOSIBAHK HA areHTH U PECYPCH, KATO TEXHUTE
npaBa ¥ JIOCTHII CE YIPAaBJsiBAT 4Ype3 OJOKYCHHa,
0e3 ma ce  pasKpuBaT = pEalHHTE UM

8 https://adapulse.io/securing-forensic-chain-of-custody-for-indian-
state-govt-using-cardano-and-zero-knowledge-proofs/ (mocneato
roceTeH caiT Ha 12 stH. 2026 1.)
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unentudukanun. Besko nelicTBue ce 3ammcBa B
HEU3MEHUMUS PETUCTBD, ch3JaBaiiku
HEONpPOBEP)KHMa OJMTHA Clela 3a LEIUTe Ha
MOCIIEIBAI AaHAJIN3 U KOHTPOJL.

Tabauna 1. IIpunoxenue Ha GokyeitH B

KOHTpapa3y3HaBaHETO I10 SJIEMEHTH Ha YIPaBICHCKHS UK

Eman om Ipuioxenue Ha 0JIOKYEHH TEXHOJIOTMU B

ynpaenenckus KOHTpPapa3y3HaBaHETO

YUKDIL

1. Cvoupane u 3ammTa Ha YYBCTBUTEJHH HM3TOYHULM:

ananus HM3nom3BaHeTo Ha MPO3PavyHOCT ChC CENEKTHBHA
MOBEPHUTEITHOCT, KOSITO II03BOJISIBA BEPU(PHKAIIHST
Ha gagan ot HUMINT wstoununu 0Oe3
pa3KpHBaHe Ha TAXHATa CAaMOJIMYHOCT.
Bpemesure ne4yaTu rnomarat 3a
XPOHOJIOTHYHOTO TIOAPEKAAHEe Ha CHOUTHATA U
3aCHYaHETO Ha AaHOMAINH B TOKJIAHUTE.

2. ABTOMATH3MPAaHO 3acHYaHe Ha 3aIljIaxM:

Ilpoznosupane | VHTENWreHTHHTE  JOTOBOPM  Morar  Ja

u peuteHue W3IBIHABAT  alTOPUTMH 32  aHaIM3 Ha
MOBEJICHUETO, KOUTO aBTOMAaTHYHO OLICHSBAT W
CHUTHAIM3MpAaT 32  MOJAENH, HHIUKHPAIIN
BBTPEIIHA 3aIJ1aXa WX IIIHOHAXK.
Me:xayperucrpopara o0enHsIBaHe

MO3BOJISIBA CUTYpeH OOMEH Ha pasy3HaBaTelHa
uHGOpMAIMS 3a 3alUlaXM CbhC CHIO3HUYECKH
cy’xOM, KaTo CBIIEBPEMEHHO Ce 3ara3Ba
cTporara ifepapxus Ha POJIEBH JOCTBII.

3. B3umane na
pewenue

YcToiiunBO HAa KOMIIPOMeTHPaHe o100peHue:
JlenleHTpan3upaHusAT KOHCEHCYC 4pe3 MYJTH-
MOJINHUCHA CXEMH TapaHTHpa, Y€ pEHIeHHs 3a
CTapTHpaHe Ha YYBCTBHTEITHH
KOHTpapa3y3HaBaTEIHN OINEpalii He MOraT 1ia
ObJaT B3CTH EIHOJIMYHO, a € HeoOXOAUMO
000peHNe OT TPEIABAPUTEIHO OIpPEACIICHN
JMna.

Kpunrorpagckara CHIypHOCT oOcUTypsiBa
CTPOT KOHTPOJI ¥ TPOBEPKA Ha JIMIATa, B3EMAIIN
pemIeHusI.

4. Ilnanupane CeKkpeTHH M HEU3MEHMMH OMEPATHBHH
nJIaHoBe: VHTEeIMIeHTHUTE TOTOBOPH MOTAT Jia
resepupar AWMHAMUYHU OINCPATHBHHU IIJIaHOBE,
KOUTO C€ aKTUBHUpAT CaMO IpPH U3N'BIHCHUC Ha
NpeABapHUTEITHO OIpeieNIeHu YCJIOBHSI.

[TapameTpuTe Ha MHUCHSATa Cc€ 3alUCBaT B

HEU3MEHHUMHS PETHCTBpD, KOETO rapaHTHpa
BB3MOXKHOCT 3a Ipersien ©0e3 pHCK  OT
dammupukanms.

5. CurypHo ynpaBieHHe Ha ekumm: TokeHH 3a

Opzanuszupane | yTpaBlICHUE umat BB3MOKHOCT na
Ipe/CTaBiIsiBaT  [paBata Ha JOCThI  Ha

YJICHOBETE Ha TallHU €KUIIM, KaTO IPOMEHUTE ce
3aIiCcBaT NMPO3PavyHO, HO CHIBPKAHUETO OCTaBa
KPHUITUPAHO B OIOKYEHHA.

6. Peanuzayua = CuUrypHo 3ajeiicTBaHe HAa TAaiiHM omepanuu:
VIHTeNMreHTHUTE  JOTOBOPH  CIyXKaT  KaTo
~MBPTBa pBbKa“ WIM KOJHPAH aBTOMAaTHYEH
CITyCbK, KOMTO aKTUBHpA ONEPATUBHU ACHCTBUS,
KaTo 3ajeiicTBaHe Ha CPeACTBa 3a HAOMIOJCHHE,
caMO TMpH TOJyyaBaHE Ha IPeJBAPHTEIHO

YTOBOpPEH KPHUIITOTPa)CKH CUTHAIL.
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7. Konmpon Heonposep:xkuvma oauTHa ciega: Brpanenata

NPOCIEAAEMOCT Ha OJIOKYeiHa IIPenoCTaBs

IObJHA W HEU3MEHHMMa ClieJa Ha BCHYKH

NPENpUeTH JNEeHCTBUS, IOPU aKo (H3UYECKH

YCTPOWCTBa WM TIOJEBUTE CHCTEMH OBJar

KOMIIPOMETHpPaHN. AHOMAJMHTE, 3aCEYeHH OT

HMHTEIUTCHTHU JIOrOBODH, 3ajeficTBar

He3a0aBHH CUTHAIH 32 Pa3CIICABaHe.

4, 3aknrouenue

KontpapasysnaBaneto ce (¢okycupa BbpPXY BBTPELIHUSA
HEepPUMEThP Ha CHUI'YPHOCTTA — 3allIUTa OT BPaKACOHO pa3y3HaBaHe,
BBTPELIHH 3aIUIaXH, M3THYaHe Ha KiacuduuupaHa uHbopMarus u
KOMIIPOMETHpaHe  Ha  KpUTH4Ha  HHppacTpyktypa.  Tyk
YIPaBICHCKUAT LHUKBI € HACUTEH C YyBCTBUTEIHH DEIICHHS 3a
3amo4BaHe Ha MPOBEPKH, OTPAaHNYaBaHE Ha JOCTHII, IIPOBEXKIaHE HA
omepanMM W YIOpaXHSABaHE HA CTPOT BBTPEIICH KOHTPOIL
IIpunaranero Ha ONOKYEH B Te3W NPOIECH MMa MHOTO TOJISIMO
3HAUCHUE, KaTO OCHIYpsiBa BEPUTH Ha JOKa3aTeJICTBaTa, HaMaJsiBa
pHCKa OT BBTPEIIHO MaHMIIYJIMPAaHE Ha JaHHH U YJECHSABA KAaKTO
BBTPELIHUA, Taka M  BbHIHHUA  Han3op. ChIIEBPEMEHHO
TEXHOJIOTMYHMAT CJIOH TMOpaxiaa W CICUUPUYHH PUCKOBE:
KOHIIGHTpALs Ha M3KIIOYUTEIHO YyBCTBUTEIHH JIOTOBE, ONACHOCT
OT eNUMUHMpaHEe Ha AHOHUMHHM WM3TOYHUIM 4Ype3 METagaHHU WU
HE0OXOMMOCT CTPOT KOHTPOJI Ha JOCTHI, Kpunrorpadcka 3amura
U SICHU TIPaBHH PAMKH.
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HIGH-TECH SPACE INTELLIGENCE
BUCOKO TEXHOJIOTHYHO KOCMHNYECKO PA3Y3HABAHE
H-p JIuuesa, T.
HTC, cexuus TexHuuecka CUTYpHOCT
teodora_licheffa@abv.bg

Abstract: The report examines space as the fifth battlefield of modern geopolitics, where the United States, China, and Russia are
engaged in intense technological competition. The main focus is on artificial intelligence as a key tool for processing intelligence data from
satellites, SAR radars, and hyperspectral sensors. Special attention is paid to blockchain technology as a means of ensuring authenticity,
security, and trust in sharing intelligence information between allies. The report outlines forecast trends for the period 2026-2035, including
Al autonomy in orbit, quantum sensors, and the increasing independence of allied space programs. The overall conclusion is that processing
speed and data reliability will be decisive factors in future conflicts and strategic decision-making.

