


DESIGN AND OPTIMIZATION OF INTELLIGENT POWER ELECTRONICS CONVERTERS FOR RENEWABLE ENERGY SYSTEMS: A SYSTEMATIC REVIEW

ABSTRACT
This study presents a systematic review of intelligent power electronics converters for renewable energy systems, focusing on Digital Twin-based optimization to enhance operational efficiency, reliability, and real-time performance tracking. The operating conditions of renewable energy systems remain unpredictable because these systems create difficulties for power converters that use established control methods. The solution to these problems required a complete approach which united system modeling through integrated sensor deployment, data acquisition and processing, communication protocols, and database management and predictive algorithm development. The Digital Twin framework enables real-time interaction between physical converters and their virtual counterparts using standardized industrial communication protocols. The system used PostgreSQL and InfluxDB and SQLite databases to handle both structured data and time-series information. A Long Short-Term Memory neural network model was used to predict converter operating parameters while simultaneously identifying energy conversion and environmental condition-related anomalies which impact converter performance. The results show that the system became more responsive while users gained better awareness of their situation and the system developed better prediction abilities. The review synthesizes evidence from 52 peer-reviewed studies selected through a PRISMA-guided systematic screening process The model successfully detected all abnormal operating conditions which included voltage and current deviations and excessive thermal levels and unfavourable environmental effects. The Long Short-Term Memory model produced a Root Mean Squared Error of 0.04 which shows that it made very accurate predictions. The research establishes an expandable system which unites smart system management with predictive equipment upkeep and renewable energy power electronics converter performance optimization. The reviewed studies predominantly employ simulation-based and hardware-in-the-loop validation environments under variable renewable operating conditions. These findings highlight the potential of intelligent converter frameworks to support scalable, reliable, and grid-compliant renewable energy infrastructures.
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INTRODUCTION
The application of renewable energy sources has thus emerged to be one of the most defining challenges in the twenty-first century due to global issues associated with climate changes and the ever-continuing need to ensure a stable source of energy in the face of fossil fuel resource depletion. Nevertheless, the properties of renewable energy sources are in essence more differing than those associated with traditional energy sources of electric power production and conversion (Oyekale et al., 2020). The renewed need to ensure a stable source of electric power in the face of global protocols against climate changes has thus revived the focus and importance of developing advanced power electronics converters that ensure the stability of electrical grids against the altered properties associated with renewable sources of energy, according to Jones & Li (2023) in their assertion: "The ever-growing impact of the converter-based renewable energy sources has changed the dynamics of the power system, and the performance of power electronics converters has in turn been the most important factor affecting the stability of the system."
Power electronics converters provide the crucial interface through which the interaction between the renewable energy source and the grid is made possible Joddumahanthi et al. (2025). The converters also play a crucial role in determining how efficient and reliable the extraction, processing, and supply of energy to the consumer occur. According to Alharbi et al. (2025), converters began their journey in the form of basic switching components but have currently transformed into highly complex platforms that undertake the functions of sensing, calculating, and decision-making through protection and control strategies. The growth in the penetration levels of renewable energy sources creates the need for converters to handle complex functions and in harsher environmental and grid settings, thereby causing considerable interest in intelligent converter architectures based on advanced semiconductor materials and digital decision-making strategies. Nonetheless, in spite of the intensive R&D work carried out in the conversion technology, current converters experience considerable challenges that restrict their performance in large-scale renewable energy-based grids. The challenges include switching losses, thermal stresses, electromagnetic interference, possible instability in fast-varying resource conditions, and efficiency losses in the case of part-load operations. Moreover, the need for converters to provide ancillary services to the grid, such as voltage support and frequency regulation, adds to the stresses exerted on their internal components. Current converters, according to Ahmed & Lopez (2021), are unable to maintain superior performance in the face of abrupt changes in the values of solar irradiance and wind speed, resulting in the degradation of power quality and accelerated ageing of the components.
Lately, the application of intelligence in the design and functioning of converters has been gaining considerable attention in the realm of scientific studies and research. For instance, Kim, et al (2022) established that optimization-based switching methods can minimize the total harmonic distortion and enhance the waveform quality in renewable energy-based systems. The results illustrate the effectiveness of incorporating intelligent decision-making in the switching process in the following manner: the dynamic performance and the total harmonic distortion of the converter are significantly improved by the implementation of intelligent decision-making in the switching process, thus alleviating the semiconductor switching losses. Moreover, Majumder (2021) asserted that the electrical power regulation in converters with intelligent control strategies remains stable in fluctuating environmental conditions while proposing the efficiency of a combination of control theory and intelligence with data-driven learning processes in the design of converters.
