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Intelligent load management in dynamic power systems with a high share
of RES and small modular reactors

Abstract. The purpose of the study was to conduct a comprehensive assessment of the effectiveness of intelligent load
management methods within Ukraine’s hybrid power systems, under conditions of an increasing proportion of renewable
energy sources and the integration of small modular reactors, and to determine their impact on energy efficiency,
operational stability, and the dynamics of daily load fluctuations. The methodology included a step-by-step analysis
of energy-efficient control technologies, modelling of the operation of the 330/110 kV Kremenchuk substation based
on actual operating profiles, and five-year load forecasting using a Long Short-Term Memory model and optimisation
algorithms. The study established that traditional dispatch control mechanisms maintain stability only with low generation
variability, while intelligent approaches provide a significant increase in accuracy, reduction of losses and improvement
of mode stability. The results showed that optimisation based on a genetic algorithm reduces energy consumption by
12.4% and costs by 9.1%, while the Particle Swarm Optimisation algorithm demonstrated the highest efficiency, reducing
energy consumption by up to 18.1%, reducing costs by up to 14.7% and providing the most accurate reproduction of daily
profiles. Forecast calculations for the period up to 2030 showed an increase in the daily load amplitude and identified
intervals of increased sensitivity in which the use of intelligent control strategies can reduce daily active power deviations
by more than 40% and losses to be reduced by almost 17%. The practical significance of the results is determined by the
fact that the established patterns can be used to modernise Ukrainian power grids, optimise the integration of renewable
generation, increase the reliability of industrial power systems, and justify the introduction of smart technologies in grids
with a growing share of unstable sources

Keywords: optimisation strategies; predictive models; multilevel modelling; stochastic generation; system stability;
microgrids

INTRODUCTION

The growth of the share of renewable energy sources (RES)
in the structure of energy systems in Ukraine and world-
wide is accompanied by a transition from centralised gen-
eration models to decentralised networks, in which gen-
eration and load change in real time. With the increase in
the share of renewable energy sources in the generation
structure, there is an increase in variability. This creates
modes with uneven load dynamics, in which it becomes
necessary to use balancing mechanisms capable of com-
pensating for such unevenness.

The publication by O. Cherep et al. (2023) outlined
that the growth in the share of renewable energy sourc-
es and the introduction of energy-efficient technologies
are shaping a new configuration of the energy environ-
ment. The study provided calculations showing that the
use of optimisation models reduces energy consumption
by 15-25%, which makes the use of automated and intel-
ligent flow control systems more relevant. V. Voronenko et
al. (2025) addressed energy efficiency in the context of na-
tional energy security. According to the authors, the energy
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intensity of the Ukrainian economy is 2.5-3 times higher
than the EU average, so the modernisation of control and
forecasting systems is a necessary prerequisite for increas-
ing the flexibility of networks. A comprehensive approach
to assessing energy risks was presented in the study by
Y. Kharazishvili et al. (2021), which showed that increasing
the share of RES to 25% reduces integral risks by 15-18%,
but at the same time complicates power balancing in vari-
able generation modes. A. Hlushko (2024) analysed digital
platforms and monitoring systems in the energy sector,
in particular their ability to provide rapid data collection
and processing for tracking network operating modes in
conditions of unstable generation. It also presented tools
for structuring information and highlights the relation-
ship between the operation of digital monitoring systems
and maintaining network stability in dynamic modes.
S.1. Tkalenko et al. (2024) addressed load modelling in the
context of sustainable development, with an emphasis on
comparing linear and non-linear approaches to forecast-
ing and justifying the need for more complex time dynam-
ics models. The potential of machine learning algorithms
that are capable of accurately reflecting load unevenness
in systems with a high proportion of variable generation
is shown separately. J.A. Rodriguez-Gil et al. (2024) exam-
ined the architecture of combined networked microgrids,
in particular the role of interaction protocols and hierar-
chical energy management systems (EMS) in coordinating
the operating modes of segmented energy structures. Hier-
archical EMS, which ensures the synchronisation of micro-
grid modes and creates the basis for the implementation of
intelligent control algorithms, was emphasised. The review
by Shafiullah et al. (2022) summarised key approaches to
microgrid (MG) control, classifying them into rule-based,
optimisation-based and Al-oriented strategies. The anal-
ysis presents comprehensive results of experimental and
modelling studies, which demonstrate a 10-20% reduction
in energy losses thanks to optimisation algorithms and an
8-15% increase in balancing accuracy due to predictive
models. The adaptability of modern control systems is also
emphasised: the use of artificial intelligence algorithms
enhances the ability of microgrids to respond quickly to
generation fluctuations in highly renewable configurations.

M.R.Khanetal. (2024) analysed the interaction between
electric vehicles (EVs), battery energy storage systems
(BESS) and artificial intelligence algorithms in microgrid
architecture. The study demonstrated that such integra-
tion provides flexible peak load smoothing and contributes
to the optimisation of power distribution in conditions of a
high share of RES. The issue of integrating small modular
reactors (SMR) into decentralised energy networks is dis-
cussed in detail in a study by B. An et al. (2025). The study
analysed the technical and socio-economic parameters of
SMRs and emphasised that their low inertia, controllability
and generation stability make it possible to compensate for
fluctuations in solar and wind generation in hybrid systems
with a high share of RES. The paper argues that, thanks to
their modularity, speed and power manoeuvrability, SMRs
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can act as a stabilising core for decentralised clusters, pro-
viding the necessary conditions for the effective operation
of intelligent load management strategies. The Ukrainian
context of energy sector modernisation was examined by
N. Krasnostanova et al. (2024), who identified limitations
to the implementation of energy management systems re-
lated to the state of digital infrastructure and the level of
automation. The study by LV. Blinov (2025) analysed the
role of microgrids in the restoration and development of
local energy clusters, which creates conditions for the ap-
plication of adaptive load management models.

Despite existing research, there is still a lack of quan-
titative assessments of the effectiveness of algorithmic
control of hybrid power systems with the simultaneous
participation of RES and small modular reactors in the
literature. Models for optimal power balancing under sto-
chastic fluctuations remain insufficiently developed, as do
methods for evaluating the effectiveness of Al-oriented ap-
proaches, in particular Particle Swarm Optimisation (PSO)
and Genetic Algorithm (GA), in load distribution tasks. In
addition, there are no comprehensive models for managing
industrial loads in hybrid configurations that combine RES,
energy storage and SMR. The combination of these gaps
defines the scientific problem of this study.

