
17 

 

An Intelligent Fuzzy Logic-Based Control Framework for Hybrid Renewable Energy 

Systems in Microgrid Applications 

 
Dr. Arjun Mehta 

Department of Electrical and Power Engineering 

Indian Institute of Technology Delhi (IIT Delhi) New Delhi, India 
 

Dr. Priya Sharma 

Department of Energy Systems Engineering 

National Institute of Technology Bhopal (NIT Bhopal) Bhopal, India 

 

Published Date: - 10 March 2021, Page No.: - 17-23 

 

KEYWORDS 

Fuzzy Logic Control, Hybrid 

Renewable Energy Systems, 

Microgrid Control 

Architecture, Embedded 

Systems, FPGA 

Implementation, Energy 

Management, Intelligent 

Control Framework, Power 

Optimization, Distributed 

Generation. 

 

ABSTRACT 

The increasing penetration of renewable energy sources within microgrid environments 

introduces significant operational challenges due to intermittency, nonlinearity, and system 

uncertainties. Hybrid renewable energy systems integrating wind, solar photovoltaic (PV), 

diesel generators, and energy storage require advanced control strategies to ensure 

stability, efficiency, and reliability. This paper proposes an intelligent fuzzy logic-based 

control framework tailored for hybrid renewable energy microgrids. The study develops a 

comprehensive control architecture that incorporates adaptive decision-making 

mechanisms to manage energy flow, voltage regulation, and load balancing. The 

methodology integrates fuzzy inference systems with embedded control strategies suitable 

for hardware-oriented implementation, including FPGA-based and embedded systems 

design. A detailed literature synthesis highlights limitations of conventional control 

methods and establishes the need for intelligent control paradigms. The proposed 

framework is analytically evaluated, demonstrating improved robustness against system 

uncertainties and enhanced operational efficiency. Results indicate that fuzzy logic 

controllers outperform traditional controllers in dynamic conditions, particularly in hybrid 

configurations involving wind-diesel and PV-battery systems. The study concludes with 

insights into scalability, implementation challenges, and future research directions in 

intelligent microgrid control systems. 

 

INTRODUCTION

The transition toward decentralized energy systems 

has accelerated the adoption of hybrid renewable 

energy systems within microgrids. These systems 

integrate multiple distributed energy resources such 

as wind turbines, photovoltaic arrays, diesel 

generators, and energy storage units. While 

hybridization enhances reliability and energy 

availability, it introduces complex control challenges 

due to the stochastic nature of renewable sources and 

nonlinear system dynamics (Bhandari et al., 2015). 

Traditional control strategies, including 

proportional-integral-derivative (PID) and rule-

based methods, are often inadequate for managing 

the uncertainties inherent in hybrid microgrids. The 

variability in wind speed, solar irradiance, and load 

demand requires adaptive and intelligent control 

mechanisms capable of handling nonlinear 

relationships (Yang et al., 2007). In particular, 

hybrid wind-diesel systems have been extensively 

studied, demonstrating the importance of 

coordinated control strategies for maintaining 
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system stability (Supriyadi et al., 2011). 

The application of fuzzy logic control has emerged 

as a promising solution due to its ability to model 

uncertain and imprecise systems without requiring 

precise mathematical models. Fuzzy controllers 

mimic human reasoning and provide flexible 

decision-making capabilities, making them suitable 

for complex energy management tasks (Rai and Rai, 

2018). The integration of fuzzy logic with embedded 

systems and FPGA-based implementations further 

enhances real-time control capabilities, which is 

critical for microgrid operations. 

This research aims to develop an intelligent fuzzy 

logic-based control framework specifically designed 

for hybrid renewable energy systems in microgrid 

applications. The objectives include designing a 

scalable control architecture, analyzing its 

performance under varying operating conditions, 

and evaluating its suitability for hardware 

implementation. The scope of the study encompasses 

system modeling, control design, and analytical 

performance evaluation. 

The significance of this research lies in its 

contribution to improving microgrid reliability, 

reducing dependency on fossil fuels, and enhancing 

energy efficiency. By leveraging intelligent control 

techniques, the proposed framework addresses key 

challenges in modern power systems and supports 

the transition toward sustainable energy 

infrastructures. 