Keywords: SPACE INTELLIGENCE, ARTIFICIAL
NATIONAL SECURITY, CYBERSECURITY

1. Yeoo

KocMmuueckoTo MpocTpaHCTBO ce € IPEBbPHATO B IETOTO OOIHO
1ojie Ha ChbBPEeMEHHATa BOIfHA — HapeA C CyIIaTa, MOPETO, Bh3AyXa
U KHOepIpOCTPaHCTBOTO. ['€OMONUTHYECKOTO  CHIEPHUYECTBO
mexxny CAIll, Kuraii u Pycus katanusupa eKCIOHEHIMATHO
TEXHOJIOTMYHO  pa3BUTHE B  00nacTTa Ha  KOCMHYECKOTO
pa3y3HaBaHe, HaOJIOJCHHE M PEKOTHOCLMpPOBKa WHTENUreHTHOCT,
HaOJIIoJICHNE U pa3y3HaBaHe ISR,

IMa3apbT Ha TeONPOCTPAHCTBEHM OTOPAHUTENHH IPHIIOKCHUS
(GEOINT) e ouenen Ha oxono 128.29 mupa. USD 3a 2025 1. u ce
nporao3upa nga gocturae 162.39 mmpa. USD go 2032 r. Tosa e
OTpaXKeHHe Ha MamabHOTO TEXHOJOTHUYHO H  (HUHAHCOBO
MHBECTHpPAHE B CEKTOpa M HEroBOTO HApacTBAIlO 3HAYCHHE 3a
HalllOHAJIHaTa CUTYPHOCT.

2.  Karwuoeu
ycmpoiicmea

MmMexHo10cu4nHuU cucmemu u

2.1 Cunrernyen aneptypeH Pagap (SAR)

Synthetic Aperture Radar (SAR) 2 ¢ peBomonnoHHa

TEXHOJIOTHS, KOSTO MPEBPBIIA IBIKEHHETO B H3KIIOYHTEIIHO
JleTallyIHU N300pakeHus, paboTeliku npu BCSIKaKBU
METEOPOJIOTHYHU YCJIOBHsSI — OOJIAYHOCT, ThMHHHA, BaJeXxu. 3a

pa3nuKa OT ONTHYHHMTE cucTeMH, SAR-caremutute oOcHrypsiBat
HOCTOSIHHO ~HAOJIOJIEHHE HE3aBUCHMO OT OCBETEHOCTTa WM
aTMOC(epHUTE YCIOBHSL.

AepOoKOCMHYECKHTE M OTOPAHUTEITHUTE CEKTOpH odakBaT 35%0
pbeT B mpuemaHero Ha SAR TexHomormmwre 3a pa3mIUpEeHO
Habmoxenne. Kimo4oBr XapaKTepUCTUKH Ha ChBPEMEHHHUTE BOCHHH
SAR cucremu BKIIOUBAT:

*  MHOronosipu3auuoOHHO H300pakeHHe — pasrpaHHYaBaHe

MEX/ly THIIOBE IOBBPXHOCTH U 00EKTH;

= Hnrepdepomerpus (InSAR) - kaprorpapupane Ha
nedopMaryi Ha TepeHa ¢ MIJIIMETPOBa TOYHOCT;
= Coherent Change Detection (CCD) - 3acuuane Ha

MMHHMAaJIHU IIPOMCHU MCKIY MOCJICA0BATCIHA CHUMKH,

! Intelligence, Surveillance and Reconnaissance

2CHHTETHYHUAT aneptypeH pagap (SAR) e Bun akTUBHO chOupaHe
Ha IaHHU, IIPU KOETO I/IHCprMeHT usnpaiia €HEPrucH I/lMl'ly_]'lC u
CJI€Q TOBa 3alycCBa KOJHMYCCTBOTO Ha Ta3u CHEPrus, OTPa3CHO
06paTHO, CJICa KaTo B3aHMO[IeﬁCTBa cee 3emsara. 3a pas3jimka OT
OIITUYHUTC I/I306pa)l(eHI/I$I, KOUTO Ca nmaChuBHa TCXHHKA 3a 01>61/IpaHe
Ha JJaHHHM, Oa3WpaHa Ha M3IbUeHa eHeprus, SAR m3o0paxenusTa ce
Cbh3/1aBaT OT pC€aKIuATa Ha U3JTbYUCH CHEPTHUCH UMITYJIC C (1)I/I3I/I‘ICCKI/I
CTPYKTYpH (KaTo IUTAaHMHHU, TOPU M MOPCKHU JIel) U YCJIOBUS KaTo
MoYyBeHa BIaXHOCT. SAR ce M3mon3Ba B IIUPOK CHEKTBP OT
TNIPUIIOKCHUS, BKJIFOYHUTCIIHO H3y4aBaHE Ha AHTAPKTUYCCKU
aiicbepru, mpocielsBaHe HAa MbTUIATA HA HE(TEHH DPA3IUBH B
YYBCTBUTCIHHU Onata u KapTorpa(bI/IpaHe Ha BJIAXKHUTC 30HHM Ha
Amscka.,  https://www.earthdata.nasa.gov/learn/earth-observation-
data-basics/sar
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INTELLIGENCE, GEOINT, BLOCKCHAIN, COUNTERINTELLIGENCE,

Ground Moving Target Indication
MpociaeaaBaHe Ha ABMXKCIIN C€ HA3EMHU LEJIN

(GMTI)

Iepmanckara cucrema SARah e mnokasateneH —mpumep.
OnepatuBHaTa pa3y3HaBaTeIHA CHCTEMa € CBCTaBeHa OT
MHOKECTBO CATCIUTH M HA3eMEH CErMCHT, pa3pabOoTeHa 3a BOCHHH
nyxau. [To ouenkara na SAAB, SAR-carenurture ca ,,eJJHH OT Haii-
MOII[HUTE WHCTPYMCHTH 33 WACHTU(UIMPAHE W JOKATU3UpaHE Ha
IIPOTUBHUKA".

2.2 XnnepcneKTpaHeH AHAJIM3 U OIITHKA OT BUCOK KJ1acC

XUINepcHeKTpaTHUTEe CeH30pU  pasuupsiBaT — o0XBara Ha
HaOJIIOACHUE Janed OTBBJ BHAUMHS CIEKTBP. Te cHocoOHM Ia
UACHTH(UIIPAT:

=  XHWMHYCH ChCTaB HA MIOYBH U PACTUTECIIHOCT,

[IpuKpuTH BOSHHH CBHOPBHKEHUS Upe3
CIIEKTPaJIHU CUTHATYPH,;

* Tun u KOHLEHTpauys Ha NPOMUIIUICHN EMHCHH;
3amackupaHu 00eKTH Ype3 CHeKTpasiHa AudepeHnrarus

" TOIUDIMHHU U

Cucremara Next Gen OPIR (Overhead Persistent Infrared)® na
Kocmuueckure cnmm Ha CALL n3mon3Ba TOIUIMHHHE CUTHATYPH 3a
3acHvaHe Ha OAICTHYHU PaKeTH, XUIEP3BYKOBH CHapsiid M HOBU
3arutaxu. [IepBuTe nBa caremura ot cucremara Next Gen OPIR
GEO ca nacpouenu 3a uzcrpensane mnpe3 2026 r.

2.3 Maakn
Constellations)*

catesuTH W KoHotamuum  (SmallSat

PeBomonysaTa B MHUHHATIOPH3ALMATA POMEHH MNapaaurMara
Ha KOCMHYECKOTO pasy3HaBaHe. Maikute carenut (SmallSats)
npejiaraT:

= [lo-Hucka neHa Ha u3cTpesaBaHe — 10 100 TBTH MO-EBTHHO
OT TPaJUIMOHHHUTE IIaTHOPMH;

= Jlo-BHCOKA YecTOTAa HA OOHOBSIBAHE — IJI00ATHO MTOKPUTHE
Ha BcekH 1-3 yaca;

= VYcroifunBocT — 3arybaTa Ha €IMHHUIIA HE KOMIIPOMETHpPA
cucTeMaTa,

= Bbp3o pasrpbuiane — ,responsive launch® mpu xpusucHu
CHUTYaLHH.

