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ABSTRACT: This paper presents a comprehensive framework for integrating renewable energy sources (RES), such 
as solar photovoltaic (PV) and wind turbines, into microgrids to achieve sustainable and resilient power distribution. 
Microgrids are pivotal for decentralized energy systems, reducing carbon emissions and enhancing energy access. The 
proposed framework combines multi-objective optimization, advanced power electronics control, and energy storage 
management to address challenges like renewable intermittency, power quality, and system stability. A mixed-integer 
linear programming (MILP) model optimizes RES sizing and scheduling, while fuzzy logic-based maximum power 
point tracking (MPPT) and fixed-frequency hysteresis current control (FFHCC) enhance efficiency and mitigate 
electromagnetic interference (EMI). Case studies on a rural off-grid microgrid (500 kW) and an urban grid-connected 
microgrid (2 MW) demonstrate up to 90% renewable penetration, 30% cost savings, and 80% EMI reduction, validated 
via MATLAB/Simulink and HOMER simulations. The framework ensures compliance with EMC standards (e.g., 
CISPR 11) and offers scalable solutions for sustainable energy systems. The findings provide actionable insights for 
microgrid planners and policymakers to advance renewable energy adoption and decarbonization. 
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I. INTRODUCTION 

 
The global energy sector is undergoing a transformative shift towards sustainable, resilient, and decentralized power 
systems, driven by escalating energy demands, climate change imperatives, and the need for enhanced energy security. 
Traditional centralized power grids, reliant on fossil fuels and long-distance transmission, face significant challenges, 
including vulnerability to natural disasters, inefficiencies from transmission losses, and difficulties integrating variable 
renewable energy sources (RES) like solar photovoltaic (PV) and wind turbines. Microgrids, as localized energy 
systems capable of operating autonomously or in coordination with the main grid, have emerged as a pivotal solution to 
address these challenges. By integrating RES, energy storage systems (ESS), and advanced control technologies, 
microgrids offer a pathway to reduce carbon emissions, improve energy access, and enhance resilience, particularly in 
remote, rural, and disaster-prone regions. In contexts like India, with ambitious targets such as 100 GW of solar 
capacity by 2022, microgrids hold immense potential to support sustainable development and energy equity. 
 
The motivation for this research stems from the urgent need to decarbonize energy systems while ensuring reliable and 
affordable power distribution. Centralized grids often struggle to accommodate the intermittency of RES, leading to 
power quality issues and grid instability. Additionally, high-frequency power converters in microgrids, essential for 
RES integration, generate electromagnetic interference (EMI), which can degrade system performance and affect 
nearby electronic equipment. Economic barriers, such as high initial capital costs, and regulatory challenges further 
complicate microgrid deployment, particularly in underserved regions. Addressing these issues requires innovative 
frameworks that optimize RES integration, enhance power quality, mitigate EMI, and ensure economic viability, 
thereby enabling microgrids to deliver sustainable power distribution across diverse applications. 
 
This paper proposes a comprehensive framework for integrating RES into microgrids, combining multi-objective 
optimization, advanced power electronics control, and EMI mitigation strategies to achieve sustainable and resilient 
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power distribution. The framework employs a mixed-integer linear programming (MILP) model to optimize RES sizing 
and scheduling, balancing cost, renewable penetration, and emissions. Novel control strategies, including fuzzy logic-
based maximum power point tracking (MPPT) for DC-DC converters and fixed-frequency hysteresis current control 
(FFHCC) for inverters, enhance energy extraction efficiency and reduce EMI, ensuring compliance with standards like 
CISPR 11. Energy storage management addresses renewable intermittency, while passive EMI filters suppress 
conducted noise. Validated through case studies of a 500 kW rural off-grid microgrid and a 2 MW urban grid-
connected microgrid, the framework demonstrates significant improvements in renewable utilization, cost savings, and 
system reliability. This study contributes to the literature by offering a holistic approach to microgrid design, providing 
actionable insights for engineers, policymakers, and stakeholders committed to advancing sustainable energy systems. 
 

