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METHODOLOGY FOR ASSESSING THE CONDITION OF POWER PLANT 
UNITS USING DIGITAL TWIN MODELS

Purpose. Increasing the level of diagnostics of the technical condition of nuclear power plant power units by im-
proving the methodology for continuous monitoring and forecasting the residual resource of technological equip-
ment using digital twin models built on the basis of fractal-cluster analysis methods.

Methodology. The following methods were used in the research process: fractal-cluster (for clustering data from 
sensors monitoring technological parameters); system-structural approach (for building a control system: power 
plant, power unit, technological process parameters); simulation modeling (for modeling digital twins based on graph 
structures and hierarchical data models).

Findings. An improved method of continuous monitoring, control, diagnostics, assessment and forecasting of the 
state of the residual resource of technological equipment of power units of nuclear power plants using digital twin 
models is proposed. The value of the integrated index of quantitative assessment of the technical condition and the 
time of achieving the loss of functional suitability of the technological equipment of the power unit of the nuclear 
power plant are taken into account.

Originality. Unlike traditional methods for assessing the condition of a nuclear power plant unit, the proposed 
method assesses the condition of the technological equipment of the power units using digital twin models. It allows 
taking into account the multilevel and nonlinear nature of the degradation process and the reduction of the residual 
resource of the equipment. A system of criteria and indicators of the integrated technical condition index based on 
fractal and time characteristics has been formed. This allows for prompt (in real time) response to early manifestations 
of defects and the increased accuracy of long-term forecasting of the resource of the technological equipment of the 
nuclear power plant unit.

Practical value. The proposed method of continuous monitoring of the state of technological equipment of nuclear 
power plant power units using digital twin models ensures timely detection of defects. It increases reliability and safety, 
optimizes maintenance schedules and reduces the time for diagnosing emergency risks. This approach can become the 
basis for creating intelligent systems for continuous monitoring and life cycle management of power equipment.
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Introduction. Nuclear energy occupies a leading po-
sition among modern sources of electricity generation, 
ensuring stability of energy supply and reduction of 
greenhouse gas emissions. However, the operation of 
nuclear power plant power units is accompanied by in-
creased requirements for the safety, reliability, and effi-
ciency of technological equipment. A significant part of 
power units in Ukraine and worldwide have already ex-
ceeded their design life, which makes it urgent to detect 

hidden defects, assess residual life, and predict possible 
failures in a timely manner.

Traditional approaches to diagnosing the technical 
condition of equipment, which are based on periodic 
inspections and analysis of averaged parameters, are 
not always capable of ensuring early detection of degra-
dation processes. This is due to the complexity, multi-
factoriality, and nonlinearity of physical processes in 
nuclear power plant equipment. Defects in the early 
stages may manifest themselves not in changes in nor-
mative parameters, but in subtle structural rearrange-
ments of signals that remain u1nnoticed by classical 
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methods of analysis. In this regard, there is a need for 
new mathematical approaches that can take into ac-
count the self-similarity, chaos, and multiscale nature 
of processes.

A promising direction for solving this problem is the 
use of breakthrough Industry 4.0 technologies, one of 
which is digital twins [1]. The latter are virtual represen-
tations of physical objects that combine real-time data 
and mathematical models. The introduction of digital 
twins in nuclear energy allows for continuous monitor-
ing of technological equipment, data accumulation, 
analysis of deviations, and prediction of the remaining 
resource of key components. Combining this concept 
with fractal signal analysis makes it possible not only to 
control parameters, but also to identify hidden patterns 
in the structure of degradation processes.

Fractal analysis allows us to quantitatively describe 
the degree of complexity and organization of signals us-
ing indicators such as fractal dimension, Hurst index, or 
multifractal spectrum. These characteristics reflect pro-
found changes in the dynamics of technological sys-
tems, which allows for the formation of integrated tech-
nical condition indices and increases the accuracy of 
defect development forecasting. The application of this 
approach is particularly important for components 
whose failure can lead to serious accidents, such as tur-
bine bearings or reactor vessel equipment.

The practical value of conducting scientific research 
in this area lies in the possibility of creating integrated 
systems for monitoring and managing the technical 
condition of nuclear power plant power units. This will 
make it possible to improve the reliability of diagnostics 
and reduce the time required to detect defects, ensure 
more accurate forecasting of the remaining service life 
of equipment, and optimize maintenance and scheduled 
repair costs.

Thus, the use of digital twins in combination with 
fractal analysis methods opens up new prospects for the 
development of intelligent monitoring and diagnostic 
systems in the nuclear power industry. This is in line 
with current trends in the digitalization of industry, 
aimed at improving operational efficiency and ensuring 
the safe operation of complex technical systems.

Therefore, research on the use of digital twins and 
fractal analysis for monitoring and predicting the tech-
nical condition of nuclear power plant equipment is 
highly relevant.

Literature review. Study [2] proposes the concept of a 
digital twin for modeling processes in nuclear power sys-
tems using multiphysics models. A significant advantage 
is the consideration of thermal-hydraulic and neutron-
physical processes in real time, but the work does not in-
tegrate fractal characteristics into the monitoring system.

Publication [3] discusses the application of machine 
learning methods, in particular deep neural networks, 
for calibrating digital twins of reactor systems. The au-
thors achieved high speed and accuracy of predictions, 
but ignored the structural complexity of information 
signals, which reduces sensitivity in the early stages of 
equipment degradation.

