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1. Introduction

The state of war in which nuclear energy finds itself 
requires a radical change in approaches to ensuring the 

operational reliability and safety of power units (PUs) at 
nuclear power plants (NPPs) [1, 2]. Many facilities exceed 
their service life, and on the other hand, the equipment is 
subject to both planned and accidental wear and tear and 
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This study investigates the 
process of continuous monitoring 
and control of the technological 
process parameters at a nuclear 
power plant power unit using a 
digital twin model implemented 
on the basis of a system-cluster 
approach.

The task addressed relates to 
the lack of a comprehensive, inte-
grated system for continuous mon-
itoring of the technical condition 
of the power unit, capable of col-
lecting, processing, and analyz-
ing information from sensors and 
diagnostic subsystems in real time.

It is proposed to model the 
state of the technological equip-
ment at a power unit using a 
digital twin and a system-clus-
ter approach. Within the frame-
work of the study, a system-clus-
ter architecture of a digital twin 
was designed, which reflects the 
interaction among the physi-
cal, analytical, and control lev-
els of the power unit at a nuclear 
power plant.

The work involved processing 
the technological process param-
eters coming from a sensor net-
work with a frequency of 1–2 Hz, 
with a processing delay of no more 
than 1–3 s. The proposed infor-
mation-fractal criterion provided 
an increase in the sensitivity of 
pre-accident detection by 15–25% 
compared to conventional  meth-
ods, as well as made it possible to 
identify complex operating modes 
in the range of mon

fD  = 0.45 – 0.8.
The results have made it possi-

ble to solve the set tasks by integrat-
ing multi-scale fractal analysis, 
cluster organization of technical 
systems, and self-similarity model-
ing. The practical implementation 
of the digital twin has proven its 
capability to detect changes in the 
structure of the technological pro-
cess with diagnostic accuracy at 
the level of 85–92%.

The implementation of the 
digital twin model in the informa-
tion-control systems of the power 
unit makes it possible to increase 
the reliability, safety, and efficien-
cy of control
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the influence of random dynamic factors [3]. Conventional  
maintenance and control, based on periodic inspections 
and records of technical parameters exceeding permissible 
values, no longer meet the needs [4, 5]. Therefore, a new 
system is needed, more flexible, self-learning, predictive. In 
this case, the system should include dynamic relationships in 
time, inter-node, and probabilistic scenarios of deterioration 
of technological equipment [6, 7]. 

A likely solution to the above problems is to implement 
digital twin (DT) technology. Additionally, a virtual space 
in which the state of the technological process is depicted in 
real time (RT), changes are detected and probable failures are 
predicted, and recommendations for technical or operational 
solutions are provided [8, 9]. In this area, a fractal-cluster ap-
proach could be used in modeling and monitoring the techni-
cal states of NPPs [10]. This method allows one to structurally 
represent this complex technical system in the form of one of 
the interconnected clusters, which is integrated into a single 
control system. Clusters include physical parts (sensors, 
nodes, units) according to a functional scheme.

Thus, current research on constructing a model of a dig-
ital twin of a NPP power unit based on a fractal-cluster ap-
proach provides increased reliability, safety, and forecasting 
of the state of technological equipment.

2. Literature review and problem statement

The concept of a DT for simulating technological pro-
cesses in nuclear reactors based on a multifractal model 
of neutron chain reactions is presented in study [11]. It is 
positive that the potential of fractal statistics for modeling hi-
erarchical processes is demonstrated. However, the problem 
of clustering of the sensor network is not considered in the 
work. In [12], an analysis of the percolation phenomenon and 
fractal properties in critical reactor operating modes is given. 
It is worth noting that the fundamental foundations of critical 
processes are deepened but practical solutions for software 
and hardware systems (SHS) of automated process control 
systems (ACS TP) for NPP power units are not proposed. 

Paper [13] describes a simulation model of a DT for online 
monitoring of NPP PUs. A significant advantage is that the 
model demonstrates high speed and accuracy. The disad-
vantage is that the issue of checking its cluster structure is 
not considered. In study [8], a hybrid learning interface of 
the DT for simulating a neutron reactor is given. Although 
the combination of the learning interface and the simulation 
model of neural technologies opens up new opportunities for 
training operational personnel, the authors did not consider 
the mechanisms of control and fractal-cluster organization. 

In work [14], a fractal-cluster approach to detecting de-
fects in fuel elements of fuel assemblies of a nuclear reactor is 
reported. The methodology increases the accuracy of defect 
diagnostics, but it is not integrated into the simulation model 
of DT and is not adapted for automated monitoring, control, 
and diagnostics. In paper [15], the application of the fractal 
approach to assessing corrosion deposits on the surface of the 
shell of fuel elements of a nuclear power plant reactor is de-
scribed. The authors note that high accuracy of non-destruc-
tive testing has been achieved but, at the same time, there is 
an obvious lack of integration with digital technologies.

