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Abstract

In the modern world, effective management of electric grids is impossible without
achieving an energy balance between electricity production and consumption. The
stability of power grids directly depends on the ability of network operators to
accurately predict energy production, especially when it comes to photovoltaic
installations. These energy sources, which are actively integrated into electrical
networks, are influenced by many factors, including changeable weather conditions,
which makes the task of forecasting especially difficult.

As part of this study, an attempt was made to improve the accuracy of forecasting
the output power of a 20 kW photovoltaic system by collecting and analyzing data
on weather conditions and energy production for a typical year covering all four
seasons. Special attention was paid to the evaluation of two machine learning
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methods: long-term memory (LSTM) and multilayer perceptron (MLP), which
were chosen because of their potential in processing and analyzing time series of
data.

The results of the study demonstrate the high efficiency of both methods in
predicting the output power of photovoltaic systems, which opens up new
opportunities for improving the management of electric networks. The use of
LSTM and MLP makes it possible not only to accurately predict energy production,
but also helps to optimize network utilization, minimize losses and increase the
overall efficiency of the electric power system.

It is important to note that the success of these models depends on the quality
and volume of the data collected, as well as on the thorough preparation of the data
for analysis. The study highlights the importance of integrating advanced machine
learning technologies into the field of energy system management, offering practical
recommendations for energy companies and power grid operators.

Keywords: Solar power generation, LSTM, MLP, short term forecasting,
Machine learning
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KeJIIepiH THIMAL 6acKapy MYMKIiH eMec. DIIEKTp JKeIIepiHiH TYPaKTbUIBIFBI JKeli
oIIepaTopIIapbIHBIH YHEPT S OHTIPICIH 1o O0IDKay KadineTi acipece GOTOIMEeKTPITiK
KOHJBIPFBIJIApFa TiKeJed OailaHBICTBI. OJEKTp JKeNliJiepiHe OeJceHmi Typnue
OipikTipinren OyJ1 SHEprusl Ke3[epiHe KemnTereH (hakTopiap, COHBIH IMIiHAE aya-
padbIHBIH KYOBUTMAJIBI KaFmalmapsl ocep eremi, Oyl Ooipkay MIiHIETIH epeKIe
KUBIHJATa/bl.

Bynt 3eprrey Oapnblk TOPT MayChIMJIbI KAMTHTBIH SKBUIIAFbl aya-paidlbl MEH
SHEPTUs OHIpici Typanbl ACPEeKTepAl JKWHAY >KOHE Tanaay apkKeutel 20 kBT
(OTOAPNEKTPITIK JKYHEHIH HIBIFBIC KyaThIH OOJDKay JOIJIITIH apTThIPyFa THIPBICTHI.
MaruHajblK OKBITYIABIH €Ki 9/IiCiH OaFajayra epekile Ha3ap ayaapbUlbl: y3aK
Mep3imai xkazsl (LSTM) sxone xer kadarTel ieprentpod (MLP), onap nepexrepain
YaKBIT CEpUsIIapPbIH OHJIEY J)KOHE Taljlay dJeyeTiHe OaiIaHbICThl TAHJANIBL. 3epTTey
HOTHXKeJepi POTOAEKTPIIK KYHEeIep/iH WBIFbIC KyaThlH O0MKayaa eKi 9JiCTiH e
YKOFapbl THIMILTITH KepceTei, Oy NEKTp JKemijiepiH 0acKapyasl )KaKcapTyIbIH
*aHa MyMKiHgikrepin amazasl. LSTM sxone MLP naiinanany sHeprust eHaipicin
non OoJpKayFa FaHa eMec, COHBIMEH KaTap JKelliHiH KYKTEMECIH OHTalIaHABIpYFa,
IIBIFBIHAAP/IBI a3alTyFa JKOHE AJIEKTP KYWECIHIH Kbl THIMAUITIH apTThIpyFa
MYMKIHZIK Oepei.

Mogenbaepai KOJMAHYABIH COTTLTIT JKUHAIFAH JIEPEeKTEpIiH camackl MeH
KeJeMiHe, COHAal-aK J[epeKTepli TaljayFa MaibIHAAyIblH MYKHSAT OOIybIHA
OallIaHBICTBI €KEHIH €CKepy MaHbI3Abl. 3€pPTITEy 3HEPreTHUKAJIBIK KOMIAHHUSIIAP
MEH JJIEKTp OIepaTopyiapbl YILIiH IPAKTUKAJIBIK YCHIHBICTAD YCHIHA OTBIPHIII,
SHEPreTHKAJBIK JKyHenepiai Oackapy canachlHa MalIMHAIBIK OKBITYIIBIH O3bIK
TEXHOJIOTHSIIAPBIH O1PIKTIPYIIH MaHBI3ABUIBIFBIH KOPCETEII.