The development of the architecture of digital twins 
of reactor systems has been the subject of work [4]. The 
possibility of integrating sensor streams in real time is 
positive, but the issues of sensor clustering and the ap-

plication of fractal-clustering methods in the work are 
not covered. Article [5] is devoted to the problem of un-
certainties in digital twins, especially in the context of 
nuclear safety. The authors emphasize the importance of 
formalizing validation and risk analysis methods, but do 
not propose mechanisms capable of taking into account 
the nonlinearity and fractality of technological signals. 
The work [6] presents an integrated methodology for as-
sessing the energy security of industrial power-generat-
ing enterprises. Its strength lies in the combination of 
technical diagnostics with risk analysis, which is impor-
tant for strategic facilities. At the same time, the empha-
sis is on general aspects of security, while the specifics of 
the fractal characteristics of signals are not considered.

Publication [7] systematizes the current challenges of 
implementing digital twins in nuclear energy, including 
issues of security, scalability, and data management. 
However, the integration of structural complexity indi-
cators and fractal signal analysis is absent from the study. 
The methodology for assessing the information security 
of power system enterprises in conditions of digital co-
herence is presented in study [8]. An important advan-
tage is the consideration of cyber threats and information 
risks for digital twins in the “physical objects – digital 
models” environment. At the same time, the structural 
complexity of technological signals, which is critical for 
the diagnosis of pre-failure modes, is not considered.

Article [9] creates an information model of a digital 
twin of a nuclear power plant power unit, which allows 
for the integration of various information flows. Despite 
this, the authors did not pay attention to verifying the 
reliability of parameters and the possibility of applying 
fractal clustering of subsystems.

Work [10] focuses on the use of graph neural net-
works to predict reactor dynamics. The model demon-
strated high accuracy, but its limitation is that it does not 
take into account the fractal-cluster nature of signals 
and the complexity of sensor networks. Publication [11] 
develops a methodology for assessing the information 
potential of energy companies in a digital environment. 
Its advantage is a systematic approach to information re-
source management, but the methodology is not adapt-
ed for monitoring the condition of nuclear power plant 
equipment and predicting residual resources using frac-
tal indicators.

Research [12] proposes a concept of a digital twin for 
nuclear systems, taking into account uncertainties. The 
model allows ambiguities to be transferred from digital 
representation to physical equipment, but the fractal 
characteristics of signals are not integrated into the 
monitoring process. Work [13] demonstrates a hybrid 
approach that combines physically based models with 
neural networks for reactor modeling. This ensures high 
accuracy even with limited data, but the structural char-
acteristics of signals, in particular fractal ones, have 
been overlooked.

Study [14] proposes a digital twin architecture with 
virtual sensors that predict critical parameters in real time. 
High performance and accuracy are the strengths of this 
approach, but the fractal nature of signals is not addressed. 
The paper [15] describes an algorithm for the optimal 
placement of sensors in nuclear digital twins, which im-
proves the quality of field reconstruction, but without tak-
ing into account clustering and fractal analysis.
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Article [16] is devoted to a dynamic fractal-cluster 
model of the information space of a nuclear power plant 
power unit. Although the system-cluster approach is 
useful, it is not adapted for monitoring emergency con-
ditions of technological equipment.

Publication [17] presents a consolidated model of 
digital coherence for managing the information poten-
tial of energy companies. The methodology is focused 
on the integration of management systems, but the tech-
nical aspects of fractal analysis are not addressed. Re-
search [18] demonstrates the creation of a digital twin of 
a nuclear power plant cooling system pump unit as a 
prototype of a predictive maintenance system. Despite 
its practical significance, the model is demonstrative in 
nature and does not take into account the complexity of 
the fractal structure of signals in pre-emergency states.

The work [19] emphasizes that during pre-emergen-
cy modes of operation of a power unit, technological pa-
rameters acquire a fractal component. This is an impor-
tant conclusion, but the authors did not propose mecha-
nisms for integrating such indicators into digital twins.

Article [20] focuses on fractal methods for analyzing 
technological processes. It creates a fundamental basis 
for further research, but lacks practical adaptation to 
nuclear power plant monitoring and control systems. 
Publication [21] discusses the use of fractal analysis to 
detect defects in the vibration processes of rotating ma-
chines. The technique demonstrates high sensitivity to 
early changes but remains isolated from integration into 
digital twins. Work [22] proposes a combination of frac-
tal analysis and wavelet transforms for bearing diagnos-
tics, which increases the accuracy of defect identifica-
tion. However, the authors did not consider the applica-
tion of the method for multi-sensor monitoring systems 
at nuclear power plants.

The study [23] substantiates methods for clustering 
sensor data that reduce computational costs. However, 
there is no integration of the fractal-clustering approach 
for detecting pre-failure modes.

Article [24] is devoted to the validation of digital 
twins in conditions of uncertainty. Formalized methods 
of reliability assessment are an advantage, but the spe-
cific properties of fractal signals are not taken into ac-
count in it.

Work [25] considers hybrid physically oriented neu-
ral networks capable of predicting equipment failures 
with high accuracy even in the absence of data. The dis-
advantage is the lack of consideration of fractal indica-
tors, which are important for early diagnosis.

Study [10] highlights the use of graph neural net-
works to reproduce spatially correlated processes in dig-
ital twins. Despite its effectiveness in working with sen-
sor networks, the multifractal properties of signals are 
not taken into account.

Additionally, it should be noted that study [26] exam-
ines the institutional aspects of technological system 
transformation in the context of socio-economic change. 
Despite its difference from purely technical research, the 
approach to analyzing system evolution demonstrates its 
relevance for understanding the development of digital 
twins as complex socio-technical entities.

Work [27] presents the concept of a technological 
system of society and its structural organization, which 
is of direct importance for building the methodological 

foundations of digital twins. In particular, the provisions 
on the multilevel structure and hierarchical organiza-
tion of systems correlate with the principles of fractal-
cluster modeling of the information space of a nuclear 
power plant power unit. This allows the integration of 
institutional and technical dimensions into a single re-
search methodology.