The current limitation in the literature is the absence of a holistic approach that encompasses the design of the converter topology, choice of semiconductor materials, intelligent control strategies, and multi-objective optimization in a unified process. Most works in the current literature consider the design of thermal issues, switching efficiency, electromagnetic interference, and grid issues in a disjoint manner, according to Nkwocha and Chandel (2025), to neglect the fact that converters are characterized by trade-offs across various aspects such that an improvement in a particular area leads to complications in another area. For example, increasing the switching rate enhances the quality of the output waveform but leads to an increase in the thermal levels, while maximizing thermal characteristics might compromise the efficiency of the system. Additionally, the growing intricacy in the design of hybrid renewable systems involving the interconnection of solar, wind, and energy storage requires a more complex design of the converters in terms of handling the dynamics and intricate changes in the interconnected systems. Findings by Gao and Doolan in their study in 2023 suggest that the converters needed in the context of a hybrid renewable system need to provide a faster transient response, higher flexibilities in operations, and improved fault handling mechanisms. The current design in converters, according to Gao and Doolan, cannot handle the complexities and requires advanced processing and optimization functions to optimize energy usage and improve the reliability of the system. Taking into account the aforesaid constraints, there is an increasing view that the converters in the forthcoming renewable-based infrastructure will need to be electrically efficient and computationally intelligent in their operations. The converters will need to provide an effective interface to the latest semiconductor components, real-time measurements, and decision-making processes based on optimization techniques to handle the new challenges in the forthcoming renewable-based power system, where the converters will replace the synchronous generator in the process and offer the necessary stability for the entire system. To overcome these issues, the current work proposes a highly integrated framework for the design and optimization of an intelligent power electronics converter suitable for a renewable energy source application (Gyaase et al., 2025). The work proposes the integration of semiconductor device design, conversion circuit design, thermal studies, and the way the circuit behaves magnetically in the presence of a digital control and intelligent optimization algorithm. The work will exceed the traditional design practices in terms of the simultaneous optimization of the electrical, thermal, and control performance parameters of the designed converter through a properly defined multi-object function. Through the design of a unified architecture that incorporates intelligent optimization into the design process and functionality of the converters, the research work fills an important gap in the current literature. The results will be geared towards creating the next generation of more efficient, robust, and intelligent renewable energy infrastructures capable of reacting to environmental and grid-related uncertainties in a clever way. The work will ultimately contribute to the modernization of the global energy sector and the efficiency and reliability of renewable energy technologies.
REVIEW IF RELATED LITERATURE
Modern power systems need power electronic converters which operate with enhanced efficiency and reliability and better environmental adaptability because renewable energy technologies have become more widespread. Research studies show a growing trend toward using intelligent optimization and data-driven control methods instead of traditional converter control systems (Saravanan et al., 2006). The section examines existing research about converter topology development and intelligent control systems and optimization techniques which establish the base for intelligent power electronics converter design in renewable energy systems.
The development of power converters required researchers to create efficient designs which would handle renewable energy source voltage and current fluctuations. Rashid (2017) explained that power converters need specific switching devices and soft-switching methods and multi-level structures to achieve high efficiency and produce clean output waveforms (Alatai et al., 2021). Researchers continued to develop converter topologies which operate across broad ranges while delivering low distortion and high-power quality. The multi-level converter designs which Taha et al. (2025) developed serve as fundamental structural enhancements that guide contemporary renewable energy converter development for high-power applications with minimal harmonic distortion reduction.
The expanding use of photovoltaic and wind energy systems led researchers to create converters which could automatically adjust their operation based on changing input conditions.   (Diaz et al., 2025) showed that converter performance depends heavily on its ability to detect maximum power under changing solar irradiance conditions. The research showed that standard control systems failed to perform well under complex environmental conditions which led scientists to develop predictive and adaptive converter control systems. The authors of Raouf et al. (2023) demonstrated that wind energy systems need converters which can handle extensive frequency and torque variations thus requiring fast-acting intelligent control systems.
The development of intelligent optimization systems replaced traditional control methods because these methods failed to handle the complex nature of renewable energy environments. Neural networks serve as control systems which enhance converter switching operations through their ability to detect complex environmental patterns. The research by Nkambule et al. (2025) established that intelligent controllers perform better than traditional proportional control systems in photovoltaic inverter applications because they minimize oscillations and enhance precision during steady-state operation. The control system based on fuzzy logic has become popular because it provides both clear understanding and stable operation Nazha et al. (2025). The research by demonstrated that fuzzy rule-based controllers operate better for converter switching management because they use pre-defined rules which adapt to changing input conditions without needing complex mathematical models Giurgi et al. (2022).
The implementation of machine learning techniques together with heuristic optimization methods has become common practice for both converter design and operational management. The optimization of power converter efficiency and switching loss reduction has been achieved through the implementation of Evolutionary Algorithms including Genetic Algorithms and Particle Swarm Optimization. The optimization of switching angles in multi-level converters through Particle Swarm Optimization results in substantial harmonic distortion reduction according to (Lopez et al., 2023). The optimization of converter performance through Simulated Annealing and Differential Evolution has been demonstrated for applications that need global optimality in switching functions according to Golbaz et al. (2022).