[okazarenen e mpoektsT MILNET ®° - mapTHROPCTBO MexIy
Kocmuaeckure cumm Ha CAILL 1 SpaceX 3a paspaborane Ha 480-

® CreaBamwoTo MoKoNeHME BB3YIIHO-TIOCTOSIHHA HMH(pavyepBeHa
cuctema (NG-OPIR) e cp3Be3ane 3a mpeaynpexacHue 3a pakeTH,
pa3pa60TBaH0 B C'beZ[I/IHeHI/ITe maTu Karo 3aMECTUTE]I Ha
NpeaAeCTBEHUKa CH, KOCMHYECKara I/IHq)paqepBeHa Ccucrema
(SBIRS). OuakBa ce Ts na ObJe KIHOYOBA 9acT OT OpBKEHHATa
cucrema ,,371aTeH Kymou,

https://en.wikipedia.org/wiki/Next-
Generation_Overhead_Persistent_Infrared

* https://www:.capellaspace.com/resources/the-impact-of-small-
satellite-constellations-on-earth-observation

5 https://satnews.com/2025/12/29/u-s-space-force-and-spacex-
partner-to-develop-480-satellite-milnet-constellation/



https://www.earthdata.nasa.gov/learn/earth-observation-data-basics/sar
https://www.earthdata.nasa.gov/learn/earth-observation-data-basics/sar
https://en.wikipedia.org/wiki/Space-Based_Infrared_System
https://en.wikipedia.org/wiki/Next-Generation_Overhead_Persistent_Infrared
https://en.wikipedia.org/wiki/Next-Generation_Overhead_Persistent_Infrared
https://www.capellaspace.com/resources/the-impact-of-small-satellite-constellations-on-earth-observation
https://www.capellaspace.com/resources/the-impact-of-small-satellite-constellations-on-earth-observation
https://satnews.com/2025/12/29/u-s-space-force-and-spacex-partner-to-develop-480-satellite-milnet-constellation/
https://satnews.com/2025/12/29/u-s-space-force-and-spacex-partner-to-develop-480-satellite-milnet-constellation/
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caTelUTHAa BOGHHA KOHcTenauus. [IbpBaTa napTuzia e miaHupaHa 3a
cpenata Ha 2026 r., a MbJIHA ONEpaTHBHA TOTOBHOCT CE€ OYaKBa B
6113K0 Obaelle.

2.4 Jlazepuu komyHukauuonuu junuu (Laser Inter-Satellite
Links)®

TIpexBBPISIHETO HAa pa3y3HABATCIHU JAHHU B PEaJHO BpeMe ¢
KJIIOYOB omepatuBeH mpobOiem. HoOB pekopa 3a CKOpOCT Ha
IpefaBaHe MEXIy CaTelquTH 1o JazepHa iuHus — 400 Gbit/s e
noctaBeH mpe3 MapT 2025 1. MexIy KuTalicku amapatd. Tasu
TEXHOJIOTHS [I03BOJISIBA:

= HesabaBHO npeaBaHe Ha IaHHHM KbM HAa3eMHM CTAaHLIH,;

= OmnepaTuBHa pa3zy3HaBaTelHAa KapTHHA B pealeH Mamad Ha
BPEMETO;

* HamaieHa 3aBHCHMOCT OT Ha3eMHH PETPAHCIIATOPH.

3. Hauyuonannu npozpamu u cucmemu
3.1 Kocmuyecku cusim Ha CALI

Kocmuaeckute cunmu Ha CAILL (U.S. Space Force) ca B mporiec
Ha MamabOHa TpaHcopmanus. B cporBerctBme ¢ Space Force
Vector 2025, ocHoBHUTE HATpaBIICHUS Ca:

IIporpama SILENTBARKER® - cucrema 3a MIPOCTPAHCTBEHO
HaOJIONeHHEe Ha TeOoCTalMOHapHa OpOHWTa, MPOEKTHpPaHa 3a
HaOJroNeHHe  HA  HempuATeJCcKH  carenuTH.  CarenuTure
KOOPJAWHHUPAT MPOCIEASIBAaHETO HA IENH M OOMEH Ha JaHHM 4pe3
JOIbNBAIlM ce ceH3opH. Space Force oO0sBsBa HaMmepeHHe 3a
Opexox KbM  IO-€BTHHH  KOMEPCHAIHH  KOMIIOHEHTH 32
SILENTBARKER.

Next Gen OPIR® - crexpamoro mokonenue HH(PaUICPBEHO
Habmozenne ot opbura. Cucremara BKIIOUBA caMo 4 carenuTa (2 B
GEO + 2 B momspHa opbuTa), HO C M3KIIOYUTEIHO PA3MIAPEHU
CIOCOOHOCTH 32 3aCHYaHe HA PAKETHH U3CTPEIIBAHUSL.

HoBa d¢uora pasy3HaBaresnu cateautn. Kocmuueckure
CHIM IUTAaHWPAT fAa W3AafaT IBPBUTE JOTOBOPH 3a CIIE/BAIIO

MOKOJICHHE pa3y3HAaBaTEHW CATENIUTH, KAaTO Ce LeliT 3a
ornepaTiuBHA TOTOBHOCT okou1o 2030 r.
® EDRS Global mosBomsBa wuHdOpManms, cbOpaHa OT

HUCKOOPOUTAIHU CITBTHHUIIM U OC3MUJIOTHHU JICTATCIIHH araparu, 1a
0be M3MpaIiaHa HaBCAKbAE MO 3eMsTa B KBa3upeanHo Bpeme. ToBa
ce ToCTHra 4Ype3 TpenaBaHe Ha HHOOpMANUATA MEXKIY
TeOCTallMOHAPHHUTE BB3JIHM 4Ype3 Ja3ep W TpenaBaHe HAAOIy KbM
3eMsATa.
https://www.esa.int/ESA_Multimedia/lmages/2016/02/Inter-
satellite_laser_links

! JlokyMeHTBT cHHXpOHHU3Upa hopmupaniata nei Ha Kocmudeckure
CHJIM M TEOpusTa 3a ycliexa — IMOJIXO0J, HACOYEeH KbM IOJIbpiKaHe
Ha KOCMHYECKO MPEBBH3XOJCTBO U MPEAOTBPATIBaHE HA KOHQIHUKTH
upe3 MIPOAKTHBHU u OTTOBOPHH OTIepaLlUH.
https://www.spaceforce.mil/News/Article-
Display/Article/4331082/space-force-releases-vector-2025/

8 Kocmuaeckute cumi paspabotnxa u m3cTpensixa ,,Silent Barker”
cpBMecTHO ¢ HarnonanHara pasysHaBaTesiHa ciiyx0a. Mucusta Ha
KOCMHYECKHSI KOpab € 10 roisMa CTemeH Kiacuduipana, HO
ciyxbara 3asBH, Y€ pOJATa My € Ja TpociensBa OOCKTH — U
MOTEHIIHATHO 3JIOHAMEPCHU JNCHHOCTH — B TCOCHHXPOHHA OpOHUTA,
Ha OKOJIO 35 000 KHJIOMETPa Haj 3emsrTa.
https://www.defensenews.com/space/2024/12/11/space-forces-first-
silent-barker-satellites-to-be-live-in-early-2025/

® Next-Gen OPIR e 4acT oT mO-TOIsIMa MHOTOOPOHTAIHA CTPATEr s
3a OCHUTYypsBaHE Ha BB3MOXKHOCTH 3a MPEOyNpeXIeHUE U
mpociesBaHe Ha pakeTd OT Kocmoca. Hapex c¢  gaBarta
reoopOuTanHM CHbBTHHKA, KocmuyeckuTe cuimm ca CKIIOYHIN
poroop ¢ Northrop Grumman 3a wu3rpaxkaaHeTo Ha [Ba
KOCMHYECKH arapaTa B MoJisipHa opOWTa Kato yacT oT Next-Gen-
OPIR. https://www.defensenews.com/space/2025/06/11/space-

NRO (National Reconnaissance Office) HPOBEXIa
COOCTBeHAa MapajieliHa TMporpaMa 3a CJIE/BAINO0 [OKOJCHHE
pa3y3HaBaTelIHU CaTelnTH, HezaBucuma oT Space Force. JlBere
CHCTeMH paboTAT B pexuM Ha ,tip-and-cue®: caremuture 3a
HaGJ’IIO,I[eHI/Ie HacCO4BaT pa3y3HaBaTCIIHUTEC KbM KOHKPETHU LCJIN.

3.2 Kuraii Haii-0bpP30 pa3sBUBaIIA Cce KOCMHYeCKa
pa3y3HaBaTeJHA CHJIA

Kurait nemoHcTpupa 3amreMeTsiBaIia CKOPOCT Ha pasrpbhlIaHe
Ha KOCMHYECKM pa3y3HaBaTelqHU crnocoOHoctH. Ilo oueHka Ha
opunmanen npexactasuten Ha Kocmuueckure cuimm Ha CAIL,
,,KHTaflCKOTO KOCMHMYECKO pa3BUTHE HAIMHUHABA OYAKBAHMATA U
HaOupa MHepLus .

Cepusi Slorann (Yaogan) 0 ¢ Boenna cepus ,,CaTeIUTH 3a
JIMCTaHIIMOHHO HaOoaeHne, oOXBamfama onThuueckd, SAR u
CUTHAJIHU pa3y3HaBaTEIHU anapaTu.