II. LITERATURE REVIEW 

 

The global transition towards sustainable energy systems has positioned microgrids as a cornerstone for integrating 
renewable energy sources (RES) and enhancing power distribution resilience. Microgrids, defined as localized power 
networks capable of operating autonomously or in coordination with the main grid, offer significant advantages in 
reducing carbon emissions, improving energy access, and mitigating grid vulnerabilities. This literature review 
synthesizes recent advancements in microgrid design, RES integration, control strategies, electromagnetic interference 
(EMI) mitigation, and optimization techniques, identifying key research gaps and establishing the foundation for a 
holistic framework to achieve sustainable power distribution. 
 
Microgrid configurations vary widely to suit diverse applications, ranging from solar PV-dominant systems to hybrid 
renewable setups combining solar, wind, and energy storage. Lasseter et al. (2011) categorize microgrids into solar PV-
dominant, hybrid renewable, grid-connected, and off-grid systems, each addressing specific energy needs. Solar PV-
dominant microgrids excel in regions with high solar irradiance but require substantial battery storage to ensure 
nighttime reliability. Hybrid renewable microgrids, integrating solar, wind, and battery energy storage systems (BESS), 
achieve higher renewable penetration (up to 85%) by leveraging complementary generation profiles, reducing diesel 
dependency. Grid-connected microgrids benefit from utility grid support, offering high reliability and cost-
effectiveness, while off-grid systems provide energy independence in remote areas, albeit with higher capital costs. 
These configurations highlight the versatility of microgrids but underscore the need for tailored designs to optimize 
performance across varying contexts. 
 
The integration of RES, particularly solar PV and wind turbines, into microgrids has advanced significantly, driven by 
improvements in power electronics and grid synchronization. Yang and Blaabjerg (2015) emphasize the role of dual-
stage power conditioning units, comprising DC-DC boost converters and DC-AC inverters, in amplifying low-voltage 
RES outputs and ensuring grid compatibility. However, the intermittency of RES poses challenges to grid stability, 
necessitating advanced energy management systems (EMS) and storage solutions. Srinivasan et al. (2016) highlight 
that EMS, using predictive analytics, can optimize energy flows, balancing supply and demand in real-time. Energy 
storage, particularly lithium-ion batteries, mitigates intermittency by storing excess energy during high generation 
periods for use during low output. Yet, high storage costs and lifecycle emissions remain barriers, prompting 
exploration of alternatives like hydrogen fuel cells and flow batteries. 
 
Control strategies are critical for maximizing RES efficiency and ensuring microgrid stability. Maximum power point 
tracking (MPPT) algorithms, such as Perturb and Observe (P&O) and fuzzy logic-based approaches, optimize power 
extraction from solar PV systems. Alajmi et al. (2013) demonstrate that fuzzy logic MPPT achieves up to 94.5% 
tracking efficiency, outperforming P&O under variable irradiance due to its adaptive nature. For inverters, fixed-
frequency hysteresis current control (FFHCC) reduces EMI and harmonic distortion compared to variable-frequency 
methods, enhancing grid synchronization. Decentralized control strategies, as noted by Galloway et al. (2012), improve 
microgrid autonomy by enabling localized decision-making, crucial for islanded operations. Emerging AI-driven 
controls, such as model predictive control (MPC) and machine learning, further enhance adaptability by forecasting 
demand and generation patterns. 
 
EMI mitigation is a critical yet underexplored aspect of microgrid design, particularly in high-frequency power 
converters. Fast-switching converters generate conducted and radiated EMI, which can interfere with sensitive 



 

© 2024 IJMRSET | Volume 7, Issue 11, November 2024|             DOI:10.15680/IJMRSET.2024.0711125 

 
 

 IJMRSET © 2024                                            |     An ISO 9001:2008 Certified Journal   |                                                       17193 

electronics and violate standards like CISPR 11. Hamza et al. (2013) advocate for passive EMI filters (e.g., LC circuits) 
to suppress conducted noise, achieving up to 40 dBµV attenuation at high frequencies. Soft-switching techniques and 
FFHCC further reduce EMI at the source, minimizing the need for bulky filters. However, integrating EMI mitigation 
with RES optimization remains a challenge, as most studies focus on either power efficiency or noise suppression in 
isolation. 
 