The analysis of the literature [1–27] has shown that 
although digital twins are actively developing and dem-
onstrating potential in the field of nuclear energy, a 
number of problems remain unresolved. Namely, these 
are the lack of integration of fractal-cluster analysis of 
signals in digital twins and insufficient consideration of 
the structural complexity of data in pre-accident modes.

Thus, the development of a simulation model of a 
digital twin of a nuclear power plant power unit, which 
will enable more accurate monitoring, diagnostics, and 
forecasting of the technical condition of technological 
equipment, is a solution to the current research problem.

Purpose. To improve the level of diagnostics of the 
technical condition of nuclear power plant power units 
by improving the methodology for continuous monitor-
ing and forecasting the remaining resource of techno-
logical equipment using digital twin models based on 
fractal-cluster analysis methods.

This will make it possible to improve the reliability of 
forecasting equipment degradation processes, detect 
pre-failure conditions in a timely manner, minimize 
man-made risks, and ensure the integration of digital 
twins into the power unit monitoring and control system.

To achieve this goal, the following tasks were set:
- to investigate the fractal-cluster approach to mod-

eling the degradation processes of technological equip-
ment in nuclear power plant power units;

- to create the architecture of a digital twin of a nu-
clear power plant power unit based on fractal-cluster 
analysis and multi-parameter monitoring;

- to apply fractal-cluster analysis for diagnosing the 
condition of the bearing assembly of a nuclear power 
plant power unit turbine using a digital twin.

Research methodology. The object of the study is the 
process of monitoring the technical condition and pre-
dicting the remaining resource of technological equip-
ment of nuclear power plant power units using digital 
twin models based on fractal analysis.

The main hypothesis is that fractal analysis of infor-
mation signals of technological parameters from sensors 
allows adequate description of the complex dynamics of 
equipment degradation processes, and the construction 
of a digital twin based on a system-cluster approach en-
sures increased accuracy of diagnostics and prediction 
of pre-failure conditions.

The work assumes that the technological process of a 
nuclear power plant power unit can be considered as a 
multi-parameter system with complex nonlinear dy-
namics. Signals from measuring sensors contain a frac-
tal component that reflects structural and functional 
changes in the technical condition of the equipment. 
A digital twin model can be implemented by combining 
mathematical modeling, fractal analysis methods, and 
cluster data organization.

Certain simplifications have been applied. The study 
focuses on key power unit subsystems (reactor, turbo-
generator, cooling system) without taking into account 
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all auxiliary processes. The diagnostics of the turbine 
bearing assembly is limited to the analysis of vibration 
signals, and simulation data and experimental samples 
reflecting typical equipment operating modes are used 
to describe degradation processes.

A set of theoretical, software, and experimental 
methods was used to achieve the research objectives. 
The theoretical basis was the apparatus of fractal analy-
sis (determination of information dimension, spectral 
density, Hurst indices), a system-cluster approach to the 
organization of the information space of the technologi-
cal process, as well as methods of modeling digital twins 
based on graph structures and hierarchical data models. 
The software tools used were MATLAB/Simulink for 
simulation modeling of degradation processes, Python 
for implementing fractal analysis and clustering algo-
rithms, LabVIEW for signal processing and building 
digital twin interfaces, and PostgreSQL for organizing 
multi-parameter monitoring and data storage.

The experimental base included vibration diagnostic 
data for bearing assemblies obtained from temperature, 
pressure, and acceleration sensors, as well as informa-
tion samples characterizing the operation of the turbine 
and reactor unit in both normal and pre-emergency 
modes. A bench model of the power unit was used to test 
the performance of the software algorithms. The re-
search conditions consisted of laboratory modeling of 
information flows and the use of time series of power 
unit operating parameters obtained from actual opera-
tion. The results obtained were based on a combination 
of simulation models and partial analysis of industrial 
data, which ensured the adequacy and reliability of the 
research.

Results. In modern conditions of nuclear power 
plant operation, the key task is to ensure uninterrupted 
operation of technological equipment and prevent 
emergency situations. With the increase in the service 
life of the main components of power units, traditional 
diagnostic methods based on the analysis of average pa-
rameter values or their comparison with normative 
threshold levels are losing their effectiveness. This is be-
cause degradation processes are nonlinear, multifacto-
rial, and stochastic in nature, and often the first signs of 
failure are manifested not in changes in the amplitudes 
or average values of signals, but in changes in their struc-
tural organization.

The concept of a digital twin makes it possible to 
move from classical approaches to a flexible system that 
takes into account hidden dependencies in the data and 
operates not only with the physical characteristics of 
technological parameters, but also with the mathemati-
cal characteristics of their complexity. The application 
of fractal cluster analysis within the digital twin allows us 
to interpret time series of temperature, pressure, vibra-
tions, or neutron fluxes as objects with a complex multi-
level structure that have self-similarity at different scales 
of the cluster structure. This opens up the possibility of 
identifying patterns that remain invisible when using 
classical methods of spectral or regression analysis.

One of the key concepts in fractal cluster analysis is 
the value of fractal dimension. Unlike Euclidean geom-
etry, where dimension is defined by an integer, in fractal 
description it can take fractional values, reflecting the 
degree to which space is filled by a given signal.

For a signal x(t), where x is a random process that 
varies over time t, its frequency properties are analyzed 
using spectral power density S( f ). Here, S denotes spec-
tral density, and  f denotes the frequency of oscillations. 
If the spectral density of the signal obeys a power law of 
the form S( f ) ~ f -β, where β is the power law exponent 
(1 < β < 3) that determines the rate of decline of the 
spectrum with increasing frequency, then the fractal di-
mension Df can be determined by the relationship

-β
=

5 ,
2fD

where Df  is the fractal dimension of the time series, 
which characterizes the degree of its complexity and 
phase space filling; β is the exponent of the power law 
(where the condition 1 < β < 3 sets the physically mean-
ingful range in which the signal has the properties of a 
fractal process: for β ≤ 1, the spectrum is too “flat”, and 
for β ≥ 3, it is too “steep”).