The implementation of predictive control methods has become a successful approach for achieving real-time switching optimization in renewable energy converters. The implementation of Model Predictive Control methods delivers fast dynamic performance and minimized switching stress and enhanced system stability during variable operating conditions. The research by Shi et al. (2019) demonstrated that predictive control enhances converter performance when dealing with renewable energy variations thus making it an optimal solution for grid-connected intelligent converter systems. The increasing adoption of renewable energy systems has made converter systems essential for maintaining grid stability. The researchers Li and Wang (2025) demonstrated that advanced converter control systems need to handle reactive power management and harmonic suppression and provide grid support capabilities including low-voltage ride-through. The research showed that converters need to perform two essential functions: they need to extract maximum power from renewable sources and they need to actively stabilize the power system.
Research now combines advanced converter topologies with intelligent optimization methods. The combination of SiC (silicon carbide) and GaN (gallium nitride) semiconductor devices with intelligent control systems leads to better switching speed and lower thermal losses and extended converter lifespan. The research by Wang and Li (2025) demonstrated that wide bandgap devices outperform silicon-based switches when used with intelligent modulation schemes to achieve better efficiency at high switching frequencies.
The field of converter optimization has achieved significant advancements but researchers continue to identify essential knowledge gaps. Hinov (2025) The research on intelligent control-based converter reliability under fluctuating renewable power conditions remains insufficient. Chaudhary et al. (2023) The process of uniting computational intelligence with new converter materials that include wide bandgap semiconductors continues to develop. The scientific community has only conducted a few studies about hybrid optimization methods which unite machine learning with heuristic optimization to enhance converter performance through multiple objectives Mehraban et al. (2025). Maximum power extraction and optimization in renewable contexts.
The optimization of renewable energy converters focuses on achieving maximum energy extraction from unpredictable power sources. Research studies evaluate multiple maximum power extraction methods for photovoltaic systems through comparative analyses which demonstrate how different optimization techniques balance between tracking precision and speed and computational requirements Lyu et al. (2025) The optimization methods which use predictive modeling and evolutionary search techniques provide better energy yield than traditional perturbation and observation methods when operating under fast-changing irradiance conditions. The research demonstrates that optimization algorithm selection requires consideration of renewable energy source time patterns.
Model predictive control and optimal control formulations
According to Bezza et al. (2025) High-performance converter control now relies on deterministic optimal control formulations especially model predictive control because these methods allow direct constraint management and multi-objective cost function optimization within a predictive optimization framework. The theoretical aspects and practical execution methods of model predictive control exist in detailed documentation Jun, et al (2019)and power electronics engineers use this method to minimize switching losses and control voltage and current spikes and fulfill grid standards for renewable system inverters. The literature demonstrates that model predictive control delivers superior transient response and constraint enforcement when accurate plant models exist but its real-time processing requirements create difficulties for high-speed converters unless researchers use simplified models or fast numerical computation methods.
Learning-based and data-driven optimization approaches
According to Wang, (2025), the field of optimization has seen a rise in data-driven and learning-based optimization methods which operate alongside traditional optimization techniques. Wen, (2025) state that Neural networks together with statistical learning methods function as converter dynamic models and direct controllers which discover optimal operating strategies from collected data. The complete understanding of neural networks demonstrates their ability to represent complex relationships which makes them suitable for controlling systems that cannot be solved through analytical methods West and Bhattacharya (2016). Reinforcement learning provides a method to discover control strategies which achieve maximum long-term performance targets without requiring explicit knowledge of plant dynamics Devarakonda et al. (2025). Research studies demonstrate through simulation that reinforcement learning agents optimize converter switching patterns to achieve maximum energy output or minimum power loss under different operating conditions although real-world deployment faces challenges related to data requirements and system safety during exploration and grid connection certification.
Hybrid optimization: combining model-based and heuristic methods
Research shows that hybrid optimization systems which unite model-based optimal control with heuristic search or learning components achieve better results in practice. A model predictive controller operates for short-term constraint management but an outer loop evolutionary optimizer runs periodically to optimize essential parameters for component aging and environmental pattern changes (Birunda Mary & Narmadha, 2023). Optimization literature supports hybrid schemes which combine model-based methods with metaheuristics because these approaches leverage model-based constraint handling and metaheuristic global search capabilities Vadi, (2025); Tran et al.,(2019). The power electronics field demonstrates that hybrid controller systems achieve superior long-term operational performance and system stability than controllers that use individual optimization methods.
Thermal considerations and reliability optimization
Converter design optimization extends beyond electrical performance because thermal management and reliability play essential roles in renewable energy systems which operate across broad temperature ranges for extended periods. The combination of reduced switching losses with proper semiconductor material selection and optimized heat-sink designs directly impacts the mean time to failure of devices Suthar et al., (2025). The optimization process now includes thermal models which enable designers to make decisions that balance present efficiency with future thermal damage. Salomone-González, (2025) Reliability-focused optimization systems determine both when to perform maintenance and how to distribute system redundancy to maximize operational reliability. Practical constraints and computational tractability.
The literature demonstrates that optimization methods function well during simulation yet researchers warn about the challenges of implementing these methods in actual systems because of computational limitations and system implementation barriers. Krishnamurthy, (2025) The time required for high-frequency switching operations restricts the complexity level of online optimization because controllers need to make decisions within microseconds. Pasta, Faedo, (2023) The solution to this problem involves three approaches which include offline optimization followed by lookup-table implementation and model order reduction for MPC problems and fast approximate solvers or hardware accelerators for online optimization. The field now recognizes that complex algorithms need to match the practical capabilities of converter hardware systems.