Study [16] showed that in the pre-accident state regimes 
of NPPs, the behavior of information signals becomes compli-
cated precisely due to the emergence of a fractal component. 

Therefore, it is necessary to take into account all parts of the 
complex signal about the parameters of the technological pro-
cess at NPPs. In paper [17], a simulation fractal-cluster model 
of the information space of the technological process is pro-
posed. Such a system-cluster approach is consistent with the 
multiparameter structure of NPPs. It is especially useful for 
fractal analysis. At the same time, the work lacks clear criteria 
and indicators of pre-accident and emergency states of NPPs.

In [18], an analysis of digital technologies is described. It 
is shown that simulation models of DT are based on modeling 
graph neural networks. This approach allows one to build 
complex relationships between objects for real prediction of 
reactor dynamics. However, despite the high accuracy, the 
clustering of the sensor network is not taken into account. 
Study [19] focuses on the basics of fractal measurement of 
changes in the dynamics of process parameters. It is posi-
tive that a theoretical approach has been devised for future 
applied solutions. Along with this, it is noted that there are 
no specific solutions for technical monitoring, control, and 
diagnostics of NPP PU parameters. In [20], a method for 
optimizing the placement of sensors for collecting primary 
data for the simulation model of the NPP Combining models 
increases the reliability of monitoring, control, and diagnos-
tics, but this approach lacks analysis of the complex structure 
of information signals.

Work [21] confirms the hypothesis that the dynamics of 
changes in the information space (technological parameters) 
are closely related to the probability of accidents. However, 
digital tools for practical implementation in DT are not dis-
closed. Study [10] describes a DT simulation model for virtual 
training of NPP operational personnel. The DT model system 
increases the efficiency of training operational personnel in 
a secure information environment but does not include mod-
ules for checking the reliability of signals. 

In study [22], an algorithm for monitoring, control, and 
diagnostics of the technological process parameters of an 
NPP PU power unit was proposed. However, there is a need 
to adapt the DT simulation model to the sensor system to or-
ganize a cluster structure for the technological process. Publi-
cation [23] suggests an approach to diagnostics of technologi-
cal processes based on several combinations of an integrated 
DT model. Combining models increases the reliability of 
monitoring, control, and diagnostics, but this approach lacks 
an analysis of the complex structure of information signals.

Our review of the literature [8, 10–23] showed the pres-
ence of a number of partially unresolved issues: the lack of 
clustering of the sensor network and insufficient consider-
ation of the fractal nature of the data. In addition, the disad-
vantage of limited integration of DT models with information 
and control systems of software and hardware complexes of 
automated technological process control systems and insuf-
ficient adaptation to the specifics of the NPP EB is revealed. 

The above allows us to state that it is advisable to conduct 
a study aimed at constructing a DT model for the monitoring 
system of NPP PU technical condition.

3. The aim and objectives of the study

The purpose of our study is to build a DT model based on 
clustering of the sensor network of the continuous monitor-
ing system and fractality of the information signal of digital 
data for predicting pre-accident (emergency) states at PUs. 
This will allow for the following:
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– to optimize the process of technical maintenance and 
repair;

– to increase the efficiency of technical control;
– to ensure reliable diagnostics of the condition of the 

equipment;
– to contribute to the reduction of technogenic risks;
– to extend the service life of the equipment and increase 

the economic efficiency of PU operation;
– to increase the accuracy of the analysis of the sensor 

network data and to implement the practical integration 
of the model into the information and control system of 
NPP APCS for an NPP power unit.

To achieve the goal, the following tasks were set:
– to design a system for monitoring the technical condi-

tion of an NPP power unit based on the digital twin model;
– to substantiate the use of information fractal dimen-

sionality as an integral indicator of the complexity of signals 
and the efficiency of the continuous monitoring system;

– implement a prototype of DT based on the proposed mod-
el and test its operation under typical operational scenarios.

4. The study materials and methods 

The object of our study is the process of continuous moni-
toring and control of parameters in the technological process 
at NPP PU using the DT model, which is implemented on the 
basis of a system-cluster approach.

The principal hypothesis assumes that the implementa-
tion of continuous monitoring of the technical condition of 
NPP PU by means of DT, which is built on the system-cluster 
approach, could make it possible:

– to ensure timely detection of pre-accident conditions;
– to increase the reliability of diagnostics and forecasting 

of technical parameters in RT;
– to reduce the risk of technological equipment accidents;
– to optimize the costs of equipment maintenance.
The study assumes that the signals from the sensors have 

fractal properties and can be represented in the form of time 
series. This, in turn, correlates with the technical condition 
of the technological equipment in NPP PU. It is also assumed 
that the network of PU sensors has a cluster structure, which 
is amenable to formalized analysis.