In interpretive terms, this means that as the β param-
eter increases, the spectrum becomes “redder”, that is, 
low-frequency components dominate and the time series 
itself becomes more chaotic. Accordingly, the value of 
the fractal dimension Df  also increases, reflecting greater 
signal irregularity. In the theory of fractal processes, an 
important parameter is the Hurst index H, which char-
acterizes the degree of long-term memory or correlations 
in the time series. The relationship between the Hurst 
exponent H and the fractal dimension Df is considered as 
a logical extension of the spectral exponent β. If we con-
sider a random signal x(t), its properties are described 
not only by the spectral energy distribution but also by 
the scale dependence of fluctuations. For self-similar 
processes, a power-law dependence holds

F(n) ~ nH,
where F(n) is the root-mean-square fluctuation of the 
integrated and detrended signal over a window of 
length n; n is the window length (number of samples); H 
is the Hurst exponent, which reflects the strength of cor-
relations in the time series (if H = 0.5, we have the classic 
case of a random process, analogous to white noise, 
where there is no long-term memory; if H >  0.5, the 
time series exhibits persistence: a tendency to maintain 
the direction of change, i.e., an uptrend continues; if 
H <  0.5, the series exhibits anti-persistence, where an 
uptrend is more likely to be followed by a downtrend).

The fractal dimension of a time series is directly re-
lated to this indicator via the ratio

Df  = 2 - H,

where Df  is the fractal dimension of the curve describing 
the time series.

The number two corresponds to the maximum pos-
sible dimension of a curve in the plane, and the value of 
H reduces it depending on the nature of the correlations 
in the data. If H ≈ 1, then Df ≈ 1, which corresponds to a 
smooth, nearly regular signal whose graph occupies a 
minimal portion of the space. If H = 0.5, then Df ≈ 1.5, 
which describes a random Brownian motion with typi-
cal average complexity. If H → 0, then Df → 2, and the 
signal becomes maximally chaotic, filling almost the en-
tire plane.
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Thus, the parameters β, H, and Df  form a unified 
system of interrelated characteristics that reflect differ-
ent aspects of the same complexity: β describes the 
spectral density decay, H describes the temporal corre-
lation structure, and Df describes the geometric com-
plexity of the signal. These parameters allow for a com-
prehensive assessment of the behavior of dynamic pro-
cesses, particularly in the diagnosis and prediction of 
the technical condition of complex systems.

For a more detailed analysis, the multifractal spec-
trum  f (α) is introduced, which shows how the local 
self-similarity properties of the signal change. If in nor-
mal mode the spectrum is narrow, then in conditions of 
degradation of the technological equipment of the nu-
clear power plant power unit it expands, demonstrating 
increased heterogeneity and complexity of processes. In 
the work, for the quantitative assessment of the techni-
cal condition of the technological equipment of the nu-
clear power plant power unit, an integrated index Dint(t) 
is proposed, which combines various characteristics of 
the system dynamics into one generalized assessment
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where Df 1(t) is the fractal dimension of the first refer-
ence parameter (neutron flux or coolant pressure); H2(t) 
is the Hurst exponent for another signal (power fluctua-
tions or coolant flow rate), characterizing the presence 
of long-term correlations; Df 3(t) is the fractal dimension 
of yet another parameter (amplitudes of water level fluc-
tuations in the steam generator); 0

3fD  is the reference 
value of this parameter for normal operation; Δ f (α) is 
the width of the multifractal spectrum, which generally 
reflects the level of chaos in the system’s processes; λ 
denotes weighting coefficients that determine each pa-
rameter’s contribution to the index.

The parameters of formula (1) can be adapted to any 
physical quantities monitored at a nuclear power plant 
unit. This makes the index universal: it can incorporate 
signals from neutron physics (neutron multiplication, 
control rod effectiveness), thermohydraulic parameters 
(pressure, temperature, flow rate), or data from the vi-
bration and noise monitoring system.

As a result, the integrated index for the quantitative 
assessment of the technical condition of a nuclear power 
plant unit’s process equipment, Dint(t), can be used as a 
single comprehensive indicator of the unit’s technical 
condition. It not only identifies deviations from the 
norm but also quantitatively assesses the degree of com-
plexity and chaos in dynamic processes. In the event of 
a sustained decline in Dint(t) values, the diagnostic and 
control system can signal that the process equipment or 
power unit is critically approaching operating modes 
that are hazardous to operation, allowing for timely 
measures to be taken to enhance safety and optimize 
plant performance.

The degradation of technological equipment in nu-
clear power plant power units is not an instantaneous 
process but develops gradually, with characteristic latent 
stages that make timely detection impossible using tra-
ditional diagnostic methods. In most cases, only the fi-
nal manifestations of degradation are recorded – a de-

crease in efficiency, an increase in vibration levels, or 
instability of technical parameters. The use of a fractal-
cluster approach allows for the identification of hidden 
stages of degradation in the early stages by tracking 
changes in the dynamics of signal complexity that char-
acterize the technical condition of the equipment. To 
describe the development of the degradation process of 
technological equipment in nuclear power plant power 
units, it is advisable to apply a mathematical model in 
the form of a differential equation

γ= σ⋅ + ξ( ) ( ),f
f

dD
D t

dt
where σ is a parameter determining the intensity of the 
effects of operational factors (radiation exposure, ther-
mal cycles, loads); γ is an index of the nonlinear nature 
of the acceleration of degradation processes; ξ(t) is a ran-
dom component accounting for stochastic fluctuations.

