
44 KPI Science News       ISSN  2617-5509 (print), ISSN  2663-7472 (online) 2026 / 2

Introduction

The modern nuclear industry plays a crucial 
role as a key element of critical infrastructure, en-
suring national strategic energy independence. In the 

context of global challenges – such as the need for 
guaranteed and uninterrupted power supply, adhe
rence to high environmental standards, rational use 
of fuel and energy resources, and increasingly strin-
gent safety requirements – scientific developments 
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SIMULATION MODEL OF A DIGITAL TWIN FOR AN NPP POWER  
UNIT TECHNOLOGICAL PROCESS

Background. Modern Nuclear Power Plant (NPP) units are characterised by high structural complexity, multi-level 
hierarchical Information and Control (I&C) systems, and a vast number of interconnected technological parameters. 
Existing digital twin models primarily focus on individual physical processes – such as neutron kinetics, thermal hy-
draulics, or protection logic – often overlooking the comprehensive structure of control systems. The lack of a for-
malised approach for real-time assessment of subsystems’ hierarchical integrity limits the early detection of pre-accident 
states and proactive safety management.
Objective. The paper aims to develop a simulation model of a digital twin for the NPP technological process based 
on a system-cluster approach. This method enables the assessment of the hierarchical, self-similar scaled structure of 
subsystems using fractal dimension as a quantitative metric.
Methods. The study utilises a system-cluster approach, decomposing the power unit into functional sub-clusters: power 
control, protection system, coolant parameter regulation, and emergency shutdown. The mathematical framework in-
tegrates neutron kinetics equations, thermal-hydraulic relations, and logical-dynamic algorithms. To quantify structural 
complexity, the information space coverage method was employed to calculate fractal dimensions. The digital twin was 
implemented as a hardware-and-software complex integrated with the I&C systems, incorporating modules for data 
acquisition, structural identification, and predictive analytics.
Results. Fractal dimension values were obtained for key subclusters of the power unit, reflecting their hierarchical 
complexity (notably, the maximum of 1.83 for the coolant control system and the minimum of 1.0 for the protection 
system). Normalised ranges of fractal dimension were determined as indicators of normal operation. Furthermore, a 
monitoring algorithm was developed to detect the loss of structural levels or subsystem degradation before functional 
failures manifest. Practical implementation demonstrated the feasibility of real-time structural diagnostics and adaptive 
response.
Conclusions. The proposed fractal-cluster approach ensures comprehensive modelling of the NPP technological process 
by accounting for its hierarchical structure. Utilising fractal dimension as a structural diagnostic parameter expands the 
capabilities of traditional control methods and establishes the necessary framework for proactive safety management 
strategies based on digital twin technology.
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aimed at improving NPP management technologies 
are becoming highly relevant. A priority vector for 
such research is the construction of high-fidelity 
digital twins of NPP power unit operating proces
ses, which provide fundamentally new horizons for 
monitoring, technical diagnostics, and predicting 
the state of complex systems.

Operating processes on NPP power units are 
characterised by significant dynamics, a complex 
multi-layered hierarchy, and a massive array of in-
terdependent parameters requiring constant supervi-
sion. Enhancing operational safety necessitates the 
application of intelligent analytical tools capable of 
detecting deviations and preconditions for accident 
situations in their incipient phases. In this regard, 
rapid progress in digital technologies is stimulating 
the realisation of the digital twin concept – a virtual 
prototype of a physical object that is constantly syn-
chronised with real-time data and enables predictive 
modelling and optimisation of functionality.

However, the development of digital twins for 
NPP power units requires high-quality mathematical 
descriptions that reflect not only the physical nature 
of phenomena but also the structural complexity of 
the controlled system. Methods integrating a sys-
temic approach, subdivision into subsystems (clus-
tering), and the use of fractal indicators as quanti-
tative markers of complexity level and hierarchical 
structure become crucial.