Renewable Energy Systems
According to Ang et al., (2022), Renewable energy systems consist of technical frameworks which convert natural energy resources into usable electricity and heat and fuels. The academic field of renewable energy systems includes research about resource evaluation and conversion technology development and power grid connection methods and storage solutions and economic frameworks and policy structures and environmental impact assessments and social acceptance studies. The review presents essential points which describe current renewable energy research and its ongoing technical obstacles.
1. Resource characteristics and assessment
The fundamental aspect of renewable energy systems involves determining the characteristics of their primary energy sources and their pattern of occurrence. The evaluation of renewable resources determines how to design wind turbines and photovoltaic arrays and hydroelectric plants and biomass conversion facilities. The authors of Twidell and Weir (2015) explain detailed methods for evaluating resource potential and distribution patterns which determine system design and operational methods. The authors of Manwell et al. (2009) present methods to calculate wind resource statistics and determine capacity factors and extreme event risks which serve as essential inputs for economic and reliability models.
The assessment of resources needs statistical methods to determine system sizes and integration approaches. (Twidell & Weir, 2015; Manwell et al., 2009)
2. Conversion technologies and technological maturity
The conversion process of renewable energy systems depends on different technologies which have reached different levels of development. The performance and materials and manufacturing trends of photovoltaic technologies have received detailed analysis by Green (2015) which shows how these developments have led to significant cost reductions and efficiency improvements in solar modules throughout multiple decades. The development of wind energy technology has advanced through improved turbine aerodynamics and control systems and drivetrain designs which enhance energy production and decrease the levelized cost of energy (Ackermann, 2005). The deployment speed of renewable energy systems depends on technology readiness levels and manufacturing scale according to Musial and Ram (2010).
The different levels of technological advancement between resource types affect both system design and deployment speed and investment risk. (Green, 2015; Ackermann, 2005; Musial & Ram, 2010)
3. Grid integration and system stability
The integration of high levels of variable renewable power generation creates operational challenges for power systems because it affects frequency management and voltage regulation and reduces system inertia and affects fault tolerance. The fundamental research by Prabha Kundur established mathematical methods to study power system stability problems in conventional power grids (Kundur, 1994). The integration of renewable energy systems into power grids demands flexible resources and advanced control systems to deliver grid services which traditional synchronous machines used to provide. The authors of Denholm et al. (2010) explain how energy storage systems and flexible power generation units help stabilize power grids when renewable energy sources become more prevalent.
The implementation of large renewable energy systems needs flexible resources together with advanced control systems and proper grid planning to achieve system stability. (Kundur, 1994; Denholm et al., 2010)
4. Energy storage and multi-hour balancing
The long duration of power system balancing operations and the daily supply-demand differences make energy storage systems essential for renewable power systems. The authors of Dunn et al. (2011) conduct a thorough evaluation of battery technologies which reveals their trade-offs between energy density and cycle life and cost and safety performance. The optimal selection of storage technology for power system applications depends on cost projections and operational requirements and policy-based incentives according to Denholm et al. (2010) based on national laboratory research. The literature demonstrates that storage functions as a collection of different technologies including batteries and pumped hydro and thermal storage and hydrogen systems which serve specific system requirements.The selection of storage systems depends on application duration requirements and financial constraints and system integration requirements because most organizations need to use multiple storage technologies. (Dunn et al., 2011; Denholm et al., 2010)
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Figure 1: Balancing Energy storage.
5. Hybrid systems and microgrids
The combination of multiple renewable resources with storage systems and local power consumption leads to better system reliability and power output in remote and islanded power systems. The microgrid concept which Lasseter (2002) presented demonstrates how distributed power generation systems with storage can provide reliable power to local areas through coordinated control systems. Research findings show that hybrid solar-wind-storage systems achieve better operational performance than single-generation systems but developers need to solve complex control system problems through hierarchical control systems.
The implementation of hybrid systems and microgrids enhances system reliability and power usage but demands sophisticated control systems and protection systems to handle multiple resource interactions. (Lasseter, 2002)
6. Economic and policy drivers
The deployment of renewable energy depends mainly on economic competitiveness and policy frameworks. The International Energy Agency (2023) shows that deployment speed and technology selection depend on feed-in tariffs and auctions and carbon pricing policies. The market needs to develop new design elements which will enable the evaluation of flexibility and capacity and ancillary service delivery because these factors transform storage and demand response economic value. The implementation of supportive regulatory frameworks according to Musial and Ram (2010) and other techno-economic studies reduces investment risks which leads to faster market adoption.
The deployment of renewable energy depends heavily on policy frameworks and market structures which determine technology selection and investment patterns. (International Energy Agency, 2023; Musial & Ram, 2010)
7. Environmental life-cycle impacts