In the case of neglecting the noise component, inte-
gration of the equation allows us to obtain an expression 
for calculating the time to reach the critical value of the 
fractal dimension ,cr

fD  which corresponds to the loss of 
functional suitability of the technological equipment of 
the nuclear power plant power unit

( )γ
=

σ⋅
∫

0

,
cr
f

f

D f
RUL D

f

dD
t

D

where tRUL is the time to functional failure of the power 
unit’s process equipment at a nuclear power plant.

For a quadratic relationship (γ = 2), the integral takes 
the form

	
 

= -  σ  0

1 1 1 .RUL cr
f f

t
D D

	 (2)

The resulting expression (2) enables the quantitative 
prediction of the remaining service life of equipment, 
taking into account not only the statistical characteris-
tics of the signals but also the dynamics of their fractal 
complexity. Thus, signal analysis is shifted from the 
realm of purely amplitude and spectral estimates into 
the space of structural complexity, which significantly 
increases the sensitivity of diagnostics, monitoring, and 
control.

The application of the approach under consideration 
is implemented within the framework of the concept of 
a digital twin of a nuclear power plant power unit, the 
architecture of which includes several functional blocks:

- collection of raw data from sensors measuring pro-
cess parameters (pressure, coolant flow rate, neutron 
flux, mechanical loads);

- preliminary signal processing using wavelet trans-
forms to preserve local features and fractal properties;

- a fractal-cluster analyzer that calculates the Hurst 
index, fractal dimension, and the width of the multi-
fractal spectrum;

- an analytical module that generates the integrated 
technical condition index Dint(t) and estimates the re-
maining useful life tRUL;

– a visualization module that presents results in the 
form of time graphs, indicators, and diagrams.

The dynamics of degradation changes in the power 
plant’s technological equipment are reflected in the be-
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havior of key fractal characteristics, summarized in the 
table.

Table shows that when the value of the integrated in-
dex for assessing the condition of the nuclear power 
plant power unit’s process equipment, Dint(t) < 0.3, the 
system enters a pre-emergency state, requiring the pow-
er unit to be switched to an abnormal operating mode.

Thus, the use of a fractal-cluster approach as part of 
a digital twin of a nuclear power plant power unit makes 
it possible to transition from classical deterministic di-
agnostic methods to a structural approach that accounts 
for the complexity and stability of the system’s dynamic 
parameters. This enables the early detection of hidden 
defects, reliable prediction of remaining service life, and 
an increase in the operational safety of nuclear power 
plant power units. The architecture of the nuclear power 
plant digital twin in the proposed concept is based on 
the integration of the fractal-cluster approach and 
methods of multi-parameter monitoring and control to 
build a universal diagnostic and forecasting system. The 
main idea is for the digital twin to replicate the physical 
state of the equipment based on sensor data and perform 
an intelligent analysis of the complexity of the processes 
taking place in order to detect hidden signs of degrada-
tion. This approach allows moving away from purely de-
terministic models and toward a systematic assessment 
of the stability and reliability of nuclear power plant 
power units. The first tier of the architecture includes a 
data acquisition module that collects information from 
numerous sensors on the nuclear power plant power 
unit. This may include time series of parameters such as 
pressure, temperature, vibrations, neutron flux, and 
other characteristics reflecting the operational dynamics 
of the nuclear reactor and auxiliary systems. An impor-
tant requirement at this stage is a high sampling rate and 
minimization of signal loss, since even minor local de-
viations may contain important information about the 
development of defects.

Next comes the data preprocessing stage, which in-
cludes digital filtering and wavelet transformation meth-
ods. Unlike traditional smoothing, the use of wavelet 
analysis preserves the local characteristics of the signal 
and does not destroy the fractal properties of the time 
series. This is particularly important for detecting short-
lived but critical deviations that serve as indicators of 

emergency conditions. The fractal-cluster analyzer is a 
key component of the digital twin.

This module calculates such indicators as fractal di-
mension Df, Hurst exponent H, multifractal spectrum 
∆ f (α), and spectral exponent β. Together, these param-
eters form a comprehensive description of the signal’s 
complexity and enable tracking of changes in the corre-
lation structure of processes. Importantly, these charac-
teristics are interrelated, allowing one to transition from 
one type of description to another and obtain a more 
complete picture of the dynamics.

The next component of the architecture is the ana-
lytical module, which combines the calculated indica-
tors into a single integrated index of technical condition, 
Dint(t). It is this index that enables the transition from 
multidimensional signal characteristics to a single, gen-
eralized assessment of equipment performance. It takes 
into account both fractal parameters and deviations 
from reference values, allowing the degree of system 
chaos and its distance from a critical state to be deter-
mined. In addition, this module implements the predic-
tion of remaining service life based on the dynamics of 
changes in fractal complexity. The use of nonlinear dif-
ferential models that account for random disturbances 
makes it possible to describe the gradual degradation of 
the system more realistically.

The final component of the architecture is the visu-
alization and decision support module. The results are 
presented to operational personnel in the form of graphs, 
indicators, interactive dashboards, and warning signals. 
Particular attention is paid to displaying not only the ab-
solute values of parameters but also their dynamics and 
development trends.

This enables the operator to promptly identify devia-
tions, analyze hidden risks, and make informed deci-
sions regarding the continued operation of the power 
unit’s process equipment nuclear power plant (placing 
the nuclear power plant unit into an abnormal operating 
mode).

The structural and functional diagram of a digital 
twin for a nuclear power plant, based on the integration 
of a fractal-cluster approach and methods of multi-pa-
rameter monitoring and control, is shown in Fig. 1. The 
interface part of the digital twin (of the nuclear power 
plant turbine bearing assembly) is implemented as a 
comprehensive application with a multi-level visualiza-
tion architecture, which provides a deep and intuitive 
understanding of the dynamics of the technological 
equipment’s state (Fig. 2). The main interface is built on 
the principles of situational awareness, where each visu-
alization element carries semantic meaning and is inte-
grated into the overall monitoring system. The control 
panel features an adaptive layout of elements that dy-
namically changes the priority of parameter display de-
pending on the operating mode.