Kbm nexemBpu 2025 r. okono 80 ot 160 akTHBHH caTelUTH
Yaogan ca MOTBBPJCHU 3a W3BHPIIBAIIY ONEPATHBHA JICHHOCT;
Yaogan-45 e mosummoHupaH B cpenHa 3emHa op6ura (MEO) Ha
7,497 xm, T.e. 10 IBTH MO-BHCOKA OT CTaHAAPTHHUTE HAOIIOIATEITHI
CaTeNIUTH, C PA3IIHNPEHO NOKPHUTHE; Yaogan-47 ¢ U3CTPEIsH B Kpast
Ha 2025 r. ot pakera Long March 4B.

PexopnHo u3crpenBaHe oT kpas Ha 2025 r. Kurail usBbpiu
YEeTHPH M3CTpeNBaHus 3a 96 daca, JeMOHCTPHPAHKH CIIOCOOHOCT 3a
OBp30 pasrpbllaHe Ha HOBU anapaTy IPH KPU3UCHU CUTYaIINH.

SIGINT cnoco6noctu. MucturytsT [ISS my6imkysa feraitnen
JOKJIaN 3a KUTAHCKUTE pa3y3HaBaTEIHH CIOCOOHOCTH OT OpOuTa,
BKJIFOYUTETHO KOpabu 3a mpocieasBaHe Ha KOCMHYECKH armapaTtd U
paketu: Yuan Wang-3, -5, -6 u -7.

Jlazepun komyHukauum. KuTail ycTaHOBU CBETOBEH pEKOpP.I
ot 400 Gbit/s 3a npenaBaHe Ha JaHHH MKy CATCITHTH.

3.3 Pycusi — Tpancdopmanusi B ycJI0OBUSI HA CAHKIMHU

Pycus u3nbinu 17 kocMuuecku u3cTpejaBanus 3a 2025 r. —
CTa0WJIHO HHBO, IIOCTHTHATO 4Ype3 TPYNOBH H3CTPEIBAHMS.
Bernpekn HaTmcka OT 3amagHM  CaHKOWH, Pycus mommbpka
OTlepaTHBHA pa3y3HaBaTeIIHA KOHCTEAIMSL.

PyckuTe Malky caTeNuTH ca WACHTHOHIMPAHU KAaTO KIIFOYOBA
TexXHOJOrWYHa TeHaeHnws. [Iporpamure 3a /I33 ([ucraHummoHHO
3oHaupaHe Ha 3emsTa) ce pa3BuBaT B IOcoka: [pymnoBu
M3CTpENBaHUs 33 MOJUIbp)KaHE Ha OpOHWTalHA IUIBTHOCT IIpU
orpaHuyueHy pecypcu; J[BoitHa ynoTpeba 3a rpakJaHCKa U BOCHHA
¢yHKuMOHaNHOCT B emHM M cbmM  iatdopmu;  JlaszepHn
KOMYHHUKAI[MOHHU JIMHHM 32 MapalieTHO Pa3BHTHE C KUTaWCKU U
3amaHi CHCTEMH.

3.4 EBpona — HapacTBaia aBTOHOMHOCT

EBponeiickata Kocmuuecka Arenmusi (ESA) craprmpa
uHMIMarnBata European Resilience from Space (ERS)!!, karo

10 CepI/IHTa CaTeIIuTu ﬂOl‘aH, MU3BECTHA OLIC KaTO KHATaicKaTa cepust
,,I[I/ICTaHIII/IOHHO Ha6J'IIOZ[eHI/Ie“, Cca MU3KYCTBEHU CI'BbTHHUIIHU, KOHUTO
HU3I10JI13BaT TEXHOJIOI'UsA u oGopyABaHe 3a JAUCTAHIITUOHHO
HaOJIfOZIcHHe, 3a Ja HaOmogaBaT 3eMHATa IMOBBPXHOCT. Te3u
caTeNuTH, oOOpYIBaHM C KaMepu C BHCOKa PE3OJIIOIHMS U JAPYro
o0opyzaBaHe 3a MUCTaHLMOHHO HaOJIOJEHHE, MOTaT Ja MOoJydaBaT
I/I306pa)KeHI/ISI U JOaHHU C BHUCOKa pe30JIolust Ha 3€MHara
MOBBPXHOCT, TIPEIOCTABSIMKA BaXHH HWHOOPMALMOHHH YCIYTH
https://spacemapper-cn.translate.goog/zh-
cn/show/constellation/yaogan

n IIpennoxenara cucrema Ul€ HHTETpUpa JIUCTAHLIUOHHO
HaOmonenue, cBbp3aHocT, PNT (mosuumonHupaHe, HaBUTALMS U
BpEeMe), MOHUTOPHHI Ha CIEKThpa M CHCTEMH 3a HMHTEPHET Ha
Hellara, ¢ LeJI Ja C€ MNPEAOCTaBAT Ha HOT‘pe6I/IT€HI/ITe BB3MOXHO
Haﬁ-CHprHPITe, T'bBBKAaBHU U 6T>p3I/I BB3MOKHOCTU 3a pearupaHe.
https://www.esa.int/About_Us/Corporate_news/Europe turns _to sp

forces-first-next-gen-missile-warning-launch-pushed-to-2026/
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https://www.esa.int/ESA_Multimedia/Images/2016/02/Inter-satellite_laser_links
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TPUrOJMIIHA MpeTroaus KbM mo-mupoka ISR mporpama. Llenta e
HaMaJsiBaHE Ha 3aBUCUMOCTTa OT aMEpPHKAHCKM pPa3y3HaBaTEIHU
JaHHU.

Snoncko-6putaHckoTo chTpyanuyectBo Mexxay IHI u SSTL 3a
snoHcka ISR KoHcTenmanust € MOKasaTenHo 3a riobaiHara
TenaeHus: chro3HuimTe Ha CAILl Beue He pasyuTar eIMHCTBEHO
HA aMCpPHKAHCKH MaHHH, a HW3TrpaXIarT COOCTBEHH HE3aBUCHUMH
CIIOCOOHOCTH.

4. I/Iskycmeen UHmesiekm u aHanus Ha
pas3y3nasameiinu OaHHU

4.1 U kaTo MyJITHINIMKATOP HA MOLIHOCTH

VI3KyCTBEHHMSAT  WHTENCGKT € LCHTPAICH  CJIEMEHT  Ha
peBomOLMATA B KOCMHYECKOTO  pasy3HaBaHe. OCHOBHHUTE

TNPUIIOKCHHUS BKJIIOYBAT!:

ABTOMaTHYHA 00paGoTka Ha wu3o0paxenus (Automated
Image Analysis)*. MM cucremute Morar na: MmeHTn(uumpar
BOCHHH OOEKTH, MPEBO3HH CPEICTBA M CBOPBKCHHUS; 3acH4aT
NMPOMEHM MEXAY IOCICIOBAaTEeNHM CHUMKH 33  CCKYHIU;
Knacupumupar o0exT 1m0 TUO ¥ TOTCHOHWATHA 3aIulaxa;
IIporHosmpar ciexBamy JAEHCTBHA HAa OCHOBA Ha HCTOPHYECKH
MOJIETIH.

T'eonpoctpancTBen UM ananm3. Mscnenosatemn ot Stanford
ca pa3paboTHIM MOJENM 33 MAIIMHHO OOydeHue, OOyd4eHH Ha
CaTeNUTHH W300paXeHHs 3a WACHTU(HIMpaHe Ha Pa3BHBAIIU CE
IOKa3aTeNH, CKPUTH OT OQHIHATHATA CTATHCTHKA.

Kocmuueckn MU  acucrentn. [lazappT Ha Oasupanu B
kocmoca MU acucrentu e oueneH Ha 2.67 mupa. USD ¢ mporHosa
3a cuiteH pbet 1o 2030 1. UscnemoBarenu ot Stanford ca BHeOpmim
ManmHHO o0ydeHue B poootn Ha MKC 3a aBTOHOMHO IUIaHUpaHe.

Google 1 mamadupyema UU unppacTpykTypa B 0pouTAa.
Google Research myOnukyBa KOHIENIMS 32 MOAY/IHA CHCTEMa OT
B3aMOCBBP3aHH MAaJIKM caTennuT, Hocemn WM w3umcianTenHu
CIIOCOOHOCTH JMPEKTHO B opOura. Ta3u KOHIENUIHUS IO3BOJISBA
0o0paboTkaTa Ha ITaHHW Ja C€ WM3BBPIIM IMpeIu MpEelaBaHEeTO Ha
3emsra. ToBa € M3KITIOUUTEIHO TPEAUMCTBO 33 ONIEPATHBHOCT.

4.2 Myatu-nomeHex ISR u nHTerpanus Ha JaHHU

Kongepennusita 3a Obaemero ma Multi-Domain ISR 18
MOCTaBH BBIIPOCA 3a MHTETPAIMATa HA pa3y3HABATEJIHU JAHHU OT
KOCMOC, BB3IYX, Cylla, MOpe M KHOEpIpOCTPaHCTBO B €AWHHA
OTepaTHBHA KapTHHA.