To implement the study, system-cluster and fractal anal-
ysis, mathematical modeling and elements of information 
theory were used. System-cluster analysis considers the NPP 
PU as a hierarchical system. In it, sensors and subsystems are 
combined into functional clusters according to the interrela-
tionships of parameters. Fractal analysis studies multi-scale 
fluctuations of signals (temperature, pressure, vibrations). 
This is described by the indicators of fractal dimensionality 
and entropy, which are sensitive to hidden changes in the 
technical condition.

The experimental part of the study was implemented in a 
simulation environment in which the operation of NPP PU is 
modeled on the basis of open operational data. Clustering of 
the sensor network was performed using hierarchical group-
ing and information flow analysis. The data obtained in the 
process of the study allow us to assess the effectiveness of 
the model under conditions of continuous monitoring of the 
technical condition of NPP PU based on DT, which is built 
using the system-cluster approach.

Our study was performed using a personal computer 
based on an Intel Core i7 processor with 16 GB of RAM and 

a 512 GB SSD. The visualization and interface of the digital 
twin were implemented using HTML, CSS, and JavaScript 
technologies.

Open operational data from nuclear power plants and 
generated time series were used as the source data. The total 
amount of data exceeded 106 values ​​and included parameters 
of temperature (300–320°C), pressure (up to 15.7 MPa), vibra-
tions, and electrical characteristics of the equipment. Data 
preprocessing included noise filtering (moving average, 5 s 
window), normalization, and trend removal, which increased 
the reliability of analysis.

5. Analyzing the results of research on designing a 
power unit condition monitoring system based on a 

digital twin model

5. 1. Design of a system for monitoring the techni-
cal condition of a power unit at a nuclear power plant 
based on a digital twin model

The technological process of a 1000 MW NPP power unit 
is proposed to be represented as a hierarchical cluster struc-
ture that has fractal properties. Therefore, in our work, to 
build a DT model for the monitoring system of technical con-
dition of NPP PU, a system-cluster approach was proposed. It 
was proposed to take into account the physical and analytical 
control levels as clusters.

As information on the state of the technological process in 
a nuclear reactor, a reactor cluster was selected, which assesses 
the state of the fuel element (FE) cladding  using control sen-
sors in the power unit technical condition monitoring system.

Thus, the 1000 MW power unit technical condition mon-
itoring system integrates physical, analytical, and control 
clusters into a single digital twin model.

All clusters do not operate in isolation but under a mode 
of constant data exchange, which is implemented through a 
multi-level communication system. Information from sen-
sors of the reactor or secondary circuit can directly affect 
the control algorithms in the safety system. The prediction 
of the heat carrier behavior model can cause adaptation in 
the operation of the turbine assembly. Deep integration of 
clusters with horizontal and vertical interconnections allows 
the power unit to act as a single self-regulating organism with 
a high level of adaptability and reliability, as shown in Fig. 1.

Fig. 1 illustrates how the system-cluster approach is imple-
mented. The system is represented by a nuclear power plant, 
which corresponds to the fractal-cluster theory – cluster-cluster 
aggregation. The next element is the subsystem “Power Unit”, 
which is a cluster group. In turn, the subsystem “Power Unit” 
includes a reactor cluster, a primary circuit cluster, a secondary 
circuit cluster, and a safety system cluster.

For a deep assessment of the technical condition of each 
subcluster, which are part of the clusters of the “Energy mod-
ule” subsystem, it is proposed to use information theory and 
signal theory. At the first level, an analysis of the entropy of 
the information signal was carried out (1)

( ) ( ) ( )2
1

log ,
n

sig i i
i

H x p x p x
=

= −∑ 			   (1)

where Hsig(x) is the entropy of the information signal; x is a vari-
able that describes the discretized signal (pressure or tempera-
ture); xi is a discrete value of a separate signal; p(xi) is the proba-
bility of its occurrence; n is the number of discrete signal states.
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At the second level, the assessment of information in-
terdependence between clusters by mutual information is 
described by the following formula (2)

( ) ( ) ( )
( ) ( )2
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where HI(x; y) – mutual information; xi, yj – values of signals x 
and y; р(хі), р(уj) – probabilities of occurrence of values xi and yj; 
р(хі, уj) – joint probability of simultaneous observation of xi 
and yj. In this case, n, m – number of possible states of signals.

Next, at the third level, frequency analysis was performed 
using the method of discrete Fourier transform (3)
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where X(fk) is the spectral component of the signal; x(t) is the 
signal in the time domain at a certain time t; T is the total 
number of signal samples; fi is the frequency component; 
j is the conditional unit. Based on the frequency analysis, the 
spectral entropy was calculated from the following formula (4)
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where Hs(x) – spectral entropy of the signal; K – number of 
frequency components; Рk – normalized power at frequency fk.