A review of the literature indicates that a sig-
nificant number of studies are devoted to various as-
pects of modelling processes in Water-Water Power 
Reactor (WWER) with a nominal electric power of 
1000 MW. For example, [1] examines the imple-
mentation of multi-zone models for controlling re-
actor power dynamics, but without applying control 
subsystem clustering or fractal indicators. Publica-
tion [2] presents a detailed thermal-hydraulic model 
of the reactor core in transient regimes, but does 
not consider the hierarchical structure of regulators 
and actuators. Research [3] focuses on visualising 
thermal processes in the reactor vessel, but with-
out integrating neutron kinetics and analysing the 
control structure. Work [4] models the mechanics 
of control rod actuation based on a multi-body ap-
proach, allowing for the consideration of rod move-
ment dynamics, but does not address the influence 
of structural complexity on system response time. 
Mathematical modelling of the nuclear fuel cycle 
presented in [5] encompasses energy balance and 
critical coefficients, but omits cluster decomposition 
of the reactor installation.

Several studies [6–8] explore fractal approaches 
and digital twin construction for complex technical 

systems. However, these methods are predominantly 
theoretical and not adapted to the specific struc-
ture of NPP power units. Studies [9, 10] analyse 
multi-level automation and the possibility of clus-
tering control functions, but fractal dimension is not 
used as a quantitative measure of complexity.

Meanwhile, proceedings [11–14] demonstrate 
the potential of fractal metrics in technical monito
ring tasks and neutron-physical modelling. However, 
these approaches are not combined with the hierar-
chical cluster structure of the power unit. Research 
[15] demonstrates the possibilities of modelling the 
consequences of control and protection system ac-
tuation in WWER-1000, but without systemic in-
tegration with other subsystems. Consequently, the 
existing literature reveals a gap: the absence of a 
comprehensive formalised model for controlling an 
NPP power unit based on a system-cluster approach 
using fractal characteristics.

Existing solutions typically focus on individu-
al physical processes and do not consider the ho-
listic multi-level structure of the control object. In 
this connection, an urgent scientific and applied 
problem is the development of a fractal-cluster 
mathematical model of a digital twin of the tech-
nological process of an NPP power unit, which 
would integrate neutron kinetics, thermofluidics, 
and control system dynamics into a single infor-
mation platform.

Implementing such an approach will enable 
quantitative assessment of structural complexity, im-
prove reliability of operation and predict emergency 
modes. This creates a foundation for implementing 
new generations of I&C systems.

Problem Statement

The research aims to develop a simulation 
model of a digital twin for the technological pro-
cess of an NPP power unit using a system-cluster 
approach. This approach enables the analysis of the 
hierarchical self-similar scaled structure of subsys-
tems based on fractal dimension evaluation.

To achieve this goal, the following tasks were 
defined:

– model the technological process of an NPP 
power unit using a system-cluster approach;

– investigate the hierarchical structure of the 
information-control system of an NPP power unit 
to facilitate the integration of digital twin algo-
rithms;

– implement the system-cluster model based 
on the digital twin of the technological process of an 
NPP power unit.
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Modelling the Technological Process of an NPP 
Power Unit Based on a System-Cluster Approach

Within the framework of the system-cluster 
approach for modelling complex technical objects, 
the technological process of an NPP power unit is 
treated as a multi-level structure with a cluster ar-
chitecture. This enables formal representation of de-
pendencies between its functional components [14].

In the proposed model, the primary cluster 
(cluster 1) represents the overall operation of the 
NPP power unit. It is structurally decomposed into 
four functional sub-clusters that encompass key as-
pects of dynamic control and safety of the reactor 
plant: power control sub-cluster (C1,1); reactor pro-
tection sub-cluster (C1,2); coolant parameter regu
lation sub-cluster (C1,3); and reactor emergency 
shutdown sub-cluster (C1,4).