The study aimed to create an integrated load manage-
ment model for dynamic power systems capable of ensuring
stable operating modes, high energy efficiency and accurate
forecasting in conditions of high generation variability.

MATERIALS AND METHODS

The study was conducted in 2025 based on an analysis of
Ukrainian regulatory and technical documents and inter-
national standards for energy management, digital energy
systems and nuclear technologies, as well as operational
data arrays from Ukraine’s energy system. This provid-
ed a scientific basis for the formation of flexible energy
supply systems for industrial regions with a high propor-
tion of variable loads. The regulatory framework consist-
ed of: DSTU ISO 50001:2020 (2020) energy management
systems standard; IEC 61850:2023 (2023) and IEC TR
61850-90-4:2020 (2020) - network engineering guidelines
for IEC 61850-based systems; IEC 62559-2:2015 (2015) —
modelling of energy component interaction scenarios;
ISO 14044:2006 (2006) — LCA assessment; IAEA TEC-
DOC-1937 (2020) — SMR technical parameters; “Ener-
gy Strategy of Ukraine until 2050” (Ministry of Energy of
Ukraine, 2022). Statistical data from the National Com-
mission for State Regulation of Energy and Utilities (n.d.),
Ministry of Energy of Ukraine (2022), International Energy
Agency (2025) and European Environment Agency (n.d.)
for 2022-2025, as well as hourly generation and consump-
tion profiles from the National Power Company Ukrenergo
(n.d.) and JSC “Market Operator” (n.d.), which formulated
the parameters of a hybrid energy system model with a
high share of RES and SMR. Content analysis of modern
industrial practices for improving energy efficiency and
stability of energy systems was used to select relevant
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performance criteria and refine operating parameters.
Based on this analysis, integral indicators characterising
the operation of a hybrid energy system were identified:
change in energy consumption (AE), stability of regulation
(CSR), economic costs and savings (AC), active power loss-
es (AP _loss) and system sensitivity to RES fluctuations. To
assess the accuracy of the forecast models, the coefficient
of determination (R?), mean absolute error (MAE) and root
mean square error (RMSE) were used, which ensured a cor-
rect comparison of scenarios and system operating modes.

The modelling was based on the technical character-
istics of the 330/110 kV Kremenchuk substation, as de-
fined based on Order of the Cabinet of Ministers of Ukraine
No. 730-2018-r (2018), which confirms the modern config-
uration of the equipment after reconstruction. Based on
these data, MATLAB/Simulink R2024a and AnyLogic 8.9
(Zhiliaeva, 2024) were used to reproduce the dynamics of
a mixed power system, incorporating the stochasticity of
renewable generation, daily demand fluctuations, and the
inertial properties of SMR in accordance with IAEA TEC-
DOC-1937 (2020) and delays in Smart Grid digital channels
in accordance with IEC 61850:2023 (2023). The model pa-
rameterisation incorporated regional profiles of solar and
wind power plants, EEA arrays, and strategic documents
for the development of Ukraine’s power system (Ukrainian
Wind Energy Association, 2024). Long Short-Term Mem-
ory (LSTM) networks implemented in Python 3.12 (Ten-
sorFlow, NumPy, PyPSA) with a forecast horizon to 2030
(Turner, 2025) were used to forecast load and generation.
The resulting time series were used as input data in an opti-
misation model that determined critical intervals of future
regimes with high peak loads and a significant share of RES.
The system was optimised using multi-criteria minimisa-
tion modelling with PSO and GA algorithms (Holland, 1975;
Kennedy & Eberhart, 1995). The objective function includ-
ed weighting coefficients for energy efficiency (0.40), costs
(0.35) and control stability (0.25). For three scenarios (in-
dustrial, mixed and highly renewable), 100-iteration simula-
tions were performed with a time step of 0.1 s, within which
the optimal ratio of RES and SMR shares was determined
and the indicators AE, AC, CSR, n_ctrl, convergence param-
eters and statistical significance (p < 0.05) were calculated.

For consistent interpretation of the results, an inte-
grated model for assessing the effectiveness of intelligent
power system management was developed, covering three
structural levels: generation and mode, where daily and
seasonal flow distribution characteristics were analysed,;
forecast-dynamic, which incorporated scenario variability
based on LSTM series; and economic-energy, where AE,
AC, CSR and n_ctrl indicators were aggregated according to
the weighting scheme. The combination of the three levels
formed an integral assessment of the effectiveness of Al
control and determined changes in the stability of modes,
the level of losses and the structure of energy consump-
tion. Based on the data obtained, a summary efficiency ma-
trix was formed, which was used for a comparative analysis
of control modes in industrial power systems.

RESULTS
Analysis of approaches to the implementation
of energy-efficient technologies
in dynamic energy systems
An analysis of regulatory and technical documents DSTU
ISO 50001:2020 (2020), IEC 61850:2023 (2023), IEC
62559-2:2015 (2015) and IAEA TECDOC-1937 (2020) and
scientific research has identified three key approaches
to load management in dynamic power systems with a
high share of RES: the traditional mode approach, GA-
based optimisation and PSO algorithm optimisation.
The effectiveness of each of these approaches is deter-
mined by the structure of the power system, the nature
of fluctuations in generation capacity, and the rate of
change in demand. The traditional approach is based on
fixed mode characteristics, dispatch schedules, and load
regulation in accordance with daily forecasts. Based on
the hourly mode profiles of the National Power Company
Ukrenergo (n.d.) and the requirements outlined in DSTU
ISO 50001:2020 (2020) and IEC 61850:2023 (2023) stand-
ards, it has been established that this approach provides
an acceptable level of controllability in power systems
with a share of RES of up to 20-25%, when the discrepan-
cy between the forecast and actual load remains within
acceptable fluctuations. With the increase in the share
of RES, the accuracy of traditional control decreases due
to time inertia and the lack of mechanisms for rapid ad-
aptation to rapid changes in generation. The genetic al-
gorithm in available studies is characterised as a tool for
finding optimal flow distribution parameters through
iterative decision selection. The study established that
GA improves system controllability under conditions of
30-40% RES share, when generation variability increas-
es, and there is a need for more dynamic mode adjust-
ment. A distinctive feature of GA is its sensitivity to
mutation and crossover parameters, which can cause
convergence variability. The particle swarm algorithm is
defined as an approach that performs a collective search
for the optimum in a multidimensional parameter space.
Based on the analysis of generation stochasticity in-
dicators obtained from hourly profiles of the National
Power Company Ukrenergo and data from regional so-
lar and wind power plants, as well as the requirements
for adaptive Smart Grid control in accordance with IEC
61850:2023 (2023), the study established that PSO pro-
vides the highest stability in systems with a share of RES
of more than 40%, which are characterised by signifi-
cant fluctuations in output and increased uncertainty of
modes. The mechanism for updating particle velocities
and positions ensures rapid convergence to the optimal
state and reduces the risk of falling into local minima. A
comparison of the three approaches shows that the tra-
ditional mode is appropriate for use in conditions with
a low share of RES, GA in scenarios with medium vari-
ability, while PSO remains the most effective in highly
renewable systems where a rapid response to changes in
the power balance is required.
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Modelling of the power system based
on the 330/110 kV Kremenchuk substation
Modelling of the power system operating modes based on
the 330/110 kV Kremenchuk substation established key
patterns of daily and seasonal load fluctuations in a mixed
generation structure. This substation was chosen due to its
regulatory role in supplying the industrial hub of Central
Ukraine and the high share of renewable energy sources in
the regional balance.