Tyiiin ce3nep: Kyn suneprusicein ennipy, LSTM, MLP, kpicka mep3iMi 6omxkay,
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AnHoTanusi. B coBpeMeHHOM Mupe 3(QQEKTHBHOE yNpaBiCHHE DICKTPH-
YECKHMMHU CEeTSIMU HEBO3MOXXHO 0€3 JIOCTM)KEHHsI JHEpreTHUeckoro OanaHca
MEXIYy TIPOU3BOJACTBOM U MOTpeOieHneM 3neKkTposHeprur. CraOWibHOCTH
paboThl  ANIEKTpOCETeH HampsIMyl0 3aBUCHT OT CIOCOOHOCTH OIEpaTopoB
CeTH TOYHO IPOTHO3MPOBATH IMPOM3BOACTBO HIHEPTUH, OCOOCHHO KOTJa peyb
uAeT 0 (OTOPNIEKTPUUYECKUX YCTAHOBKAX. DTH HCTOYHHKH JHEPrHH, aKTUBHO
WHTEIPUPYEMBIE B DJIEKTPUUECKUE CETH, IIOJABEPIKEHbI BIUSHUIO MHOXECTBA
(aKToOpoB, B TOM YHCJIC M M3MEHUYMBBIX TOTOJHBIX yCJIOBUH, YTO AeNaeT 3aiady
MIPOTHO3UPOBAHHS OCOOEHHO CIIOKHOM.

B pamkax maHHOTO HccrenoBaHUsl ObUIa TMPENNPUHATA TOMBITKA MOBBICHTH
TOYHOCTH MPOTHO3UPOBAHUS BBIXOJHON MOIIHOCTH (POTOAIEKTPUIESCKONW CUCTEMBI
MomHocThI0 20 KBT, coOpaB M aHaIM3upoOBaB JaHHBIC O MOTOAHBIX YCIOBHUSX U
IIPOU3BOJCTBE HHEPIUU 3a TUIMYHBIM I'0Jl, OXBAaTBIBAIOIINM BCE YETBIPE CE30HA.
Ocoboe BHHMaHHE OBLIO YAEICHO OLEHKE JIBYX METOIOB MAIIMHHOTO OOY4eHUS:
nonrocpounoit mamsati (LSTM) u MHorocnoitnoro nepcentpona (MLP), kotopsie
ObuTH BBIOpaHBI M3-32 MX MOTEHIMANA B 00pa0OTKe M aHaJH3€¢ BPEMEHHBIX PSIOB
JTaHHBIX.

Pesynbrarel  McciiemoBaHUS  JEMOHCTPHPYIOT —BBICOKYIO 3(QQEKTHBHOCTH
000MX METO/IOB B MPOTHO3UPOBAHMUHU BBIXOJHON MOIIHOCTH (DPOTOIIEKTPUUECCKHX
CUCTEM, YTO OTKPBIBAE€T HOBBIE BO3MOXKHOCTH JUI1 YIYYLICHWs YIIPABICHUS
anekTpuueckumu cetamu. McnonszoBanue LSTM u MLP mno3Bosnsier HE TOIBKO
TOYHO MTPOTHO3UPOBATH IPOU3BOJICTBO SHEPIUH, HO M CIOCOOCTBYET ONTUMHU3AINN
3arpy3KH CeTH, MUHMMH3AIMH TOTEPh M TOBBILICHUIO 00mIel 3¢ ¢GeKTHBHOCTH
JJIEKTPOIHEPreTUYECKOU CUCTEMBI.

BaxHO OTMETUTH, UTO YCIIEX IPUMEHEHMS ITUX MOJAEIEH 3aBUCUT OT Ka4yecTBa
n o0beMa COOpaHHBIX JaHHBIX, & TaKKE OT TIIATEIBHOCTH MOATOTOBKH JAHHBIX
K aHanusy. MccrnenoBaHUE IMONYEPKUBAET 3HAYUMOCTb MHTErPALiUU MEPENOBbIX
TEXHOJOTMH MAaIIMHHOTO O0yueHHs B cdepy YIpaBlIeHUS HSHEPreTHYCCKHUMU
CUCTEMaMU, Ipejaras IPaKTUYECKHE PEKOMEHJIALUUU JUIsi 3HEPreTHYECKUX
KOMIIAHUM U OIIEPATOPOB AJIEKTPOCETEM.

