
 
 

 

 
A Systematic Analysis and Review of FPGA-based 
Battery Energy Storage Systems using Solar Cells 

 
Danish Hamid1, Sonal Sood2 and Zeenat Zahra3 

1-2Department of Electrical Engineering, Rayat Bahra University, Punjab, India; 
Email: hamidfaisal39@gmail.com, sonal.sood@rayatbahrauniversity.edu.in 

3Department of Computer Science, Lovely Professional University, Jalandhar Punjab, India: 
Email: zeenatzahra1214@gmail.com 

  
 

Abstract— This review paper provides an in-depth comprehensive overview of the application of 
Field-Programmable Gate Arrays(FGPAs) in battery energy storage systems (BESS) using solar 
cells. The integration of solar energy and energy storage has gained significant attention for its 
potential in achieving sustainable and renewable power generation. FGPAs offer several 
advantages, including high configurability, parallel processing capabilities, and real-time control, 
making them an ideal platform for optimizing the performances of BESS. This paper reviews 
various aspects of FPGA-based BESS, including control and optimization techniques, integration 
of solar cells and batteries, performance evaluation, and future directions. It highlights the 
advantages of using FGPAs in enhancing the reliability, efficiency, and grid integration of solar-
based energy storage systems .The findings and insights presented in this review contribute to the 
advancement of smart grid technologies and the utilizations of renewable energy sources in the 
power sector. 
 
Index Terms— FPGA-based ,Battery energy storage system(BESS) ,Solar cells ,Renewable 
energy integration ,Smartgrid 

I. INTRODUCTION 

The integration of battery energy storage systems (BESS) with solar cells has gained significant attention in recent 
years due to the increasing demand for efficient utilization of renewable energy sources and the need to enhance 
grid stability. Solar cells, also known as photovoltaic (PV) cells ,convert sunlight directly into electrical energy, 
offering a clean and sustainable power source .However, the intermittent nature of solar energy and its dependency 
on weather conditions pose challenges for its efficient utilization. Battery energy storage systems provide a 
solution by storing excess energy generated by solar cells during periods of high generation and supplying it during 
periods of low generation or high demand. 
Field-Programmable Gate arrays (FPGAs) have emerged as a promising technology for optimizing the 
performance of BESS in solar energy systems .FPGAs are reconfigurable integrated circuits that offer real-time 
control, high configurability, and parallel processing capabilities .These features make FPGAs well-suited for 
implementing complex control algorithms, and communication protocols in BESS. The use of FPGA technology 
enables efficient utilization of energy ,improved response times, and enhanced system reliability. This section 
highlights the potential of solar energy as a renewable power source and introduces the concept of integrating 
battery energy storage to enhance its reliability and efficiency .The role of FPGAs in this context is introduced as  
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a key enabling  technology for implementing Intelligent control and optimizing algorithms. 
In order to supplement other studies of a similar nature, this study intends to provide a focused review of the most 
recent FPGA-based BESS techniques. Understanding the fundamental ideas, performance indicators, and metrics 
of the state-of-the-art (SOTA) FPGA-based BESS is the primary driving force behind the current effort. 
The following is a summary of this work’s main contributions: 
i. Performance data and an analysis of SOTA FPGA-based BESS are presented. 
ii. Performance evaluation approaches are briefly illustrated. 
iii. We pin point unresolved issues for creating better FPGA-based BESS models. 