From formula (4) it was obtained that 
each parameter for the value of spectral 
entropy does not allow us to assess the 
real level of the state of the technological 
process of NPP PU. For this purpose, 
a system of criteria and indicators was 
formed for calculating the integral in-
dicator of the state of the technological 
process of the 1000 MW power unit ac-
cording to expression (5)

1 2 3 4 ,n cl cl cl clI R F S Bα α α α= + + +∑   (5)

where nI∑  − integral indicator of the 
state of technological equipment of the 
1000 MW NPP PU;

Rcl − reactor cluster index;
Fcl − primary circuit cluster index;
Scl − secondary circuit cluster index;
Bcl  – safety system cluster index;
αn − weighting factors.
Thus, the system-cluster approach in 

information and control systems of the 
SHS APCS TP provides a practical tool for 
preventing pre-accident and emergency 
situations. That allowed us to lay a basis 
for the development of continuous moni-
toring and diagnostics systems using DT.

5. 2. Information fractal dimen-
sionality as an indicator of signal 
complexity and efficiency of moni-
toring the technical condition of the 
power unit

For qualitative and quantitative as-
sessment of the state of the technological process of the 
1000 MW NPP PU, it is proposed to use the value of the 
information fractal dimensionality of the signal according to 
expression (6)

( )
( )0

2

lim ,
log 1/

sig
f

H
D

ε

ε
ε→

= 				    (6)

where sig
fD  is the value of the information fractal dimension-

ality of the signal; ε is the scale value (time window, bina-
rization interval, etc.); H(ε) is the entropy of the signal at the 
corresponding level of detail.

Signals of technical origin, such as temperature, pressure, 
vibration, contain both regular and stochastic components. 
They have the properties of self-similarity, i.e., fractality. 
From this point of view, the classical entropy of the signal 
Hsig(x) is a partial case of information complexity. The value 
of the information fractal dimensionality of the signal models 
the systemic variability of information in the information 
environment of the technological process.

To take into account the degree of filling of the information 
environment, the volume of the information space of the tech-
nological process was determined, according to expression (7)

max

,

sig
fD

Vfactdeg
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V

S
V

S
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				    (7)

where deg
filV  is the degree of filling of the volume of the in-

formation space; SVfact is the actual length of the signal or 

Fig. 1. Hierarchical structure of the nuclear power plant power unit management 
system based on the system-cluster approach

NUCLEAR POWER PLANT SYSTEM 
(cluster-cluster aggregation) 

Reactor cluster 

SUBSYSTEM "NUCLEAR PLANT POWER UNIT" (cluster group) 

Primary circuit cluster 

Element 1 (subcluster 1): 
Temperature, pressure, neutron flux 
sensors Hsig(x) 

Element 2 (subcluster 2): Reactivity 
modeling, thermal hydraulics HI(x; y) 

Element 3 (subcluster 3): Control and 
protection system management, 
emergency stop Hs(x) 

Element 7 (subcluster 7): Circulation 
pump, steam generator, pipeline 
pressure sensors Hsig(x) 

Element 8 (subcluster 8): Circulation, 
heat loss analysis HI(x; y) 

Element 9 (subcluster 9): Pump, 
valve, coolant control Hs(x) 

Secondary circuit cluster 

Element 4 (subcluster 4): Steam 
pressure, condensate level, turbine 
speed sensors Hsig(x) 

Element 5 (subcluster 5): Modeling 
energy generation efficiency HI(x; y) 

Element 6 (subcluster 6): Load, 
turbine, pump control Hs(x) 

Security system cluster 

Element 10 (subcluster 10): 
Tightness, radiation, temperature 
sensors Hsig(x) 

Element 11 (subcluster 11): 
Accident scenario modeling, 
deviation analysis HI(x; y) 

Element 12 (subcluster 12): 
Initiation of protective actions: 
emergency cooling system, backup 
power Hs(x) 
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the volume of data that was used for analysis; SVmax is the 
maximum possible or specified length of the signal within 
the selected observation system.

Including this metric in the general information fractal 
model, a generalized formula for assessing the quality of in-
formation monitoring of the technical condition of NPP PU 
was derived (8)

( )
( )

( )
( )

( )
( )

2 2

2
2

log 1/ log 1/
;

log ,
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sig smon
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H x H x
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V

α β
ε

γ σ
ε

= ⋅ + ⋅ +
∆

+ ⋅ + ⋅ 		  (8)

where mon
fD  is the information-fractal criterion of the state 

of NPP PU. The weighting coefficients of the information-en-
tropy model of assessing the state of complex technical sys-
tems and their functional purpose are given in Table 1.

The indicator ,mon
fD  is an information-fractal criterion of 

the state of NPP PU, a multidimensional functional of the 
information properties of the signal and the spatial-temporal 
structure of its observation.

The permissible and characteristic values of the infor-
mation-fractal criterion of the state mon

fD  for various subsys-
tems in NPP PU, according to formulas (1) to (8), are given 
in Table 2.

Thus, the introduction of the range of changes in the 
information-fractal criterion of the state of NPP PU allowed 
for diagnostics taking into account the structural depth of 
the information signal. The proposed approach formed a sci-
entifically sound basis for building predictive, self-learning 
monitoring systems within the concept of digital twins of 
NPP PUs.