Analysis of the mixed energy system’s operation has
revealed the stable formation of two main peak intervals,
morning and evening, between which there is a marked
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amplitude of daily changes in active power. Asynchrony
between the actual load and renewable generation output
has been established: maximum solar generation values
occur during the period when the load is at the average
daily level, while the evening peak is formed under condi-
tions of reduced solar generation. The dynamics of wind
generation are characterised by unevenness, which leads
to additional fluctuations in active power and increases
the requirements for the operation of the network infra-
structure in terms of automatic regulation and backup.
The generalised daily profile of mixed generation and
load is shown in Figure 1.
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Figure 1. Daily load and generation profile at the Kremenchuk substation
Source: compiled by the author based on National Power Company Ukrenergo (n.d.), National Commission for State
Regulation of Energy and Utilities (n.d.), IAEA TECDOC-1937 (2020), A. Turner (2025)

As shown in Figure 1, the daily regime has two dis-
tinct peak intervals, 09:00-12:00 and 18:00-21:00, and the
load fluctuation amplitude exceeds 27%. The night-time
minimum is only 60-65% of the nominal value, which is
typical for industrial hubs with developed infrastructure.
Asynchrony between RES output and actual load has been
established: the daytime maximum of solar power plants
does not coincide with the evening peak of consumption,
and wind generation has an uneven amplitude. Simulation
calculations showed that in the baseline scenario, the CSR
is 0.89, the average power loss is 7.2%, and the unevenness
of the 110 kV line load reaches +14%. In addition, a volt-
age drop of 1.8-2.4% was recorded in the evening zone.
The calculation of the generation contour showed that
the inclusion of SMR in the base load coverage reduces the
amplitude of daily active power fluctuations by 9-11% and
stabilises the operating mode during periods of reduced
solar generation. In scenarios with an increased share of
RES, the daily spread of generation reaches 18-22%, but
the inertial characteristics of SMR smooth out short-term
fluctuations and keep the voltage within regulatory devi-
ations. Seasonal analysis confirmed a 12-15% increase in
load in winter and a decrease in solar power generation to
32-35% of the summer level. Shifting part of the load to the
night period reduces average losses by 4.8% and evens out
the profile during hours of low RES generation. Modelling
scenarios for the implementation of energy-efficient tech-
nologies for automated load control, adaptive generation
redistribution, peak interval smoothing using storage de-
vices, and the use of SMR as a stabilising element showed a

reduction in average daily losses to 5.9% and an increase in
CSR to 0.93. For a mixed configuration (RES 40-45%, SMR
20-30%), the CSR value increases to 0.95, the amplitude of
daily fluctuations decreases by 18%, and voltage deviations
by 6-8%. Short-term active power fluctuations are reduced
from £22% to *12.5%. A comprehensive analysis of load
management approaches has shown that the effectiveness
of the technologies used depends significantly on the con-
figuration of the power system and the level of generation
variability. Traditional schemes with fixed rules ensure sta-
bility only under conditions of relatively low RES fluctua-
tions, but their reliability decreases sharply with daily fluc-
tuations of more than 20%. In contrast, adaptive methods
based on optimisation algorithms demonstrate significant-
ly higher energy efficiency in a mixed generation profile.
Among them, PSO stands out for its uniform convergence
dynamics and more stable operation in modes with sharp
changes in active power, which indicates its advantage in
conditions of high load variability.

Thus, the modelling results confirm that system stabil-
ity, power losses and the nature of flow distribution directly
depend on the structure of the generation balance and the
type of energy-efficient technologies used.

Analysis of approaches to load management

in mixed power systems

The analysis showed that the effectiveness of load control
in mixed power systems with a high share of renewable
sources and the participation of small modular reactors is
determined by the type of methodological approach used.
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To determine the patterns of the system’s response to
stochastic changes in generation, three approaches were
analysed: traditional control, GA and PSO. Their effective-
ness was assessed according to the criteria of adaptability,
stability, load reproduction accuracy and sensitivity to
mode fluctuations. Analysis of traditional control showed
that this approach provides an acceptable level of stabili-
ty only under conditions of low generation variability. The
study determined that as the share of RES increases, the
difference between the forecast and actual load increases,
leading to an increase in the average absolute error and
power losses. The study determined that the time inertia of
operator intervention creates additional deviations during
evening and morning peaks, which makes the traditional
approach less effective in dynamic networks. Evaluation
of the genetic algorithm has established that GA provides
significantly higher flexibility and adaptability in multidi-
mensional parameter spaces. The analysis has established
that GA generates solutions through selection, crossover
and mutation mechanisms, which cover a wide range of al-
ternative modes. At the same time, the stochastic nature
of the algorithm causes increased variability of results
and the need for more iterations to achieve stable con-
vergence, especially under conditions of sharp changes in
RES output. Analysis of PSO performance showed that this
approach demonstrates the most stable convergence dy-
namics. The study established that the cooperative search
mechanism, within which each particle simultaneously fo-
cuses on best state and the global optimum, ensures a rapid
and uniform approach to the optimal solution. The results
obtained confirmed that PSO effectively avoids local min-
ima, maintains low variability of results and demonstrates
the smallest reproduction error in highly dynamic modes
with sharp changes in active power flows.

