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Abstract: The global transition to electric vehicles (EVs) necessitates robust, efficient, and sustainable charging infrastructure. 
This paper presents a comprehensive analysis of automatic wireless vehicle charging systems integrated with solar energy, 
addressing the critical need for eco-friendly and convenient EV power solutions. The fundamental principles of wireless power 
transfer (WPT) technologies, including inductive, resonant, and capacitive coupling, are explored, highlighting their suitability 
and limitations for EV applications. The integration of solar energy is examined, detailing photovoltaic conversion, energy 
storage mechanisms, and the overall system architecture that enables seamless, grid-independent charging. Key technical 
challenges such as power transfer efficiency, coil misalignment, foreign object detection (FOD), and electromagnetic 
interference (EMI) are discussed, alongside proposed mitigation strategies. The paper further investigates the crucial role of 
smart grid integration and Vehicle-to-Grid (V2G) capabilities in enhancing grid stability and energy management. Current 
global research, pilot projects, and commercial initiatives demonstrate the accelerating maturity of this technology. While 
offering significant advantages in environmental impact, energy independence, and user convenience, solar-powered wireless 
EV charging systems face hurdles related to initial costs, efficiency losses, and land use. The future outlook points towards 
advanced materials, artificial intelligence (AI)-driven optimization, and standardized protocols as pivotal for widespread 
adoption, paving the way for a cleaner, more resilient, and sustainable transportation ecosystem. 
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I. INTRODUCTION 
A. Background and Motivation for Sustainable EV Charging 
The global automotive industry is rapidly shifting towards electric vehicles (EVs) due to environmental concerns, emission 
regulations, and declining battery costs, aiming to reduce fossil fuel reliance and greenhouse gas (GHG) emissions [1]. However, 
traditional wired charging presents inconveniences, wear, and infrastructure strain. Solar-powered wireless charging offers a 
synergistic solution, addressing sustainability, user convenience, and grid resilience following [2]. 
 
B. Overview of Wireless Power Transfer and Solar Energy Integration 
Wireless Power Transfer (WPT) transmits electricity without physical contact, primarily using electromagnetic induction. For EVs, 
magnetic resonance coupling is preferred for its efficiency over air gaps as in [3]. Solar energy, harvested by photovoltaic (PV) cells 
converts sunlight into electricity. Integrating solar with WPT allows for wireless energy transmission from ground pads to vehicles. 
This combination creates a robust, self-sufficient, and user-friendly charging ecosystem, enhancing WPT's practicality by 
eliminating exposed wires and reducing the carbon footprint of charging following [4]. 
 

II. FUNDAMENTALS OF WIRELESS POWER TRANSFER (WPT) FOR ELECTRIC VEHICLES 
A. Principles of Inductive Charging and Resonant Inductive Coupling 
Inductive charging uses electromagnetic induction: an alternating current in a primary coil creates a magnetic field, inducing current 
in a secondary coil to charge a battery. For EVs, resonant inductive coupling (RIC) is used, adding capacitors to both coils to create 
tuned LC circuits. This significantly enhances efficiency over mid-range distances and tolerates slight coil misalignment, crucial for 
real-world EV applications. High-power EV systems typically operate around 85 kHz, as per SAE J2954 in [5]. 
 
B. Key Parameters Influencing WPT Efficiency and Performance 
WPT efficiency depends on operating frequency, coil size, distance, and alignment. The quality factor (Q-factor) is crucial, affecting 
efficiency, critical air gap, and capacitor voltage stress. Higher Q-factors allow longer transfer distances but may increase voltage 
stress, requiring careful design optimization.  
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Mutual inductance also directly impacts efficiency, remaining high until a "critical mutual inductance" is reached. Ongoing research 
focuses on ultra-thin coils, higher frequencies, and optimized electronics to reduce losses [6]. 
 
C.  High-Power Inductive Charging for EV Applications 
High-power inductive charging, exceeding 1 kilowatt, is vital for EVs, offering automated, cordless charging from 1 kW to over 300 
kW. This technology, along with dynamic wireless charging (DWC), aims to alleviate "range anxiety" by enabling faster and 
continuous charging as in [7]. Standardization efforts like SAE J2954 (up to 11 kW) are crucial, with higher-power and dynamic 
charging standards under development. DWC, allowing charging while in motion, could theoretically enable indefinite vehicle 
operation and is being piloted by companies like ElectReon in [8]. Table I represents a comparison of different wireless power 
transfer technologies for EVs. 