5. 3. Practical implementation of a digital twin for 
a system-cluster model of monitoring the technical 
condition of a power unit

Under current conditions of evolution of digital technol-
ogies, the DT of a nuclear power plant unit is its computer 
model copy, which repeats the operation of a real power unit 
and constantly receives data from control systems. Thanks 
to DT, it is possible to monitor the operation of units, con-
duct technical diagnostics, plan repairs, and support auto-
matic (according to a certain algorithm) decision-making. 
At the lower level of this system, a network of monitoring 
system control sensors operates. They are installed in areas 
of important threshold values, which constantly record the 
main technological parameters and transform data into a DT 
model (Fig. 2).

These data are sent to the central server every 1–3 sec-
onds, depending on the importance of the parameter. The 
pressure in the primary circuit (standard: 15.7 MPa) is 
monitored with a frequency of 2 Hz, while the temperature 
in the pipelines (standard: 300–320°C) is monitored with a 
frequency of 1 Hz. The data is filtered from surges and noise, 
in particular vibration signals – using the sliding transforma-
tion method with a 5-sec window; temperature signals – with 
calibration drift check; current signals – with interval zero-
ing. At the middle level, an analytical system operates, which 
uses fractal-cluster analysis methods to assess the complexity 
of the signal dynamics. The general view of the “Diagnostics” 
dialog box of the power unit digital twin is shown in Fig. 3.

From Fig. 3 it is clear that the assessment of the state 
of the technological process depends on the dynamics of 
changes in the value of the information fractal dimension-
ality of each information fractal criterion of the DT model 
of NPP PU.

Table 1

Weight coefficients of the information-entropy model for assessing the state of complex technical systems and their 
functional purpose

Coefficient Characteristic Physical content Conditions for weight gain
α − weighting factor of the signal 
entropy in the time domain [0.4; 

0.6]

Regulates the 
impact of Hsig(x)

Characterizes the degree of random-
ness (instability) of the signal within 

a time interval ε

Increases when the dynamic variability of the 
parameter is critical for the safety or stability 

of the system (reactor plant, HCP circuit)

β − weighting factor of the spectral 
entropy of the signal [0.2; 0.4]

Regulates the 
impact of Hs(x)

Displays the dispersion of signal 
energy across the spectrum and the 
appearance of atypical harmonics

Increases when critical changes appear in the 
frequency domain (vibration diagnostics of 

rotors, mounts, pump units)

γ − weighting factor of mutual in-
formation between signals [0.1; 0.3]

Adjusts the effect 
of mutual infor-
mation between 
signals x and y

Characterizes the information inter-
dependence of signals of different 

subclusters or systems

Increases when cluster interaction is a source 
of risk (effect of steam generator temperature 
on turbine vibrations, pressure dependence on 

electrical disturbances)
σ − average coefficient of the 

degree of filling of the information 
space. It is determined depending 
on the complexity of the system

Regulates the 
impact of Vfil

deg

Describes the completeness of the 
signal’s use of the potential infor-
mation space, taking into account 

fractal complexity

Increases in subsystems with large data 
volumes or high signal structural complexity; 
important in estimating the dimensionality of 

the information space

Table 2

Value of the information-fractal criterion of the state of NPP PU

Subsystem / sensor channel Signal change pattern Range of mon
fD

Interpretation of technical 
condition

Reactor plant (temperature, neutron flux) Stable with smooth fluctuations 0.2–0.35 Operational mode
Main circulation pump (MCP) Average level of vibrations and hydro fluctuations 0.3–0.5 Normal mode

Steam generator (temperature, pressure) Presence of spectral perturbations, correlations 0.45–0.65 Potentially complex mode
Emergency cooling system Intermittent, uncontrolled behavior 0.6–0.8 Pre-emergency mode

Condenser/secondary circuit Signal with noticeable spectral dispersion 0.4–0.6 Mode that needs attention
Auxiliary systems (ventilation, water) Moderate information activity 0.25–0.45 Stable-safe mode
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6. Discussion of results based on building a digital 
twin model for monitoring the technical condition of a 

power unit

In our work, unlike the approaches from [24, 25], a sys-
tem-cluster approach was implemented, which made it possible 
to build a hierarchical structure (Fig. 1) of the control system 
for the 1000 MW NPP PU. Comparison with the approach 
in [18], which is based on graph neural networks, shows that the 
proposed model is characterized by lower computational com-
plexity, which is important for implementation in real time. In 
papers [14, 15], fractal analysis is used to solve local diagnostic 
problems but its integration into digital models is absent.