Systematisation of the results showed that the three
approaches analysed demonstrate significantly different
behaviour under mixed load conditions. Comparative anal-
ysis showed that traditional control can serve as a basic
benchmark in systems with a low share of RES, where the

load profile remains relatively stable. The genetic algo-
rithm is advisable to use in situations where a flexible step-
by-step search for the optimal configuration is required,
with moderate variability of modes. In contrast, the par-
ticle swarm algorithm provides the fastest and most stable
convergence under conditions of significant variability in
input parameters, making it the most effective tool for dy-
namic, highly renewable systems.

Optimisation of power system operating modes

using GA and PSO methods

Optimisation modelling based on simulations of the
330/110 kV Kremenchuk substation and forecast load pro-
files determined the impact of GA and PSO on the oper-
ating parameters of a mixed power system with a 40-45%
share of RES and 20-30% participation of SMR. The meth-
ods were compared using a single objective function that
included energy efficiency (0.40), economic costs (0.35)
and control stability n_ctrl (0.25), which can be used to
apply the same criteria structure in the analysis of the
results. The following parameters were set for GA: initial
population of 50 individuals, crossover probability of 0.7,
mutation probability of 0.1, and maximum number of gen-
erations of 100. For PSO, 40 particles were used with an
inertia coefficient w=0.72, a cognitive component c, =1.4,
and a social component c, = 1.6, with a maximum number
of iterations of 100. Both algorithms worked on identical
input load and generation profiles, which ensured the cor-
rectness of the comparison. Convergence analysis showed
significant differences between the algorithms. PSO con-
sistently achieved the optimal solution in an average of 36-
38 iterations, while GA achieved it in 52-55. The variability
of PSO results was o =0.038, which is lower than the GA
value (0=0.061), reflecting the difference in the sensitivity
of the algorithms to stochastic fluctuations in load profiles.
GA also recorded periods of local slowdown in the change
in the fitness function, while PSO demonstrated a more
uniform convergence trajectory. The generalised optimisa-
tion results are presented in Table 1.

Table 1. Comparison of traditional and AI-optimised load management

Approach AE (reduction in energy consumption, %)  AC (cost savings, %) R2 MAE (%) p-value
Traditional management - - 0.88 54 -
GA optimisation 12.4 9.1 0.91 4.2 <0.05
PSO optimisation 18.1 14.7 0.93 3.7 <0.05

Source: compiled by the author based on J.H. Holland (1975), J. Kennedy & R. Eberhart (1995)

As shown in Table 1, in the traditional scheme, the val-
ues R2=0.88 and MAE = 5.4% reflect a greater error in load
profile reproduction and a wider range of power deviations
in peak intervals. The use of a genetic algorithm resulted
in a decrease in MAE to 4.2% and an increase in R? to 0.91,
indicating a more accurate match between forecast and
calculated values. At the same time, a 12.4% reduction in
energy consumption and a 9.1% reduction in costs were re-
corded, reflecting the primary systemic effect of optimising
parameters in accordance with the structure of the target

function. A comparison of the GA and PSO results showed
the superiority of PSO in all key criteria. The achieved re-
duction in energy consumption to 18.1% and cost savings
to 14.7% was accompanied by an increase in R2t0 0.93 and a
decrease in MAE to 3.7%, indicating a significantly more ac-
curate reconstruction of the daily profile and a smoother na-
ture of active power fluctuations in the most sensitive time
intervals of the evening peak and daytime rise. The p<0.05
values for both algorithms confirm the statistical signif-
icance of the established differences and the correctness
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of the chosen approach to optimisation. Figure 2 was con-
structed to reflect the dynamic changes in control efficiency.
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—Traditional GA —PSO

Figure 2. Comparison of the effectiveness of traditional,
GA- and PSO-optimised load control
Source: compiled by the author based on ].H. Holland (1975),
J. Kennedy & R. Eberhart (1995)

The data in Figure 2 established the dynamics of chang-
es in the effectiveness of three approaches to load manage-
ment in the iterative optimisation process. A stable relation-
ship was found between load reproduction accuracy (R?) and
energy consumption reduction (AE): an increase in forecast-
ing accuracy is accompanied by a proportional reduction in
energy losses and stabilisation of flow distribution. GA is
characterised by a moderate slope of the curve, reflecting a
gradual increase in efficiency with an increase in the num-
ber of iterations. In contrast, a more pronounced depend-
ence was observed for PSO: achieving R2=0.93 corresponds
to the maximum reduction in AE, which is consistent with
the data in Table 1. Values of p<0.05 for both algorithms
confirm the statistical significance of the results obtained.

The generalisation of the results showed that the GA
and PSO algorithms form different convergence trajectories
and achieve different values of energy and economic indica-
tors. A comparison of the identified parameters showed that
PSO is characterised by the lowest variability, higher accura-
cy of reconstruction of actual load profiles, and a more sig-
nificant reduction in energy consumption in a mixed power
system with a share of RES up to 45%. The results obtained
can be used for further development of Al-optimisation
scenarios for the operation of industrial power networks.