Each of these sub-clusters characterises a dis-
tinct dynamic subsystem responsible for functio
nally critical tasks. These tasks ensure the safe and 
reliable operation of the reactor core during both 
normal operation and transient or accident condi-
tions.

The power control sub-cluster C1,1 manages the 
regulation of neutron flux and thermal power of the 
reactor core. Its model is based on point neutron 
equations modified to account for feedback on fuel 
and coolant temperatures. The dynamics of reactor 
power change and delayed neutron concentration 
are described by system of equations:

( ) ( ) ( ) ( )

( ) ( ) ( )

1
,

,

n

i i
i

i i
i i

dP t t
P t C t

dt
dC t

P t C t
dt

ρ β
λ

β
λ

=

 −
= + Λ


 = − Λ

∑
      (1)

where dP is reactor power at time t, MW; ρ(t) is 
instantaneous reactivity, a dimensionless quantity 
representing the deviation from the critical state; β 
is total fraction of delayed neutrons; Λ is neutron 
generation period, s (Λ ≈ 103 s); λі is decay constant 
(attenuation) of the i-th group of delayed neutrons; 
Сі(t) is concentration of delayed neutrons of the i-th 
group at time t; βi is fraction of delayed neutrons for 
the i-th group.

The reactor protection sub-cluster (C1,2) pro-
vides an automated response to critical deviations in 
the technological parameters of the NPP power unit. 
The protection system’s operation is based on moni
toring the threshold values for temperature, pres-
sure, power, and neutron flux. The mathematical 
description of the sub-cluster is implemented via the 
following algorithm:
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where Zk(t) is the state of protection actuation for 
the k-th parameter; xk(t) is the current value of the 
technological parameter; xthres is the threshold value 
of the technological parameter.

The coolant parameter regulation sub-cluster 
(C1,3) is responsible for maintaining effective heat 
removal from the reactor core by controlling coolant  
temperature, pressure, and flow rate. The dyna
mics of the heat exchange processes are described 
by thermal-hydraulic equation:
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where ρ is coolant density, kg/m3; h is specific en-
thalpy, J/kg; v is velocity vector, m/s; Q is internal 
heat sources, W/m3; q is heat flux vector, W/m2.

The reactor emergency shutdown sub-cluster 
(C1,4) ensures the rapid termination of the nucle-
ar chain reaction in the event of emergency. The 
mathematical model of the sub-cluster is based on 
introducing a step-wise negative reactivity, imple-
mented by emergency insertion of absorber rods or 
boric acid injection:

( ) 0 ,emertρ ρ ρ= − ∆                  (4)

where ρ(t) is reactor reactivity after the emergency 
protection actuation; ρ0 is the initial reactivity value; 
∆ρemer is the magnitude of negative reactivity inser-
tion due to the emergency drop of control rods or 
boric acid injection.

Within the system-cluster approach, the gene
ralised state of the NPP power unit at the macro 
level is defined by an aggregated state variable x1(t). 
This variable integrates key process characteristics, 
including reactor thermal power, neutron density, 
and total reactivity. Its dynamics is governed by a 
differential equation that accounts for the interac-
tions between sub-clusters, control inputs, and ex-
ternal disturbances, formulated as:
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where x1(t) is generalised state vector of the power 
unit (integral parameters: power, neutron flux, re-
activity); x1j(t) is states of the functional sub-clusters 
(power control, reactor protection, coolant regu-
lation, and emergency shutdown); aj is structural 
influence coefficients reflecting sub-cluster inter-
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actions (aj ∈ [0, 1]); a0x1(t) is internal dynamics 
(intrinsic process evolution); bu1(t) is control inputs 
(control rods, I&C systems, pumping systems, to 
name a few); ω1(t) is external disturbances (load 
changes, operational fluctuations, and uncertain-
ties).

Each sub-cluster state variable x1j(t) represents 
a distinct physical or logical-dynamic subsystem, the 
summation of which defines the overall operational 
state of the NPP power unit. The structural influ-
ence coefficients aj characterise the impact of the 
respective sub-clusters and can be determined via 
expert judgment, statistical analysis, or system iden-
tification procedures.