The visualization is based on three interconnected 
levels: real-time operational monitoring, analytical 
trends, and predictive models. A system of combined in-
dicators has been implemented, where each parameter 
(rotational speed, temperature, pressure, vibration) is ac-
companied by vector graphs showing changes. For fractal 
characteristics, specialized visualizers with color seman-
tics have been created: ranging from green (normal) 
through graduated shades of yellow and orange to red 

Table
Fractal characteristics of the criteria and indicators 

of the integrated index for assessing the condition of 
power plant equipment at a nuclear power plant

Indicator
Condition criteria

Normal
condition

Degradation 
stage

Pre-failure
condition

Df Stable, close 
to baseline

1.1–1.3

Slow growth
1.3–1.5

Sharp increase
1.6–1.9

H 0.65–0.7 Downward trend
0.55–0.65

H → 0.5
(chaos)

∆ f (α) Narrow signal 
bandwidth
0.05–0.1

Spectrum 
broadening

0.1–0.2

Maximum 
bandwidth
0.25–0.35

Dint(t) 0.85–1.0 Gradual decline
0.6–0.8

Critical drop
< 0.3



90	 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, № 2

The predictive visualization module includes inter-
active remaining-life charts based on a comprehensive 
degradation model that accounts for the relationship be-
tween fractal parameters and operational loads.

The system displays a point forecast (30 days) and 
probabilistic scenarios for equipment condition develop-
ment depending on operating conditions. Configuration 
dialog boxes provide flexible control over all aspects of 
monitoring: from data refresh rates and the duration of 
the historical archive to the calibration of threshold val-
ues and the sensitivity of anomaly detection algorithms.

Additionally, an emergency simulation module has 
been implemented, allowing for the creation of custom 
scenarios and tracking of the monitoring system’s re-
sponse.

The interface ensures full synchronization with math-
ematical signal processing models, allowing real-time 
observation of how parameter changes affect fractal char-
acteristics. All visualization elements support a detailed 
view function with the ability to zoom in on specific sec-
tions of graphs and export data in various formats.

The interface architecture is designed in accordance 
with the principles of cognitive ergonomics, where the 
color scheme, element placement, and grouping pat-
terns facilitate quick decision-making under time con-
straints. The system includes adaptive display templates 
for various device types (from desktop monitors to tab-
lets), ensuring continuous monitoring regardless of per-
sonnel location.

Thus, the architecture of the digital twin of a nuclear 
power plant power unit in the presented model is a 
multi-level system that combines modern methods of 
data collection and processing, fractal analysis, and pre-
dictive modeling. Its key advantage lies in the ability to 
perform an integrated assessment of the system’s condi-
tion based on the complexity and structure of signals, 
rather than solely on traditional parameters. This creates 
the conditions for more reliable and safe operation of 
nuclear facilities.

The operation of nuclear power plant power unit tur-
bines is accompanied by high mechanical loads, which 
leads to the gradual wear of bearing assemblies. Unex-
pected failure of these components poses significant 
risks to the safe and stable operation of the nuclear pow-
er plant power unit. In this regard, the key task is the 
timely diagnosis of the initial stages of degradation, 
which allows for the prevention of emergency shut-
downs. Traditional methods of spectral and statistical 
analysis do not always have sufficient sensitivity to hid-
den structural changes; therefore, methods of nonlinear 
dynamics and fractal analysis are increasingly being ap-
plied. Of particular interest is the use of digital twins, 
which allow real measurement data to be combined with 
mathematical models, ensuring both the verification of 
diagnostic accuracy and the prediction of remaining ser-
vice life.

The study was conducted using vibration accelera-
tion signals xbr(t) recorded by an accelerometer mounted 
on the turbine bearing assembly. The sampling frequen-
cy was  fs  =  10 kHz, and the recording duration was 
30  minutes. Signal preprocessing included removal of 
the linear trend, wavelet smoothing accounting for 
small-scale structures, and normalization of amplitude 
values.

(critical condition), which allows for the rapid assess-
ment of the degree of deviation from reference values.

The interactive graphs support real-time data input 
and adaptive smoothing. Vibration monitoring in-
cludes simultaneous display of the signal in the time 
domain with a sampling rate of up to 1 kHz and spec-
tral analysis in the frequency domain with the ability to 
dynamically select frequency bands. For fractal param-
eters, the dynamics of changes are overlaid on current 
values with predictive trajectories based on exponential 
smoothing models.

The alert system is integrated with machine learning 
mechanisms, allowing it not only to signal violations but 
also to offer interpretations of possible causes of devia-
tions. Each alert level is accompanied by contextual hints, 
a history of similar situations, and recommendations 
with diagnostic protocols. For critical conditions, the 
system automatically generates key frames of vibration 
signals and calculated spectrograms for further analysis.

The analytical module includes comparative panels 
with multi-time-step data display, where the operator 
can observe the dynamics of parameter changes from 
the reference state T0 to the current state T3 (Fig. 2) 
with the ability to perform correlation analysis between 
different parameters.

Fig. 1. Structural and functional diagram of a nuclear 
power plant digital twin
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where Y(k) is the integrated value of the signal at dis-
crete time k; x(i) is the discrete value of the signal at 
time i; x  is the mean value of the signal over the entire 
observation period.

The constructed integrated series is divided into in-
tervals of length n, in each of which the deterministic 
component is removed, after which the root mean 
square deviation F(n) is calculated. The dependence of 
these fluctuations on the scale n is given by

F (n) ~ nH,  log F(n) = H ⋅ log n + c,
where с is a constant that accounts for the initial scale 
and the signal’s characteristics.