Integrated model for forecasting

and evaluating the effectiveness

of intelligent power system management (2025-2030)
Based on the aggregate results of modelling the 330/110 kV
Kremenchuk substation and forecast calculations, an inte-
grated empirical model of the power system’s behaviour
in 2025-2030 was developed under conditions of an
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increase in the share of RES to 45% and the inclusion of
small modular reactors in the base load coverage mode.
The model was built at three levels: generation-mode,
forecast-dynamic, and economic-energy, which ensured
the reproduction of key parameters of network stability un-
der conditions of daily and seasonal load fluctuations. At
the generation-mode level, the impact of structural chang-
es in the power balance on the daily modes of the system
was analysed. Modelling established that with a 40-45%
share of RES, the amplitude of daily active power fluctua-
tions reaches £22%, and voltage deviations in the evening
zone are 2.8-3.1%. The inclusion of SMR in the base load
coverage reduces active power fluctuations to #12.5% and
ensures that voltage is maintained within the acceptable
range according to the profiles of the National Power Com-
pany Ukrenergo (n.d.). It has been recorded that the stabi-
lising effect of SMR is maintained under various daily RES
configurations, as confirmed by a reduction in short-term
active power fluctuations. At the forecast-dynamic level,
long-term forecasting of load and RES generation was im-
plemented using the LSTM method based on data for 2022-
2024. The results are presented in Figure 3.
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Figure 3. Forecast of daily load fluctuations for 2030
based on the LSTM model
Source: compiled by the author based on National Power
Company Ukrenergo (n.d.), A. Turner (2025)

Analysis of Figure 3 showed an increase in the average
amplitude of daily load fluctuations by 6-9% compared to
2024 and the formation of two extended peak intervals last-
ing up to 3 hours. The LSTM model showed a high level of
accuracy: R2=0.94, MAE = 2.7%, RMSE = 3.4%. Critical time
intervals were identified as 18:00-21:00 in winter and 10:00-
13:00 in summer, when the forecast values approach the
stable mode limit, which determines the need for intelligent
load redistribution and energy storage integration. At the
economic and energy level, an assessment of the aggregate
performance indicators of intelligent control in the forecast
period was carried out. The results are presented in Table 2.

Table 2. Integrated indicators of energy system efficiency in 2025-2030

Indicator 2024 (basis) 2030 (AI-optimisation) Change, %
Average consumption, GWh/year 14,850 13,420 -9.6
Energy losses, GWh/year 1,210 1,005 -16.9
Active power deviation, % 22 £13 -40.9
Control efficiency n_ctrl, % 86.5 91.8 6.1

Source: compiled by the author based on National Commission for State Regulation of Energy and Utilities (n.d.), European
Environment Agency (n.d.), National Power Company Ukrenergo (n.d.), International Energy Agency (2025), A. Turner (2025)
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Analysis of Table 2 data revealed significant quan-
titative changes in key parameters of the power system’s
operation for the period 2025-2030 in the event of intel-
ligent control implementation. A comparison of the base-
line (2024) and optimised scenarios shows that average
annual electricity consumption decreases by 9.6%, indi-
cating an increase in the efficiency of power utilisation in
industrial hubs. A 16.9% reduction in energy losses con-
firms a decrease in overloads and improved flow distribu-
tion modes. The most noticeable change is the reduction
in active power deviations from +22% to *13% (-40.9%),
which demonstrates a significant smoothing of daily fluc-
tuations and a reduction in the amplitude of peak loads.
The increase in control efficiency n_ctrl from 86.5% to
91.8% (+6.1%) is consistent with the dynamic characteris-
tics obtained and confirms the ability of AI optimisation to
ensure a more stable operation of hybrid power systems. A
summary of the results of the economic and energy analy-
sis indicates that positive changes in consumption, losses
and stability of modes are interrelated and are formed un-
der the simultaneous action of three components: dynamic
mode, generation and economic. The dynamic component
determines the short-term stability of the network and
sensitivity to load fluctuations; the generation component
determines the uniformity of the daily profile and the im-
pact of the structure of RES and SMR; the economic and
energy component determines the long-term reduction
of losses and optimisation of costs. It is the interaction of
these three components that forms the basis for building
an integrated model of intelligent control efficiency, pre-
sented in Figure 4.
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Figure 4. Structural model
of integrated Al control efficiency in a hybrid power system
Source: compiled by the author based on National Commission
for State Regulation of Energy and Utilities (n.d.),European
Environment Agency (n.d.), National Power Company
Ukrenergo (n.d.), International Energy Agency (2025),
A. Turner (2025)

Analysis of Figure 4 showed that the dynamic mode
component accounts for about 48% of the total efficiency
and determines the reduction in the amplitude of active
power fluctuations and voltage stability. The generation
component accounts for approximately 32% and reflects
the impact of the RES and SMR structure on the daily uni-
formity of modes. The energy-economic component ac-
counts for about 20% and characterises long-term changes

in losses and operating costs. The summary of the results
showed that the integrated intelligent control model pro-
vides a 5-6% increase in n_ctrl, a reduction in power losses
of up to 16% and a reduction in average electricity con-
sumption of approximately 10% in mixed power systems
with a share of RES of up to 45% and a share of SMR of
20-30%. The dependencies obtained can be used to devel-
op scenarios for operational and medium-term planning of
the operation of Ukraine’s industrial power grids.

Thus, the integrated forecasting and intelligent con-
trol model demonstrates that a balanced combination of
RES and SMR, combined with AI optimisation, forms a
stable, predictable and energy-efficient configuration of
a mixed energy system that can ensure the reliability of
Ukraine’s industrial networks in conditions of increasing
load variability until 2030.

Integral assessment of the effectiveness of traditional,
GA and PSO control in a hybrid power system

Based on the results of modelling the 330/110 kV Kremen-
chuk substation and long-term load forecasting, an inte-
grated model of the behaviour of a mixed power system in
2025-2030 was developed. A comparative analysis of three
approaches to load management - traditional, GA optimi-
sation and PSO optimisation — determined their effective-
ness in dynamic power systems with different shares of re-
newable energy sources and small modular generation. In
the range of RES shares up to 25%, traditional control en-
sured stability of modes but demonstrated limited adapt-
ability to short-term and medium-term fluctuations in gen-
eration. This was reflected in reduced forecasting accuracy
(R2=0.88) and a higher mean absolute error (MAE =5.4%),
which led to increased power losses and changes in bal-
ancing. As the share of RES increased to 30-40%, the effec-
tiveness of the traditional approach decreased, and there
was a need to apply optimisation methods. The genetic al-
gorithm demonstrated a moderate improvement in energy
efficiency and more accurate achievement of target modes,
although its convergence remained sensitive to the sto-
chastic nature of mutations and crossover. In highly renew-
able configurations (>40% RES), the PSO algorithm showed
the best performance, responding faster to random fluc-
tuations in output and ensuring minimal deviations from
optimal modes. Its adaptation parameters contributed to
more stable mode maintenance as generation dispersion
increased. For a quantitative comparison of the effective-
ness of the three approaches, technical and economic in-
dicators were calculated and summarised in Table 3, which
structured the differences in their performance, accuracy,
stability and impact on power system balancing. Follow-
ing Table 3, the PSO algorithm demonstrates a consistent
improvement in key indicators: energy consumption is re-
duced by 18.2%, operating costs by 14.8%, and forecasting
accuracy reaches R2=0.93. The GA algorithm provides com-
paratively lower values (AE =12.5%; AC=9.3%; R2=0.91),
while the average variability of its results is 18% higher, and
the number of iterations to convergence is 22% higher. The
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dynamics of calculations also differ: PSO achieves an opti-
mal solution on average in 37 iterations with SD < 3%, while
for GA the average is 53 iterations, and the range of final
deviations is wider. This difference reflects differences in
search mechanisms: PSO concentrates the approximation

