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ABSTRACT 

The increasing demand for efficient, resilient, and intelligent 

renewable energy management systems has posed significant 

challenges to conventional grid infrastructure, particularly in 

dynamic load handling and power quality assurance. This 

research explores the integration of artificial intelligence into 

power electronics to optimize renewable energy system 

performance, focusing on real-time control, forecasting, and 

fault detection. A comprehensive AI-powered model 

combining Long Short-Term Memory (LSTM) for demand 

forecasting, intelligent Maximum Power Point Tracking 

(MPPT), and an AI-based fault detection algorithm was 

developed and simulated under various grid scenarios. The 

proposed system was evaluated using critical performance 

metrics such as energy conversion efficiency, Total Harmonic 

Distortion (THD), voltage and frequency deviation, Root 

Mean Square Error (RMSE), Mean Absolute Error (MAE), 

and response time. Results demonstrated a substantial 

improvement in efficiency from 82.6% to 93.8%, THD 

reduction from 6.3% to 2.4%, forecasting accuracy with 

RMSE and MAE lowered to 0.54 kW and 0.36 kW 

respectively, and a faster response time of 0.4 seconds to 

system disturbances. These findings highlight the system's 

ability to enhance power stability, improve prediction 

accuracy, and respond swiftly to faults, making it ideal for 

modern smart grid applications. The novelty of this research 

lies in its holistic AI-driven approach that simultaneously 

addresses prediction, control, and protection challenges in 

renewable grids. This work significantly contributes to the 

advancement of smart energy technologies, offering a scalable 

and adaptive solution for sustainable power systems. 
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1. INTRODUCTION 
The accelerating global shift toward renewable energy is one 

of the most significant transitions of the 21st century, driven 

by the urgent need to combat climate change, reduce 

dependency on fossil fuels, and promote sustainable 

development [1], [5]. Solar, wind, hydro, and other clean 

energy sources are becoming more prominent in modern 

power systems, especially as governments and industries push 

toward carbon neutrality. However, integrating these 

renewable sources into existing electrical grids presents 

multifaceted challenges due to their intermittent and variable 

nature [2], [3], [4]. Traditional power grids, which were 

designed for centralized generation with predictable outputs, 

often struggle with maintaining system stability, load 

balancing, and grid synchronization when exposed to 

fluctuating renewable energy supplies [6], [10]. These 

limitations are particularly problematic in dynamic smart grid 

environments where distributed generation, real-time energy 

markets, and bi-directional energy flows are increasingly 

prevalent. 

In response to these challenges, there is a growing need for 

intelligent, self-adaptive systems capable of real-time 

decision-making and predictive control. The integration of 

artificial intelligence (AI) into power electronic systems 

represents a promising solution for managing the complexity 

of future energy grids [7], [12]. Unlike conventional rule-

based control systems, AI algorithms—especially machine 

learning (ML) and deep learning (DL) models—offer the 

ability to learn from data, recognize patterns, and make 

autonomous adjustments in system behavior based on 

changing conditions [2], [6], [11]. These intelligent algorithms 

can optimize power flow, predict faults, manage demand-

response operations, and enhance overall grid performance. 

Power electronic devices such as inverters and converters, 

when embedded with AI capabilities, can respond in real time 

to fluctuations in renewable generation and consumer 

demand, thereby improving energy efficiency, grid stability, 

and system resilience [4], [8], [9]. 

Despite the promise of these technologies, many existing 

energy systems still rely on static control architectures that 

lack the flexibility and intelligence to respond to complex, 

time-sensitive grid scenarios. This research addresses the 

critical gap in renewable energy integration by focusing on 

the convergence of AI and power electronics for intelligent 

control in future smart grids. The study is guided by the 

following research questions: (1) How can AI-based control 

strategies enhance the operational performance of power 

electronic systems for renewable energy integration? (2) What 

are the advantages of AI-driven models over traditional 

control techniques in terms of grid stability, synchronization, 

and fault tolerance? (3) How can intelligent power electronics 

contribute to improving the scalability and adaptability of 

future smart grid infrastructures? 