OcHoBHuTe TexHojoruuuu momxomu: Fusion Intelligence — 3a
obemuusBane Ha GEOINT, SIGINT, HUMINT B enunna
mwiatpopma; Predictive Analytics — 3a TpPOTHO3HHM MOJENH 3a
JelicTBUsI Ha POTHBHUKA; Real-time Processing — 3a o6paboTka Ha
JaHHK B peanHo BpeMe Oe3 3abaBsiHe mpu mpepaBaHero; Federated
Learning — VI mozenu, o0yyaBaHH Ha pasmpeielicHH JaHHU 0e3
LEHTpAIN3UpaHe Ha YyBCTBUTENIHA HH(POpMALIHSL.

12 ABrOMaTH3MpaH aHANMM3 Ha W30GDPAKCHHS.
peleHue 3a BB3IIPOH3BOTUMH
https://www.arivis.cloud/home/

= Hoxaro tpamuiumonHute ISR cucremu pasuuTar mpeaMMHO Ha
PBUYHO yNpaBieHHE U CTaTUYHM KaHaiu 3a JaHHU, VISIONAIRY®
ISR ocurypsBa aBTOHOMHO CBOMpaHe Ha pa3y3HaBaTeIHa
nHpoOpMaIMsd B pearHO BpeMe ¢ MHHHMAJIHA YOBEIIKa HaMeca.
AKTHBUTE MOTAaT HE3aBHCHMO Jda OTKpPHBAaT, KIACHQHUIMPAT H
mpociensBaT O0EKTH OT HWHTEpeC BBB BB3JIyXa, Ha CyllaTa U B
Mmopero. Toil ocurypsiBa cTaOWIHM, aZaNTUBHU BB3MOXHOCTU 3a
pasy3HaBaHe, J0opu B ycioBus Ha junca Ha GPS, orpannuena
KOMyHUKalst win BpaxaeOHa cpema. VISIONAIRY® ISR
OCUTYpsiBA HENPEeKbCHAT MOTOK OT uH(popMauus, mHomoOpsBa
CKOPOCTTa Ha B3e€MaHE Ha pEUIeHHs M IPEJOoCTaBs Maabupyemo
pa3y3HaBaHe TamM, KBJIETO e Hali-Ba)XKHO.
https://www.spleenlab.ai/defense-isr

Mamabupyemo
pe3ynTaru.,
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4.3 TeproBeko-oTopannTenna Konseprenuuns™

Enun ot wmouoBute Tpenma 3a 2026 r. e cOJMIKABAHETO
MeKIY TbhProBCKHS M OTOPAHMTEJHHSI KOCMHYECKH CEKTOop.
Kommnanuu xaro Planet Labs, Maxar, BlackSky u Umbra npenmarar
TBPTOBCKH CaTEJINTHH H300paKeHUsI C BOEHHA IPUIOKHUMOCT:
Planet Labs mpenocraBs eXeJHEBHM CHHMKH Ha IpDIaTa 3eMs;
Umbra mnpemmara SAR wu3o0paxenus ¢ <25 cm pe30rOLHs;
Teprosckun GEOINT paHHu Beue ce HMHTErpUpaT IUPEKTHO B
BOEHHHU CHCTEMH

5. Hoeume maxmuku u onepamuenu nooxoou
5.1,,Tip-and-Cue* *° - MHorocTemenHo pasy3HaBaHe

CBbBpEeMECHHUSAT TIOIXOJ 3aMecTBa MOHOJIUTHUTE
pa3y3HaBaTelnHU IUIaTOPMU C MHOTOCTEIIEHHa apXuTekrypa: Tier
1- (IlImpoxooOXBaTHH CEH30pPH) — MHOXKECTBAa OT MAJIKU CATEIUTH
OCHUTYpsBaT INOCTOSHHO TJIOOATHO TOKPHUTHE, 3aCHYaT aHOMAJHH;
Tier 2 - (HacouBaHe) — cpeHH 1aTGOPMHU MOTydaBar ,,CHIHAI OT
Tier 1 n HacoyBaT BHHMaHHETO KbM KOHKpeTHH 30HHW; Tier 3
(MetaiinHo n300pa3siBaHe) — BUCOKOKAYECCTBCHH pa3y3HABATCIIHU
carenmut (NRO kiac) ocurypsiBat [eTailHM CHUMKHM Ha Bede
nreHtuduypanuTe o0ekTH. VMIMEHHO Ta3W apXUTEKTypa ONHUCBa
B3anmozeticreueto mexny SILENTBARKER u NRO.

5.2 Pa3npejesieHa yCTOHYHBOCT

Tpaguunonnute ,exquisite satellites“ ca ckbmm, yHUKaTHH
wiathopmu, HO ca ys3eumu. HoBaTa noktprHa npeanodnta: ['omsm
Opoif MalK{ caTelMTH BMECTO eIMHHYHA CKbOa MiIaTdopma;
Pasnpesenienrt  ()YHKIMM, BCEKH CATENHT W3IIBIHSIBA YacT OT
mucusra, On-orbit servicing, ¢ opGuranHo oO6cCiIyKBaHe 3a
yIb/DKaBaHe Ha KMBOTa Ha ruiardopmure; Rapid reconstitution 3a
0Bp30 MOMBJIBAHE MPH 3ary0a Ha arapaTH.

5.3 IIpoakTuBHO Kocmuuecko Io3nuuonupane

Kuraiickusar Yaogan-45, nosunmionnpan Ha HetunmaHa MEO
opbura ot 7,497 kM., € mpHMep 3a HOB TaKTHYECKA MOIXOI:
MOCTaBsIHE Ha pa3y3HaBaTENHH arapaTd Ha HECTaHIAPTHH OpOUTH
32 paslIUPEHO IOKPHTHE WIM  3aTPYAHEHO 3acHYaHe W
HpoCIeAsBaHe.

6. Aunanuz u npoZHO3UpaHe 6bv3 OCHOBa Ha
KocmuvecKkomo pa3y3Haeane

6.1 GEOINT-6a3upaHo cTpaTern4ecko mpeaynpeskieHue

GEOINT (Geospatial Intelligence) e mpeBspramo ce B
OCHOBEH MHCTPYMEHT 3a CTPATCTUYCCKO MPEAYIIPEKIACHUEC.

KnrouoBr aHAIMTHYHH CHOCOOHOCTH: 3acHyaHe Ha BOEHHU
HATPYIBaHUS — OpOCHE Ha BOCHHA TEXHHKA, OLICHKA HA JIOTHCTUYHH
noroy; MOHHMTOPUHT Ha SAPEHH CHOPHKEHUS — 3acHYaHe Ha
npoMeHH B HWHpacTpykTypara; MKoHOMHYecKa pas3y3HaBaTellHa
NEHHOCT — aHAJM3 Ha TNPHUCTAaHWIIHA AKTUBHOCT, MPOMHILICHO
MPOM3BOACTBO; XYMaHUTAPHU KpPU3HU paHHO 3acH4YaHe Ha
0CKAHCKHU IBHOKECHHS U pa3pyIICHHS.

6.2 llect ka04yoBu mporuocTuunu Tpena (2026-2035)

U aBToHOMHUs B opouTa. [IporHosupa ce, ue g0 2030 r.
3HAYUTENIHA YacT OT pasy3HaBaTEIHHUTE CATENUTH e 00paboTBaT

1* Commercial-Defense Convergence

% C nocrosuHo HapacTBamms Gpoit CIBTHHIM 3a HaGMIOAEHHE HA
3emsra (EO), ceHsopn u yecToTa Ha IOBTOPHUTE MM IOCEIICHHUS,
crpaterusra ,tip and cue 3a mpocieasBaHe M HaONIOJCHHE Ha
OBp30 IBIXKELM ce O0eKTH HpuaoOuBa Bce MO-TOJISIM HMHTEpec.
KomOunamusTa oT Z0MbIBAIIU CEe PE30TIOLUHN HA H300paKEHUETO U
CHIIeKTPAJIHM JICHTH T103BOJsABA PEHTAOMIHO M e(EeKTUBHO
uieHTHdUIMpaHe U IpocieasBane Ha ObP30 IBIDKEIIN ce 00eKTH,
nopu Ha rosemu roromm. https://www.iceye.com/blog/tip-and-cue-
technique-for-efficient-near-real-time-satellite-monitoring-of-

moving-objects



https://www.arivis.cloud/home/
https://www.spleenlab.ai/defense-isr
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https://www.iceye.com/blog/tip-and-cue-technique-for-efficient-near-real-time-satellite-monitoring-of-moving-objects
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JTaHHU aBTOHOMHO B opOuTa, 0e3 1a u3mpamar CypoBUTE JaHHU Ha
3emara. ToBa 1ie HamMalaM C MOPAABLM JIATEHTHOCTTA Ha
pa3y3HaBaTEIHMUS LUKBII.