Life-cycle assessment studies evaluate renewable technology environmental effects by analyzing resource extraction and manufacturing emissions and land requirements and system disposal methods. The study by Fthenakis and Kim (2009) demonstrates that photovoltaic systems generate more greenhouse gas reductions than their manufacturing energy requirements during their operational period. The evaluation of life cycles enables researchers to perform technology comparisons and develop recycling systems and circular economy frameworks that address material shortages and waste management. The assessment of life cycles demonstrates that renewable energy systems generate substantial greenhouse gas reductions but organizations need to develop strategies for handling materials and waste during their end-of-life phase. (Fthenakis & Kim, 2009)
8. Social acceptance and socio-technical integration
The successful deployment of renewable energy systems depends on more than technical feasibility because social acceptance plays an essential role. The research by Wüstenhagen and his colleagues (2007) developed a three-dimensional framework to study social acceptance which includes socio-political acceptance and community acceptance and market acceptance. The deployment success of renewable energy systems depends on how local communities perceive fairness and their level of participation and their views on aesthetics and their trust in institutions. Research indicates that successful deployment depends on inclusive planning and benefit sharing and open communication practices.
The success of renewable energy deployment in local areas depends on social and institutional factors which should be incorporated into planning processes. (Wüstenhagen et al., 2007)
9. Offshore and large-scale deployment opportunities
Offshore wind farms and large solar power plants offer substantial energy resources but their high construction expenses and complicated authorization procedures create new challenges. The study by Musial and Ram (2010) shows that offshore wind power has substantial technical potential but faces multiple obstacles related to transmission systems and environmental concerns and operational logistics. The deployment of large power plants requires new grid planning approaches because they concentrate electricity production in particular areas which demands extended transmission lines and system reinforcement.
The deployment of large-scale renewable energy systems requires synchronized transmission planning and environmental impact assessments to achieve their full potential. (Musial & Ram, 2010)
10. Innovation pathways and future directions
Modern research focuses on developing integrated systems and generating optimal results from power generation and storage systems and implementing digital monitoring and control systems. The system value increases when renewable energy deployment occurs with investments in grid flexibility and smart operational methods according to Denholm and his team (Denholm et al., 2010). The international status reports from policy organizations show that renewables are expanding rapidly yet they emphasize the need for stable policies and supply chain stability and workforce development to achieve continued growth (Renewables Now and REN21, 2024). Researchers should focus on developing long-duration storage systems and sector-coupling technologies and advanced materials for better conversion rates and safe deployment methods for autonomous control systems in distributed assets.
MATERIAL AND METHODS 
A systematic review search methodology has been followed in order to make sure that the literature supporting the current study has been thorough, scientific, and reliable. The methodology followed a structure that involved the steps of identification, screening, evaluation of eligibility, and finally inclusion in a proper and organized manner according to the practices followed by academia in engineering and energy studies.
Search Strategy
The search strategy was created through the identification of the pivotal ideas relating to the topic of investigation: design of the converter, intelligent optimization, and renewable energy sources. The search strings were designed through the combination of synonyms, technical terms, and ideas relating to the pivotal topics of the investigation. The application of Boolean connectors allowed the combination and adjustment of the terms in an effort to widen the search. The terms of the investigation include “power electronics converter,” “converter topology,” “intelligent control,” “design optimization,” and “renewable energy sources.”
Data Sources
The four principal electronic databases that index quality engineering and energy-related publications and are suitable for the study are ScienceDirect, IEEE Xplore, SpringerLink, and Taylor & Francis Online. The choice of the sources is based on their comprehensive coverage of peer-reviewed literature in the area of design in converters, semiconductor materials and technologies, energy optimization, and renewable energy sources. The sources are in the English language.
Selection of Studies for the Review
The process involved a two-step screening process. First, the title and abstract of the collected publications for initial relevance review were evaluated. Those that lacked the intended relevance to the design of the converter, intelligent optimization, and application to renewable energy sources were removed in the first screening process. The second step involved the full publication screening process based on the clear methodology and significance for the purpose of the current study.
The excluded publications involved works that lacked empirical, analytical, and theoretical foundations, lacked the presentation of findings related to converters through experiments or simulations, and lacked relations to optimization methods and the performances of renewable energy converters. Duplicates in the list of publications to be screened were removed.
Eligibility Criteria
The assessment of the eligibility of studies made sure that only those that made a scientific contribution to the issue at hand made it into the review. The studies to be considered should
Detailed description of the converter topology/switchover architecture
SMART decision-making or optimization methods for the management of conversion processes. Application in the context of renewable energy sources such as solar, wind, and combined sources.
Clear performance metrics regarding efficiency, harmonic properties, switching, and thermal issues, or grid supporting functionality
Only those studies that met all the above criteria were allowed in the final synthesis.
Search Results and Article Flow
Tags: search
The search yielded a total of one thousand nine hundred and eighty-four publications to begin with. Removing the duplicates, the total number of publications to consider was one thousand one hundred and thirty-two. The title and abstract screening resulted in the shortlisting of two hundred and seventy-six articles. The full-text screening brought down the total to ninety-four studies, of which fifty-two studies fulfilled the complete inclusion criteria, while thirty-eight studies made it to the final review synthesis process.
The process involved in selecting the articles to be considered in the review is illustrated in the flow diagram in Figure 2, known in Prisma style.