The primary objective of this research is to investigate how AI 

algorithms, particularly ML and DL methods, can be 

embedded within power electronic systems to optimize the 

integration of renewable energy sources. This includes 

enhancing grid adaptability, improving fault detection 

mechanisms, and supporting demand-response operations in 

real time. In pursuing this objective, the study proposes a 
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novel AI-driven control architecture for power converters, 

simulates its performance within a grid-integrated renewable 

energy environment, and compares its efficacy against 

traditional control methods. Through extensive modeling and 

simulation, the research aims to demonstrate the superior 

capabilities of AI-enhanced systems in managing grid 

volatility, reducing operational inefficiencies, and enabling 

sustainable energy transformation. 

The key contributions of this research are multifaceted. First, 

an AI-based control framework for power electronic 

converters is developed, enabling real-time adaptation to 

fluctuating renewable inputs and grid disturbances. Second, 

the proposed system is implemented and simulated within a 

smart grid environment, showcasing its ability to maintain 

grid synchronization and energy balance under variable 

operating conditions. Third, a detailed comparative evaluation 

is conducted between AI-powered and conventional control 

methods, revealing significant improvements in 

responsiveness, accuracy, and fault tolerance with the former. 

Fourth, the research introduces a generalized, scalable AI 

control model that can be applied across different renewable 

platforms, promoting interoperability and future-proofing 

smart grid designs. Lastly, the study demonstrates the 

practical feasibility of embedding AI into power electronic 

systems for enhanced predictive control, thus contributing to 

the broader vision of intelligent, resilient, and sustainable 

energy networks [2], [6], [8], [11]. 

The remainder of this paper is organized as follows: Section 

III presents a comprehensive review of the related literature 

on smart grid technologies, power electronic control systems, 

and AI integration. Section IV outlines the proposed 

methodology, detailing the AI models, system design, and 

simulation setup. Section V describes the experimental 

environment, data parameters, and evaluation criteria. Section 

VI discusses the simulation results and offers a comparative 

analysis. Finally, Section VII concludes the paper with key 

insights, practical implications, limitations, and directions for 

future research. Through this structured investigation, the 

study contributes a technically sound and innovative approach 

for AI-driven integration of renewable energy into next-

generation power grids [1]– [12]. 

2. LITEARTURE REVIEW 
The integration of artificial intelligence (AI) into renewable 

energy systems has garnered significant attention in recent 

years, particularly in enhancing forecasting accuracy, 

optimizing power electronics, and maintaining grid stability. 

Machine learning (ML) and deep learning (DL) techniques 

have been pivotal in forecasting renewable energy outputs, 

such as wind and solar power. For instance, Ghaderi et al. 

developed a deep learning-based spatio-temporal forecasting 

model using recurrent neural networks (RNNs) to predict 

wind speeds, demonstrating improved short-term forecasts 

compared to traditional methods [14]. Similarly, Silva-

Rodriguez et al. proposed an LSTM-based net load 

forecasting model for microgrids equipped with wind and 

solar power, highlighting its effectiveness in predicting net 

load and enhancing energy management [15]. Sarkar further 

emphasized the role of DL techniques like CNN and LSTM in 

load and renewable energy forecasting, crucial for grid 

stability [16]. 

Advancements in AI-driven weather forecasting have also 

contributed to renewable energy integration. The European 

Centre for Medium-Range Weather Forecasts (ECMWF) 

introduced an AI-based system capable of predicting weather 

up to 15 days in advance, offering improved accuracy and 

benefiting the renewable energy sector by forecasting 

parameters like solar radiation and wind speeds at turbine 

height [13]. Google DeepMind's GenCast has demonstrated 

up to 20% better accuracy in weather forecasting compared to 

traditional systems, aiding energy companies in predicting 

power generation from wind farms [15]. 

Anandkumar'sFourCastNet, an AI-driven weather model, can 

produce week-long forecasts in under two seconds, 

significantly outperforming traditional numerical weather 

prediction models [16]. 

In the realm of intelligent power electronics, various AI 

techniques have been employed to enhance converter control. 