KuaroueBnie cioBa: comHeuHas sHepretuka, LSTM, MLP, kpaTkocpounoe
MPOTHO3UPOBaHKE, MAIMHHOE O0yUeHHE
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Introduction

In the modern world, when environmental and sustainable development issues
are becoming more and more relevant, energy efficiency and resource management
are gaining new importance. Balancing energy production and consumption is one
of the key aspects of ensuring the sustainability of electric power systems. With
the increasing share of renewable energy sources such as solar panels, accurate
forecasting of their production is becoming an important element of energy planning.
Thus, the development of accurate predictive models for energy systems capable
of adapting to the dynamics of changing conditions is of strategic importance. In
this context, this paper evaluates the effectiveness of various forecasting methods
such as LSTM and MLP by collecting data on weather conditions and the output
power of photovoltaic systems. These studies are essential to ensure the stability
and efficiency of power grids in a rapidly changing energy paradigm.

Related work

Modernresearch on solar radiation prediction and photovoltaic energy generation
uses a variety of approaches, including deep learning, portfolio theory integration,
machine learning and hybrid models. Let's consider the key works presented in this
literature review.

Lima and co-authors (2020) explore improving solar energy forecasting through
deep learning and portfolio theory integration. Their approach demonstrates how
modern data analysis techniques can optimize resource management and improve
forecast accuracy.

Jung and colleagues (2020) describe the use of recurrent neural networks with
long-term short-term memory (LSTM) to model time patterns in long-term power
forecasting for solar photovoltaic installations using the example of South Korea.
This highlights the importance of LSTM in processing time sequences to improve
prediction accuracy.

Gao and co-authors (2019) focus on forecasting next-day power generation for
large-scale photovoltaic installations based on weather classification using LSTM,
demonstrating how categorization of weather conditions can improve forecast
accuracy.

Wang and colleagues (2019) are comparing next-day photovoltaic power
prediction models based on deep neural networks, highlighting the potential and
benefits of deep learning in this area.

Jallal and co-authors (2020) are developing an artificial intelligence data-based
approach using endogenous inputs to predict global solar radiation, illustrating the
importance of adaptive data processing techniques to improve predictive models.

Kisi and his team (2020) apply innovative machine learning techniques to
estimate solar radiation in the Mediterranean climate using weather variables,
which highlights the importance of selecting appropriate algorithms for specific
climatic conditions.

Agbulut and colleagues (2021) compare various machine-learning algorithms
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for predicting daily global solar radiation, highlighting the importance of a
comprehensive comparison to determine the most effective method.

Alizamir and co-authors (2020) conducted a comparative study of several
machine-learning methods based on nonlinear regression to estimate solar radiation,
considering the cases of the regions of the USA and Turkey. This study highlights
the importance of choosing an appropriate algorithm based on geographical location
and climatic conditions to improve the accuracy of estimates.

Yu, Cao, and Zhu (2019) focused on short-term solar radiation forecasting using
LSTM in difficult weather conditions. Their work demonstrates how LSTM can
adapt to changing weather conditions, providing high prediction accuracy.

Aslam and his team (2019) investigated deep learning models for long-term
prediction of solar radiation, taking into account the installation of microgrids. A
comparison of various deep learning models in this context offers valuable insights
for choosing optimal forecasting methods in microgrid conditions.

Monjoly and co-authors (2017) presented a hybrid approach to hourly forecasting
of global solar radiation based on multi-decomposition methods. This technique
combines various algorithms to achieve more accurate and reliable forecasts,
demonstrating the potential of hybrid models in predicting solar radiation.

Berrizbeitia, Gago, and Muneer (2020) conducted a review and experimental
analysis of empirical models for estimating scattered solar radiation in the sky. Their
research highlights the importance of developing and adapting models specific to
different lighting conditions and atmospheric conditions.

These studies show a variety of methods and approaches in the field of solar
energy forecasting, from deep learning to machine learning and hybrid models,
highlighting their potential to improve accuracy and efficiency in a variety of
settings and contexts.

Methods

LSTM (Long Short-Term Memory) and MLP (Multilayer Perceptron) methods
are common machine learning approaches for solving forecasting problems,
including predicting photovoltaic power generation.

The article discusses two different machine learning models, Long Short-Term
Memory (LSTM) and Multilayer Perceptron (MLP), which are widely used to
solve forecasting problems, including forecasting photovoltaic energy generation.