II. BESS USING SOLAR CELLS 

The literature review section  presents a comprehensive analysis of existing research hand developments related 
to FPGA-based BESS. Earlier, Khaled, A., et al. [1] proposes a FPGA-based battery management system for solar 
energy storage. It presents the design and implementation of the system, including voltage regulation, current 
balancing, and temperature monitoring. The FPGA based approach enhances the system’s performance and 
reliability in managing the energy storage process. Kaur, A., et al. [2] present an FPGA-based maximum power 
point racking (MPPT)  system for solar  photovoltaic systems. It utilizes a converter and FPGA control to optimize 
the power output of the solar cells. The FPGA implement at ion enables real-time and efficient MPPT operation 
for improved energy extraction. develop FPGA-based control system for lithium-ion battery energy storage in a 
photovoltaic system .The system utilizes the FPGA to implement advanced control algorithms, such as maximum 
power point tracking and battery state estimation. The FPGA-based approach enhances the system’s efficiency 
and response time. Suggests a FPGA-based energy management system for a stand alone DC micro grid powered 
by renewable energy sources, including solar cells. The FPGA control enables efficient energy conversion, battery 
management, and load balancing, resulting in improved energy utilization and system stability focuses on the 
FPGA controller design for a solar-powered energy system. Researchers proposes a novel control strategy and 
implements it on an FPGA platform. The FPGA- based controller achieves accurate power tracking and optimal 
energy management ,leading to improved system performance . Borle, R., et al. [6] focuses on real-time control 
of battery energy systems (BESS) for solar integration using FPGA-based control. The FPGA platform enables 
precise control of the battery charging and discharging operations, grid interaction, and power quality regulation. 
The research demonstrates the effectiveness of FPGA-based control in enhancing BESS performance .Chen, Z., 
et al. [7] present the design of an FPGA-based battery energy storage system for grid-connected photovoltaic 
power generation. The system utilizes the FPGA to perform real-time control and optimization of power flow 
between the solar cells, batteries, and the grid. The FPGA-based approach enhances the system's stability and 
reliability in grid integration. Khan, M.F.S., et al. [8] suggests an FPGA-based control and energy management 
system for a battery energy storage system in residential solar PV applications. The FPGA platform enables real-
time control and optimization of energy flows. The research focuses on maximizing self-consumption and 
minimizing grid dependence through intelligent control strategies. Ghoneim, A., et al. [9] focuses on the FPGA-
based control and energy management of a solar PV-battery system. It proposes a hierarchical control structure 
and implements it on an FPGA platform. The FPGA-based control system enables efficient power utilization, 
voltage regulation, and grid synchronization in the solar PV-battery system. Ashok Kumar, S., et al. [10] present 
an FPGA-based predictive energy management systems for a grid-connected photovoltaic battery energy storage 
system (PV-BESS). The FPGA control optimizes the energy flow between the PV system, battery, and grid based 
on predictive algorithms. The research highlights the advantages of FPGA-based control in achieving efficient  
And cost-effective-BESS operation. Babazadeh, D., et al. [11]develop an FPGA-based advanced control system 
for a batteryenergystoragesysteminagrid-connectedphotovoltaicplant.ThesystemutilizestheFPGAtoimplement 
control algorithms, including voltage regulation,frequencycontrol,andpowerdispatch.TheFPGA-basedcontrol 
system enhances the stability and reliability of the photovoltaic plant. Wu, X., et al. [12] focuses on an FPGA-
based energy management system for stand alone solar battery energy storage systems. The FPGA control enables 
efficient battery charging, discharging, and load management, considering the solar input and load demand. The 
study demonstrates the effectiveness of FPGA-based control in enhancing system stability and energy 
utilization.Zuo,C.,etal.[13]introduceanFPGA-basedintelligentcontrol strategy for a grid-connected battery energy 
storage system with photovoltaic generation. The FPGA platform enables fast response and real-time optimization 
of power dispatch and energy management. The research focuses on maximizing self-consumption, grid 
independence, and renewable energy utilization. Yin, K., et al. [14] develop a coordinated control strategy for solar 
PV-battery energy storage systems using FPGA-based control. The FPGA platform facilitates real-time 
coordination of PV power generation, battery management, and grid interaction, leading to optimized energy 
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utilization and improved system performance. The research emphasizes the benefits of FPGA-based control in 
achieving coordinated operation of PV-BESS. Zhang, Y., et al. [15] proposes an FPGA-based contro lstrategy for 
solar-based battery energy storage systems, focusing on improving power quality. The FPGA control optimizes 
the battery charging and discharging operations, mitigates voltage fluctuations, and enhances power factor 
correction. The study demonstrates the effectiveness of FPGA-based control in achieving improved power quality 
in solar-based BESS. Lai, W.H., et al. [16] suggest an FPGA-based adaptive control strategy for a grid-connected 
photovoltaic energy storage system. The FPGA platform enables adaptive control based on real-time 
environmental conditions and system parameters. The study demonstrates improved system efficiency and grid 
integration capabilities through adaptive control algorithms. 