Adaptive neuro-fuzzy inference systems (ANFIS), which 

combine neural networks and fuzzy logic, have been utilized 

for their learning capabilities and approximation of nonlinear 

functions [17]. These systems have shown potential in 

intelligent energy management by adapting to changing 

conditions and optimizing performance. The integration of 

fuzzy logic, artificial neural networks (ANN), and support 

vector machines (SVM) has also been explored for converter 

control, offering improved accuracy and adaptability in power 

electronic systems [18]. 

AI has further contributed to grid stability and load balancing 

through predictive analytics and reinforcement learning. 

Ghasemi et al. proposed a framework combining time-series 

forecasting with long short-term memory (LSTM) networks 

and multi-agent reinforcement learning using the Deep 

Deterministic Policy Gradient (DDPG) algorithm. This 

approach aimed to combat uncertainties in wind and 

distributed PV energy sources, enhancing energy management 

in smart grids [19]. Such integration of AI techniques has 

demonstrated improvements in profit for load-serving entities 

and households with PV and battery installations by 

optimizing energy usage and storage.  

Despite these advancements, several gaps remain in existing 

research. Many AI models lack real-time adaptability, limiting 

their effectiveness in dynamic grid environments. The 

integration of multiple renewable energy sources into a 

cohesive control framework remains a challenge, often 

resulting in limited scalability and interoperability. 

Furthermore, the absence of standardized methodologies for 

embedding AI into power electronic systems hinders 

widespread adoption. Addressing these limitations is crucial 

for developing robust, intelligent systems capable of 

managing the complexities of future smart grids. 

Moreover, researchers have broadened the application of AI 

in energy systems by proposing hybrid optimization strategies 

for intelligent energy management. For instance, Khan et al. 

provided a comprehensive analysis of trends and challenges in 

smart grid energy management systems, emphasizing the 

importance of AI integration in handling large-scale data and 

improving system responsiveness [21]. Arévalo et al. 

examined AI's potential in managing grid complexity and 

enhancing renewable resource integration, emphasizing its 

predictive capacity and automation capabilities [22]. In the 

solar domain, Liu et al. introduced a deep convolutional 

neural network (CNN) combined with support vector 

regression (SVR) to forecast solar energy generation with 

improved accuracy, addressing variability in weather patterns 

[23]. Similarly, Chen et al. reviewed optimization techniques 

using AI in renewable energy systems and concluded that 

deep learning (DL) and evolutionary algorithms are among 

the most promising tools for smart operations [24]. 
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El-Baz et al. offered a holistic review of AI applications 

across wind, solar, and storage systems, recognizing artificial 

neural networks (ANN) and fuzzy logic controllers (FLC) as 

the most adaptable for nonlinear behavior prediction and 

optimization [25]. Xia et al. further contributed by detailing 

DL hybrid models in wind forecasting, showcasing their 

ability to handle time-series data effectively [26]. On the grid 

load balancing side, Ahmad et al. investigated AI-enabled 

load balancing and identified reinforcement learning and 

clustering techniques as viable tools for reducing voltage sags 

and ensuring power reliability [27]. Fuzzy logic controllers 

remain central in the literature, as evidenced by Elshaer et al., 

who developed FLC-based control mechanisms for converters 

in microgrid environments [28]. In a similar vein, Zia et al. 

conducted a critical review of energy management systems 

and highlighted the scalability and modularity of AI-based 

solutions in decentralized grid operations [29]. 

The growing complexity of power electronics has also driven 

research into AI-driven converter management. Shakarami et 

al. demonstrated the efficacy of ANN-based MPPT 

(maximum power point tracking) algorithms in optimizing 

photovoltaic system performance under fluctuating 

environmental conditions [30]. Nayeri et al. employed a 

hybrid SVM and genetic algorithm to enhance the operational 

efficiency of smart energy hubs, revealing improved power 

distribution and load matching [31]. Eissa and Yousef 

proposed a real-time scheduling method for smart homes 

using a fusion of SVM and ant colony optimization, which led 

to better energy distribution and cost savings [32]. 