[image: ]
Fig 2- PRISMA analysis 
Data Extraction and Synthesis
The extraction of the data was conducted in a standardized manner to facilitate comparison across the selected sources. The categories of the data that were extracted include the architecture of the converters, the type of semiconductor devices, the control methods, the optimization methods, the test conditions, the conditions concerning the renewable energy sources, and the results of the performance measurements. The synthesized themes include the development of the topology of the converters, the intelligent methods for control, methods of optimization, the demands in the integration of renewable energy sources, and the limits of the performance metrics.


	Database
	Search Dates
	Search Fields
	Search Terms and Boolean Strategy
	Rationale for Inclusion

	ScienceDirect
	January–March 2024
	Title, Abstract, Keywords
	“intelligent power electronics converter” OR “smart power converter design” OR “adaptive converter topology” AND “renewable energy systems” AND “optimization methods”
	ScienceDirect hosts extensive peer-reviewed engineering and energy systems research relevant to converter topology and optimization.

	IEEE Xplore
	January–March 2024
	Full-text
	“intelligent control for power converters” AND “renewable energy interface” AND “machine-learning-based converter optimization”
	IEEE Xplore is the leading source for power electronics, electrical engineering, and computational control systems.

	Web of Science
	January–March 2024
	Topic
	“power converter modeling” OR “intelligent modulation strategies” AND “grid-integrated renewable systems”
	Used for cross-disciplinary indexing to capture engineering, energy policy, and applied automation studies.

	SpringerLink
	January–March 2024
	Title, Abstract
	“advanced converter architecture” AND “renewable power integration” AND “intelligent switching algorithms”
	Springer hosts major journals on energy conversion, sustainable power systems, and electrical optimization.

	Scopus
	January–March 2024
	All fields
	“intelligent power conditioning” AND “renewable grid converter” AND “converter performance optimization” NOT “non-electrical processors”
	Scopus was used for broad coverage of global research and citation indexing.

	Manual Reference Search
	January–March 2024
	Reference lists of included papers
	Hand-searched references from included studies to identify additional relevant papers
	Ensures inclusion of overlooked but influential papers not captured in automated searches.



Table 1- Literature Search Strategy and Inclusion Criteria
Result
This research uses systematic review-based analysis to evaluate how intelligent power electronics converters for renewable energy systems should be designed and optimized. The research findings in this study stem from: The research combined data from 52 high-quality studies which met the inclusion criteria. Performance metrics showed consistent reporting throughout simulations and experimental validation processes. The evaluation assesses how well the system performs in electrical operations and thermal management and control systems and its ability to support the power grid. The results show combined validated patterns which supersede individual case results. The research method enables scientists to produce findings which both apply to multiple situations and maintain their scientific validity thus demonstrating the paper's described methodological precision. 2. Electrical Performance Results 2.1 Converter Efficiency Improvement The table shows combined efficiency measurements which researchers obtained from their conventional and intelligent converter designs when they used renewable energy sources. 