Alfimov

trajectory in the area of the potential global minimum,
while GA distributes computational resources among sev-
eral alternative directions. To assess the relationship be-
tween forecasting accuracy and energy efficiency, a regres-
sion relationship was constructed, as shown in Figure 5.

Table 3. Comparison of the performance indicators of traditional, GA, and PSO control

Approach AE (%) AC (%) R2 MAE (%) p-value
Traditional management - - 0.88 5.4 -
GA optimisation 12.5 9.3 0.91 4.1 <0.05
PSO optimisation 18.2 14.8 0.93 3.7 <0.05

Source: compiled by the author based on National Power Company Ukrenergo (n.d.), JSC “Market Operator” (n.d.),
Order of the Cabinet of Ministers of Ukraine No. 730-2018-r (2018), A. Turner (2025)

20
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o 10
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0
0.88 0.21 0.93
= Approaches

Figure 5. Dependence of prediction accuracy (R?)
and energy consumption reduction (AE)
for three control approaches

Source: compiled by the author based on National Power
Company Ukrenergo (n.d.), JSC “Market Operator” (n.d.),
Order of the Cabinet of Ministers of Ukraine No. 730-
2018-r (2018), A. Turner (2025)

Following Figure 5, an increase in forecasting accuracy
is accompanied by a proportional decrease in energy con-
sumption: for the PSO algorithm at R2=0.93, the value of AE
is about 18%, which corresponds to the agreed shift of the
optimum point due to the stabilisation of the forecast trajec-
tory. For the GA algorithm, a less steep trend slope is record-
ed (R2=0.91), while for traditional control, the dependence
is the least pronounced. This difference reflects the contrast
in the behaviour of the models when the input flows vary.
Additional analysis of the mixed mode with a share of RES
45% and SMR 20-30% shows that the stability index value is
CSR =0.95. Stability parameters correlate with forecasting
accuracy and AE value, demonstrating the internal coher-
ence of the model within the tested scenarios. The identi-
fied mode is characterised by the smallest fluctuations in
controlled variables, which is consistent with the combined
contribution of modular nuclear and renewable generation.

Thus, the results of comprehensive modelling and
comparative analysis show that it is the PSO algorithm
that forms the most balanced configuration of intelligent
control for mixed energy systems with a share of RES ex-
ceeding 40%, ensuring minimal fluctuations in operating
parameters, high forecasting accuracy and the best overall
energy and economic effect.

DISCUSSION

The simulation results showed that an integrated power
system configuration, in which renewable energy sources

are combined with small modular reactors, produces the
most predictable and stable dynamics in conditions of in-
creasing generation variability. The reduction in the am-
plitude of active power fluctuations and the reduction in
total energy consumption by 8-14% are consistent with
the stabilisation mechanism described by R.R. Onteru &
V. Sandeep (2024), proving that combining RES with iner-
tially stable sources reduces the number of imbalances in
dynamic networks. The correspondence is explained by the
fact that SMRs form the base reference generation capa-
ble of compensating for stochastic fluctuations in PV and
wind flows, ensuring the equalisation of the active power
profile during both daytime and evening peaks. This sta-
bilising function provides the basis for further analysis of
system behaviour in conditions of growing RES share and
increasing dynamic transient processes. The highest R?
value in configurations with a RES share of over 40% was
provided by the LSTM model, confirming its ability to con-
sistently reproduce irregular time series and maintain high
forecasting accuracy. A similar conclusion is presented by
S. Aslam et al. (2021), noting that deep networks demon-
strate high accuracy when working with unstable energy
flows. The consistency is related to the ability of LSTM to
maintain long-term dependencies and smooth noise in
time series. The identified correlation between increased
forecast accuracy and reduced AE demonstrates that sys-
tems with more accurate predictions are less likely to
switch to inconsistent consumption modes.

A similar pattern was observed in a study by
J.J. Quinones et al. (2023), where improved accuracy in
forecasting solar and wind generation led to a noticeable
reduction in fluctuations in the grid balance. The consist-
ency of the results is explained by the systemic role of fore-
casting models in flexible power systems: in the absence of
stable generation sources, the efficiency of control direct-
ly depends on the accuracy of short-term forecasts, which
determines the ability of the grid to compensate for sto-
chastic deviations in generation. In the optimisation part
of the laboratory scenarios, the highest efficiency values
were obtained for PSO - both in terms of reducing AP_loss
and AC, and in terms of the accuracy of mode reproduction.
This confirms the results of J. Faraji et al. (2020), where
PSO is identified as the most suitable tool for nonlinear
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multifactor problems in dynamic power systems. At the
same time, a comparison with R. Wazirali et al. (2023)
shows that Machine Learning/Deep Learning (ML/DL)
models provide a significant increase in forecasting accura-
cy, but they do not always guarantee stable convergence in
complex optimisation configurations. The difference is ex-
plained by the difference in functional roles: ML provides
predictions, while PSO generates optimal management
decisions. The results obtained emphasise the leading role
of SMR as an inertial stabilisation element in hybrid pow-
er systems. This is consistent with the findings of L. Li &
X. Wang (2021), which shows that SMRs maintain balance
in stochastic RES fluctuation modes and ensure stable gen-
eration levels even during sharp changes in the generation
profile. A similar interpretation is given in A.-L. Mazau-
ric et al. (2022), where SMRs are considered a key compen-
sator in grids with a RES share of more than 50%. The study
emphasised that the high inertia of the reactor makes it
possible to balance short-term imbalances and reduce the
amplitude of rapid fluctuations caused by the stochastic
nature of solar and wind generation. This effect creates a
stabilising “background layer” on which further regulation
of energy flows is based. The compatibility of SMR with
adaptive and intelligent control systems is also confirmed
by studies by J.I. Lee (2024) and B. Biswal et al. (2024). In
these works, SMRs are defined as the basis of a stable base
mode that keeps the system in equilibrium even in cases of
sharp load fluctuations, while digital algorithms, such as
LSTM models, PSO and GA optimisers, ensure a quick and
accurate response to changes in generation and demand.
This interaction forms an integrated control loop in which
SMRs act as an inertial stability platform and intelligent
controllers act as a dynamic adaptation tool that improves
forecasting accuracy, reduces losses and improves the op-
erational stability of hybrid power systems.