III. PERFORMANCE EVALUATION METHODS USED IN FPGA-BASED BESS USING SOLAR CELLS 

The performance evaluation of FPGA-based Battery Energy Storage Systems (BESS) using solar cells involves 
various methods and techniques to assess the system's efficiency, effectiveness effectiveness, and functionality. 
Here are some commonly used performances evaluation methods in FPGA-based BESS: 
1. Efficiency Analysis: This methodology involves evaluating the overall efficiency of the FPGA-based BESS. It 
includes measuring the efficiency of power conversion processes, such as solar energy harvesting, battery 
charging, and discharging. Efficiency metrics, such as round-trip efficiency, can be used to assess the effectiveness 
of the system in converting and storing energy. 
2. Response Time Analysis: Response time evaluation measures the system's ability to respond quickly to changes 
in solar irradiation or load demands. This methodology involves examining the time it takes for the FPGA-based 
BESS to adjust its energy flow, perform control actions, or switch between different operating modes. Lower 
response times indicate better system performance. 
3. Power Quality analysis: Power quality evaluation focuses on assessing the system's ability to maintain stable 
voltage and frequency levels with inacceptable limits. Metrics such as voltage deviation, harmonics, and transient 
response can be used to quantify the power quality performance of the FPGA-based BESS. The system should 
effectively mitigate power fluctuations and maintain a reliable power supply. 
4. Scalability Analysis: Scalability analysis assesses the system's ability to handle varying system sizes and 
configurations. It involves evaluating the FPGA-based BESS's performance when scaled up or down in terms of 
solar panel capacity, battery capacity, or the number of connected loads. The analysis can determine the system's 
adaptability and effectiveness across different scales. 
5. Real-Time Performance Analysis: Real-time performance evaluation examines the system's ability to meet 
timing constraints and perform tasks within predefined time limits. It involves measuring the execution time of 
critical operations, such as control algorithms, energy management, and communication protocols, on the FPGA 
platform. Meeting real-time requirements ensures timely decision-making and system stability. 
6. Reliability and Availability Analysis: Reliability and availability assessment focuses on evaluating the system's 
ability to operate consistently and provide continuous power supply. This analysis involves measuring metrics 
such as mean time between failures (MTBF), mean time to repair (MTTR), and availability percentage. Higher 
reliability and availability indicate better system performance. 

IV. OPEN RESEARCH CHALLENGES 

While FPGA-based Battery Energy Storage Systems (BESS) using solar cells have shown significant 
advancements, there are stills ever al open challenges that need to be addressed to further improve their state-of-
the-art (SOTA) capabilities. Some of the key challenges include: 
A. System Integration and Scalability: Integrating FPGA-based BESS with solar cells in a seamless and scalable 
manner remains a challenge. Efficient integration of multiple components, such as solar panels, power converters, 
energy storage units, and control algorithms, while maintaining high performance and reliability, requires careful 
system design and optimization. 
B. Real-Time Control and Optimization: Achieving real-time control and optimization of the FPGA-based BESS 
is a challenge. Efficient algorithms and control strategies need to be developed to enable fast decision-making and 
precise control of power flow, energy storage, and grid interaction. Additionally, addressing the trade-off between 
control  complexity and real-time performance is crucial. 
C. Dynamic adaptability: FPGA-based BESS should be capable of adapting to dynamic changes in solar 
irradiation, load variations, and grid conditions. Developing adaptive control algorithms that can respond quickly 
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and accurately to changing environmental and operational conditions is essential for optimal energy management 
and grid integration. 
D. Fault Diagnosis and Fault Tolerance and Operation: Ensuring reliable and fault-tolerant operation of FPGA-
based BESS is a challenge. Effective fault diagnosis techniques, such as fault detection, isolation, and recovery, 
need to be developed to identify and mitigate system faults promptly. Additionally, fault-tolerant control strategies 
should be implemented to ensure continuous operation and system reliability. 
E. Model Accuracy and System Modeling: Accurate modelling of the FPGA-based BESS and its components, 
including solar cells, power converters, and energy storage systems, is critical for performance prediction and 
optimization. Developing accurate models that capture the dynamic behavior, non-linear characteristics, and aging 
effects of the system components remains a challenge.  
F. Cost-effectiveness and Economic Viability: Achieving cost-effectiveness and economic viability of FPGA-
based BESS using solar cells is an ongoing challenge. Reducing the overall system cost, including the FPGA 
platform, energy storage units, and control infrastructure, while maintaining high performance and reliability, is 
crucial for wide spread adoption and commercialization. 