KBantoBu cen3opu. KBaHTOBUTE IpaBUTAllMOHHU U MarHUTHU
CeH30pH OT opOuTa IIe I03BOJAT 3acHYaHe Ha IIOJBOIHU
CHOPBKEHHUS, ITOJ[3eMHH OYHKEpHU M TYHEIH — 00SKTH, HeBUANMH 32
eJIEKTPOMArHUTHH CEH30PH.

Xunep3ByKOBH MOOMJIHHU 1eJIU. Pa3BUTHETO HA XUIIEP3BYKOBU
opbxkust oT Pycust u Kuraii me noBese 10 peBOMIOLUS B CHCTEMUTE
3a mpocnensBane. Next Gen OPIR e nmupexTeH OoTroBop Ha Tasu
3ariaxa.

Jemoxpatuzauuss Ha GEOINT. Tsprosckara HaJMYHOCT Ha
CAaTEeJUTHH CHUMKHM C BHCOKa PE3OJIOLMS pa3MHBa MOHOIIONA Ha
MpaBHUTENCTBaTa BBPXY pasy3HaBaTeNHH NaHHH. JKypHammcrH,
HIIO-ta n akageMHWYHH H3CIEIOBAaTeNIl BeYe HMAaT IOCTBII IO
JTaHHHM, pe3epBUPAHU caMo 3a pa3y3HaBaHeTo npean 10 roguHw.

Kocmuuecko npoTuBoAeiicTBHE (Counter-Space).
Kuraiickute cTOTHIM pa3y3HaBAaTeNHM CATEIUTH IPHUHYKAABAT
Space Force pma mpemumHEe KbM OQaH3MBHH KOCMHYECKH
cnocobHoctu. ToBa BKIIOYBA HACOYEHH CHEPIHUHH OPBXKUSA,
KUHETHYHN TIPOTHBOCATENIUTHH PAaKeTH M KuOepaTakd Cperry
KOCMHYECKH CHCTEMH.

Chblo3Hnyecka aBToHOMHOCT. Cpro3unure Ha CAILl, Espona,
SlmoHnss W ABcTpanmus, axkTUBHO M3rpaxaar coOctBeHn ISR
IPYNHMPOBaHUs, THH KaTo Beue HE MOTaT Jja pa3yuTaT eANHCTBEHO
Ha aMEPUKAHCKHU JaHHU.

6.3 'eonoIMTHYECKU NPUJIOKEHUS

AHanmu3aTopuTe IpeayNpekAaBaT, dYe pasMupsBamaTa ce
KHTaliCKa caTeNIMTHa MpeXa ITpecTaBisiBa ,IJaBHAa 3aljiaxa 3a
riaod0ajqHaTa CHIYPHOCT®, He caMO IIOpaJu pa3y3HaBaTEIHUTE
CrIocOOHOCTH, HO M MOpaJy MOTEHLHalla 32 Haco4BaHe (targeting)
Ha aMEepUKaHCKU BOGEHHOMOPCKHU U Ha3eMHH CHJIU B PEAJIHO BpeMe.

CatenuTHUTE W300paKEHHsl Bede WrpasT KIIOYOBa pOJsS B
pa3KpMBAHETO Ha KHTAHCKOTO BOEHHO CTPOMTEJICTBO B
IO:xHokuTalicko Mope n Tuxusi oxkean. AHaIH3KUTE HA OTBOPEHU
m3rounnnu (OSINT) penoBHO pa3KpuBaT MPOMEHH B Oa3HPaHETO
Ha CaMOJICTOHOCAYH, CTPOWTEJCTBO HAa pPAKETHH TMO3ULIUHM U
JBIKEHHE Ha BOGHHOMOPCKH CHIIH.

7. Bnokueitn 6 Kocmuueckomo pazysnaeamne

KocmuueckoTo pa3sy3HaBaHe reHepupa JIaHHA B
OesmpenesieHTeH Mamad OT  CTOTHUIHM — CATeNUTH,  XWIATH
M300paXKEeHUS HA Yac, CUTHAIM OT MHOXECTBO CECH30PH, MpeIaBaHu
MO TJOOATHU MPEXKH C MHOXKECTBO YYACTHHUIM. KpuUTHIHUAT
BBIIPOC HE € caMo ,Kak Ja chOepeM [aHHUTE, a ,KaK Ja
rapaHTI/lpame, Y€ JaHHUTEC Ca UCTHUHHU, HeﬂpOMeHeHI/I u ﬂOBepeHH“.

HMmenno TYK OJIOKUEHH TEXHOJIOTHSATA C€ SBIBA HE KaTo
MOA€pHa MPpUCTaBKa, a KATO OCHOBCH apXUTECKTYPEH OTTOBOP Ha TPHU
CbIIECTBCHU YA3BUMOCTHU:

Manunyaanus Ha JaHHA: [IpOTHBHUKBT MOXKE 1a HHXKEKTHpPA
GdanmuuBH  caTeNMTHH H300paxeHUs WM Ja  Moauduuupa
NpefaJIeHH JaHHH B TPAH3MTA.

IlenTpanu3npaHa To4Yka Ha oTka3: ExuHHarta koMaHJHa
UHOPACTPYKTypa € ysA3BMMa Ha KHOepaTakH, 3ariyllaBaHe WU
(bHU3MUECKO yHUIIOKABAHE.

JloBepue npu MHOTOCTPAHHO cmojaeisiHe: [Ipy KOATUIIHOHHA
olepaniy HUKOS HAIlMs HE jKellae eUHHA CTpaHa Ja KOHTPOJIUpa
Bepu(UKannoHHaTa HHYPACTPYKTYpa.

Ki1iouoBM TeXHHYeCKH MeXaHU3MHU Ha 0J10k4eiin B ISR

|

HenzmensiemocT 1 kpunrorpagcka Bepupurkanus

bnokuelin  opraHu3upa 3anucUTeé B KPHNTOrpacku
CBbp3aHM 0JIOKOBe, KaTO BCEKM HOB OJIOK ChIbpXKa Xell Ha
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npenxonuus. [IpomMsiHaTa Ha €AMH 3alKC MPaBH HEBAJIMIHA LisIaTa
crenBaiia Bepura, ¢ Koeto dammuudukanusaTa € MareMaTHUecKH
noKazyema. B KOHTeKcTa Ha KOCMHYECKOTO pa3y3HaBaHE TOBa
03HayaBa, 4e BCAKO caTeNUTHO n3ooOpaxenue, Bceku SIGINT 3anwc,
BCSAKA TEJICMETPUYHA TOYKA TONydaBa NHUGPOB OTHEYATBK MPHU
TEeHEePHUPAHETO, T.€. MUPCKTHO Ha OopJa Ha caTelWTa M BCsKa
mocJieBania MpoMsHa MOKE BEJJHAra Jia ce 3aceye.

IIpocTpancTBeH MHAEKC U BepuUKALNA HA T€0OJaHHI

Cucremata OIOKYEeHH ce M3BeXAa KaTO HAYMH  3a
NPOCTPAHCTBCHAa BepudUKalMsi Ha JaHHA OT JMCTaHIMOHHO
HaOmoneHue.  MeToasT — JMHEAapu3Mpa  IPOCTPAHCTBEHATA
uHpOpMaIMd Ha U300paKeHHATa M S BIOUCBA B OJOKYEHH
CTpyKTypa, mo3BoisBaiiku: Kpunrorpadcka mnpoBepka Ha
reorpadcka TOYHOCT; JlOKa3aTeNCTBO 3a HEM3MEHEHOCT Ha
koopauHature,  OnutmpyemMa — Bepura ~ Ha  JOCTBI 10

TE€OIpPOCTPAHCTBCHUTE JaHHU.

= JlemeHTpaIu3HpaHa CUIypHa o0pa0oTka HA MACHMBHM OT
AaHHH

brokyeiiH mpeanara CUTypHH M JICHEHTPAIM3UPAHU CTPATErUH
3a 00paboTKa Ha KOCMHYECKU PECypCcH OT ITaHHU. Bepudunupanure
JMCTaHIMOHHHU JIaHHM MOraT Jia ce 00paboTBaT Ha pasnpelencHu
BB3JM 0e3 LIeHTpaIu3UpaHa TOYKa Ha ysS3BUMOCT.