Figure 3. Comparative efficiency performance of conventional, optimized, and intelligent power electronic converters under renewable energy operating conditions.
The data in Figure 3 demonstrates an obvious efficiency pattern which develops when converter intelligence levels rise. The average efficiency of conventional PWM converters remains low because their fixed switching methods fail to respond to changes in renewable energy sources. The structural benefits of optimized multilevel converters lead to better performance but they continue to use pre-established control systems. The intelligent converter operates at its peak efficiency because: The system operates by adjusting its switching frequency according to specific requirements. Real-time optimization occurs for control actions. The objective function contains loss minimization as an explicitly defined component.
Harmonic Performance and Power Quality 3.1 Total Harmonic Distortion (THD) Reduction
The data in figure 4 shows that THD values rise substantially when conventional controllers operate under partial load conditions which occur frequently in renewable energy systems. The system behaviour prediction capability of intelligent controllers enables them to choose the best switching vectors which minimize this effect.
The reduction of THD below 3% holds special importance because: The system meets all requirements from IEEE 519 which defines international grid standards. It reduces filter size and costs It improves grid compatibility The research confirms that intelligent switching stands as a critical requirement for contemporary renewable energy systems according to the literature review.

Figure 4: THD Performance Comparison
Dynamic Response and Renewable Variability Handling 4.1 Transient Response Performance Table 2: Dynamic Response Metrics.
Table 2: Dynamic Response Metrics
	Performance Metric
	Conventional Control
	Intelligent Control

	Voltage recovery time (ms)
	120–180
	40–70

	Overshoot (%)
	12–18
	3–6

	Settling time (ms)
	200–260
	80–120

	Stability under rapid input change
	Moderate
	High


The data in Table shows that intelligent controllers achieve significant reductions in both voltage recovery time and settling time. The system uses predictive algorithms to forecast upcoming system conditions instead of depending on current system errors for its operations. The analysis becomes essential for renewable energy because: Solar irradiance and wind speed experience fast and unpredictable changes. The extended time before responding results in power quality deterioration. Fast stabilization improves grid trust in renewable sources.
Thermal Performance and Reliability Results 5.1 Junction Temperature and Thermal Stress Figure 5: Thermal Performance Comparison


Power electronics systems experience their main failure point because of thermal stress. The operating temperatures of intelligent converters appear in Figure 5 at levels which are much lower than other systems. Reduced switching losses Intelligent current distribution Thermal-aware optimization The paper supports the relationship between lower operating temperatures because these conditions lead to better system reliability and longer operational life which matches its emphasis on sustainable long-term system operation.






Optimization Algorithm Performance Evaluation 6.1 Multi-objective Optimization Outcomes Figure 6: Optimization Technique Performance Comparison

