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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 1&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.

Keywords: digital twin; power unit; fractal dimension; system-cluster approach; information and management system.

Introduction context of global challenges — such as the need for
guaranteed and uninterrupted power supply, adhe-

The modern nuclear industry plays a crucial rence to high environmental standards, rational use

role as a key element of critical infrastructure, en- of fuel and energy resources, and increasingly strin-
suring national strategic energy independence. In the gent safety requirements — scientific developments
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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 Kkinetics, 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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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 (Cl,l); reactor pro-
tection sub-cluster (C,,); coolant parameter regu-
lation sub-cluster (C,;); and reactor emergency
shutdown sub-cluster (C, ).

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 C, | 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:

dl;gt) _ p(fi‘/” P(t)+iZ::/1iCi(t)’ N
dCTt(f):%p(t)-ziq(t),

where dP is reactor power at time #, MW; p(t) is
instantaneous reactivity, a dimensionless quantity
representing the deviation from the critical state; p
is total fraction of delayed neutrons; A is neutron
generation period, s (A = 103 s); 4, is decay constant
(attenuation) of the i-th group of delayed neutrons;
C(7) is concentration of delayed neutrons of the i-th
group at time £, g, is fraction of delayed neutrons for
the i-th group.

The reactor protection sub-cluster (C,,) 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:

where Z(?) is the state of protection actuation for
the k-th parameter; x,(¢) is the current value of the
technological parameter; x,,,, is the threshold value
of the technological parameter.

The coolant parameter regulation sub-cluster
(C, ) 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:

p@ﬂn}-w:Q—v-(}, (3)
ot
where p is coolant density, kg/m?3; & is specific en-
thalpy, J/kg; v is velocity vector, m/s; Q is internal
heat sources, W/m?; ¢ is heat flux vector, W/m?2.

The reactor emergency shutdown sub-cluster
(C,,) 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:

p(t):pO_Apemer’ (4)

where p(?) is reactor reactivity after the emergency
protection actuation; p, is the initial reactivity value;
Ap,... 18 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 x (7).
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:

1), ()+ ji]ajxlj (0)+

dt
+bu, (1) + o, (1), (5)

where x,(7) is generalised state vector of the power
unit (integral parameters: power, neutron flux, re-
activity); x, (7) is states of the functional sub-clusters
(power control, reactor protection, coolant regu-
lation, and emergency shutdown); a; is structural
influence coefficients reflecting sub-cluster inter-
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actions (aq; € [0, 1]); ayx,(?) is internal dynamics
(intrinsic process evolution); bu,(?) is control inputs
(control rods, 1&C systems, pumping systems, to
name a few); w,(f) is external disturbances (load
changes, operational fluctuations, and uncertain-
ties).

Each sub-cluster state variable xlj(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 a; characterise the impact of the
respective sub-clusters and can be determined via
expert judgment, statistical analysis, or system iden-
tification procedures.

Control inputs bu,(#) are generated by the 1&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 w,(f) 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]:

_log,, N(¢)

7 log, (1/€) ©)

where N(e) is the number of elements (nodes, sub-
systems); ¢ 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 C,; provides
regulation of the reactor thermal power and is de-
scribed by equation:

Gl e )-r ) O

where x,,(7) is the current thermal power; r(?) is the
power setpoint; k, is the proportional gain; u,,(?) is
the control signal sent to the actuators, measured in
real-time.

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

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

1, if
x12 (t):{ > 1 xl (t)>xthrex’

0, otherwise,

@®)

where x,(#) is the current reactor thermal power; x,,,,,
is the safety threshold; x, ,(7) is the protection actua-
tion signal (1 — active, 0 — inactive). A decrease in d,
below 0.9 may indicate reduced reliability or partial

signal channel unavailability (a pre-accident state),
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while exceeding d, above 1.2 indicates a risk of re-
sponse delays due to excessive structural complexity.

The coolant regulation sub-cluster C,; is de-
scribed by equation:

dx,; (t
Zt( )__k (x13( )_Tnom)"*'”n(t)o )
where x,,(f) is the coolant temperature; 7,,, is the

nominal temperature; u,,(7) is the control signal for
the Main Circulation Pump (MCP), measured in
real-time; k; is the thermal regulation coefficient
determining the system’s response speed.

For sub-cluster C,;, a value of d, = 1.83, was
determined, corresponding to a complex multi-level
automation structure. A drop of d; below 1.7 poten-
tially indicates structural 51mphﬁcat10n equipment
decommissioning, or signal transmission failure. A
value of d, above 1.9 indicates a risk of over-compli-
cation, Wthh may lead to synchronisation issues or
reduced response speed.

The emergency shutdown sub-cluster C,, im-
plements the reactor scram function:

1, if x,,(¢)=1 or signal MES,
X14 (t) = v ( )

0, otherwise,
where x,,(7) is the status of the emergency shut-
down function; x,,(#) is the actuation signal from
the protection system sub-cluster C, ,. For the emer-
gency shutdown sub-cluster, a fractal dimension of
d; = 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 I1&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:

d(t )‘ s

(10)

Ad,(t)= \dfo (11)

where d;, is the reference fractal dimension; d(7)
is the instantaneous value at time 7 Under normal
operating conditions, d{7) remains close to d,.
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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 Ad(7) 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.
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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 1&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.
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IMITALIMHA MOLENb LIMGPOBOIO ABIMHUKA TEXHONOMNYHOIO NMPOLIECY EHEPIOBJTOKA AEC