An analysis of the entropy of the information signal was 
carried out at the first (1), second (2), and third levels (3), 
which led to the conclusion from formula (4) that each pa-
rameter for the value of spectral entropy does not make it pos-
sible to assess the real level of the state of the technological 
process in NPP PU. For this purpose, a system of criteria and 
indicators was formed for calculating the integral indicator of 
the state of the technological process of the 1000 MW power 
unit in accordance with expression (5).

The use of the value of the information fractal dimen-
sionality (6) allowed us to qualitatively and quantitatively 
assess the level of the state of the technological process of 
the 1000 MW NPP PU. The value of the information fractal 

Fig. 2. General view of the information panel for the digital twin model of a nuclear power plant unit

Fig. 3. General view of the “Diagnostics” dialog box of the power unit digital twin
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dimensionality of the signal, due to the introduction of a 
digital twin, allowed us to model the systemic variability of 
information in the information environment of the techno-
logical process.

To take into account the degree of filling of the informa-
tion environment, the volume of the information space of the 
technological process was determined from expression (7). 
That made it possible to take this volume into account as a 
metric in the general information fractal model and derive 
a generalized formula for assessing the quality of informa-
tion monitoring of the technical condition of NPP PU (8). To 
assess the state of complex technical systems and their func-
tional purpose, weight coefficients of the information-entro-
py model were proposed (Table 1).

The practical implementation of the digital twin model 
showed that the assessment of the state of the technological 
process depends on the dynamics of changes in the value of 
the information fractal dimensionality of the skin informa-
tion-fractal criterion of the DT model of NPP PU, as shown 
in Fig. 3.

Future research should be aimed at synchronizing the 
digital twin model for all six NPP power units.

The limitations inherent in this study include the depen-
dence of the adequacy of the proposed digital model on the 
reliability of input data for the automated monitoring system.

The disadvantage of our study is the complex formaliza-
tion of the procedure for processing primary signals from 
control sensors to the algorithm for calculating the integral 
cluster index.

In the future, in further research, it is advisable to consid-
er the implementation of automated monitoring systems for 
decision-making, in real time, based on the proposed criteria.

7. Conclusions 

1. A system for monitoring the technical condition of a 
power unit has been built, based on a digital twin model us-
ing a system-cluster approach, which allowed us to calculate 
an integral indicator of the state of the technological process 
of a 1000 MW power unit at a nuclear power plant. Unlike 
conventional  systems, the proposed system takes into ac-
count horizontal and vertical relationships between clusters, 
as well as simultaneously uses signal entropy, mutual infor-
mation, and spectral entropy.

2. Analytical expressions for the value of fractal dimen-
sionality were obtained, which allowed us to assess the level 
of more than 5 thousand parameters in the technological pro-
cess of a 1000 MW power unit. Unlike classical entropy meth-
ods, the proposed expressions take into account self-similar-
ity and multi-scale nature of technological process signals.

3. A practical implementation of a digital twin model of 
a power unit was carried out, in which data is transmitted 
from sensors to the central server every 1–3 s, and parameter 

control is executed with a frequency of up to 2 Hz. As a result, 
we have established that the critical state of the technological 
process is determined by the increase in the information frac-
tal dimensionality and the mon

fD  criterion. In particular, when 
transitioning from the normal mode to the pre-accident the 

mon
fD  value increases from 0.3–0.5 to 0.6–0.8, which enables 

detection of dangerous trends that lead to exceeding the limit 
parameters of the technological process.

Conflicts of interest

The authors declare that they have no conflicts of interest 
in relation to the current study, including financial, personal, 
authorship, or any other, that could affect the study and the 
results reported in this paper.

Funding

The study was conducted without financial support.

Data availability

All data are available, either in numerical or graphical 
form, in the main text of the manuscript.

Use of artificial intelligence

The authors declare the use of the AI tool: LLM mod-
el ollama/qwen2.5:32b version 2025; Claude Anthropic 
Claude Opus 4.6 version 2026; ChatGPT (OpenAI GPT-5, 
version 2025), number 5.0.1.

The AI tool was used in the sections “Introduction”, “Lit-
erary data analysis and problem statement”, “Discussion”, 
“Conclusions”.

The AI tool was used for editing and grammar checking.
The results provided by the AI tool were checked by man-

ual testing on real texts of the authors’ scientific publications;
The results provided by the AI tool reduced the impact 

of human grammatical errors when formulating conclusions 
for the study.

Authors’ contributions

Viktoriia Prokhorova: Conceptualization; Mykola Bu-
danov: Methodology; Kostiantyn Brovko: Validation; Pav-
lo Budanov: Investigation; Vyacheslav Melnykov: Formal 
analysis; Ihor Kyrysov: Resource; Oleh Velykohorskyi: 
Visualization; Andrii Nosyk: Software; Oleh Karpenko: 
Funding acquisition.

