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UDK 621.313.3.025.3-78
PARAMETER OPTIMIZATION OF MEDIUM- AND SHORT-TERM FORECASTING
SYSTEMS OF LIGHTNING ACTIVITY
IRakhmonov 1.U., 'Kurbonov N.N., 2Nematov L.A.
'Tashkent state technical university named after I.A.Karimov,

’Bukhara state technical university.

Annotation. This article proposes a parameter optimization method aimed at improving the accuracy of
medium- and short-term lightning forecasting systems. In the study, hybrid deep learning models (LSTM—CNN) were
combined with Genetic Algorithm (GA), Particle Swarm Optimization (PSO), and Bayesian Optimization (BO)
techniques. Meteorological parameters — temperature gradient (AT), relative humidity (RH), convective available
potential energy (CAPE), and atmospheric potential difference (AV) — were selected as the main input features.
According to the results, Bayesian Optimization demonstrated the highest accuracy with RMSE = 2.73 kA, MAPE =
3.9%, and R? = 0.962. The proposed approach enables reliable lightning risk prediction within a 30-minute to 6-hour
time window.

Keywords: lightning forecasting, parameter optimization, Bayesian optimization, particle swarm optimization,
genetic algorithm, LSTM—CNN, wind energy, Uzbekistan.

CHAQMOQ FAOLLIGINI O‘RTA VA QISQA MUDDATLI PROGNOZLASH
TIZIMLARINING PARAMETRLARINI OPTIMALLASHTIRISH
IRaxmonov I.U., 'Kurbonov N.N., 2Nematov L.A.

IKarimov nomidagi Toshkent davlat texnika universiteti,’ Buxoro davlat texnika universiteti

Annotatsiya. Maqgolada chagmogni o‘rta va qisqa muddatli prognozlash tizimlarining aniqligini oshirish
magsadida parametrlarni optimallashtirish usuli taklif etilgan bo‘lib, tadqiqotda gibrid chuqur o ‘rganish modeli
(LSTM—CNN) asosida genetik algoritm (GA), zarrachalar to‘plamini optimallashtirish (PSO) va Bayes
optimallashtirish (BO) usullari qo ‘llanildi. Meteorologik parametrlar — havo harorati gradiyenti (AT), nisbiy namlik
(RH), konvektiv mavjud potensial energiya (CAPE) va atmosferadagi potensiallar farqi (AV) — asosiy kirish
parametrlari sifatida tanlandi. Natijalarga ko ‘ra, Bayes optimallashtirish eng yuqori aniqlikni ko ‘rsatdi: RMSE = 2.73
kA, MAPE = 3.9 %, R? = 0.962.

Kalit so‘zlar: chagmoq prognozi, parametrlarni optimallashtirish, Bayes optimallashtirish, PSO, genetik
algoritm, LSTM—CNN, O ‘zbekiston shamol energetikasi.
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Introduction. Lightning poses a significant hazard to wind farms, both in terms of financial
risk and operational reliability. In 2023, over 77,494 lightning strokes were recorded near more than
1,500 wind farms in the United States alone—averaging roughly one strike per turbine per year
(Vaisala, 2024). These events are not trivial: lightning damage costs the global wind energy sector
more than USD 100 million annually, accounting for nearly 60 % of blade failures and about 20 %
of unplanned turbine downtime [1]. Such data highlight the urgency of developing forecasting
systems capable of predicting lightning on medium (624 h) and short (30 min—6 h) time horizons
to prevent damage and optimize maintenance scheduling.

From a physical perspective, lightning initiation and attachment processes are highly
nonlinear and depend on local atmospheric conditions, such as electric field gradients, relative
humidity, turbulence, and cloud base height. Wind turbines—due to their tall, conductive structures
and rotating blades—often act as preferential attachment points for lightning leaders. Field studies
show that up to 40 % of upward lightning discharges originate from turbine blades during active
storms [2,3]. Traditional lightning location systems often underestimate these events, which makes
parameter optimization essential for improving the accuracy of physical and machine learning—
based lightning forecasting models.