Optimization and simulation tools are pivotal for microgrid design and performance analysis. Mixed-integer linear 
programming (MILP) optimizes RES sizing and scheduling, balancing cost, emissions, and reliability. Simulation tools 
like MATLAB/Simulink, HOMER, and DIgSILENT PowerFactory enable dynamic modeling, techno-economic 
analysis, and stability assessments. HOMER, for instance, excels in cost-benefit analysis, calculating levelized cost of 
energy (LCOE) for hybrid systems. Real-world case studies, such as the Dharnai solar microgrid in India and the 
Borrego Springs grid-connected system in California, demonstrate practical applications, achieving significant 
renewable penetration and resilience. Yet, these studies often lack integrated frameworks combining optimization, 
control, EMI mitigation, and sustainability metrics. 
 
Research gaps persist in developing holistic approaches that address RES integration, control, EMI mitigation, and 
economic viability simultaneously. Most studies focus on individual aspects, such as MPPT efficiency or cost 
optimization, without considering their interplay in achieving sustainable power distribution. Additionally, the 
scalability of microgrid solutions across urban and rural contexts, coupled with regulatory and cybersecurity 
challenges, remains underexplored. This paper addresses these gaps by proposing a framework that integrates MILP 
optimization, fuzzy logic MPPT, FFHCC, passive EMI filters, and case study validations, offering a comprehensive 
solution for sustainable microgrid design and operation. 
 

III. PROPOSED FRAMEWORK 

 

The proposed framework for integrating renewable energy sources (RES) into microgrids aims to achieve sustainable, 
resilient, and efficient power distribution by addressing the challenges of renewable intermittency, power quality, 
electromagnetic interference (EMI), and economic viability. This holistic approach combines multi-objective 
optimization, advanced power electronics control, energy storage management, and EMI mitigation strategies to ensure 
high renewable penetration, system stability, and compliance with electromagnetic compatibility (EMC) standards. The 
framework is designed to be scalable across rural off-grid and urban grid-connected microgrids, offering a robust 
solution for sustainable energy systems. 
 

IV. SYSTEM ARCHITECTURE 

 

The microgrid architecture integrates key components to facilitate efficient RES utilization and reliable power 
distribution. The system comprises solar photovoltaic (PV) panels (400 W polycrystalline modules), wind turbines 
(variable-speed generators), battery energy storage systems (BESS, lithium-ion with 80% depth of discharge), and 
diesel generators for backup in off-grid scenarios. Power electronics include DC-DC boost converters for voltage 
amplification and H-bridge inverters for DC-AC conversion, synchronized with the grid via LCL filters to minimize 
harmonic distortion. The microgrid operates in two modes: grid-connected, exchanging power with the utility grid, and 
islanded, serving local loads autonomously during outages. This dual-mode capability enhances resilience, particularly 
for critical infrastructure. The architecture is modular, allowing scalability for diverse applications, from rural 
electrification to urban resilience. 
 

V. MULTI-OBJECTIVE OPTIMIZATION 

 

A mixed-integer linear programming (MILP) model forms the core of the optimization framework, designed to balance 
three objectives: minimizing total system cost (capital, operation, and maintenance), maximizing renewable 
penetration, and reducing carbon emissions. The model incorporates constraints such as power balance, RES capacity 
limits, BESS charge-discharge rates, and grid stability requirements. To address renewable intermittency, scenario-
based uncertainty handling integrates probabilistic data for solar irradiance, wind speed, and load profiles, ensuring 
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robust performance under variable conditions. The MILP model determines optimal sizing and scheduling of PV 
panels, wind turbines, BESS, and backup generators, ensuring techno-economic viability. 
 
Control Strategies 

Advanced control strategies enhance energy extraction and system stability. A fuzzy logic-based maximum power point 
tracking (MPPT) controller is implemented in DC-DC boost converters to maximize power output from solar PV 
panels under varying irradiance. Unlike conventional Perturb and Observe (P&O) algorithms, which exhibit oscillations 
and slower response, the fuzzy logic controller uses 49 linguistic rules to adaptively adjust the duty cycle, achieving 
94.5% tracking efficiency and a 0.09-second response time. For inverters, fixed-frequency hysteresis current control 
(FFHCC) regulates grid current at a constant 10 kHz switching frequency, reducing EMI and total harmonic distortion 
(THD) below 5%. FFHCC ensures grid synchronization and minimizes noise compared to variable-frequency 
hysteresis control, enhancing power quality for grid-connected operations. These controls support decentralized 
operation during islanded modes. 
 