LSTM is a specialized type of recurrent neural networks (RNNs) designed to
process data sequences and prevent the vanishing gradient problem, which is an
obstacle for traditional RNNs. A distinctive feature of LSTM is its ability to store
information for long periods of time, which makes it exceptionally suitable for
tasks related to time series, where long-term dependencies between data must be
taken into account. In the context of predicting photovoltaic energy generation,
LSTM models are able to analyze data on weather conditions and historical energy
production, identifying patterns that can be used to predict future generation.
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Input LSTM LSTM Output
Layer Block 1 Block 2 Layer

Figure 1. Conceptual LSTM Model Structure

The conceptual structure of the LSTM model presented in Figure 2 serves as the
basis for the development and understanding of methods for predicting solar energy
generation. Understanding the role of each component of the model helps engineers
and researchers effectively apply LSTM to optimize the operation of solar power
plants and ensure sustainable energy production from solar sources.

MLP, on the other hand, is a classical architecture of artificial neural networks
consisting of three or more layers: an input layer, several hidden layers and an
output layer. The layers are interconnected by weights that adapt during the learning
process. MLP is able to approximate almost any function, so it finds application in
a wide range of machine learning tasks, including regression and classification.
In photovoltaic power generation forecasting tasks, MLP can be used to create
models that predict power output based on weather conditions and other relevant
parameters.

Output Layer

Hidden Layer 2

Hidden Layer 1

Input Layer

Figure 2. Conceptual MLP Model Structure

The conceptual structure of the MLP model presented in Figure 1 is the basis
for the development and understanding of methods for predicting solar energy
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production. Understanding the role of each component of the model helps
researchers and practitioners effectively apply MLP to optimize the operation of
solar power plants and integrate solar energy into the energy system.

Both LSTM and MLP models offer different approaches to data processing and
analysis for forecasting. LSTM is ideal for tasks where time dependencies and long-
term memory are important, while MLP stands out for its flexibility and ability to
approximate complex relationships between input and output data, making both
models valuable tools in the arsenal of machine learning specialists.

Case study

As an example, information on the power of energy generated from solar panels
located in Germany in 2016 was used, as well as meteorological data from open
sources. In particular, we use two data sets:

Results and discussion

The correlation of solar power generation using the initial data parameters shown
below is shown in Figure 3. The greatest correlation in solar electricity production,
as shown in the figure, is temperature 0.5, the sign indicating the sunrise is 0.6, and
the UF index is 1.

An experiment was conducted using two models, that is, with all data (1) and
data with a high correlation(2).

Month 1 -0.0003 0.006 004 ). 01 0.01
Time (CET) [0S 1 -0.0003 -0.07 01 0.0002 0.07
Day 0.006 0.0003 1 0 E i 02 0.006 2 0.006

uw -0.04 0.07 0 .03 ). 1

0.006

sH 0 .0002 0.02

DE_solar_generation_actual 0.006

Day

Menth
Time (CET)

DE_solar_generation_actual

Figure 3. Correlation analysis

meteo = {s,sH,T,p,c,cl,tS,E,,P,U} (1)

meteo = (T, s, uv} 2)
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Table 1 shows a comparison of two types of neural networks: multilayer
perceptron (MLP) and long-term short-term memory (LSTM) based on five
indicators: Loss, Validation Loss, root of mean square error (RMSE), average
absolute error (MAE) and coefficient of determination (R2).

The multilayer perceptron (MLP) shows losses of 0.0003 and validation losses of
0.0005. The RMSE value for this model is 374.3, MAE is 308.1, and the coefficient
of determination (R2) is 0.83, which indicates a fairly high degree of compliance of
the predicted values with real data.

In turn, the LSTM model demonstrates lower losses: 0.0002 and validation
losses of 0.0003. The RMSE and MAE indicators are 267.2 and 212.8, respectively,
which is lower than that of MLP. The coefficient of determination for LSTM is
0.91, which indicates a more accurate prediction of the model compared to MLP.

Thus, according to the presented data, the LSTM model surpasses the MLP
model in all five estimated parameters. Lower values of losses and errors, as well
as a higher coefficient of determination in LSTM, indicate greater accuracy and
reliability of this model in predictive tasks.