The fractal dimension of the signal and its spectral 
exponent allowed us to verify the consistency of the re-
sults by analyzing the slope of the power spectrum. The 
calculations yielded a value of H = 0.72 ± 0.03. Accord-
ingly, the fractal dimension was Df = 1.28, and the spec-
tral index was β ≈ 2.44. For comparison, in the reference 
state of the bearing, the parameters H0 = 0.55, Df 0 = 1.45, 
β0  ≈  2.10 were recorded. This indicates a significant 
change in the signal dynamics: an increase in H indi-
cates a strong correlation in the time series and positive 
correlation of fluctuations, while a decrease in Df indi-
cates a simplification of the signal structure and its 
“smoothing”. The dominance of low-frequency com-
ponents is confirmed by the increase in β, which implies 
a “reddening” effect of the spectrum.

Additionally, traditional statistical indicators were 
analyzed: root mean square deviation and excess. They 
were found to be consistent with the fractal parameters: 
their increase is observed with a simultaneous decrease 
in Df. The physical meaning of the different values of the 
Hurst exponent H can be described as follows:

- H = 0.5 – the signal corresponds to random Brown-
ian noise. In this case, there are no long-term correla-
tions between the elements of the time series, and the 
process exhibits the properties of an “ideal random 
walk”;

- H > 0.5 – positive correlation is observed between 
consecutive values. This means that if the vibration sig-
nal tends to increase, it is highly likely to continue in-
creasing in the future, and vice versa. The closer H is to 
1, the more pronounced the memory effect is, and the 
more “smooth” and predictable the process becomes. 
For bearing assemblies, this indicates the accumulation 
of damage and the progression of degradation;

-  H <  0.5 – negative correlation is observed. This 
means that if the signal increases at one point in time, it 
will, with high probability, decrease at the next point. 
Such behavior is characteristic of processes dominated 
by high-frequency oscillations and is often observed in 
serviceable bearings during the initial stages of opera-
tion, when the noise is chaotic but rapidly decaying.

Thus, the Hurst index H allows determining whether 
a signal is close to random noise or whether it has hid-
den long-term dependencies. In this study, the obtained 
value of H = 0.72 ± 0.03 indicates that the vibrations of 
the bearing assembly exhibit a stable trend of change 

Fig. 2. Interface section of a digital twin, using the bearing assembly of a nuclear power plant turbine as an example
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and demonstrate the effect of long-term correlation. 
This is unambiguously interpreted as a sign of wear de-
velopment and the emergence of defects.

The results obtained are in good agreement with the 
data from the digital twin. In the virtual model, which 
simulated similar operating conditions, the following 
parameters were recorded:

- Hurst index HDT = 0.70, which differs from the ex-
perimental value by only 0.02. This indicates that the 
digital twin accurately reflects the actual level of correla-
tion in the time series and the correlation of signal fluc-
tuations;

- fractal dimension DfDT = 1.30, which is very close to 
the experimental value Df  =  1.28. This confirms the 
model’s ability to adequately reproduce the structural 
features of the vibration signal and its “roughness”;

-  spectral index βDT ≈ 2.41, which practically coin-
cides with the experimental results (β ≈ 2.44), demon-
strating the same slope of the power spectrum and a 
similar dominant role of low-frequency components.

Thus, the deviation between the experimental data 
and the simulation results is only 3–5 % which is an ac-
ceptable level of accuracy for engineering diagnostics 
and confirms the adequacy of the digital twin as a fore-
casting tool.

Further analysis of the temporal dynamics showed 
that changes in the fractal dimension of the bearing sig-
nal are well described by a linear regression relationship 
given by the equation

≈ -0.002, fdD
dt

where fdD
dt

 is the rate of decrease in fractal dimension 
over time; the minus sign indicates a gradual simplifica-
tion of the signal structure; the numerical value of 
-0.002 days-1) indicates that the Df parameter decreases 
by an average of 0.002 each day.

For this type of bearing, the critical value of the frac-
tal dimension is considered to be =1.22;cr

fD  upon 
reaching this value, the bearing assembly transitions to a 
pre-failure state.

Based on this data, an assessment of the remaining 
service life was conducted

- -
= = =0 1.28 1.22 30 .

.
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Thus, the predicted remaining service life of the 
bearing is approximately 30 days. Simulation in the digi-
tal twin yielded a similar result of = 28–32 days,DT

RULt  
which practically matches the experimental calculations.

Thus, the combination of experimental analysis and 
digital twin modeling allows for the reliable diagnosis of 
progressive bearing wear and the generation of an accu-
rate forecast of remaining life. The obtained value 
(∼30 days) is consistent between both approaches, con-
firming the effectiveness of using fractal parameters as 
diagnostic indicators in monitoring, diagnostic, and con-
trol systems for critical nuclear power plant equipment.

The results obtained confirm the feasibility of apply-
ing a fractal-cluster approach to the analysis of equip-

ment technical condition. The use of an integrated indi-
cator (Formula 1), which combines fractal dimension, 
the Hurst exponent, and the multifractal spectrum, al-
lows for a more complete representation of signal com-
plexity and the detection of changes in their structure. It 
is precisely this integration that explains the method’s 
heightened sensitivity to early signs of degradation, 
which are not always detectable when using traditional 
approaches.

A comparison with existing solutions shows that the 
proposed approach offers a number of advantages. Un-
like classical spectral analysis [2], which focuses primar-
ily on frequency components, fractal characteristics re-
flect the nonlinear and multiscale features of processes, 
allowing for a more in-depth understanding of defect 
development. Compared to methods based on neural 
networks [10], which require large amounts of data for 
training, this approach can be implemented even with 
relatively limited samples. This provides an advantage 
for practical implementation in situations where accu-
mulating large datasets is problematic.