 
TABLE I 

 COMPARISON OF WIRELESS POWER TRANSFER TECHNOLOGIES FOR EVS 
Feature Inductive Coupling (IPT) Resonant Inductive 

Coupling (RIC) 
Capacitive Coupling (CCWPT) 

Working Principle Magnetic Field (Faraday's 
Law) 

Tuned Magnetic Field 
(Resonance) 

Electric Field (Displacement Current) 

Key Advantages Commercial maturity, Good 
efficiency (general) 

High efficiency, 
Misalignment tolerance, 

Mid-range transfer 

Negligible eddy-current loss, Low 
cost/weight, Good misalignment, Metal 

barrier penetration 
Key Disadvantages One-position, Metal 

interference, Heat 
dissipation, Large coil 

volume 

Efficiency sensitive to coil 
quality factor (Q) 

High voltages on electrodes, Safety 
concerns (conventional), High 

frequency operation, Small coupling 
capacitance (conventional) 

Typical Efficiency 80-88% 50-95% ~78%, 96% (innovative) 

Typical Coupling Distance <10 cm 5-20 cm, <20 cm (medical) 6-30 cm 

Operating Frequency 20 kHz – 100 kHz 85 kHz –1 MHz 500 kHz – 10 MHz 

 
III. SOLAR ENERGY HARVESTING TECHNOLOGIES 

A. Advancements in Photovoltaic (PV) Cell Efficiency 
Solar panel efficiency has significantly advanced, from ~10% to over 20-25% today. Perovskite solar cells, a third generation, offer 
high theoretical efficiencies (up to 31% for single-junction, 45% for multi-junction) and flexibility for vehicle integration. 
Challenges include long-term stability and scalability, but research is addressing these. The authors in [9-10] investigate on bifacial 
solar panels which absorb light from both sides, increasing generation by up to 27% in reflective environments, though they have 
higher initial costs and environmental dependence. 
 
B. Integration Strategies for Solar Panels in Vehicle and Infrastructure Design 
Solar panels can be integrated directly onto vehicles, with flexible perovskite cells enabling self-charging and extended range, as 
seen in prototypes like the Aptera EV. Infrastructure integration includes standalone solar EV chargers, solar canopy stations, grid-
connected hybrid systems, and dynamic road integration for charging while in motion following [9]. These diverse strategies aim to 
reduce grid strain and provide clean, decentralized energy for various EV use cases as in [7]. 
 
C. Energy Storage Solutions for Solar-Powered Systems 
The intermittency of solar power necessitates robust energy storage for consistent EV charging. Advancements in lithium-ion and 
emerging flow batteries promise higher energy density and longer life-spans following [11]. Super capacitors can complement 
batteries by handling peak power demands, extending battery life and improving system reliability. The authors in [12] shows that 
the effective energy storage is crucial for system reliability, efficiency, and economic viability, balancing energy density, power 
delivery, and lifespan. Table II shows advancements in solar panel technologies with integration of EVs. 
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TABLE II 
ADVANCEMENTS IN SOLAR PANEL TECHNOLOGIES FOR EV INTEGRATION 

Technology Type Typical Conversion 
Efficiency 

Key 
Properties/Advantages 

Challenges/Limitations Relevance to EV Integration 

Mono-facial Silicon ~20-25% Established, reliable Brittle, not flexible Standard for infrastructure (e.g., 
canopies, charging stations) 

Perovskite Up to 31% (single-
junction),45% (multi-
junction theoretical) 

Flexible, lightweight, 
low cost, high 

theoretical efficiency 

Long-term stability 
(moisture, UV, heat), 

scalability 

Vehicle surface integration 
(non-flat surfaces), portable 

devices 

Bifacial Up to 27% gain Dual-sided absorption, 
high energy yield in 

specific environments 
(e.g., snow, reflective 

surfaces) 

Higher initial cost, 
environmental 

dependence (albedo) 

Ground-mounted infrastructure, 
canopies, vertical installations 

 
IV. SYSTEM ARCHITECTURE AND COMPONENTS OF SOLAR WIRELESS EV CHARGING 

A. Integrated System Design: From Solar Capture to Vehicle Battery 
A solar wireless EV charging system integrates multiple energy conversion and control stages. Solar panels generate DC electricity, 
optimized by an MPPT controller following [13]. The generated power is stored in batteries and converted to AC by an inverter for 
wireless transmission via a ground-embedded coil. A receiver coil on the EV captures this energy, which is rectified back to DC to 
charge the vehicle's battery. A microcontroller-based control system manages power flow, monitors parameters, detects faults, and 
provides real-time data as in [7]. 
 

B. Essential Hardware Components and Their Functions 
 

 
Fig. 1: System Architecture and Components 
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As shown in Fig. 1, key components include following [7] and [13]: 
● Solar Panels: Convert sunlight to DC. 
● Battery/Energy Storage: Stores solar energy for stable supply. 
● Transformer: Converts DC to AC for wireless transmission. 
● Regulator Circuitry: Ensures stable AC power to coils. 
● Copper Coils (Transmitter & Receiver): Core of WPT, generating and capturing magnetic fields. 
● AC-DC Converter / Rectifier: Converts received AC back to DC for EV battery. 
● DC-DC Converter / Boost Converter: Optimizes voltage levels. 
● Microcontrollers: Central control units for power management, monitoring, and data display. 
● LCD Display: Provides real-time system feedback. 
● Light-Dependent Resistors (LDRs): Manage current flow in low-light conditions. 
● Relay-based Power Switching Circuit: Controls power flow and provides safety features. 