Control inputs bu1(t) are generated by the I&C 
system of the distributed control system. These 
include signals for power regulation, operational 
mode transitions, and the actuation of safety al-
gorithms. External disturbances ω1(t) account for 
uncontrolled factors, such as grid load fluctuations, 
coolant parameter variations, and power system 
transients.

Investigation of the Hierarchical Structure of 
the NPP Information and Control System for 
Digital Twin Implementation

According to fractal-cluster theory [7, 8, 11], 
an NPP power unit is viewed as a hierarchical, 
self-similar structure comprising interconnected 
clusters and lower-level sub-clusters. The hierarchi-
cal organisation of the NPP technological process 
control system, based on the proposed system-clus-
ter approach, is illustrated in Fig. 1.

This approach enables the local modelling of 
subsystems with subsequent aggregation of results at 
the macro level. Each sub-cluster can be further de-
composed into elementary functional components, 
including the reactor, turbine, generator, sensors, 
controllers, and actuators.

To evaluate the structural complexity of these 
sub-clusters, the fractal dimension is employed. This 
parameter is determined using the information space 
coverage method, which accounts for the system’s 
inherent hierarchy and scale invariance.

For a discrete hierarchical structure, fractal di-
mension df is determined by formula [7, 14]:
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where N(ε) is the number of elements (nodes, sub-
systems); ε is scaling factor (e.g., the fraction of the 
full structure into which the object is divided).
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Fig. 1. Hierarchical structure of the control system of an NPP 

power unit based on a system-cluster approach

The power control sub-cluster C1,1 provides 
regulation of the reactor thermal power and is de-
scribed by equation:
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where x11(t) is the current thermal power; r(t) is the 
power setpoint; kp is the proportional gain; u11(t) is 
the control signal sent to the actuators, measured in 
real-time.

For sub-cluster C1,1 a fractal dimension of 
df = 1.584 was obtained, corresponding to a scaled 
multi-level control structure. A decrease to df < 1.5 
may indicate structural degradation, while exceeding 
df > 1.7 suggests excessive complexity.

The reactor protection sub-cluster C1,2 imple-
ments emergency response logic:

( ) ( )1
12

1, if ,
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thresx t x
x t

    >= 
  

            (8)

where x1(t) is the current reactor thermal power; xthres 
is the safety threshold; x1,2(t) is the protection actua-
tion signal (1 – active, 0 – inactive). A decrease in df 
below 0.9 may indicate reduced reliability or partial 
signal channel unavailability (a pre-accident state), 
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while exceeding df above 1.2 indicates a risk of re-
sponse delays due to excessive structural complexity.

The coolant regulation sub-cluster C1,3 is de-
scribed by equation:

( ) ( )( ) ( )13
13 13 ,T nom

dx t
k x t T u t

dt
= − ⋅ − +       (9)

where x13(t) is the coolant temperature; Tnom is the 
nominal temperature; u13(t) is the control signal for 
the Main Circulation Pump (MCP), measured in 
real-time; kT is the thermal regulation coefficient 
determining the system’s response speed.

For sub-cluster C1,3, a value of df = 1.83, was 
determined, corresponding to a complex multi-level 
automation structure. A drop of df below 1.7 poten-
tially indicates structural simplification, equipment 
decommissioning, or signal transmission failure. A 
value of df above 1.9 indicates a risk of over-compli-
cation, which may lead to synchronisation issues or 
reduced response speed.

The emergency shutdown sub-cluster C1,4 im-
plements the reactor scram function:
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where x14(t) is the status of the emergency shut-
down function; x1,2(t) is the actuation signal from 
the protection system sub-cluster C1,2. For the emer-
gency shutdown sub-cluster, a fractal dimension of 
df = 1.585 was obtained, corresponding to a redun-
dant structure with high fault tolerance.

