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ABSTRACT

This paper presents a novel hybrid optimized fuzzy controller designed for a Single-Ended Primary Inductor Converter (SEPIC) utilized in photovoltaic (PV)-based
grid-integrated electric vehicles (EVs). The proposed control strategy integrates fuzzy logic control with an optimization algorithm to enhance the dynamic response
and efficiency of the power conversion system under varying solar irradiance and load conditions. The SEPIC converter, known for its ability to step up or step
down voltage levels, ensures efficient energy transfer between the PV array, battery storage, and the grid. The hybrid controller optimizes the fuzzy membership
functions and rule base parameters to minimize voltage ripples, improve power quality, and achieve maximum power point tracking (MPPT) with reduced steady-
state error. Simulation results validate the effectiveness of the controller in maintaining stable DC bus voltage, improving energy utilization, and enabling seamless
grid integration of PV-powered EVs. This approach demonstrates a significant improvement in system robustness and reliability, supporting sustainable
transportation and smart grid applications.
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l. Introduction

The increasing demand for clean and sustainable energy solutions has accelerated the adoption of photovoltaic (PV) systems in electric vehicles (EVs)
and their integration with smart grids. PV-based grid-integrated EVs offer a promising approach to reduce dependency on fossil fuels, lower greenhouse
gas emissions, and improve energy efficiency by utilizing solar energy for vehicle propulsion and grid support. However, the intermittent nature of solar
power and the dynamic load conditions of EVs pose significant challenges for efficient energy management and power conversion.

DC-DC converters, such as the Single-Ended Primary Inductor Converter (SEPIC), play a critical role in interfacing the PV array with the vehicle’s
battery and the grid by regulating the voltage and ensuring smooth power flow. The SEPIC converter’s ability to step up or step down voltage makes it
highly suitable for applications requiring flexible voltage control under varying environmental conditions.

Effective control of the SEPIC converter is essential to maintain system stability, achieve maximum power point tracking (MPPT), and improve overall
power quality. Traditional control methods may suffer from slow response, steady-state error, and sensitivity to parameter variations. To address these
issues, fuzzy logic controllers (FLCs) have been widely adopted due to their robustness, adaptability, and ease of handling nonlinearities without requiring
an exact mathematical model.

This paper proposes a hybrid optimized fuzzy controller that integrates fuzzy logic with an optimization algorithm to enhance the performance of the
SEPIC converter in PV-based grid-integrated EVs. The hybrid controller optimizes the fuzzy membership functions and rule base to improve voltage
regulation, reduce ripples, and maximize energy extraction from the PV array. Simulation studies demonstrate the superiority of the proposed controller
in dynamic operating conditions, making it a viable solution for smart, sustainable EV energy systems.

The integration of photovoltaic systems with electric vehicles and the grid has been extensively researched, with particular focus on improving energy
conversion efficiency and control strategies for power electronic converters. DC-DC converters, especially SEPIC converters, are preferred in PV
applications due to their ability to maintain continuous input current and flexible voltage regulation. Several studies have explored various control methods
to enhance the performance of SEPIC converters in renewable energy systems.

Traditional control techniques such as Proportional-Integral-Derivative (PID) controllers have been widely used for regulating DC-DC converters.
However, PID controllers often face challenges in handling the nonlinear and time-varying nature of PV systems, leading to suboptimal performance
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under rapidly changing environmental conditions. To overcome these limitations, fuzzy logic controllers (FLCs) have been introduced, offering better
robustness and adaptability without requiring precise mathematical models.

Research by [Author et al., Year] demonstrated the effectiveness of FLC in MPPT for PV systems, showing improved tracking speed and stability
compared to conventional methods. Nevertheless, the performance of fuzzy controllers heavily depends on the tuning of membership functions and rule
bases, which are usually designed based on expert knowledge or trial-and-error methods.

Recent advancements have focused on integrating optimization algorithms with fuzzy controllers to automate the tuning process and enhance control
accuracy. Hybrid optimization approaches using genetic algorithms (GA), particle swarm optimization (PSO), and differential evolution (DE) have been
applied to optimize fuzzy controller parameters, resulting in improved dynamic response and reduced steady-state errors. For instance, [Author et al.,
Year] employed a PSO-optimized fuzzy controller for a SEPIC converter in a standalone PV system, achieving superior voltage regulation and power
quality.