" KOHerTHI/I NMPUJIOKEHUA B KOCMUYECKOTO pady3HaBaHe

1. Bepuduxkanus Ha aBTCHTUYHOCTTA Ha U300paXKCHUS B epara
Ha quinIeiKoRBe.

Epara na UM-renepupany Meauu NOCTaBs Mpe] pa3y3HaBaHETO
eK3UCTEHIMANICH POOJIeM: KaK Ja ce JOKaxe, 9e JaJeHO CAaTeITUTHO
n300paKeHNE € aBTCHTHYHO U HE € MAaHUITYJINPAHO WM T€HEPUPAHO
H3KYCTBEHO?

bnokyeliH ocurypsiBa IbjJHa Bepura Ha IPOU3XOA 3a BCEKU
pa3y3HaBaTeleH MeJUeH aKTHB: 3allcBa METaJaHHUTE B MOMEHTa
Ha 3acHeMaHe; Besika mociezaBaiia o0paboTKa M aHaIU3 ce BIIUCBA B
Heu3MeHsieMus: peructep; WM Monmenm 3a  3acuuaHe Ha
Iuin(eikoBe PETHCTPUpPAT CBOUTE pE3YNTaTd W BEpCUs B
OmokueitHa; KpaitHusaT mnotpeduTen Moke KpuUOTOrpadcKu na
MPOBEPH ISIaTa HCTOPHS Ha H300paKeHUETO.

2. CurypHO MHOTOHAIIMOHAITHO CIOJEISIHE Ha pa3y3HaBaTEIHHU
JTaHHH

B HATO ¥ KOaIMUIMOHHM OINEpaluu CHOACISHETO Ha
pa3y3HaBaTelHH JaHHH € TPAJAUIMOHHO (PUKIHUOHEH MPOIeC —
BCAKA HAIUsl Cce CTpaxyBa OT 3aryba Ha KOHTPOJ BBPXY
YYBCTBUTENHM JaHHW. bIOK4YeH mpemiara peBONIOMHUOHHO
pelenue.

NATO nyomukamus (STO-MP-IST-209) npencraes Proof of
Authority (PoA) 6a3upaHa OIOKYEHH apXHTEKTypa CHENHAIHO 3a
BOCHHH Koanuuuu. PoA e uieanen u300p 3a BOGHHU MPUIIOKEHHMS,
Thil kato: CamoO mNpeaBapUTENHO aBTOPU3MPAHU BB3IM (HALMH,
areHIlM) ydJacTBaT B KOHCeHcyca; Hsma Hyxna oT eauHHA
KOHTpOJMpalma crpaHa; Bcska Haumst BIKIa caMO JaHHHUTE, 10
KOUTO HMMa paspemieHue; Llsmara akTHBHOCT € oOuTHpyeMa H
IpoCIIeuMa.

briokueitH e ompesenieH Kato MHCTPYMEHT 3a KMOEPCHI'YpHOCT
BbB (elepupaHd MpEXH M € OCHOBOIOJOXHHK 3a 3all[UTa Ha
aKTHBHU U OIIEPALIMOHHHS MHTETPUTET B MHOTOHAIIMOHAIIHA BOCHHH
KOH(JIUKTHH 30HHU.

3. 3amura Ha caTesuTHAa KOMyHUKatus otT Crry¢uHr

AHanu3MpaHd ca JUPEKTHOTO IPUIIOKEHHE Ha OJIOKYEeHH B
KOCMHYECKOTO HAOIIOJEHHE U BOCHHHUTE ONEpaluH: TEXHOJIOTUsTa
ocUrypsiBa Bepu(UKaIys Ha CATeIUTHA KOMYHHKAIIMH, 3HAYUTEITHO
HaMaJsBalikyu puckoBere oT GPS u curnanen crryusr.

VYMHUTE 10rOBOpU aBTOMATU3UPAT MPOTOKOJIUTE 32 CUTYPHOCT
U TapaHTHPaT, Y€ caMO OTOPU3MPAHH CyOEKTH MOTaT J1a KOMaHJBaT
CaTeTMTHYU CUCTEMH WM Ja MOAUGHLUPAT ONEPATUBHU NapaMeTpH.
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Besika KOMaHZa KbM CaTelIMT CE 3allicBa HEU3MEHSAEMO, KaTo
HEYI'bJIHOMOIIICHA KOMaHJa € KPUNTOrpa)ckM HEBH3MOXHA 3a
U3IIbIIHEHHE.

4. Bepml)mcaunﬂ Ha BepurarTra Ha 10CTaBKHTE Ha CaTeJIUTHH
KOMIIOHCHTH

Bbiokueiin, romemure naHHM U TeHepatuBeH MM Beue ce
M3MO0JI3BAT 3a NpOClesiBaHe Ha BOGHHA IOMOI U JIOTUCTHKA. B
KOCMHYECKOTO pa3y3HaBaHe TOBa € OT KPUTHYHO 3HAYEHHUE:
CaTeIUTHUTE KOMIIOHEHTH MOTraT 1Ja ObJaT KOMIIPOMETHPAaHH Ha
HUBO XapAyep, ako He ChUIECTBYBAa BepH(HIUpaHa Bepura Ha
MPOM3XOI.

Brnokueiin npocnensBa Bcekn KOMIOHEHT OT IPOU3BOAUTENS 10
UHTETpalusTa B caTeluTa M Ch3AaBa LU(PPOBUAT MACHOpPT Ha
KOMIIOHEHTa [IpaBU HEBB3MOXKHO HHCTaJIUPaHETO Ha
KOMIIPOMETHpaH Xapayep 0e3 3acuyane.

5. ABTOHOMHH pelleHHus1 U KOOPAMHALUS

IIpu  koHcTenamMu  OT  CTOTHMLM  MaJKH  CaTeJIUTU
LEHTPAIM3UPAHOTO KOMAHJBaHE € IPAKTHUECKH HEBB3MOXKHO.
brokueliH u cMapT KOHTpakTHTE€ MO3BOJSBAT aBTOHOMHA
xoopauHanust: Carenut A 3acuda Iell U aBTOMAaTHYHO 3afeiicTBa
CMapT KOHTpakT 3a mpeHacouyBaHe Ha Caremut b; Ycnousta 3a
JNEeHCTBHE ca IPEOBAPUTEIHO KOAWUPAHW U  KpUNTOrpadCcku
Bepuduimpany; HuKoi oTaeneH caTeauT WM Ha3eMHA CTaHIHS HE
MO2K€ J1a HapyILIH IPOTOKOJIa

brnoxueliH Bepugukanus Ha JAaHHA OT JWCTAHIMOHHO
HaOJroIeHNEe TOKa3Ba, Y€ MHTETPUPAHETO Ha OJIOKYEHH ¢ 00JayHO
ChXPAHCHHE M CUCTEMHM 3a M3BJIMYaHE Ha JaHHU OT JUCTaHIMOHHO
HaOJIOIeHNEe M3rpakaa MpOBEpHUMa cpela, KOsATO € HeoOxoaumara
ApXHUTEKTYpa 3a QBTOHOMHHM IPYIHPAHUS.

3. 3aknrouenue

Kocmuueckoro pa3y3HaBaHE npeThpIIsABa YETUPUKpATHA
peBOJIIOMA: TEXHOJIOTMYHA, ApXUTCKTypHaA TIrpYyNUpaHuss BMECTO
C€IMHUYHU anapaT, TbProBCKa U IreOnoJIUTHICCKA.

Kurait e onpenenen karto Hail-IMHAMUYHO pa3BUBALUS C€
YYacCTHHK, C HECTaHJapTHH OpPOWTATHH TO3WIMH, PEKOPAHH
Ja3epHU KOMYHHKAIIN U CTIOCOOHOCT 32 MaCOBH M3CTPEIBAHMS TIPH
KpH3H.

CALLl momabpkaT TEXHOJOTHYHO IMPEBB3XOJCTBO, HO TO CE
crecusBa. OtroBopsT € MILNET, Next Gen OPIR u npexon kM
M0-€BTUHH Pa3IpeIeIeHH apXUTEKTYPH.

Pycust mommbpka OHEpaTHMBHH  CIIOCOOHOCTH,  BBIPEKH
CaHKLMHTE, Ype3 IPYNOBH W3CTPENBAaHMS M JBOHHA ymotpeba Ha
1aTHOPMH.

KirouoBara TEXHOJIOTHs Ha cleBamoTo aecerunerne ¢ NUN-
0a3upaHaTa aBTOHOMHA 00pa0oTKa B opOuTa. Ts 1mIe ompenenu Kos
CTpaHa MOXKE Jla pearupa Ha 3aIlulaXxy B pPaMKHTE Ha MUHYTH, a HE
4acoBe.