References 

1.	 van Dinter, R., Tekinerdogan, B., Catal, C. (2022). Predictive maintenance using digital twins: A systematic literature review. 
Information and Software Technology, 151, 107008. https://doi.org/10.1016/j.infsof.2022.107008 

2.	 Song, H., Song, M., Liu, X. (2022). Online autonomous calibration of digital twins using machine learning with application to nuclear 
power plants. Applied Energy, 326, 119995. https://doi.org/10.1016/j.apenergy.2022.119995 

3.	 Kochunas, B., Huan, X. (2021). Digital Twin Concepts with Uncertainty for Nuclear Power Applications. Energies, 14 (14), 4235. 
https://doi.org/10.3390/en14144235 

https://doi.org/10.1016/j.infsof.2022.107008
https://doi.org/10.1016/j.apenergy.2022.119995
https://doi.org/10.3390/en14144235


Information and controlling system

71

4.	 Xu, Q., Zhou, G., Zhang, C., Chang, F., Huang, Q., Zhang, M., Zhi, Y. (2025). A Digital Twin Framework for Nuclear Power Equipment 
Maintenance: Design, Prototyping, and Preliminary Validation. Digital Twin, 2 (1). https://doi.org/10.12688/digitaltwin.17695.2 

5.	 Lin, L., Bao, H., Dinh, N. (2021). Uncertainty quantification and software risk analysis for digital twins in the nearly autonomous 
management and control systems: A review. Annals of Nuclear Energy, 160, 108362. https://doi.org/10.1016/j.anucene.2021.108362 

6.	 Budanov, P., Brovko, K., Cherniuk, A., Vasyuchenko, P., Khomenko, V. (2018). Improving the reliability of informationcontrol systems 
at power generation facilities based on the fractalcluster theory. Eastern-European Journal of Enterprise Technologies, 2 (9 (92)), 4–12. 
https://doi.org/10.15587/1729-4061.2018.126427 

7.	 Karnik, N., Abdo, M. G., Estrada-Perez, C. E., Yoo, J. S., Cogliati, J. J., Skifton, R. S. et al. (2024). Constrained Optimization of Sensor 
Placement for Nuclear Digital Twins. IEEE Sensors Journal, 24 (9), 15501–15516. https://doi.org/10.1109/jsen.2024.3368875 

8.	 Daniell, J., Kobayashi, K., Alajo, A., Alam, S. B. (2025). Digital twin-centered hybrid data-driven multi-stage deep learning framework 
for enhanced nuclear reactor power prediction. Energy and AI, 19, 100450. https://doi.org/10.1016/j.egyai.2024.100450 

9.	 Budanov, P., Brovko, K., Melnikov, V., Yakymchuk, M., Kononov, V., Kyrysov, I. et al. (2025). Construction of an information model 
of the digital twin of the technological process in a power unit at a nuclear power plant. Eastern-European Journal of Enterprise 
Technologies, 4 (8 (136)), 39–49. https://doi.org/10.15587/1729-4061.2025.335712 

10.	 Nguyen, T. N., Ponciroli, R., Bruck, P., Esselman, T. C., Rigatti, J. A., Vilim, R. B. (2022). A digital twin approach to system-level fault 
detection and diagnosis for improved equipment health monitoring. Annals of Nuclear Energy, 170, 109002. https://doi.org/10.1016/ 
j.anucene.2022.109002 

11.	 Chen, F., Huang, Q., Song, M., Liu, X., Zeng, W., Song, H., Cheng, K. (2025). A study on the development of digital model of digital 
twin in nuclear power plant based on a hybrid physics and data-driven approach. Applied Thermal Engineering, 271, 126289. https://
doi.org/10.1016/j.applthermaleng.2025.126289 

12.	 Qi, F., Li, W., Liu, Z., Li, Q., Li, Y., Huang, Y. et al. (2022). Gradient percolation of fission gases in nuclear fuel pellet. Journal of Nuclear 
Materials, 571, 153993. https://doi.org/10.1016/j.jnucmat.2022.153993 

13.	 Chen, M., Liu, H., Zhao, W., Zhang, Y., Yu, W., Peng, Q. et al. (2025). Development of the environmental assisted fatigue assessment 
method for nuclear plants in digital twin. Nuclear Engineering and Technology, 57 (6), 103402. https://doi.org/10.1016/j.
net.2024.103402 

14.	 Budanov, P., Khomiak, E., Kyrysov, I., Brovko, K., Kalnoy, S., Karpenko, O. (2022). Building a model of damage to the fractal structure 
of the shell of the fuel element of a nuclear reactor. Eastern-European Journal of Enterprise Technologies, 4 (8 (118)), 60–70. https://
doi.org/10.15587/1729-4061.2022.263374 

15.	 Songbo, R., Chao, K., Ying, G., Song, G., Shenghui, Z., Gang, L. et al. (2022). Measurement pitting morphology characteristic of corroded 
steel surface and fractal reconstruction model. Measurement, 190, 110678. https://doi.org/10.1016/j.measurement.2021.110678 