It is also important that the research results directly 
address the previously identified problem, namely the 
insufficient effectiveness of traditional methods in the 
early detection of hidden damage. The proposed solu-
tion partially bridges this gap by using more sensitive 
indicators that respond to changes in the structural 
complexity of the signal. This lays the groundwork for a 
shift from a reactive diagnostic approach to a more pre-
dictive one, where faults can be detected in their early 
stages of development.

At the same time, the study has certain limitations. 
The method has so far been tested on a limited set of 
examples, which complicates the assessment of its uni-
versality for different types of equipment. Furthermore, 
the approach focuses primarily on the analysis of vibra-
tion signals, while other parameters – thermal or hy-
draulic – are not considered. This may limit the com-
prehensiveness of the diagnosis. It is also worth noting 
that the determination of weighting coefficients in the 
calculations is performed empirically, which requires 
further refinement.

Prospects for further research lie in expanding the 
database to validate the method, adapting it for the anal-
ysis of different signal classes, and combining it with 
other diagnostic approaches. A particularly important 
area of development is the optimization of algorithms 
for real-time operation, which will allow them to be ap-
plied directly under operating conditions. The develop-
ment of adaptive mechanisms for selecting model pa-
rameters can also significantly increase the model’s ver-
satility and practical value.

Conclusions. The use of the fractal-cluster approach 
for modeling the degradation processes of technological 
equipment of a nuclear power plant power unit has shown 
its ability to adequately reflect the transition from a nor-
mal state to a pre-accident state. In particular, the fractal 
dimension Df varies from stable values of 1.1–1.3 in nor-
mal operation to 1.6–1.9 in the pre-failure stage. The 
Hurst exponent decreases from 0.65–0.7 to a chaotic re-
gime (H → 0.5), and the integrated index for the quanti-
tative assessment of the technical condition of the nuclear 
power plant power unit’s process equipment, Dint(t), 
drops below 0.3, indicating a critical state. This demon-
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strates the high sensitivity of fractal parameters to hidden 
changes and is explained by the fact that they reflect the 
nonlinearity and long-term dependencies of signals.

The developed architecture of the power unit’s digital 
twin, based on fractal-cluster analysis and multi-param-
eter monitoring, enabled data integration in the form of 
adaptive visualizations and predictive models. Unlike 
traditional methods, which generate only point fore-
casts, the digital twin allows for the construction of prob-
abilistic scenarios for equipment condition development. 
The implementation of real-time data input at a fre-
quency of up to 1 kHz, combined with exponential 
smoothing, made it possible to display both the temporal 
and spectral dynamics of parameters, which significantly 
increases the reliability of diagnostics and forecasting.

The application of fractal-cluster analysis for diag-
nosing the condition of a turbine bearing assembly based 
on vibration acceleration signals confirmed the practical 
effectiveness of the digital twin. The obtained values of 
H = 0.72 ± 0.03, Df = 1.28, b ≈ 2.44 differ significantly 
from the reference parameters, indicating a change in 
signal dynamics, specifically the emergence of a stable 
correlation and “reddening” of the spectrum. The com-
bination of experimental analysis and modeling made it 
possible to reliably diagnose progressive bearing wear 
and determine the remaining service life at approxi-
mately 30 days, confirming the superiority of fractal pa-
rameters over traditional indicators.
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Мета. Підвищення рівня діагностики технічно-
го стану енергоблоків атомних електростанцій 
шляхом удосконалення методики безперервного 
моніторингу й прогнозування залишкового ресурсу 
технологічного обладнання із застосуванням моде-
лей цифрових двійників, побудованих на основі 
методів фрактально-кластерного аналізу.

Методика. У процесі дослідження використані 
методи: фрактально-кластерний (для кластеризації 
даних від датчиків контролю технологічних пара-
метрів); системно-структурний підхід (для побудо-
ви системи управління: електростанція, енерго-
блок, параметри технологічного процесу); іміта-
ційного моделювання (для моделювання цифрових 
двійників на базі графових структур та ієрархічних 
моделей даних).

Результати. Запропонована удосконалена мето-
дика безперервного моніторингу, контролю, діа-
гностики оцінки та прогнозування стану залишко-
вого ресурсу технологічного обладнання енерго-
блоків атомних електростанцій із застосуванням 

моделей цифрових двійників. При цьому врахова-
но значення інтегрованого індексу кількісної оцін-
ки технічного стану й час досягнення втрати функ-
ціональної придатності технологічного обладнання 
енергоблоку атомної електростанції.

Наукова новизна. На відміну від традиційних ме-
тодик оцінки стану енергоблоку атомної електро-
станції, запропонована методика оцінює стан тех-
нологічного обладнання енергоблоків із викорис-
танням моделей цифрових двійників. Вона дозво-
ляє враховувати багаторівневий і нелінійний харак-
тер процесу деградації та скорочення залишкового 
ресурсу обладнання. Сформована система критері-
їв і показників інтегрованого індексу технічного 
стану на основі фрактальних і часових характерис-
тик. Це дозволяє оперативно (у режимі реального 
часу) реагувати на ранні прояви дефектів і підви-
щити точність довгострокового прогнозування ре-
сурсу технологічного обладнання енергоблоку 
атомної електростанції.

Практична значимість. Запропонована методика 
безперервного моніторингу стану технологічного 
обладнання енергоблоків АЕС із використанням 
моделей цифрових двійників забезпечує своєчасне 
виявлення дефектів. Вона підвищує надійність 
і безпеку, оптимізує графіки технічного обслугову-
вання й скорочує час діагностування ризиків ава-
рійних ситуацій. Такий підхід може стати основою 
для створення інтелектуальних систем безперерв-
ного моніторингу й управління життєвим циклом 
енергетичного обладнання.
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