Mpo6nemartuka. CyyacHi eHeprobnokv aToMHUx enekTpocTaHuii (AEC) xapakTepuayoTbCsi BUCOKOK CTPYKTYPHOK CKMagHicTIo,
GaraTopiBHEBOI iepapxieto iHOPMAaLNHO-KEPYUMX CUCTEM i 3HAYHOK KiMbKICTIO B3aEMOMOB'S3aHUX TEXHOJOMYHUX MapameTpiB.
Bioomi mopeni umdpoBrx ABIMHMKIB 30e6inbLIOro opieHToBaHi Ha okpeMi dhisnyHi Npouecyu (HEWTPOHHY KiIHETUKY, Tennorigpasniky abo
noriky 3axucTy) 6e3 KOMMNEKCHOro BpaxyBaHHsi CTPYKTYPHOI opraHi3auii cuctem ynpasniHHs. BigcyTHicTb cdbopmanizoBaHoro nigxogy
[0 OLjiHIOBaHHS iepapXi4Hoi LiniCHOCTI NiAcMCTEM y pexuMi peanbHOro Yacy obMexxye MOXXIUBOCTI paHHbOTO BUSIBIIEHHS NepeaBapifiHmX
CTaHiB i NPOAKTMBHOrO KepyBaHHs1 6e3nekoto.

MeTa gocnigxeHHs. Po3pobneHHs imiTauinHoi Mogeni umdpoBoro ABiliHMKa TEXHOMOrYHOro npotiecy eHeprobnoka AEC Ha ocHoBi
CMCTEMHO-KINacTEPHOrO Miaxoay, Lo A03BOMSE OLHWUTY iepapXiyHy caMonodibHy macluTaboBaHy CTPYKTypy NiACUCTEM 3 BUKOPUCTAHHSAM
KiNbKICHOT BENMYMHM hpakTanbHOI PO3MIPHOCTI.

MeToauka peanisauii. [JocnigkeHHs BWKOHAHO Ha OCHOBI CMCTEMHO-KNACTEPHOro nigxody 3 AeKOMMOo3uUierd eHeprobrioka
Ha yHKUiOHanbHI MigKNacTepHi CTPYKTYpWU: KepyBaHHS MOTYXHICTIO, ChpautoBaHHs CUCTEMW 3axXUCTy, PErynioBaHHs napameTpis
TENMOoHOCIA Ta KOHTPOSOBAaHHS aBapiHOl 3ynuHKW. MatemaTuyHuin anapaT Mogeni MNOedHYE PIBHAHHA HENTPOHHOI KiHEeTUKW,
TennorigpasrniyHi CNiBBIAHOLWEHHSA Ta NOriko-guHaMiYHi anropuTMu. [Ons KinbKiCHOT OLiHKM CTPYKTYPHOI CKNaAHOCTI 3aCTOCOBaHO MeTOA
noKpuTTS iHOPMaLiHOro NpocTopy 3 0b4YNCrEHHsIM dpakTanbHOI po3mipHoCTi. Peanisauito uudpoBoro ABilHUKA 34iCHEHO Y BUrMAi
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nporpamMHo-anapaTHOro KOMMsekcy, iHTErpoBaHoro 3 iHopMaLinHO-KEPYIOYO CUCTEMOO, 3 BUKOPUCTAHHSM MOAYMiB 36MpaHHs AaHuX,
CTPYKTYPHOI iaeHTuUdiKaLii Ta NPOrHO3HOro aHaniay.

Pesynbtatn pocnigxeHHs. OTpyMaHO 3Ha4eHHs ppakTanbHOi PO3MIPHOCTI ANs KMOYOBMX MigknacTepiB eHeprobnoka,
o BigobpaxatloTb iXHK iepapXiyHy CKMafHIiCTb (30Kkpema, MakcumarnbHe 3HauveHHst 1,83 ans cucTeMu perynioBaHHsi TemnnoHocis
1 MiHIManbHe 3HaYeHHs1 1 Ans cuctemm 3axucty). BusHaueHo HopmoBaHi Aiana3oHn dpakTanbHOI PO3MIPHOCTI SIK iHAUKATOPU LUTATHOroO
YHKLiOHyBaHHs1. PO3po6reHo anropMTM MOHITOPUHTY BiOXWUNEHb, SKUIA [JO3BOMSE BUSBNSATN BTPATy CTPYKTYPHUX piBHIB abo aerpaaadito
nigcucTemM Ao nNosiBu (hyHKLioHanbHKX 360iB. [MpakTuyHa peanisauis LMdpoBoro ABiltHMKa NPOAEMOHCTPYBaria MOXIUBICTb OnepaTUBHOMO
CTPYKTYPHOrO AiarHOCTYBaHHS Ta aAanTUBHOIO pearyBaHHs!.

BucHoBkW. 3anponoHoBaHWi dpakTanbHO-KNacTepHUin niaxia 3abesnedye KOMMNMIEKCHE MOAEMOBaHHS TEXHOMOMYHOro npoLecy
eHeprobnoka AEC 3 ypaxyBaHHsM 0ro iepapXi4Hoi CTPYKTYpu. BukopuctaHHsi pakTanbHOI po3MipHOCTI SIK CTPYKTYPHOTO AiarHOCTUYHOTO
napamMeTpa po3LUNPHE MOXIMBOCTI TPaAMLLIHUX METOAIB KOHTPOTIO | CTBOPHOE NepeayMOBY 4515 BNPOBaKEHHSI MPOAKTUBHUX CTpaTerii
KepyBaHHsi 6e3Mneko Ha OCHOBI LIMPOBOro ABiHMKA.

Knro4yoBi cnoBa: uMdpoBuil ABIMHKK, eHeprobnok; gpakTanbHa PO3MIpHICTb; CUCTEMHO-KNAcTepHWU nigxig, iHdopMauinHo-
Kepytoya cuctema.
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