Meanwhile, Nguyen et al. presented an integrated AI-based 

framework for demand response coupled with renewable 

generation forecasting, showcasing an effective approach for 

demand-supply balancing in microgrids [33]. 

A noteworthy advancement is the application of 

reinforcement learning for distributed energy resource (DER) 

optimization, as surveyed by Nayak et al., who identified deep 

Q-learning and policy-gradient methods as emerging 

techniques in smart grid control [34]. Reinforcement learning 

has also proven effective in grid operation planning, as seen in 

Wang et al.’s work, where deep reinforcement learning 

models were utilized for grid optimization under dynamic 

load and generation conditions [35]. Real-time power quality 

enhancement using neural network-based controllers has been 

explored by Alam et al., who achieved significant 

improvements in voltage stability and fault response in smart 

grids [36]. Likewise, adaptive deep learning strategies, such 

as those proposed by Wang and Zhang, have improved real-

time load prediction accuracy, particularly under high-

frequency load shifts [37]. 

From a forecasting standpoint, Banu and Harini compared 

various ML models and affirmed the superiority of LSTM and 

GRU models in forecasting demand in short intervals [38]. In 

power system stability, Wang et al. developed an ensemble 

DL model for real-time stability assessment, which 

outperformed traditional models in identifying instability 

during fluctuating renewable input [39]. As AI integrates 

more deeply with IoT frameworks, Daoud et al. examined the 

resilience of smart grids using IoT-AI synergies, suggesting 

enhanced situational awareness and faster fault isolation as 

key benefits [40]. In terms of predictive maintenance, Luo et 

al. applied LSTM networks for wind turbine fault prediction, 

which significantly reduced downtime and maintenance costs 

[41]. Lastly, Singh et al. provided a comprehensive review of 

recent AI forecasting techniques in power systems and 

highlighted current limitations such as insufficient data 

granularity, lack of model generalization, and 

underrepresentation of hybrid forecasting models [42]. 

3. METHODOLOGY 

3.1 Research Design 
This study employs a quasi-experimental design to explore the 

integration of artificial intelligence (AI) in renewable energy-

based smart grid systems. The primary aim is to assess how 

AI can enhance energy generation, fault detection, and load 

balancing within such systems. This research design was 

selected due to its capability to test hypotheses in settings that 

closely mirror real-world conditions, without necessitating 

full-scale deployment of the smart grid system. By simulating 

various renewable energy conditions and observing the AI 

model's response, this quasi-experimental approach enables 

valuable insights into system behavior under controlled, 

reproducible scenarios. 

 

Fig. 1 . Research layout 

The system architecture includes key components such as 

renewable energy sources (solar and wind), power electronic 

interfaces (inverters and converters), AI controllers, and grid 

interface management. The AI controller’s role is to optimize 

energy flow, ensure stable grid operation, and detect faults in 

real-time, adapting dynamically to varying power inputs and 

load demands. Figure 1 illustrates the overall layout of the 

system, including how the renewable energy sources, power 

electronics, AI controller, and grid interface are 

interconnected to form a cohesive energy management 

system. 

3.2 System Architecture  
The system operates by collecting data in real-time or through 

simulations from several sources, including renewable energy 

generation metrics, load demand statistics, and operational 

status logs from SCADA systems. This data is then processed 

by power electronics (inverters, converters) which condition 

the electrical output for optimal grid integration. The AI 

controller is tasked with regulating the system, ensuring that 

energy generation and consumption remain balanced, faults 

are promptly detected, and power is supplied to the grid 

efficiently. 

The flow of data from the energy sources through power 

conditioning to AI-based management and grid interfacing is 

outlined in Figure 2, which shows the interaction between 

components in the system. This detailed workflow highlights 

how the AI controller processes inputs from renewable energy 
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sources and adjusts operational parameters to ensure optimal 

energy distribution, fault detection, and dynamic load 

balancing. 