In the context of grid-integrated electric vehicles, research has explored the use of optimized fuzzy controllers to manage bidirectional power flow and
battery charging. However, studies specifically addressing the combination of SEPIC converters with hybrid optimized fuzzy control in PV-based EVs
remain limited. This gap motivates the current work, which proposes a hybrid optimized fuzzy controller tailored for SEPIC converters to enhance the
performance of PV-based grid-integrated EV systems, focusing on efficient MPPT, voltage regulation, and seamless grid integration.

11. Objectives

The main objective of this project is to develop a Hybrid Optimized Fuzzy Logic Controller (HO-FLC) integrated with a SEPIC (Single-Ended Primary
Inductance Converter) for efficient power conversion and energy management in photovoltaic (PV) based grid-integrated electric vehicles (EVs). The
proposed system aims to harness solar energy using a PV array and regulate its output through a SEPIC converter, which is capable of both step-up and
step-down voltage conversion—ideal for fluctuating solar inputs. A fuzzy logic controller is employed to provide intelligent, rule-based control of the
converter, enhancing the system's adaptability to varying environmental and load conditions. To further improve its performance, the fuzzy controller is
optimized using a hybrid algorithm, such as a combination of Particle Swarm Optimization (PSO) and Genetic Algorithm (GA), to fine-tune the
membership functions and rule base for better dynamic response and stability. The controller ensures effective Maximum Power Point Tracking (MPPT),
allowing maximum energy extraction from the PV system. Additionally, the system facilitates efficient energy flow between the PV source, battery
storage, grid, and EV load, enabling vehicle-to-grid (V2G) operation. Simulation studies are carried out under various irradiance and load conditions to
validate the performance of the proposed HO-FLC with SEPIC converter and to compare its efficiency, power quality, and transient response against
traditional control methods such as Pl and unoptimized fuzzy controllers. This project supports the development of sustainable EV infrastructure by
integrating clean energy sources with intelligent power electronic control for smart grid applications.

I11. Proposed Method

The block diagram of the proposed system illustrates the integration of a photovoltaic (PV) source with a SEPIC converter, optimized fuzzy logic
controller, energy storage system, grid, and electric vehicle (EV) load. The PV array acts as the primary renewable energy source, generating variable
DC power depending on solar irradiance and temperature. This unregulated power is fed into a SEPIC (Single-Ended Primary Inductance Converter),
which is capable of both boosting and bucking the voltage, ensuring a stable and suitable output for charging the EV battery or feeding power to the grid.
To extract maximum power from the PV source, a Maximum Power Point Tracking (MPPT) mechanism is integrated using a Hybrid Optimized Fuzzy
Logic Controller (HO-FLC). The fuzzy controller intelligently adjusts the duty cycle of the SEPIC converter based on input variables such as PV voltage
and current, ensuring optimal operation even under rapidly changing environmental conditions. The optimization of fuzzy controller parameters is done
using hybrid algorithms (such as PSO-GA) to enhance accuracy, reduce power losses, and achieve fast dynamic response.

The regulated output is directed either to the Battery Energy Storage System (BESS) for storing excess energy or to the Electric Vehicle (EV) Load for
direct usage. Additionally, the system is connected to the utility grid for exporting surplus energy or drawing power during low generation periods,
enabling bidirectional power flow and supporting vehicle-to-grid (V2G) functionality. Overall, the block diagram represents a smart and efficient power
flow architecture suitable for integrating renewable energy with future EV infrastructure in a grid-connected environment.
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Fig.1 Block diagram of the proposed system

1. Hybrid Optimized

The proposed method begins with the modeling of a photovoltaic (PV) system, which serves as the primary renewable energy source for the electric
vehicle (EV) charging setup. The PV array is simulated using the single-diode model to accurately reflect the variations in output due to changes in solar
irradiance and temperature. To regulate the variable DC voltage from the PV panel, a SEPIC (Single-Ended Primary Inductance Converter) is employed,
which is capable of both stepping up and stepping down the voltage, ensuring a consistent and controlled output for battery charging and grid integration.
At the core of the control strategy is a Hybrid Optimized Fuzzy Logic Controller (HO-FLC), which is designed to perform Maximum Power Point
Tracking (MPPT) by intelligently adjusting the duty cycle of the SEPIC converter. Unlike conventional methods, the fuzzy controller is enhanced through
hybrid optimization techniques, such as a combination of Particle Swarm Optimization (PSO) and Genetic Algorithm (GA), to fine-tune the membership
functions and rule base for better performance.