The summarised results indicate that the cool-
ant regulation sub-cluster possesses the highest 
structural complexity, while the protection system is 
characterised by minimal hierarchical depth. Con-
tinuous updates of the sub-clusters’ fractal dimen-
sions enable dynamic monitoring of the NPP power 
unit’s technological process.

The implementation algorithm for the digital 
twin model (Fig. 2) involves identifying the active 
elements of the sub-clusters, evaluating the hierar-
chical depth, and calculating the fractal dimension 
in real-time, followed by a comparison with pre-
defined threshold values.

For each sub-cluster in normal operation, a 
reference fractal dimension df0, is determined and 
stored within the I&C system. During operation, the 
current value may fluctuate due to component degra
dation, communication channel failure, or control 
logic disruptions. The deviation is calculated using 
formula:

( ) ( )0f f fd t d d t∆ = − ,                 (11)

where df 0  is the reference fractal dimension; df(t) 
is the instantaneous value at time t. Under normal 
operating conditions, df( t) remains close to df 0 .
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Fig. 2. Algorithm for implementing a digital twin model of the 

technological process of an NPP power unit

A decreasing fractal dimension indicates a simpli-
fication of the control structure due to the loss of active 
elements or hierarchical levels. If Δdf(t) exceeds the al-
lowable tolerance, the system generates a warning sig-
nal or activates the emergency response mechanisms.

Thus, fractal dimension is used as a structural 
diagnostic parameter to detect hidden disruptions in 
the architecture of the NPP power unit control system.

Practical Implementation of the System-Cluster 
Model Within the NPP Power Unit Digital Twin 
Framework

The implementation of the NPP digital twin, 
based on the system-cluster approach, relies on mo
delling sub-cluster interactions, monitoring structu
ral integrity, and evaluating fractal dimensions in 
real-time. This provides both a high-fidelity reflec-
tion of the current system state and the ability to 
predict potential deviations [14].

The digital twin is integrated with the I&C 
system and includes modules for data acquisition, 
structural identification, threshold comparison, vi-
sualisation, and predictive analytics.



49

An adaptive interface has been developed to 
monitor the power unit’s status, displaying techno-
logical parameters, fractal analysis results, and the 
cluster states of subsystems in real-time. The inter-
face panel includes tabs for core reactor parameters, 
dynamic fractal dimension graphs, and a radar chart 
(spider diagram) of the cluster structure (Fig. 3).

An interactive graphics library was utilised for 
data visualisation, enabling the construction of dy-
namic charts with automatic real-time updates. This 
facilitates the prompt display of parameter shifts, 
trend analysis, and the detection of potential ano
malies within power unit subsystems.

The modular architecture ensures the flexibility 
and scalability of the software complex, allowing for 
future expansion through new analytical algorithms, 
diagnostic modules, and predictive tools. Further-
more, integration with Supervisory Control and 
Data Acquisition (SCADA) systems and NPP I&C 
systems platforms creates a foundation for deploying 
the digital twin in real-world nuclear power plant 
operating environments.

Conclusions

1. A system-cluster approach for modelling 
NPP technological processes has been developed 
and validated. The proposed simulation model pro-
vides a formal description of power unit behaviour 
across normal, transient, and emergency modes, es-

tablishing a robust framework for integrating digital 
twins into modern I&C systems. Unlike traditio
nal localised models, this approach offers superior 
adaptability and scalability, accurately reflecting the 
complex structure of real-world NPP units.

2. The investigation of the I&C system’s 
hierarchical structure established a clear corre
lation between sub-cluster structural complexity 
and functional characteristics. It was determined 
that the coolant regulation sub-cluster possesses 
the highest fractal dimension, indicating a signi
ficant degree of structural interdependence. Based 
on this, a structural diagnostic algorithm was deve
loped, capable of detecting degradation and the 
loss of hierarchical levels before the onset of criti-
cal functional failures.