The simulation results fully correlate with S. Tan et
al. (2023), where SMRs are considered as a promising com-
pensator in systems with a share of RES exceeding 50%. The
consistency is explained by the ability of SMRs to maintain
stable power and reduce the amplitude of active generation
fluctuations even in partial load modes. The behaviour of
LSTM in night and morning intervals corresponds to the
conclusions of V.Y. Kondaiah et al. (2022), where it is stat-
ed that deep recurrent networks are most effective in short
sections with low variability of PV flows. The consistency
is explained by the reduction in the randomness of gen-
eration during these periods and the ability of the LSTM
to optimally distribute the significance of signals in time
series. Similar patterns have been established in P. Ma et
al. (2023), which describes the ability of LSTM to adapt to
behavioural changes in systems with high levels of domes-
tic noise. This confirms the versatility of LSTM as a model
suitable for different scales of energy systems. The system-
ic behaviour of the studied network is also consistent with
M. Uddin et al. (2023), emphasising that Al control is a key
factor in improving the stability and adaptability of ener-
gy networks. The results confirm that the combination of

predictive models and optimisation tools reduces the num-
ber of emergencies switching operations, creates smoother
transition processes, and stabilises the operation of hybrid
systems with a high share of RES. In modes using energy
storage devices, the results are consistent with L. Al-Ghus-
sain et al. (2020), who found that storage systems are key
components of balancing. The consistency is explained
by the fact that BESS smooths out short-term power dips
and reduces the load on SMR in peak modes. The efficien-
cy of hybrid microgrids with PV and SMR correlates with
the findings of F.A. Kassab et al. (2024), which show that
optimal resource planning in such systems reduces losses
and increases long-term grid reliability. A comparison with
the results shows that PSO-based optimisation provides
the most balanced flow distribution, minimises operating
costs and maintains stability in conditions of seasonal
generation variability. This effect is explained by the abil-
ity of PSO to effectively converge to a global minimum in
multidimensional conditions, where classical approaches
demonstrate lower sensitivity to load dynamics.

An additional comparison with A.B. Manghale et
al. (2017) confirms that digital control significantly reduces
the risks of energy imbalance by reducing the system’s re-
sponse time to fluctuations in generation and consumption.
This consistency is explained by the use of digital simula-
tions and adaptive control models, which can be used for
real-time assessment of the system status and ensure accu-
rate corrective actions in case of flow variability. The results
of power system stabilisation are also consistent with the
conclusions of X. Zhao et al. (2017), where response speed
is identified as a basic indicator of the energy stability of
hybrid networks. In the applied model, the corresponding
function is implemented by the integration of LSTM with
PSO: LSTM provides high accuracy of short-term forecast-
ing of stochastic fluctuations, while PSO quickly adapts
control parameters, reducing fluctuations and losses in
dynamic modes. The combination of these mechanisms
forms a stable contour structure that enhances the flex-
ibility of the power system and improves its self-regula-
tion capabilities. The identified patterns are confirmed by
the conclusions of S. Ahmad et al. (2023), which emphasise
that integrated Al-oriented control strategies, in particular
optimisation algorithms, neural networks and predictive
models, are a key mechanism for improving the energy sta-
bility and efficiency of microgrids. These provisions are fully
consistent with the results obtained in the modelling, where
the combination of LSTM forecasting and PSO optimisation
led to a significant reduction in AE and power losses, as well
as to the stabilisation of modes in configurations with a
share of RES exceeding 40%. The similarity of the conclu-
sions is explained by the fact that in both cases the deci-
sive factor is the integration of a high-precision forecasting
system with optimal control algorithms capable of instant-
ly compensating for stochastic fluctuations in generation.

Systematisation of the obtained comparisons shows
that Al optimisation forms a holistic energy-economic ef-
fect, manifested in the growth of n_ctrl, reduction of AE and
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AC, and reduction of power fluctuations in highly renewa-
ble configurations. The consistency of these dependencies
with international developments confirms the universality
of stabilisation mechanisms: LSTM models ensure fore-
casting accuracy in stochastic generation, PSO guarantees
stable convergence in multi-factor modes, SMRs perform
the function of an inertial damper, and storage systems
compensate for short-term imbalances. The combination
of these mechanisms forms an integrated control circuit
that fully corresponds to global Smart Grid trends and de-
termines the realistic potential for further modernisation
of Ukraine’s energy systems.

CONCLUSIONS

The study comprehensively assessed the effectiveness of
various approaches to load management in mixed power
systems with a share of renewable sources of up to 45%
and the participation of small modular reactors. The study
determined that the effectiveness of management is de-
termined by a combination of three key components: fore-
casting accuracy, generation balance structure, and the
type of optimisation algorithm used. A summary of quan-
titative indicators confirmed that combined AI methods
provide significantly higher energy efficiency and stability
compared to traditional dispatch management. Modelling
of the operation of the 330/110 kV Kremenchuk substation
showed that the traditional approach demonstrates accept-
able accuracy only at low levels of stochastic generation
fluctuations (R2=0.88; MAE =5.4%). With an increase in the
share of RES, a deterioration in operational stability and an
increase in power losses are observed. The use of a genetic
algorithm reduced energy consumption by 12.4% and costs
by 9.1%, while increasing the accuracy of the daily profile
reconstruction (R?=0.91; MAE =4.2%). The particle swarm
algorithm proved to be the most effective: it reaches the
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optimum faster (36-38 iterations), demonstrates the lowest
convergence variability (0 =0.038), and provides the great-
est reduction in energy consumption (18.1%) and costs
(14.7%), increasing the accuracy of forecasting to R2=0.93.
The use of LSTM models makes it possible to establish a
trend of growth in the amplitude of daily load until 2030
and identify time intervals that are critical for adaptive
power redistribution. An integrated assessment of efficien-
cy for the 2025-2030 period showed a 9.6% reduction in an-
nual electricity consumption, a 16.9% reduction in losses,
a 40.9% reduction in daily active power fluctuations, and
an increase in n_ctrl from 86.5% to 91.8%. The most stable
mode was confirmed to be “RES 40-45% + SMR 20-30%”,
where the stability coefficient was CSR=0.95.