 

Fig.2. System Architecture and Data Flow 

3.3 Data Collection and Dataset 

Description 
For this study, we utilized a combination of simulated data 

and real-world data collected from SCADA-based 

monitoring systems and simulations run on 

MATLAB/Simulink and PSCAD. The dataset consists of 

approximately 32,000 data points across several variables 

such as solar irradiance, wind speed, panel temperatures, 

turbine output, and load demand. Solar and wind energy 

generation data were gathered from both actual installations 

and simulated scenarios to capture a wide range of potential 

real-world conditions. 

The dataset also includes historical fault logs from renewable 

energy systems, which are used to train the AI models for 

fault detection. In total, the dataset was partitioned into 

training, validation, and test subsets with 18,000 samples of 

solar irradiance and temperature data, 10,000 samples of wind 

turbine output data, and 4,000 fault event records. 

Table 1. Dataset summary 

Feature Name Type Description 

Solar Irradiance Numeric Measured in W/m² 

Wind Speed Numeric Measured in m/s 

Panel 

Temperature 

Numeric °C from thermal sensors 

Turbine Output Numeric Generated power in kWh 

Load Demand Numeric Residential and industrial 

profiles 

Fault Event 

Logs 

Categorical System status and fault 

type 

The dataset is comprehensive, capturing both the performance 

of the renewable energy systems and key operational 

characteristics of the grid under varying conditions. 

3.4 Data Preprocessing 
Data preprocessing was essential to ensure the AI models 

received clean, well-structured input. A series of 

preprocessing steps were performed, including: 

 Handling Missing Values: Any missing data points 

were imputed using linear interpolation based on 

the neighboring available data. 

 Normalization: All numerical data, including solar 

irradiance, wind speed, and turbine output, were 

normalized using Min-Max scaling to ensure that 

all features were on a comparable scale. 

 Noise Reduction: Low-pass filtering techniques 

were applied to smooth out high-frequency noise in 

sensor readings, ensuring that the models could 

learn the underlying patterns more effectively. 

 Feature Engineering: New features were derived, 

such as rolling averages of energy output and load 

demand, to capture longer-term trends that could 

improve forecasting accuracy. 

These preprocessing steps ensured the dataset was ready for 

training, minimizing data-related biases and preparing the 

model for effective learning. 

3.5 AI Model Development 
The AI component of the system includes several models 

designed to handle specific tasks. The primary models used in 

this study are: 

 Convolutional Neural Networks (CNNs): Used 

for Maximum Power Point Tracking (MPPT), 

CNNs are capable of identifying the optimal power 

point in real-time from complex input patterns such 

as varying solar irradiance. 

 Long Short-Term Memory (LSTM) Networks: 

LSTMs were chosen for their ability to capture 

temporal dependencies and trends in load 

forecasting. These models help predict future load 

demands based on historical data, crucial for 

dynamic load balancing. 

 Support Vector Machines (SVMs): SVMs were 

employed for classifying fault types in the system, 

based on data from sensors that monitor system 

health. 

The selection of these models was driven by their proven 

success in handling time-series data, image-like patterns, and 

classification tasks. CNNs excel in processing spatial data, 

LSTMs are particularly effective for sequential and time-

series data, and SVMs are renowned for their classification 

performance in high-dimensional spaces. 

Table 2. AI Model Parameters and Configuration 

Model 
Layer

s 

Activatio

n 

Function 

Optimizer 
Epoch

s 

Learnin

g Rate 

CNN 4 

ReLU, 

Softma

x 

Adam 50 0.001 

LST

M 
3 

Tanh, 

Sigmoi

d 

RMSprop 100 0.0005 

SVM N/A 
RBF 

Kernel 

GridSearchC

V 
N/A N/A 

3.6 Experimental Setup 
For the experimental setup, simulation and model training 

were carried out using a combination of tools: 

 MATLAB/Simulink was used for power system 

modeling and simulation, including modeling of 

inverters, converters, and control strategies. 

 Python (TensorFlow, PyTorch) was used for 

developing and training the AI models. These 

libraries offer flexible tools for building complex 

deep learning models, making them ideal for our 

requirements. 
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 The hardware used for training included a 

dedicated workstation with an NVIDIA RTX 

3080 GPU, 64 GB RAM, and running Ubuntu 

20.04. This environment allowed for efficient model 

training and handling of large datasets. 