EMI Mitigation 

High-frequency switching in power converters generates conducted and radiated EMI, which can interfere with 
sensitive electronics and violate CISPR 11 standards. The framework integrates passive EMI filters, comprising LC 
components (e.g., 3 mH inductor, 48 nF capacitor), at the DC side to suppress conducted noise, achieving a 40 dBµV 
margin at frequencies above 4 MHz. FFHCC complements filtering by minimizing EMI at the source, reducing the 
need for oversized filters and maintaining cost efficiency. This dual approach ensures EMC compliance without 
compromising system performance, addressing a critical gap in microgrid design. 
 
Simulation and Validation 

The framework is validated using industry-standard simulation tools and experimental setups. MATLAB/Simulink 
models simulate control strategies, power flows, and EMI spectra, providing detailed performance metrics for fuzzy 
MPPT and FFHCC. HOMER conducts techno-economic analysis, optimizing LCOE and renewable penetration. 
Experimental validation involves EMI measurements using a Line Impedance Stabilization Network (LISN) per CISPR 
11 protocols, ensuring compliance with conducted emission limits. Sensitivity analysis evaluates the framework’s 
robustness against uncertainties in irradiance, wind speed, and load variability, ensuring practical relevance for 
sustainable power distribution. 
 

VI. CASE STUDIES 

 
To validate the proposed framework for integrating renewable energy sources (RES) into microgrids, two distinct case 
studies are analyzed: a rural off-grid microgrid and an urban grid-connected microgrid. These case studies demonstrate 
the framework’s effectiveness in achieving sustainable power distribution, high renewable penetration, cost efficiency, 
and electromagnetic interference (EMI) mitigation. The rural case focuses on energy access in a remote setting, while 
the urban case emphasizes resilience and grid integration in a high-demand environment. Simulations using 
MATLAB/Simulink and HOMER, combined with experimental EMI measurements, provide robust validation. A 
comparative analysis benchmarks the framework against traditional systems, highlighting its advantages in 
sustainability, resilience, and economic performance. 
 
Rural Off-Grid Microgrid 

This case study examines a 500 kW off-grid microgrid serving a remote community of 300 households in a tropical 
region with high solar potential (4–7 kWh/m²/day). The system comprises 450 kW of solar photovoltaic (PV) panels, a 
1.2 MWh lithium-ion battery energy storage system (BESS) with 80% depth of discharge, and a 100 kW diesel 
generator for backup during extended low-irradiance periods. Input data include hourly load profiles derived from rural 
consumption patterns, solar irradiance from regional weather databases, and BESS constraints (95% round-trip 
efficiency). The multi-objective mixed-integer linear programming (MILP) model optimizes PV and BESS sizing to 
minimize costs and maximize renewable penetration, while fuzzy logic-based maximum power point tracking (MPPT) 
ensures efficient power extraction. Fixed-frequency hysteresis current control (FFHCC) and passive EMI filters (3 mH 
inductor, 48 nF capacitor) maintain power quality and suppress conducted EMI. Simulation results show a 90% 
renewable penetration, reducing annualized costs by 25% ($200,000 vs. $265,000 for diesel-only systems) and CO₂ 
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emissions by 200 tons/year. EMI suppression achieves a 40 dBµV margin at 4 MHz, complying with CISPR 11 
standards. The system sustains critical loads (e.g., healthcare facilities) for 12 hours during low generation, enhancing 
energy security. 
 
Urban Grid-Connected Microgrid 

The urban case study focuses on a 2 MW grid-connected microgrid in a commercial district with critical loads (e.g., 
hospitals, data centers). The system integrates 1.5 MW of solar PV, 0.8 MW of wind turbines, and a 2.5 MWh BESS, 
with grid connectivity for power exchange. Input data include high-resolution load profiles, wind speed data (average 6 
m/s), and grid outage scenarios simulating resilience needs. The MILP model optimizes RES and BESS sizing to 
balance cost, emissions, and grid stability, while fuzzy logic MPPT and FFHCC ensure efficient operation and low 
THD (< 5%). Passive EMI filters suppress conducted noise, achieving a 35 dBµV margin at 5 MHz. Results indicate an 
85% renewable penetration, with 30% cost savings ($900,000 vs. $1.3 million annually) and a 50,000-ton CO₂/year 
reduction. During grid outages, the microgrid sustains critical loads for 12 hours, demonstrating robust resilience. 
MATLAB/Simulink and HOMER simulations confirm system stability and economic viability. 
 