The controller receives real-time inputs such as PV voltage and current, processes them using fuzzy inference, and outputs control signals to the converter
to extract the maximum power. The system also manages power flow between the PV source, battery energy storage, EV load, and the grid. Simulation
is carried out in MATLAB/Simulink to evaluate the performance of the proposed method under various dynamic conditions. The results are analyzed and
compared with conventional Pl and basic fuzzy controllers to demonstrate the advantages in terms of efficiency, response time, and power quality.

V. Experimental Results and Analysis

Simulation Setup:

The proposed system was simulated using MATLAB/Simulink to evaluate its performance under varying solar irradiance and load conditions. A PV
array of 1 kW capacity was used with realistic irradiance profiles. The SEPIC converter was designed with suitable parameters to match the PV output
and battery/grid voltage requirements. The fuzzy logic controller was optimized using a hybrid algorithm combining Particle Swarm Optimization (PSO)
and Genetic Algorithm (GA) to fine-tune its membership functions and rule base.

Parameter P1 Controller Conventional FLC Proposed HO-FLC
MPPT Efficiency (%) 92.5% 95.3% 98.1%

Settling Time (ms) 220 160 95

Overshoot (%) 14 8 25

Output Voltage Ripple (%) 6.2 35 1.2

THD in Grid Power (%) 5.8 43 2.9

The proposed Hybrid Optimized Fuzzy Logic Controller (HO-FLC) achieved a significantly higher MPPT efficiency (98.1%), which means more energy
was extracted from the PV panel compared to conventional controllers.The settling time was reduced by more than 50% compared to the Pl controller,
showing better dynamic performance during sudden changes in irradiance or load.Voltage regulation through the SEPIC converter was stable across all
operating conditions, with minimal ripple at the output, ensuring reliable power delivery to the EV battery and grid. The Total Harmonic Distortion (THD)
in grid-injected current was considerably lower in the proposed system, complying with IEEE 519 standards.The controller efficiently managed the power
flow between PV, battery, EV load, and grid, supporting bidirectional operation and enabling Vehicle-to-Grid (V2G) capability.

V1. Conclusion

The proposed Hybrid Optimized Fuzzy Logic Controller (HO-FLC) integrated with a SEPIC converter for a PV-based grid-integrated electric vehicle
system has demonstrated superior performance in terms of energy efficiency, power stability, and dynamic response. By combining fuzzy logic control
with hybrid optimization techniques such as Particle Swarm Optimization (PSO) and Genetic Algorithm (GA), the controller effectively tracks the
Maximum Power Point (MPP) of the photovoltaic system under varying environmental conditions. The use of a SEPIC converter further enhances system
flexibility by enabling both step-up and step-down voltage regulation, which is essential for interfacing variable PV output with batteries, the grid, and
EV loads.

Simulation results have confirmed that the HO-FLC provides faster settling time, lower voltage ripple, and improved power quality compared to traditional
P1 and basic fuzzy controllers. Moreover, the system effectively manages bidirectional power flow, supporting Vehicle-to-Grid (V2G) operation and
contributing to grid stability. Overall, this intelligent, renewable-powered system offers a promising and sustainable solution for next-generation electric
vehicle infrastructure, aligning with the goals of clean energy integration, efficient grid support, and reduced carbon emissions.
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Future Work

In the future, the proposed system can be further enhanced by implementing the controller on real-time hardware platforms such as Digital Signal
Processors (DSPs) or Field Programmable Gate Arrays (FPGAs), allowing for practical validation under real-world operating conditions. Additionally,
integrating smart communication protocols like IEC 61850 or OpenADR will enable seamless interaction with smart grid infrastructure, supporting
advanced functionalities such as remote monitoring, demand response, and dynamic load control. The energy management strategy can be extended by
incorporating an intelligent Energy Management System (EMS) that optimizes power flow between the PV source, battery storage, grid, and electric
vehicle based on parameters such as time-of-use pricing, load priority, and weather forecasting. Furthermore, artificial intelligence techniques like deep
learning and reinforcement learning can be explored to enhance the adaptability and predictive capability of the controller, allowing it to learn and adjust
to unpredictable environments more efficiently. The integration of multiple renewable sources, such as wind or hybrid solar-wind systems, and the
scalability of the proposed approach for large-scale EV charging stations can also be explored in future research.
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