The training process utilized a variety of hyperparameters, 

such as batch size (64) and learning rate (0.001 for CNNs, 

0.0005 for LSTMs), to ensure optimal performance across all 

models. 

3.7 Implementation Protocol 
The implementation protocol for this research follows a clear, 

stepwise process: 

1. System Modeling: The first step involves creating a 

detailed model of the renewable energy system, 

including both the power electronics and AI control 

layers. 

2. Dataset Generation: Real-time and simulated data 

are gathered and prepared for preprocessing. 

3. Data Preprocessing: The dataset undergoes various 

preprocessing steps, including normalization, noise 

reduction, and feature engineering. 

4. AI Model Training & Tuning: The AI models are 

trained on the preprocessed dataset, with parameters 

such as epochs, learning rates, and optimizers 

adjusted for optimal performance. 

5. Controller Integration: Once trained, the AI 

models are integrated into the system to control 

power flow, perform MPPT, and manage load 

balancing. 

6. Simulation & Evaluation: The complete system is 

tested through simulations to assess its performance 

in real-world scenarios. 

 
FIG. 3 . End-to-End Methodological Protocol 

3.8 Evaluation Metrics 
The models were evaluated using several performance 

metrics: 

 For Regression Models: Metrics such as Root Mean 

Squared Error (RMSE), Mean Absolute Error 

(MAE), and R² were used to assess the accuracy of 

the models in forecasting power generation and load 

demand. 

 For Classification Models: Metrics such as 

Accuracy, Precision, Recall, F1-Score, and Receiver 

Operating Characteristic (ROC) were used to 

evaluate fault detection models. 

 Power System Performance: We also assessed 

power system performance using metrics like Total 

Harmonic Distortion (THD), which measures the 

quality of the output power. 

 Controller Responsiveness: The responsiveness of 

the AI controllers was measured by evaluating the 

switching time, overshoot, and settling time during 

load balancing and fault mitigation operations. 

3.9 Mathematical Modeling 
The core mathematical model governing the power electronic 

interface is based on Pulse Width Modulation (PWM). The 

switching behavior of the converter can be described by the 

equation: 

𝑉𝑜𝑢𝑡 𝑡 = 𝑉𝑑𝑐 ⋅ 𝑠𝑖 𝑛 𝜔𝑡 𝑉out 𝑡 = 𝑉𝑑𝑐 ⋅ sin ω𝑡 𝑉𝑜𝑢𝑡 𝑡 
= 𝑉𝑑𝑐 ⋅ 𝑠𝑖𝑛 𝜔𝑡  

Where 𝑉out represents the output voltage, 𝑉𝑑𝑐𝑉𝑑𝑐 is the DC 

voltage, and 𝜔 is the switching frequency. In addition to 

PWM, Space Vector Pulse Width Modulation (SVPWM) is 

applied to reduce harmonic distortion and improve the 

efficiency of the system. 

3.10 Validation Strategy 
Model validation was conducted using a 70/15/15 train-

validation-test split to ensure unbiased results. K-Fold 

Cross-validation (with K=5) was performed to assess model 

robustness and mitigate overfitting. The performance of the 

AI-controlled grid system was also compared with a baseline 

rule-based control strategy to demonstrate the advantages of 

using AI for real-time power management. 

Furthermore, sensitivity analyses were conducted to evaluate 

the system's performance under different operational 

conditions, including variations in solar and wind input, 

load fluctuations, and sensor noise. 

4. EXPERIMENTAL SETUP & 

RESULTS 

4.1 Test Cases 
To evaluate the performance of the proposed AI-based 

renewable energy management system, several test cases were 

simulated under varying operating conditions. These scenarios 

included operation with and without the AI controller, 

different load demands (light, medium, and heavy), and fault 

events such as voltage sags and short-circuit faults. The test 

cases aimed to mimic realistic grid situations and assess how  

4.2 Performance Metrics 
The evaluation of system performance was based on several 

key metrics: overall energy conversion efficiency, Total 

Harmonic Distortion (THD), voltage and frequency 

deviations, forecasting accuracy using Root Mean Square 

Error (RMSE) and Mean Absolute Error (MAE), and the 

system's dynamic response time.  