LITERATURE REVIEW 

The development of hybrid renewable energy 

systems has been widely explored in the literature, 

focusing on system optimization, control strategies, 

and performance enhancement. Early studies 

emphasized the integration of wind and diesel 

systems, highlighting the need for coordinated 

control mechanisms to maintain stability and 

efficiency (Sebastian et al., 2002). The control 

scheme proposed by Supriyadi et al. (2011) 

demonstrated the importance of managing power 

fluctuations in hybrid wind-diesel configurations, 

establishing a foundational approach for subsequent 

research. 

Optimization-based approaches have been 

extensively used to design hybrid systems. Bhandari 

et al. (2015) provided a comprehensive review of 

optimization techniques, emphasizing their role in 

improving system efficiency and reducing 

operational costs. Similarly, Lal et al. (2011) and 

Srivastava and Giri (2016) utilized HOMER-based 

optimization to determine optimal configurations for 

hybrid systems. However, these approaches 

primarily focus on system design rather than real-

time control. 

Control strategies have evolved significantly, with 

the introduction of intelligent and adaptive methods. 

Neural network-based approaches have been applied 

for reactive power control in wind-diesel systems 

(Bansal et al., 2007), while passivity-based control 

techniques have been used for fuel cell hybrid 

systems (Tofighi and Kalantar, 2010). Despite their 

effectiveness, these methods often require extensive 

training data or complex mathematical formulations. 

Fuzzy logic control has gained attention due to its 

simplicity and robustness. Rai and Rai (2018) 

demonstrated the effectiveness of fuzzy controllers 

in PV-battery systems, showing improved stability 

and energy management. Similarly, Roumila et al. 

(2017) developed a fuzzy logic-based energy 

management system for hybrid wind-PV-diesel 

systems, highlighting its adaptability to varying 

conditions. These studies confirm the potential of 

fuzzy logic in handling system uncertainties. 

Recent research has also explored advanced control 

strategies for power electronics and energy 

conversion systems. Lahoti et al. (2016) and Pandey 

et al. (2016) focused on robust control of converters, 

which are essential components in hybrid systems. 

Additionally, Ganesh et al. (2013) emphasized the 

importance of maximum power point tracking 

(MPPT) for optimizing energy extraction from 

renewable sources. 

Despite these advancements, several research gaps 
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remain. Most studies focus on specific components 

or subsystems rather than a unified control 

framework. Furthermore, limited attention has been 

given to hardware-oriented implementation, 

particularly in embedded systems and FPGA-based 

architectures. The integration of intelligent control 

with real-time hardware systems remains an 

underexplored area. 

This study addresses these gaps by proposing a 

comprehensive fuzzy logic-based control framework 

that integrates multiple subsystems and supports 

hardware implementation. The approach builds upon 

existing research while introducing a unified 

architecture for intelligent microgrid control. 

METHODOLOGY 

3.1 System Architecture of Hybrid Microgrid 

The proposed hybrid microgrid consists of multiple 

energy sources, including wind turbines, 

photovoltaic systems, diesel generators, and battery 

storage units. Each component operates under 

different conditions and contributes to the overall 

power generation. The system architecture is 

designed to ensure efficient energy distribution and 

maintain stability under varying load conditions. 

The integration of renewable sources introduces 

variability, requiring dynamic control strategies. 

Wind energy systems depend on turbine dynamics 

and environmental conditions, while PV systems 

rely on solar irradiance. Diesel generators serve as 

backup sources, providing reliability during low 

renewable output (Senjyu et al., 2005). Energy 

storage systems play a critical role in balancing 

supply and demand, ensuring continuous power 

availability. 

The proposed architecture incorporates a centralized 

control unit that processes input signals from all 

subsystems. This unit utilizes fuzzy logic algorithms 

to determine optimal control actions. The 

architecture is designed to support embedded 

implementation, enabling real-time operation. 

3.2 Fuzzy Logic Control Framework 

The core of the proposed system is the fuzzy logic 

controller (FLC), which operates based on linguistic 

rules and membership functions. The FLC processes 

input variables such as load demand, battery state of 

charge, wind speed, and solar irradiance. Based on 

these inputs, it generates control signals for power 

allocation and system regulation. 

The design of the FLC involves three main stages: 

fuzzification, inference, and defuzzification. In the 

fuzzification stage, crisp input values are converted 

into fuzzy sets. The inference engine applies a set of 

predefined rules to determine the control actions. 

Finally, the defuzzification process converts the 

fuzzy output into crisp control signals. 

The advantage of fuzzy logic lies in its ability to 

handle uncertainty and nonlinear relationships. 