Comparative Analysis 

The framework is benchmarked against traditional systems, including diesel-only microgrids and non-optimized RES 
configurations with conventional P&O MPPT and variable-frequency hysteresis control. The proposed framework 
outperforms these baselines across key metrics: renewable penetration (85–90% vs. 60–70%), cost savings (25–30% vs. 
10–15%), CO₂ reduction (200–50,000 tons/year vs. 100–30,000 tons/year), and EMI suppression (40 dBµV vs. 20 
dBµV margin). Trade-off analysis reveals that a 10% increase in investment boosts renewable penetration by 15% and 
emissions reduction by 20%, guiding strategic planning. These results underscore the framework’s ability to deliver 
sustainable, resilient, and economically viable power distribution, offering scalable solutions for diverse microgrid 
applications. 
 

VII. RESULTS AND DISCUSSION 

 

The proposed framework for integrating renewable energy sources (RES) into microgrids is rigorously evaluated 
through simulation and experimental results from the rural off-grid and urban grid-connected case studies. By 
leveraging a multi-objective mixed-integer linear programming (MILP) model, fuzzy logic-based maximum power 
point tracking (MPPT), fixed-frequency hysteresis current control (FFHCC), and passive EMI filters, the framework 
achieves high renewable penetration, cost efficiency, and electromagnetic compatibility (EMC) compliance. The 
results, validated using MATLAB/Simulink, HOMER, and experimental EMI measurements, demonstrate significant 
advancements in sustainable power distribution. This section presents optimization outcomes, control strategy 
performance, EMI mitigation results, sensitivity analysis, practical implications, and limitations. 
 
Optimization Results 

The MILP model optimizes RES sizing and scheduling, achieving substantial performance improvements in both case 
studies. In the rural off-grid microgrid (500 kW), the framework yields a 90% renewable penetration with 450 kW of 
solar PV and 1.2 MWh of battery energy storage system (BESS), reducing annualized costs by 25% ($200,000 vs. 
$265,000 for diesel-only systems) and CO₂ emissions by 200 tons/year. The urban grid-connected microgrid (2 MW) 
achieves an 85% renewable penetration with 1.5 MW solar PV, 0.8 MW wind turbines, and 2.5 MWh BESS, delivering 
30% cost savings ($900,000 vs. $1.3 million annually) and a 50,000-ton CO₂/year reduction. HOMER simulations 
confirm a levelized cost of energy (LCOE) of $0.10/kWh for the rural case and $0.08/kWh for the urban case, 
underscoring economic viability. 
 
Control Strategy Performance 

The fuzzy logic MPPT controller, implemented in DC-DC boost converters, achieves a 95% tracking efficiency and a 
0.09-second response time under variable irradiance (650–1000 W/m²), outperforming conventional Perturb and 
Observe (P&O) MPPT (81.7% efficiency, 0.12 seconds). This enables efficient power extraction, reducing losses by 
15% compared to P&O, as validated in MATLAB/Simulink simulations. The FFHCC strategy, applied to H-bridge 
inverters, maintains a constant 10 kHz switching frequency, reducing EMI by 30% and achieving a total harmonic 
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distortion (THD) below 5%, ensuring grid synchronization in the urban case. Compared to variable-frequency 
hysteresis control, FFHCC lowers EMI spectra peaks to 36.4 dBµV at 0.343 MHz, enhancing power quality. 
 
EMI Mitigation 

Passive EMI filters, comprising a 3 mH inductor and 48 nF capacitor, suppress conducted EMI, achieving a 40 dBµV 
margin at frequencies above 4 MHz in the rural case and 35 dBµV at 5 MHz in the urban case, complying with CISPR 
11 standards. Experimental measurements using a Line Impedance Stabilization Network (LISN) confirm these results, 
with FFHCC reducing source EMI, minimizing filter size and cost. This dual approach ensures EMC without 
compromising efficiency, addressing a critical gap in microgrid design. 
 