 

Fig. 4 . Voltage and Frequency 
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These metrics were chosen to provide a comprehensive view 

of system stability, quality of power, and prediction accuracy. 

Table 3 presents the summary of performance metrics before 

and after the integration of the AI model. 

Table 3: Summary of Performance Metrics before and 

after AI Integration 

Metric Without AI With AI 

Efficiency (%) 82.6 93.8 

THD (%) 6.3 2.4 

Voltage Deviation (V) ±10 ±2 

Frequency Deviation (Hz) ±0.5 ±0.1 

Forecasting RMSE (kW) 1.82 0.54 

Forecasting MAE (kW) 1.47 0.36 

Response Time (s) 1.5 0.4 

4.3 Results Analysis 
The performance improvement brought by the integration of 

AI into the renewable energy system is evident in all 

measured parameters. Energy conversion efficiency increased 

substantially from 82.6% to 93.8%, indicating more effective 

MPPT (Maximum Power Point Tracking) control and better 

handling of dynamic environmental conditions. This 

enhancement is particularly vital during fluctuating solar 

irradiance and load variations, where the AI system showed 

resilience and adaptability. 

 

Fig.5 . Voltage Waveform before and After AI Integration 

 

Fig. 6 .THD and Efficiency Over Time 

In terms of power quality, the Total Harmonic Distortion 

(THD) was significantly reduced from 6.3% to 2.4%. 

 

Fig. 7. Actual vs Forecast Output 

This aligns with IEEE 519 standards for harmonic limits, 

ensuring safer and higher-quality power for both consumers 

and the grid infrastructure. Voltage deviations dropped from 

±10V to ±2V, and frequency deviation decreased from ±0.5 

Hz to just ±0.1 Hz, highlighting the precision control enabled 

by AI algorithms. 

The forecasting capability of the system was also drastically 

improved through the integration of LSTM (Long Short-Term 

Memory) networks. The AI model achieved a Root Mean 

Square Error (RMSE) of only 0.54 kW and a Mean Absolute 

Error (MAE) of 0.36 kW, down from 1.82 kW and 1.47 kW 

respectively in the non-AI model. These reductions in error 

rates make the system highly effective for load prediction and 

demand-side management. 

 

Figure 8 LSTM forecasting performance 

 

Figure 9  Forecasting Accuracy of LSTM Model vs Actual 

Load Demand 

Response time to disturbances or load changes is another 

critical factor. Without AI, the system took 1.5 seconds on 

average to stabilize after a disturbance.  
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Figure 10 fault detection events on power output 

With AI, this time was reduced to just 0.4 seconds, 

significantly enhancing system resilience, especially in 

isolated or microgrid scenarios. Such a rapid dynamic 

response reduces downtime, protects equipment, and 

maintains service quality. 

 

Figure 11 Convergence Curve of AI Optimization 

Algorithm 

Furthermore, waveform analysis in both voltage and current 

revealed a significant suppression of distortions during 

transient conditions. Prior to AI integration, oscillations and 

waveform spikes were commonly observed during abrupt load 

changes or fault conditions. Post-integration, waveforms 

became much smoother, with near sinusoidal characteristics, 

reducing wear and tear on sensitive electronics. 

The convergence behavior of the AI optimization algorithm, 

as depicted in Figure 4, shows that the system reached optimal 

parameters in fewer iterations compared to traditional 

heuristic or rule-based systems. This improved convergence 

directly contributes to faster stabilization and better control 

fidelity. 

5. DISCUSSION 
The integration of AI into the renewable energy-based smart 

grid significantly improved system performance across all 

evaluated metrics. The increase in efficiency from 82.6% to 

93.8% is attributed to the precise MPPT control enabled by 

machine learning, which dynamically adjusted parameters in 

response to changing environmental conditions. This 

efficiency gain surpasses many existing approaches reported 

in recent literature [1][2], indicating the effectiveness of our 

control strategy. 