 
C. Comparison of Static and Dynamic Charging Architectures 
Static Wireless Charging (SWC): Charges stationary EVs over ground-embedded pads, offering convenience without physical 
cables. Precise coil is required for the alignment of optimal efficiency which is suitable for public/private charging stations and 
garages following [7] and [14]. 
Dynamic Wireless Charging (DWC): Charges EVs in motion over specialized road infrastructure. Reduces charging time, extends 
range, and mitigates "range anxiety". It presents greater engineering challenges like managing voltage fluctuations, dynamic mutual 
inductance, and high infrastructure costs which envisioned for smart cities and public transport fleets following [7] and [14]. 
 

V. POWER MANAGEMENT, EFFICIENCY, AND BATTERY MANAGEMENT 
A. Energy Conversion Processes and Loss Mitigation 
Solar wireless EV charging involves multiple energy conversions: DC from solar to AC for WPT, then back to DC for the EV 
battery. Each stage introduces losses, such as waste heat from inductive chargers and reactive power losses in resonant circuits. 
Cumulative inefficiencies can be significant. Mitigation strategies include improved drive electronics, higher operating frequencies, 
ultra-thin coils, and compensation networks to reduce reactive power losses following [7] and [13]. 
 

B. Advanced Power Management Strategies and Optimization Techniques 
Intelligent power management is crucial for solar wireless EV charging. Maximum Power Point Tracking (MPPT) optimizes solar 
energy extraction following [9]. Dynamic control schemes, based on real-time monitoring, adjust power flow according to demand, 
battery State of Charge (SOC), and renewable energy availability. Advanced algorithms like Model Predictive Control (MPC) and 
machine learning optimize power distribution across solar, battery storage, and the grid, enabling load balancing and peak shaving 
to improve grid stability as in [15]. 
 

C. Role of Battery Management Systems (BMS) in Performance and Safety 
The Battery Management System (BMS) is vital for EV batteries and solar-powered charging. It precisely monitors parameters like 
voltage, current, and temperature, calculating State of Charge (SOC) and State of Health (SOH). The BMS prevents 
overcharging/discharging, optimizing battery usage, minimizing energy loss, and extending lifespan. This is especially critical for 
V2G applications, where batteries undergo frequent cycling. Real-time data is displayed locally and via IoT platforms following 
[13]. 
 

VI. GRID INTERACTION, STABILITY, AND VEHICLE-TO-GRID (V2G) INTEGRATION 
A. Impact of Solar Wireless EV Charging on Electrical Grids 
Following [16], solar wireless EV charging can reduce charging costs and grid reliance, especially during peak demand. However, 
increased EV loads can strain grids, causing voltage drops and instability, particularly when solar power is unavailable. Solar PV 
systems act as Distributed Energy Resources (DERs), altering grid operations and potentially causing reverse power flow and 
voltage issues if not managed as in [17]. 
 



International Journal for Research in Applied Science & Engineering Technology (IJRASET) 
                                                                                           ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538 

                                                                                                                Volume 13 Issue VI June 2025- Available at www.ijraset.com 
     

 
2774 ©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 

 

B. Grid Stability Considerations and Load Management 
Grid stability with high EV penetration requires active load management. EVs can exacerbate grid imbalances, but intelligent 
energy management with buffer batteries can reduce utility grid impact. Vehicle-to-Grid (V2G) capable EVs can act as flexible grid 
assets, providing load balancing, peak shaving, frequency regulation, and demand response services. Modelling EV charging as a 
cyber-physical system with smart scheduling can transform it into a load balancing tool as in [18-19]. 
 

C. V2G and V2H Applications: Opportunities and Challenges 
Vehicle-to-Home (V2H) allows EVs to power households, while Vehicle-to-Grid (V2G) enables bidirectional energy flow with the 
grid. V2H offers emergency power and bill reduction, while V2G provides grid support, stabilizes renewable energy, and creates 
revenue streams for EV owners. Challenges include accelerated battery degradation from increased cycling, technical complexity, 
cybersecurity risks, communication overhead, and high infrastructure costs. Pilot projects are exploring V2G integration and 
repurposing retired EV batteries as in [18] and [20]. 