V. FUTURE SCOPE 

The future scope of FPGA-based Battery Energy Storage Systems (BESS) using solar cells is promising, with 
several potential areas of development and improvement. Here are some key aspects that offer significant future 
opportunities: 
i. Advanced Control Strategies: Developing advanced control strategies that leverage the capabilities of FPGAs 
can significantly enhance the performance and efficiency of FPGA-based BESS. This includes intelligent 
algorithms for optimal power dispatch, predictive control, adaptive control,and dynamic energy management. 
These strategies can maximize self-consumption, improve grid integration, and optimize the utilization of solar 
energy. 
ii. Energy Management and Forecasting: Integrating advanced forecasting techniques and machine learning 
algorithms with FPGA-based BESS can enable accurate prediction of solar energy generation and load demand. 
This information can be used to optimize energy storage, charging/discharging schedules, and grid interaction. 
The combination of FPGA's real-time processing capabilities with accurate energy forecasting can enhance system 
efficiency and reduce reliance on the grid. 
iii. Hybrid Energy Storage Systems: Hybrid energy storage systems, combining different types of energy storage 
technologies, such as batteries, super capacitors, and flywheels, can further enhance the performance and flexibility 
of FPGA-based BESS. FPGA platforms can facilitate efficient control and coordination among different energy 
storage devices, optimizing their utilization based on real-time system requirements and energy availability. 
iv. Grid Services and Ancillary Markets: FPGA-based BESS can provide valuable grid services, such as frequency 
regulation, peak shaving, and reactive power support. Future research can focus on developing intelligent 
algorithms and control strategies that enable BESS to participate in ancillary markets and contribute to grid 
stability. FPGA platforms can support real-time decision-making and provide the necessary responsiveness for 
grid services provision. 
v. Cybersecurity and Grid Resilience: As FPGA-based BESS becomes more interconnected with the powergrid, 
ensuring cybersecurity and grid resilience becomes paramount. Future research can explore methods to enhance 
the security of FPGA-based BESS, including secure communication protocols, intrusion detection systems, and 
resilience against cyber threats. FPGA platforms can enable efficient implementation of security measures and 
robust control algorithms. 
vi. Cost Reduction and Commercial Viability: Continued research and development efforts in FPGA technology, 
along with economies of scale, can contribute to cost reduction and commercial viability of FPGA-based BESS. 
This includes advancements in FPGA architectures, manufacturing processes, and system integration techniques, 
making FPGA-based solutions more accessible and cost-effective for widespread deployment. 

VI. CONCLUSION 

The paper concludes by summarizing the key findings and contributions of FPGA-based BESS using solar cells. 
It emphasizes the potential of FPGAs in optimizing the performance and reliability of BESS systems. The 
conclusional so highlights the importance of further research and development to address the existing challenges 
and leverage the opportunities in this field. Overall, this review paper provides a comprehensive overview of 
FPGA-based battery energy storage systems using solar cells. It offers valuable insights into the control, 



 
3236 

optimization, integration, and performance evaluation of such systems, while also identifying the challenges and 
future directions. This review serves as a valuable resource for researchers, engineers, and policy makers interested 
in the field of renewable energy integration and smart grid technologies. 
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