Another notable improvement was in THD reduction, where 

the proposed model reduced harmonic content to below 2.4%, 

aligning with IEEE-519 standards. These improvements not 

only enhance power quality but also contribute to the 

longevity of connected equipment. Similar reductions in THD 

have been documented in prior studies, such as those by Liu et 

al. [3], though our model achieved lower distortion with less 

computational overhead. 

Forecasting accuracy plays a pivotal role in demand-side 

management. The LSTM model used in this study exhibited 

superior performance with RMSE and MAE values 

significantly lower than traditional ARIMA-based forecasting 

systems [4]. This capability ensures balanced grid operation 

by minimizing generation-demand mismatches. A drop from 

1.82 kW to 0.54 kW in RMSE and from 1.47 kW to 0.36 kW 

in MAE demonstrates the system’s robustness in real-time 

forecasting. 

Response time analysis revealed that our system responds to 

disturbances within 0.4 seconds, a marked improvement over 

conventional systems which typically require 1.5 seconds or 

more. Fast response enhances system resilience, especially in 

microgrid scenarios. Studies such as Zhang et al. [5] also 

emphasize the role of fast-response AI models in stabilizing 

grid fluctuations. 

Despite the promising results, some trade-offs must be 

acknowledged. The implementation of AI algorithms requires 

computational resources and incurs additional costs in terms 

of hardware and integration. However, considering the long-

term savings from reduced energy losses, enhanced grid 

reliability, and lower maintenance costs due to improved 

power quality, these trade-offs appear justified. 

In conclusion, the proposed AI-based system outperforms 

traditional grid management systems across all key 

performance indicators. Its adoption can lead to smarter, more 

resilient, and sustainable energy networks. Future research 

should explore the integration of other AI techniques such as 

reinforcement learning and hybrid models to further enhance 

grid intelligence and adaptability. 

6. FUTURE WORK 

Future research should explore hybrid AI models that 

combine deep learning with reinforcement learning for 

enhanced decision-making capabilities. Additionally, real-

world deployment in microgrid and distributed energy 

resource environments can validate system scalability and 

robustness. Investigating the use of edge computing to reduce 

latency and support real-time control, along with 

cybersecurity frameworks to protect AI models, will be 

crucial for next-generation smart energy networks. 

7. CONCLUSION 
The integration of artificial intelligence into renewable energy 

systems has proven to be a transformative step towards 

achieving higher efficiency, stability, and sustainability in 

modern power grids. Through comprehensive simulations and 

performance evaluations, the proposed AI-based management 

system demonstrated significant improvements across all key 

performance indicators. Notably, energy conversion 

efficiency increased from 82.6% to 93.8%, while Total 

Harmonic Distortion (THD) was reduced from 6.3% to 2.4%, 

aligning with global power quality standards. Voltage and 

frequency deviations were minimized, ensuring stable power 

delivery even under variable load conditions. The forecasting 

component, powered by LSTM models, exhibited remarkable 

accuracy, with RMSE and MAE dropping to 0.54 kW and 

0.36 kW, respectively—much lower than traditional 

prediction methods. Additionally, the system’s rapid response 

time of 0.4 seconds to grid disturbances highlights its 

robustness in real-time applications. These achievements 

underscore the model’s ability to adapt dynamically to 

environmental and operational changes, ensuring a more 

resilient energy network. The AI-driven MPPT control also 

contributed to efficient utilization of solar power by swiftly 

adjusting to fluctuations in irradiation. Moreover, the AI-

based fault detection and protection mechanisms enhanced 
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grid reliability and safety. While the implementation of such 

intelligent systems involves computational and integration 

costs, the long-term benefits in operational efficiency and 

system resilience far outweigh these concerns. Overall, the 

research validates the potential of AI in revolutionizing 

renewable energy systems and establishes a strong foundation 

for intelligent grid management strategies aimed at promoting 

global energy sustainability. 
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