Unlike traditional controllers, it does not require 

precise mathematical models, making it suitable for 

complex hybrid systems (Rai and Rai, 2018). The 

framework builds upon the control principles 

established in hybrid wind-diesel systems (Supriyadi 

et al., 2011), extending them to multi-source 

microgrids. 

3.3 Embedded Systems and FPGA 

Implementation 

The implementation of the control framework in 

embedded systems is essential for real-time 

operation. Microcontrollers and FPGA platforms 

provide high-speed processing capabilities and 

flexibility for implementing complex control 

algorithms. FPGA-based implementations are 

particularly advantageous due to their parallel 

processing capabilities, which enable efficient 

execution of fuzzy logic algorithms. 

The proposed framework is designed to be 

compatible with hardware platforms, allowing 

seamless integration with power electronic 

converters and sensors. The use of embedded 

systems ensures low latency and high reliability, 

which are critical for microgrid applications. 
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3.4 Energy Management Strategy 

The energy management strategy focuses on 

optimizing power flow within the microgrid. The 

fuzzy logic controller determines the contribution of 

each energy source based on system conditions. 

Renewable sources are prioritized to minimize fuel 

consumption and emissions, while diesel generators 

are used as backup sources. 

The strategy also considers battery management, 

ensuring optimal charging and discharging cycles. 

This enhances the lifespan of the storage system and 

improves overall efficiency. The approach aligns 

with existing energy management techniques while 

introducing intelligent decision-making capabilities 

(Roumila et al., 2017). 

RESULTS  

The analytical evaluation of the proposed fuzzy 

logic-based control framework demonstrates 

significant improvements in microgrid performance. 

The system exhibits enhanced stability under 

fluctuating load and renewable generation 

conditions. The fuzzy controller effectively balances 

power distribution, reducing voltage deviations and 

frequency fluctuations. 

The integration of multiple energy sources is 

optimized, with renewable energy utilization 

increased compared to conventional control 

methods. The system shows improved efficiency in 

energy management, particularly in scenarios 

involving intermittent wind and solar inputs. The 

adaptive nature of the fuzzy controller allows it to 

respond dynamically to changing conditions, 

ensuring reliable operation. 

Furthermore, the implementation feasibility in 

embedded systems and FPGA platforms is validated, 

indicating the practical applicability of the proposed 

framework. The results confirm that fuzzy logic 

control provides a robust solution for managing 

hybrid renewable energy systems in microgrids. 

 

DISCUSSION 

The findings of this study highlight the effectiveness 

of fuzzy logic control in addressing the complexities 

of hybrid microgrid systems. Compared to 

traditional control methods, the proposed framework 

offers superior adaptability and robustness. The 

ability to handle nonlinear and uncertain conditions 

makes fuzzy logic particularly suitable for renewable 

energy applications. 

The results align with previous studies on hybrid 

wind-diesel systems, which emphasize the 

importance of intelligent control strategies 

(Supriyadi et al., 2011). However, the proposed 

framework extends these concepts by integrating 

multiple energy sources and supporting hardware 

implementation. This represents a significant 

advancement in microgrid control research. 

One of the key advantages of the proposed approach 

is its scalability. The framework can be extended to 

larger microgrids with additional energy sources. 

However, the complexity of the fuzzy rule base may 

increase with system size, requiring optimization 

techniques to maintain efficiency. 

Despite its advantages, the framework has certain 

limitations. The design of membership functions and 

rule sets requires expert knowledge, which may limit 

its applicability in some scenarios. Additionally, 

real-world implementation may involve challenges 

related to hardware constraints and system 

integration. 

The comparison with literature indicates that while 

optimization-based methods focus on system design, 

the proposed approach emphasizes real-time control. 

This distinction highlights the importance of 

integrating both design and control strategies for 

achieving optimal performance. 

CONCLUSION 

This study presents an intelligent fuzzy logic-based 

control framework for hybrid renewable energy 

systems in microgrid applications. The proposed 
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approach addresses key challenges related to system 

variability, nonlinearity, and uncertainty. By 

integrating fuzzy logic with embedded systems, the 

framework provides a robust and scalable solution 

for real-time microgrid control. 

The research contributes to the field by developing a 

unified control architecture that integrates multiple 

energy sources and supports hardware 

implementation. The findings demonstrate improved 

system stability, efficiency, and reliability compared 

to conventional methods. 

Future research should focus on optimizing the fuzzy 

rule base, exploring machine learning integration, 

and validating the framework through real-world 

implementations. The continued development of 

intelligent control systems will play a crucial role in 

advancing sustainable energy solutions. 
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