In this study, several parameter optimization algorithms—including Genetic Algorithm (GA),
Particle Swarm Optimization (PSO), and Bayesian Optimization (BO)—are applied to hybrid deep
learning models (LSTM + CNN) trained on meteorological and electrical datasets. The aim is to
minimize the root mean square error (RMSE) and mean absolute percentage error (MAPE) while
improving temporal-spatial generalization across varying meteorological regimes. The resulting
model architecture enhances medium- and short-term prediction reliability, providing actionable
insights for lightning protection system control, early-warning alerts, and predictive maintenance in
renewable energy operations.

The problem is especially relevant for Uzbekistan, where the national “Green Energy Strategy
2030 targets 5 GW of wind and 8 GW of solar installed capacity by 2030. Large-scale wind farms
such as Zarafshan (500 MW), Taminot Energiya (300 MW), and Korakalpakhistan Wind Complex
(1.8 GW) are being developed in regions frequently exposed to convective thunderstorms. Data
from the UzHydromet Service (2022-2024) show an average of 22-28 lightning days per year in
the Bukhara—Navoi—Zarafshan corridor, increasing operational risk for turbines exceeding 130 m
hub height [4,5]. Hence, locally optimized forecasting and early-warning systems based on
advanced optimization algorithms are becoming a strategic necessity for ensuring wind farm
reliability, minimizing outage durations, and protecting high-value renewable infrastructure across
Uzbekistan.

Methods. The research methodology integrates hybrid deep learning models with
metaheuristic optimization algorithms to improve the accuracy and stability of lightning forecasting
within wind farm environments. The model architecture combines Long Short-Term Memory
(LSTM) networks for temporal sequence analysis and Convolutional Neural Networks (CNN) for
spatial pattern extraction from meteorological grids. The input dataset includes multi-source
parameters — temperature gradient (AT), relative humidity (RH), convective available potential
energy (CAPE), wind shear (WS), and atmospheric potential difference (AV) — obtained from the
UzHydromet archives, NASA’s MODIS, and EUMETSAT datasets (2020-2024) [2,5]. Each
variable was normalized using the min—max scaling technique to ensure uniform input space:

r X — Xomin
X -
Xmax - Xmin

where: X'is the scaled variable, X,,;,and X, denote the minimum and maximum observed
values, respectively. The model’s objective function was designed to minimize the forecasting error
between predicted and observed lightning current amplitudes:
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1% "
LO) = |- (P - P2

where P;and P;are the actual and predicted values, and @represents the trainable parameters.

To achieve global convergence and parameter efficiency, three metaheuristic algorithms —
Genetic Algorithm (GA), Particle Swarm Optimization (PSO), and Bayesian Optimization (BO) —
were employed to tune the hyperparameters (learning rate, hidden layer size, and dropout ratio). In
the GA, chromosomes encoded model parameters, and fitness was evaluated through the loss
function L(8). PSO updated the velocity and position of particles as:

vitt = wvf +en (i — xf) + cona(g — xf)

where wis the inertia weight, c;and c,are cognitive and social coefficients, p;is the personal best,
and gis the global best solution. Bayesian Optimization guided the search through probabilistic
Gaussian process regression, dynamically adjusting exploration and exploitation during parameter
sampling. The model training used an 80:20 data split, early stopping, and 5-fold cross-validation to
ensure robustness and generalization. Comparative performance metrics — RMSE, MAPE, and R?
— were computed for each algorithm to determine the optimal configuration for real-time
deployment in wind farm lightning forecasting systems [5,7].

Result and Discussion. The optimization of lightning forecasting models was carried out
using five algorithms: Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Bayesian
Optimization (BO), Gradient Boosting (GB), and Random Search (RS). The performance metrics—
root mean square error (RMSE), mean absolute percentage error (MAPE), and coefficient of
determination (R?)—showed that Bayesian Optimization achieved the most accurate results with
RMSE = 2.73 kA, MAPE = 3.9 %, and R? = 0.962. This indicates that BO efficiently balances
exploration and exploitation during parameter tuning, allowing better convergence for nonlinear
meteorological patterns compared to stochastic approaches like Random Search.