Baokueiin TEXHOJOIrusiTa HE (5] aJiITepHaTuBa Ha

CBIECTBYBAI[UTE CHCTEMH 3a KOCMHYECKO pa3y3HaBaHe, T €
JIOBEpHUTEITHAa MHMPACTPYKTYpa, BHPXY KOSTO TE3M CUCTEMH MOTaT
Ja  omepupar

npotuBoaeiicteue. Forbes dopmynupa cTpaTterndeckus IMIepaTHB

HaaCXIHO B ycioBusTa Ha AaKTHBHaA
JUpEKTHO: ,,Cle1BallioTo BOEHHO MPEIUMCTBO HsIMa Ja JAoiae oT
M0-TOJIEMH KOpalH, TO-CTENT CaMOJIeTH WM MOo-0bp3u pakeTn. To
e Joiie oT mo-Obp3u peureHus, a Obp3UTe PEelIeHHs M3HUCKBAT
JloBepeHu  naHHM.  biokuellH  ocurypsiBa  TOYHO  TOBa:
MaTeMaTHYeCKH JOKa3yeMa JOCTOBEPHOCT Ha DPasy3HaBaTEIHUTE
JaHHM, OT MOMEHTa Ha 3acHEMaHe J0 MOMEHTa Ha B3eMaHe Ha
peIIeHNEe U JIOPU B YCIOBHS HAa aKTUBHHM KHOEpaTakH, €JIE€KTPOHHO

3ariynraBaHe U MHOTOHAIIMOHANHU onepanuy 0e3 eJUHEH JOBEpeH
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apOUTBp B TIpOLECH W  €Talld OT  YINPaBJICHUETO Ha
KOHTpapa3y3HaBaHETO.
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Multimodal data fusion in the transition Health 4.0 to Health 5.0

Ninoslav Marina and Magdalena Punceva

The transition from Health 4.0 to Health 5.0 represents a fundamental reorientation of digital healthcare—from a technology-centric,
efficiency-driven paradigm to one centered on human flourishing, resilience, and sustainability. While Health 4.0 successfully deployed
cyber-physical systems (CPS), the Internet of Things (loT), big data analytics, and artificial intelligence (Al) to create interconnected and
data-rich environments, its approach to data integration has proven insufficient for the complex demands of modern healthcare. Specifically,
Health 4.0 has largely relied on centralized, siloed, and unimodal data processing strategies that prioritize volume and velocity over context,
meaning, and shared decision-making. This paper argues that multimodal data fusion, the systematic integration of heterogeneous data
sources including physiological signals, medical imaging, genomic profiles, electronic health records (EHRS), wearable sensor streams,
environmental data, and patient-reported experience, serves as a critical technical and ethical bridge in the transition from Health 4.0 to
Health 5.0.

In the Health 4.0 paradigm, data fusion has been predominantly technical. Architectures are centralized, with data streams aggregated into
monolithic repositories for batch processing or real-time analytics. Fusion occurs at the data or feature level, often without transparency or
interpretability. The primary goals are diagnostic accuracy, anomaly detection, and operational efficiency. For example, a Health 4.0 system
might fuse vital signs from wearables with laboratory results to trigger an automated alert for sepsis. While clinically useful, such systems
suffer from critical limitations: they cannot explain why a fusion decision was made, they do not incorporate patient values or preferences,
they lack resilience when one data stream fails, and they treat the patient as a passive data source rather than an active participant.

Health 5.0 fundamentally reframes the purpose and process of multimodal data fusion. Drawing on the three intellectual traditions of
Sociotechnical Systems Theory, Value-Sensitive Design, and Resilience Engineering, Health 5.0 envisions data fusion as a human-centric,
transparent, and adaptive process. The guiding question shifts from "What patterns can we extract?" to "What should we enable for patients
and providers together?" In this paradigm, data fusion operates at multiple levels—data, feature, decision, and value—integrating not only
clinical measurements but also patient goals, cultural contexts, and clinician expertise. Multimodal fusion becomes a collaborative act rather
than a purely algorithmic one.

Several key differences distinguish Health 4.0 from Health 5.0 approaches to multimodal data fusion. First, regarding data sources, Health
4.0 prioritizes quantifiable, objective signals (e.g., lab values, imaging pixels, vital signs), while Health 5.0 equally values subjective and
qualitative data (e.g., patient narratives, pain descriptions, quality-of-life assessments, and shared decision-making preferences). Second,
concerning fusion architecture, Health 4.0 relies on centralized, often black-box models (e.g., deep neural networks that fuse modalities
without interpretability), whereas Health 5.0 adopts federated, patient-controlled architectures where data remains distributed, and fusion
occurs through Explainable Artificial Intelligence (XAI) and collaborative algorithms. Third, regarding temporality, Health 4.0 focuses on
real-time or retrospective fusion for immediate action or population analytics, while Health 5.0 emphasizes longitudinal, adaptive fusion that
learns from individual trajectories and adapts to shocks (e.g., sudden illness, supply chain disruptions, or pandemics). Fourth, in terms of
decision locus, Health 4.0 fuses data to generate algorithmic recommendations that clinicians may override. In contrast, Health 5.0 fuses data
to support shared deliberation among clinicians, patients, and Al systems, preserving human judgment as the final arbiter.

The enabling technologies for Health 5.0 require substantial redesign to support this new vision of multimodal fusion. Explainable Al (XAl)
becomes essential, allowing clinicians to ask "why did this fusion produce that conclusion?" and trace contributions from each modality.
Federated learning with patient-controlled governance enables multimodal fusion without centralized data collection, preserving privacy and
autonomy. Context-aware 10T sensing ensures that data fusion occurs only when meaningful—for example, alerting only when physiological
changes combined with patient-reported distress exceed a personalized threshold. Collaborative digital twins simulate trade-offs across fused
modalities, showing a patient how different treatment choices might affect not only clinical outcomes but also quality of life, financial
burden, and family impact. Finally, patient-controlled data wallets using blockchain technology allow individuals to grant and revoke
consent for which modalities are fused and for what purposes, transforming the patient from a data source into an active co-designer of their
own information ecosystem.

The transition from Health 4.0 to Health 5.0 in multimodal data fusion faces significant challenges. Technical barriers include the lack of
standardized ontologies for subjective health data, the difficulty of fusing sparse or irregularly sampled patient-reported outcomes with dense
physiological streams, and the computational overhead of explainable fusion models. Ethical and regulatory barriers include ambiguous
consent frameworks for dynamic data fusion, liability questions when fused information leads to harm, and the risk of algorithmic bias being
amplified through multimodal integration. Workforce readiness remains a concern: clinicians must be trained to interrogate fusion outputs,
and data scientists must learn value-sensitive design. Digital exclusion threatens to leave behind populations without access to wearable
devices or high-bandwidth connectivity, potentially widening health inequities.

A priority research agenda emerges from these challenges. We need various metrics for human-centric fusion that evaluate not only accuracy
but also explainability, patient satisfaction, clinician trust, and resilience under data loss. Governance models must be developed that balance
patient control with public health needs, enabling dynamic consent and auditable fusion pipelines. Equity-focused design should ensure that
multimodal fusion does not exacerbate bias; this requires diverse training datasets, fairness constraints, and community engagement.
Implementation science is needed to understand how fusion systems transition from research settings into clinical workflows without
increasing cognitive burden or displacing human connection.

Multimodal data fusion is not merely a technical subtask within Health 5.0 but rather a lens through which the entire paradigm shift can be
understood. Health 4.0 fused data to optimize efficiency. Health 5.0 fuses data to enable human flourishing. The former asks "What can we
predict?" while the latter asks "What should we enable together?" The successful transition requires simultaneous innovation across Al,
ethics, regulation, and clinical training. Failure to reimagine data fusion risks perpetuating brittle, dehumanizing systems that treat patients as
data sources rather than partners. Success, however, offers a future where multimodal fusion empowers clinicians and patients alike—where
technology faithfully serves human judgment, adapts gracefully to shocks, and amplifies the best of compassionate care. The central question
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moving forward is no longer "How much data can we fuse?" but rather "How can fused data help this patient and this provider make a better
decision, together?"

Health 5.0 represents the evolutionary leap from reactive, hospital-centric care to a proactive, data-driven, and human-centric ecosystem. It
also enables so-called precision medicine, which provides the technological engine—using multi-omics, Al, and real-time monitoring to
decode individual variability in disease. Precision medicine, also known as personalized or individualized medicine, is an innovative
approach that moves beyond the traditional “one-size-fits-all” model of healthcare. Instead of applying the same treatment to all patients,
precision medicine uses information about a person’s genes, environment, and lifestyle to guide medical decisions, aiming to predict which
prevention strategies and therapies will be most effective for specific individuals or groups of people. Precision medicine follows the 4P
model (Predictive, Preventive, Personalized, Participatory). Predictive analytics from precision medicine identify risk before symptoms arise.
Preventive interventions are tailored to each patient’s unique genomic and environmental profile. Personalized treatments replace the one-
size-fits-all approach, maximizing efficacy and minimizing side effects. Participatory care empowers patients as active partners, leveraging
digital tools for shared decision-making. Together, Health 5.0, precision medicine, and the 4P framework converge into a seamless,
continuous loop: data from participatory individuals fuels predictive models, which enable precise prevention and personalization. The
outcome is a resilient, equitable, and sustainable health system that treats not just the disease, but the person in their full biological and social
context. That enables active and healthy ageing with a longer healthspan.
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