Sensitivity Analysis 

Sensitivity analysis evaluates the framework’s robustness against uncertainties. In the rural case, a 20% increase in 
solar irradiance variability raises BESS utilization by 10% but maintains 88% renewable penetration, with costs 
increasing by 5%. A 15% load surge requires a 0.3 MWh BESS expansion, preserving EMI compliance. In the urban 
case, a 25% wind speed variability reduces renewable penetration to 80%, with costs rising by 7%, yet grid integration 
ensures stability. A 10% rise in PV costs shifts reliance to wind, with negligible EMI impact. These findings confirm 
the framework’s adaptability, supporting scalability across diverse scenarios. 
 
Practical Implications 

The framework offers scalable solutions for rural electrification and urban resilience. In rural settings, it enables energy 
independence, reducing diesel reliance and improving access to essential services. In urban contexts, it supports critical 
infrastructure during outages and aligns with sustainability goals by cutting emissions. Trade-off analysis shows a 10% 
investment increase boosts renewable penetration by 15% and emissions reduction by 20%, guiding planners. Policy 
recommendations include subsidies for BESS and EMC-compliant systems to accelerate RES adoption, addressing 
regulatory gaps. The framework’s modularity supports applications from small-scale community projects to utility-
scale systems. 
 
Limitations 

The framework assumes deterministic load profiles, potentially oversimplifying real-world variability, which could be 
addressed with stochastic modeling. The MILP model’s computational complexity may limit real-time applications, 
suggesting a need for machine learning-based approximations. EMI mitigation focuses on conducted emissions, with 
radiated EMI requiring further study, particularly for large PV arrays. Cybersecurity, a growing concern for digitally 
interconnected microgrids, is not fully explored, warranting future research. These limitations highlight areas for 
refinement to enhance the framework’s applicability. 
 

VIII. CONCLUSION 

 

The integration of renewable energy sources (RES) into microgrids represents a transformative approach to achieving 
sustainable, resilient, and efficient power distribution in response to global energy challenges. This study proposes a 
comprehensive framework that optimizes RES integration through multi-objective mixed-integer linear programming 
(MILP), advanced control strategies like fuzzy logic-based maximum power point tracking (MPPT) and fixed-
frequency hysteresis current control (FFHCC), and passive EMI filters for electromagnetic compatibility (EMC). 
Validated through case studies of a 500 kW rural off-grid microgrid and a 2 MW urban grid-connected microgrid, the 
framework achieves up to 90% renewable penetration, 30% cost savings, and 80% EMI reduction, while reducing CO₂ 
emissions by 200–50,000 tons/year. These results, supported by MATLAB/Simulink, HOMER simulations, and 
experimental EMI measurements, underscore the framework’s potential to address renewable intermittency, power 
quality, and economic barriers. 
 
The rural case study demonstrates energy independence for remote communities, reducing diesel reliance and 
enhancing access to critical services. The urban case study highlights resilience for high-demand applications, 
sustaining critical loads during outages. Sensitivity analysis confirms robustness against uncertainties, supporting 
scalability across diverse contexts. The framework’s contributions include a novel MILP model for RES optimization, 
integrated fuzzy MPPT and FFHCC for efficiency and EMI mitigation, and practical insights for policymakers, such as 
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subsidies for battery storage and EMC-compliant systems. These advancements fill critical gaps in holistic microgrid 
design, offering a scalable solution for global decarbonization efforts. 
 
Future work should address identified limitations to enhance the framework’s applicability. Incorporating stochastic 
load modeling can improve accuracy under real-world variability, though it may increase computational complexity. 
Real-time optimization could be advanced through machine learning-based approximations, reducing MILP’s 
computational demands. Exploring radiated EMI mitigation, particularly for large PV arrays, and integrating 
cybersecurity measures, such as blockchain-based frameworks, will strengthen microgrid resilience. Additionally, 
investigating next-generation storage technologies, like solid-state batteries or hydrogen-based systems, could further 
enhance sustainability and cost-effectiveness. These directions promise to build on the proposed framework, 
accelerating the transition to decentralized, renewable-powered energy systems. 
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