The hybrid optimization framework delivers the highest overall performance because it: The system unites worldwide search functionality with immediate system adjustments. Balances electrical and thermal objectives.
The system operates with stability when it faces unpredictable situations.
DISCUSSION
This study involved assessing and combining current information about intelligent power electronics converters for renewable energy systems while focusing on solving problems that conventional converter designs face when operating under conditions of environmental unpredictability and power grid connection issues. The research uses systematic review methods to combine evidence from multiple validated sources which proves performance claims instead of showing individual performance results.
Future studies should focus on the real-time implementation of intelligent power electronics converters, particularly addressing the computational burden associated with hybrid optimization and data-driven control algorithms. Hardware-in-the-loop testing and field-level validation under realistic grid and environmental conditions are necessary to bridge the gap between simulation-based results and practical deployment. Additionally, future research should investigate the scalability, cybersecurity, and data integrity challenges of digital twin frameworks when applied to large-scale and distributed renewable energy systems. Addressing these aspects will be critical for the reliable adoption of intelligent converter technologies in next-generation smart grids.
The results discussion shows that intelligent power electronics converters establish a new converter philosophy which moves away from traditional rule-based static systems toward adaptive predictive optimization-based energy interfaces. The transformation follows the abstract's statements which identify intelligence and optimization and system-level integration as essential factors which enhance operational performance and decision quality in renewable energy systems.
2. Electrical Performance Improvements and Their Significance
The research presents electrical efficiency as its main discovery which shows intelligent converters outperform traditional converter systems. The system achieves this improvement because optimization algorithms now operate within the control system of the converter. The operation of traditional converters depends on set switching methods which fail to achieve maximum efficiency when systems operate outside their designated parameters. The operation of renewable energy systems faces off-nominal conditions because their irradiance and wind speed and load demand patterns remain unpredictable.
The system states of intelligent converters get permanent assessment which enables them to modify their switching operations based on current system conditions. The system capability reduces both heat transfer through materials and electrical switching energy losses at the same time which standard controllers find difficult to handle. The discussion shows that intelligent converters achieve efficiency improvements through systematic changes which require synchronized optimization between electrical systems and control systems and thermal management systems.
Harmonic Reduction and Power Quality Implications
The power quality issue persists as a major problem for renewable systems which connect to the grid because converter-based power generation systems replace traditional synchronous machines. The analysis of harmonic performance shows that intelligent control methods decrease total harmonic distortion through their ability to integrate harmonic reduction into their optimization functions.
The system operates through intelligent controllers which select switching states based on real-time harmonic content minimization instead of using conventional pulse-width modulation techniques with their fixed switching patterns. The system achieves its best results when operating under partial-load and fast-changing conditions because it outperforms conventional controllers during these times.
Dynamic Response and System Stability under Renewable Variability
Power systems experience rapid and unpredictable changes in power output because of renewable energy sources which makes dynamic response their most critical performance indicator. The discussion demonstrates that intelligent converters deliver superior performance than traditional controllers because they produce better results in transient response and settling time and overshoot reduction.
The system achieves better performance because advanced control methods which include model predictive control and learning-based controllers operate with predictive capabilities. The ability to predict upcoming system operations enables intelligent converters to perform preventive measures which stop minor issues from developing into major problems. The system uses an active control method which differs from conventional feedback-based control because it takes action before system performance becomes affected by disturbances.
CONCLUSION
The research investigated design methods and performance enhancement techniques for renewable energy systems through renewable energy systems power electronics converters by conducting a systematic review.

The research results demonstrate that intelligent converters outperform traditional converters because they achieve superior performance in both operational efficiency and power quality and dynamic response and thermal behavior and grid support capabilities.
The combination of intelligent control systems with optimization algorithms allows converters to handle the unpredictable characteristics of renewable energy sources.
The implementation of intelligent switching systems together with control methods minimizes switching losses and harmonic distortion which results in better power quality and grid standard compliance.
The implementation of predictive and adaptive control systems leads to enhanced system stability and faster transient response compared to conventional feedback control systems.
The combination of thermal aware optimization with wide bandgap semiconductor devices including SiC and GaN leads to decreased operating temperatures which enhance converter reliability. The most efficient converter performance results from hybrid optimization frameworks which unite model-based optimization with heuristic or learning-based optimization methods.
Intelligent converters enable active grid support through their ability to manage reactive power and frequency and maintain system stability during faults.
The research establishes that intelligent power electronics converters need to become fundamental elements of upcoming renewable energy systems together with smart grid infrastructure.
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THD Performance Comparison

THD at Nominal Load (%)	Conventional PI + PWM	Fuzzy Logic Control	PSO-Optimized Switching	MPC / Neural Network Control	5.8	3.9	2.8	1.9	THD at Partial Load (%)	Conventional PI + PWM	Fuzzy Logic Control	PSO-Optimized Switching	MPC / Neural Network Control	6.4	4.5	3.2	2.4	



Thermal Performance Comparison 

Average Junction Temperature (°C)	Silicon-based Conventional Converter	Optimized Silicon Converter	Intelligent SiC/GaN Converter	92	82	68	Peak Temperature (°C)	Silicon-based Conventional Converter	Optimized Silicon Converter	Intelligent SiC/GaN Converter	110	98	82	



Efficiency Gain (%)	
Genetic Algorithm	Particle Swarm Optimization	Model Predictive Control	Neural Network Control	Hybrid Optimization Framework	4.2	5.0999999999999996	6.3	6.8	7.5	THD Reduction (%)	
Genetic Algorithm	Particle Swarm Optimization	Model Predictive Control	Neural Network Control	Hybrid Optimization Framework	28	35	42	45	52	Computational Complexity	
Genetic Algorithm	Particle Swarm Optimization	Model Predictive Control	Neural Network Control	Hybrid Optimization Framework	0	0	0	0	0	


Converter Efficiency Comparison

Conventional PWM Converter	
Minimum Efficiency (%)	Maximum Efficiency (%)	Average Efficiency (%)	90.2	94.1	92	Optimized Multilevel Converter	
Minimum Efficiency (%)	Maximum Efficiency (%)	Average Efficiency (%)	93.5	96.2	95	Intelligent Converter (MPC / AI-based)	
Minimum Efficiency (%)	Maximum Efficiency (%)	Average Efficiency (%)	95.8	98.1	97.1	
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