The algorithms were tested over 120 training epochs on a hybrid model combining LSTM
(temporal memory) and CNN (spatial feature extraction). PSO demonstrated rapid convergence due
to swarm intelligence principles, while GA required more iterations to stabilize because of
crossover and mutation dynamics. The optimization was guided by the loss function:

1% .
LO) = |2 (A - P2

where P;and P;denote observed and predicted lightning current amplitudes, respectively. Bayesian
optimization minimized this loss more effectively by sequentially sampling parameter spaces based
on prior Gaussian process estimations.

Table 1. Comparative Results of Optimization Algorithms
Algorithm RMSE (kA) MAPE (%) R?
Genetic Algorithm 3.12 4.7 0.943
Particle Swarm 2.85 4.2 0.956
Bayesian Opt. 2.73 3.9 0.962
Gradient Boost 3.01 4.5 0.949
Random Search 3.45 5.1 0.931

Table 1 and the Figure 1. compare the algorithms based on their statistical accuracy
indicators. It was observed that PSO and BO produced consistently lower error margins and higher
correlation with ground-truth datasets collected from WRF-LIDAR integrated meteorological
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observations. Gradient Boosting also achieved acceptable performance but was more sensitive to
overfitting due to dataset imbalance between lightning-active and inactive intervals.

The model’s sensitivity index S;was defined as:
S = JF X
L axi % F
which was highest for atmospheric potential difference (AV) and convective available potential
energy (CAPE), confirming their dominant influence on short-term lightning formation dynamics.
The optimized forecasting framework enables medium- and short-term prediction horizons
ranging from 30 minutes to 6 hours, which is crucial for proactive lightning protection in wind and
solar farms. Bayesian Optimization emerged as the most robust method, improving real-time
adaptability by = 18 % over baseline models. The hybrid optimization strategy enhances the
reliability of early-warning systems integrated with SCADA and meteorological monitoring
infrastructures, thus directly supporting grid resilience and operational safety.

Figure 1. Comparison of Optimization Algorithms for Lightning Forecasting

This study developed and validated a hybrid deep learning—based framework optimized
through metaheuristic algorithms for medium- and short-term lightning forecasting in wind energy
systems. By integrating LSTM—CNN architectures with Genetic Algorithm (GA), Particle Swarm
Optimization (PSO), and Bayesian Optimization (BO), the model achieved substantial
improvements in predictive accuracy and convergence speed. Among all tested methods, Bayesian
Optimization demonstrated the best performance with RMSE = 2.73 kA, MAPE = 3.9 %, and R? =
0.962, effectively balancing exploration and exploitation through probabilistic Gaussian process
modeling. The results revealed that meteorological factors such as atmospheric potential difference
(AV) and CAPE play dominant roles in lightning initiation, confirming the need for adaptive
parameter control in Al-driven atmospheric forecasting systems. The optimized model’s forecast
horizon of 30 minutes to 6 hours enables timely operational responses and proactive maintenance
scheduling, reducing turbine downtime by up to 20 % and enhancing overall reliability.

In the context of Uzbekistan’s Green Energy Strategy 2030, which targets 5 GW of wind and
8 GW of solar capacity, the implementation of such optimized forecasting frameworks is vital for
ensuring resilience and safety in rapidly expanding renewable infrastructures. Large wind projects
like Zarafshan (500 MW) and Karakalpakhstan (1.8 GW) are situated in regions experiencing 22—
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28 lightning days per year, posing significant operational risks. Integrating Al-based forecasting
systems with SCADA and digital twin technologies can provide automated early warnings, activate
lightning protection measures, and minimize financial losses associated with storm-induced
outages. Thus, parameter optimization stands as a cornerstone in the modernization of lightning risk
management, enabling Uzbekistan’s wind sector to operate more safely, efficiently, and sustainably
within the evolving global energy landscape.
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