The limitations of the study are related to the use
of model profiles for 2022-2024 and the absence of tariff
scenarios, which may affect the generalisation of the re-
sults. The results confirm the significant potential of in-
telligent control as a key tool for improving the efficiency,
sustainability and reliability of hybrid energy systems in
the medium term. Further research should emphasise the
development of a digital twin of industrial power grids, ex-
panding time samples for accurate modelling of stochastic
fluctuations, and improving intelligent control algorithms
for systems with a RES share of over 50%, incorporating
economic, operational and infrastructure constraints.
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€sren Andimon
Marictp, iHXeHep
[HCTUTYT Mpob6eM MaTeMaTUYHUX MalIuH i cucteM HarlioHanpHOI akamemii Hayk Ykpainm
03187, mpocri. Akagemika ImymnikoBa, 42, M. Kuis, YkpaiHa
https://orcid.org/0009-0003-2832-041X

IHTenekTyanbHe KepyBaHHS HaBaHTa)XXeHHAM
Yy ANHaMiYHUX eHeprocucTteMax 3 BUCOKOIo YacTkow BOE
Ta MasiIMuMu MoAyNTbHUMU peaKTopaMm

AHoOTaUif. MeTO0 JOCTiIKeHHS 6Y/I0 KOMIUIEKCHO OI[iHUTY e(eKTUBHICTh METO/[iB iHTEeIEeKTYaIbHOTO YIIPAB/IiHHS
HaBaHTaKeHHSM B yMOBaXx 3MilllaHMX eHeprocucTeM YKpaiHy Py 3pOCTaloviil yacTIli BiTHOB/IIOBAaHMX JIKepesl eHeprii Ta
iHTerparii Maax MOIOY/IbHMX PEAKTOPIB, @ TAKOXK BU3HAUMTH IXHiil BIUIMB HA eHEeProepeKTUBHICTh, CTAOIIbHICTb PEXXUMIB
po6OTH Ta IMHaMiKy 1060BMX KOJMMBaHb. MeTOLOJIOTiSI MicTWIIa MOeTAMMHMIA aHaIi3 TeXHOJIOrii eHeproedeKTUBHOTO
KepyBaHHSI, MOJeNoBaHHs pobotu migcranuii 330/110 kB KpemeHUYyK Ha OCHOBi GaKTMUHUX PeKUMHMX MPodisiB Ta
MIPOBeIeHHSI I’ SITUPIYHOTO MPOTHO3YBAHHS HABAHTAXKEHHSI i3 3aCTOCYBaHHIM INIMOMHHOI MOZesi JOBrOTPMBAJIO] Mam aTi
Ta ONTUMIi3aliiHUX aATOPUTMIB. Y X0Ai OOC/TiAKeHHSI BCTAHOBJIEHO, 1110 TPaAUIliliHI MexaHi3MM IMCIIeTYepChbKOTO
PeryinoBaHHS NiATPUMYIOTh CTa6GiIbHICTh JIMIIE 32 HM3bKOI BapiaTMBHOCTI reHepallii, Toai SIK iHTeJIeKTyaabHi MMiaxonu
3a6e3Ievyi0Th iCTOTHE MigBUILEHHS TOYHOCTi, 3HMXEHHS BTpaT i MOKpalleHHs] peXXUMHOI crifikocti. OTpumani
pesyJibTaTy MOoKa3aju, 0 ONTMMi3allis Ha OCHOBi TeHETMUYHOTO aJrOPUTMY 3MEHIIYE eHeprocrnoXXuBaHHs Ha 12,4 %
Ta BUTpatu Ha 9,1 %, Toli IK MeToJ, PO YaCTMHOK MPOAEeMOHCTPYBaB HaliBUILy e(eKTUBHICTb, 3a6e3Teuyoun
CKOPOUYEHHS €HeprocIoXXuBaHHs o0 18,1 %, smeHIIeHHsT BUTpAT 10 14,7 % i HaliTOUuHillle BiqTBOPEeHHS 1060BUX
rpodinis. [TporHo3Hi po3paxyHky Ha repiof mo 2030 poKy 3acBigumian 3pocTaHHs J0O0BOIT aMILIiTyIX HAaBaHTasKEHHSI
Ta BU3HAYMJIM iHTEpBaIM MiJBUILEHOI YyTIMBOCTI, Y SKMX 3aCTOCYBaHHS iHTeIeKTyaJlbHUX CTPaTeriii KepyBaHHS
II03BOJISIE 3MEHIIIYBaTy 10O0BI BiIXMIeHHS aKTUBHOI IOTY>KHOCTi Ha moHax 40 % Ta CKOpOYyBaTH BTpaTH Maiike Ha
17 %. IIpakTu4He 3HAUEHHS Pe3Y/IbTATiB MOJISITA€ B TOMY, 110 BCTAHOBJIEHI 3aKOHOMIPHOCTI MOXYTb 6yTM BUROPUCTAHI AJIs1
MopepHi3allii ykpaiHCbKMX eHeproMepex, oNTUMi3allii iHTerpailii BifHOB/IIOBaHOI reHepallii, MigBUIIeHHS HaAiiHOCTI
MIPOMMCIOBUX €HePreTUYHUX CUCTEM Ta OGIPYHTYBAHHSI BIIPOBAIKeHHS iHTeIeKTyaTbHUX TEXHOJIOTIH Y Mepeskax 3i
3POCTAIOUOI0 YaCTKOIO HEeCTABITbHUX JyKepert

KniouoBi cnoBa: ontumisaiiiiiti crpaTerii; mporuosHi Mogpei; 6araTopiBHeBe MOIeII0OBaHHS; CTOXaCTMUYHA reHeparris;
CUCTEeMHA CTabiMbHICTh; MiKpoMepeXxi
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