3. The practical implementation of the NPP 
digital twin with fractal monitoring confirmed the 
effectiveness of the proposed approach for early 
diagnostics and proactive control. Results show that 
structural shifts within sub-clusters are accompa-
nied by corresponding changes in fractal dimension,  
enabling the automated identification of potential 
operational threats. The implemented adaptive re-
sponse mechanism facilitates the activation of pro-
tective scenarios prior to emergency escalation, 
significantly enhancing the functional safety of the 
NPP power unit. Thus, this research creates the 
prerequisites for next-generation intelligent deci-
sion-support systems in the nuclear energy sector.

Fig. 3. Digital twin interface for the WWER-1000 technological process
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К.Ю. Бровко, П.Ф. Буданов, О.В. Великогорський, Ю.С. Олійник, Н.Д. Винокурова, С.М. Войтенко

ІМІТАЦІЙНА МОДЕЛЬ ЦИФРОВОГО ДВІЙНИКА ТЕХНОЛОГІЧНОГО ПРОЦЕСУ ЕНЕРГОБЛОКА АЕС

Проблематика. Сучасні енергоблоки атомних електростанцій (АЕС) характеризуються високою структурною складністю, 
багаторівневою ієрархією інформаційно-керуючих систем і значною кількістю взаємопов’язаних технологічних параметрів. 
Відомі моделі цифрових двійників здебільшого орієнтовані на окремі фізичні процеси (нейтронну кінетику, теплогідравліку або 
логіку захисту) без комплексного врахування структурної організації систем управління. Відсутність формалізованого підходу 
до оцінювання ієрархічної цілісності підсистем у режимі реального часу обмежує можливості раннього виявлення передаварійних 
станів і проактивного керування безпекою.

Мета дослідження. Розроблення імітаційної моделі цифрового двійника технологічного процесу енергоблока АЕС на основі 
системно-кластерного підходу, що дозволяє оцінити ієрархічну самоподібну масштабовану структуру підсистем з використанням 
кількісної величини фрактальної розмірності.

Методика реалізації. Дослідження виконано на основі системно-кластерного підходу з декомпозицією енергоблока 
на функціональні підкластерні структури: керування потужністю, спрацювання системи захисту, регулювання параметрів 
теплоносія та контролювання аварійної зупинки. Математичний апарат моделі поєднує рівняння нейтронної кінетики, 
теплогідравлічні співвідношення та логіко-динамічні алгоритми. Для кількісної оцінки структурної складності застосовано метод 
покриття інформаційного простору з обчисленням фрактальної розмірності. Реалізацію цифрового двійника здійснено у вигляді 
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програмно-апаратного комплексу, інтегрованого з інформаційно-керуючою системою, з використанням модулів збирання даних, 
структурної ідентифікації та прогнозного аналізу.

Результати дослідження. Отримано значення фрактальної розмірності для ключових підкластерів енергоблока, 
що відображають їхню ієрархічну складність (зокрема, максимальне значення 1,83 для системи регулювання теплоносія 
й мінімальне значення 1 для системи захисту). Визначено нормовані діапазони фрактальної розмірності як індикатори штатного 
функціонування. Розроблено алгоритм моніторингу відхилень, який дозволяє виявляти втрату структурних рівнів або деградацію 
підсистем до появи функціональних збоїв. Практична реалізація цифрового двійника продемонструвала можливість оперативного 
структурного діагностування та адаптивного реагування.

Висновки. Запропонований фрактально-кластерний підхід забезпечує комплексне моделювання технологічного процесу 
енергоблока АЕС з урахуванням його ієрархічної структури. Використання фрактальної розмірності як структурного діагностичного 
параметра розширює можливості традиційних методів контролю і створює передумови для впровадження проактивних стратегій 
керування безпекою на основі цифрового двійника.

Ключові слова: цифровий двійник; енергоблок; фрактальна розмірність; системно-кластерний підхід; інформаційно-
керуюча система.
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