Table 1. Comparison of models: MLP and LSTM

Model Loss Validation Loss |RMSE |MAE R?
MLP 0.0003 |0.0005 374.3 308.1 0.83
LSTM 0.0002 |0.0003 267.2 212.8 0.91
RMSE / Model
400 374.28
267 26
glﬂﬂ

Model

Figure 4. Comparison of models: MLP and LSTM

The visualization of the results was presented in the form of a bar chart (Figure
4), where each column corresponded to the RMSE of one of the models. It followed
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from the chart data that the LSTM model surpassed MLP, showing a lower RMSE
value of 267.26 versus 374.38 for MLP. These results indicate that the LSTM
model, with its ability to efficiently process and store information about long-term
dependencies, is better suited for analyzing and predicting data sequences, which
makes it the preferred choice in time series applications.

Table 2. Comparison of activation function: relu, sigmoid and tanh

Model Loss Validation Loss | RMSE MAE
relu 0.011 0.006 1286.15 807.979
Sigmoid 0.016 0.012 2427.929 1774.908
tahn 0.013 0.008 1653.537 1262.15

In this study, three activation functions are compared (Table 2): Real, sigmoid
and tanh, according to several key metrics. The table shows the results, including
Loss, Validation Loss, root of mean square error (RMSE) and mean absolute error
(MAE) for each of the activation functions. The following results are observed for
the ReLLU activation function: losses are 0.011, validation losses are 0.006, RMSE
is 1286.15, and MAE is 807.979. The sigmoid activation function shows losses at
0.016, validation losses at 0.012, RMSE is 2427.929, and MAE is 1774.908. In
the case of using the thanh activation function, losses are 0.013, validation losses
are 0.008, RMSE is 1653.537, and MAE is 1262.15. These data allow an analysis
of the effectiveness of various activation functions in in the context of the task for
which they were used, demonstrating the differences in their impact on the learning
process of the model.

— Mporxo3
—— QakT

Q6bem BblpaboTkk, MBT

12:00 00:00 12:00 00:00 12:00 00:00
Oct 21, 2016 Oct 22, 2016 Oct 23, 2016 Oct 24, 2016

lata 1 BpeMA

Figure 5. Forecast using LSTM model and solar power generation
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Figure 6. Forecast using MLP model and solar power generation

Figure 5 and Figure 6 show a line diagram tracing two variables in a time
period covering the period from October 21, 2016 to October 23, 2016. The X-axis
labeled "date and time" represents the date and time, suggesting that data points
are drawn based on a specific time of day. The Y-axis labeled "production volume,
MW" indicates the amount of electricity generation in megawatts (MW). The blue
line represents the estimated electricity generation, and the red line represents the
actual solar power generation data. The interaction between predicted and actual
values can be used to assess the accuracy of forecasts and analyze the patterns of
electricity generation.

Discussion

The discussion of the results of this study opens up significant directions for
the development and improvement of forecasting systems for electricity generation
based on renewable sources. The use of the latest machine learning methods,
in particular LSTM (Long Short-Term Memory) networks, for the analysis and
forecasting of photovoltaic energy generation has shown their high efficiency.
The effectiveness of these methods is especially noticeable when working with
meteorological data that have a high correlation with energy production.

A key aspect highlighted in the study is the acute sensitivity of forecasts to
weather changes. This confirms the need to use accurate and relevant meteorological
data in modeling production processes in the field of renewable energy. The choice
of correlated meteorological data for training the model allows you to significantly
increase the accuracy of forecasts, which is confirmed by the standard error and the
coefficient of determination (R2) as a result of using the latest model.

Comparing the latest model with previous approaches shows a significant
improvement in forecasting accuracy. This indicates that the introduction of
algorithms capable of adapting to dynamic changes in weather data and energy
production can lead to a significant increase in forecasting efficiency. However, to
achieve the best results, it is critically important to select data with a high degree of
correlation and relevance.

To further improve the accuracy of predicting photovoltaic power generation,
the study highlights the importance of expanding the amount of training data and
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scenarios. This may include using a broader set of meteorological data, as well
as data on energy production over longer time periods. This approach will allow
the model to better adapt to different conditions and improve the ability to predict
energy production in a variety of weather conditions.

Conclusion

This study was developed using the LSTM machine learning method to solve
the problem of predicting electricity generation based on meteorological data from
open sources. The prediction of photovoltaic energy production showed an acute
sensitivity to weather changes. Various sets of meteorological data have been
used to increase the accuracy of forecasts for historical solar energy production in
renewable energy sources. The LSTM model with high correlation meteorological
data surpassed the LSTM with all meteorological data sets. In particular, for the
LSTM model with correlated meteorological data, RMSE 267.2, MAE 212.8
and R? was 0.91%. Using an LSTM model with correlated meteorological data is
effective, but for more accurate forecasting, it is necessary to increase the number
of training data and scenarios.
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