16.	 Budanov, P., Kyrysov, I., Oliinyk, Y., Brovko, K., Zhukov, S. (2025). Fractal Approach for Researching Information Emergency Features 
of Technological Parameters. International Journal of Computing, 24 (1), 171–177. https://doi.org/10.47839/ijc.24.1.3889 

17.	 Budanov, P., Oliinyk, Y., Cherniuk, A., Brovko, K. (2024). Dynamic Fractal Cluster Model of Informational Space Technological Process 
of Power Station. Information Technology for Education, Science, and Technics, 141–155. https://doi.org/10.1007/978-3-031-71801-4_11 

18.	 Ferriol-Galmés, M., Suárez-Varela, J., Paillissé, J., Shi, X., Xiao, S., Cheng, X. et al. (2022). Building a Digital Twin for network 
optimization using Graph Neural Networks. Computer Networks, 217, 109329. https://doi.org/10.1016/j.comnet.2022.109329 

19.	 Husain, A., Nanda, M. N., Chowdary, M. S., Sajid, M. (2022). Fractals: An Eclectic Survey, Part-I. Fractal and Fractional, 6 (2), 89. 
https://doi.org/10.3390/fractalfract6020089 

20.	 Tian, K., Gao, T., Hu, X., Xiao, J., Liu, Y. (2024). Novel optimal sensor placement method towards the high-precision digital twin for 
complex curved structures. International Journal of Solids and Structures, 302, 113003. https://doi.org/10.1016/j.ijsolstr.2024.113003 

21.	 Budanov, P., Kyrysov, I., Brovko, K., Rudenko, D., Vasiuchenko, P., Nosyk, A. (2021). Development of a solar element model using 
the method of fractal geometry theory. Eastern-European Journal of Enterprise Technologies, 3 (8 (111)), 75–89. https://doi.org/ 
10.15587/1729-4061.2021.235882 

22.	 Budanov, P., Oliinyk, Y., Cherniuk, A., Brovko, K. (2024). Fractal approach for the researching of information emergency features of 
technological parameters. TRANSPORT, ECOLOGY, SUSTAINABLE DEVELOPMENT: EKO VARNA 2023, 3104, 040015. https://doi.org/ 
10.1063/5.0191648 

23.	 Stewart, R., Treviño, E., Shields, A., Heaps, K., Darrington, J., Williams, Q. et al. (2025). The AGN-201 Digital Twin: A test bed for 
remotely monitoring nuclear reactors. Annals of Nuclear Energy, 213, 111041. https://doi.org/10.1016/j.anucene.2024.111041 

24.	 Prokhorova, V., Budanov, O., Budanov, P., Slastianykova, K. (2025). Devising a methodology for estimating the information potential 
of energy enterprises under the conditions of digital coherency. Eastern-European Journal of Enterprise Technologies, 3 (13 (135)), 
6–16. https://doi.org/10.15587/1729-4061.2025.332324 

25.	 Prokhorova, V., Budanov, O., Budanov, M., Slastianykova, K. (2025). Building a consolidated model of digital coherence for managing the 
information potential at power enterprises. Eastern-European Journal of Enterprise Technologies, 4 (13 (136)), 58–69. https://doi.org/ 
10.15587/1729-4061.2025.336641 

https://doi.org/10.12688/digitaltwin.17695.2
https://doi.org/10.1016/j.anucene.2021.108362
https://doi.org/10.15587/1729-4061.2018.126427
https://doi.org/10.1109/jsen.2024.3368875
https://doi.org/10.1016/j.egyai.2024.100450
https://doi.org/10.15587/1729-4061.2025.335712
https://doi.org/10.1016/j.anucene.2022.109002
https://doi.org/10.1016/j.anucene.2022.109002
https://doi.org/10.1016/j.applthermaleng.2025.126289
https://doi.org/10.1016/j.applthermaleng.2025.126289
https://doi.org/10.1016/j.jnucmat.2022.153993
https://doi.org/10.1016/j.net.2024.103402
https://doi.org/10.1016/j.net.2024.103402
https://doi.org/10.15587/1729-4061.2022.263374
https://doi.org/10.15587/1729-4061.2022.263374
https://doi.org/10.1016/j.measurement.2021.110678
https://doi.org/10.47839/ijc.24.1.3889
https://doi.org/10.1007/978-3-031-71801-4_11
https://doi.org/10.1016/j.comnet.2022.109329
https://doi.org/10.3390/fractalfract6020089
https://doi.org/10.1016/j.ijsolstr.2024.113003
https://doi.org/10.15587/1729-4061.2021.235882
https://doi.org/10.15587/1729-4061.2021.235882
https://doi.org/10.1063/5.0191648
https://doi.org/10.1063/5.0191648
https://doi.org/10.1016/j.anucene.2024.111041
https://doi.org/10.15587/1729-4061.2025.332324
https://doi.org/10.15587/1729-4061.2025.336641
https://doi.org/10.15587/1729-4061.2025.336641