 
VII. SAFETY, ENVIRONMENTAL IMPACT, AND ECONOMIC VIABILITY 

A. Electromagnetic Field (EMF) Safety and Regulatory Standards 
High-power wireless EV charging raises concerns about Electromagnetic Field (EMF) emissions and potential interference with 
vehicle electronics. While WPT eliminates physical hazards like electrocution and tangled wires, EMF emissions must adhere to 
strict international guidelines from ICNIRP, IEEE, and SAE J2954. Magnetic field WPT is considered inherently safer due to 
hermetically sealed designs and non-interaction with non-metallic materials as in [22]. 

 
B. Foreign Object Detection (FOD) and Living Object Detection (LOD) 
Foreign Object Detection (FOD) is crucial for wireless EV charging safety, preventing foreign objects (e.g., metallic debris, leaves) 
from causing overheating or damage. Living Object Detection (LOD) is also vital to protect animals or children who might enter the 
charging zone. Various detection techniques (mechanical, visual, electrical, thermodynamic, magnetic) are employed to ensure 
system reliability and public trust following [22]. 
 

C. Environmental Benefits and Life Cycle Assessment 
Solar wireless EV charging offers significant environmental benefits by reducing fossil fuel reliance and GHG emissions. Life 
Cycle Assessments (LCAs) show substantial GHG reductions for solar-powered EVs (SEVs) compared to conventional vehicles, 
also indicating potential reductions in resource depletion. Dynamic Wireless Power Transfer (DWPT) infrastructure can further 
reduce life cycle GHG emissions by up to 9.0% and enable up to 48% battery downsizing, provided roadside solar panels and 
storage are integrated as in [23]. 
 

D. Economic Analysis: Costs, Benefits, and Return on Investment 
The economic viability of solar wireless EV charging involves high initial infrastructure costs, especially for dynamic roads. 
However, solar energy significantly lowers operational charging costs by reducing grid reliance. Wireless systems also offer lower 
maintenance due to fewer moving parts. Total Cost of Ownership (TCO) analyses suggest long-term savings from reduced fuel and 
maintenance can offset higher initial SEV costs. Government incentives are crucial, and for DWPT, environmental benefits can 
offset infrastructure costs within 20 years, though financial payback may take longer without carbon monetization as in [23]. Table 
III represents comparison for various solar wireless and traditional EV charging. 
 

TABLE III 
ENVIRONMENTAL AND ECONOMIC COMPARISON: SOLAR WIRELESS VS. TRADITIONAL EV CHARGING 

Category Solar Wireless Charging Traditional Plug-in Charging 
Environmental Impact Reduced fossil fuel reliance, cleaner 

air, lower carbon footprint (lifecycle), 
enables battery downsizing (DWPT), 

energy independence 
 

Reliance on grid electricity (often fossil-fuel 
derived), higher carbon footprint (depending on 

grid mix), tailpipe emissions (for ICEVs) 
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Economic Viability Initial high investment costs, long-
term savings from reduced 

electricity/maintenance, potential V2G 
revenue, energy independence 

Lower initial infrastructure cost, established 
technology, ongoing electricity costs, potential 

grid strain costs 

Convenience & Safety No tangled cables, automated 
charging, wider access (solar 

deployment), inherent safety (no 
electrocution risk), hermetically 

sealed designs 

Physical cables (inconvenience, wear, safety 
hazards), potential for electrocution from 

damaged handles, less aesthetic 

Infrastructure & Deployment Requires specialized WPT pads/coils, 
energy storage, complex power 

management; high initial setup for 
dynamic roads; land use for solar 

arrays 

Established infrastructure, widely understood; 
can strain grid during peak hours 

 
VIII. FUTURE TRENDS, EMERGING TECHNOLOGIES, AND RESEARCH GAPS 

A. Emerging Technologies and Future Developments 
Future trends in solar wireless EV charging include: 
● Dynamic and Fast Wireless Charging: Commercialization of DEVC and increased demand for high-power fast charging (up to 

50 kW). 
● Smart Grid Integration and AI-Powered Optimization: Deeper integration with smart grids and AI for optimized energy 

distribution and demand forecasting. 
● Advanced Battery Technologies: Innovations like solid-state and ultra-fast charging batteries for higher energy density and 

faster charging. 
● Vehicle-to-Grid (V2G) and Vehicle-to-Home (V2H) Integration: EVs as active grid participants and energy storage, including 

repurposing retired EV batteries. 
● Autonomous Charging Robots: Flexible, on-demand charging for micro-mobility fleets. 
● Smart Charging Solutions and Digital Integration: Features like "Plug & Charge" and sophisticated EV charging apps for 

enhanced user experience and route optimization. 
 
B. Key Research Gaps and Challenges 
Significant research gaps and challenges are: 
● Technical Challenges: Improving WPT misalignment tolerance and high-speed transfer timing, reducing energy losses, 

enhancing DWC robustness, and improving component lifespan. 
● Infrastructure and Economic Challenges: High initial costs for infrastructure, lack of universal standardization and 

interoperability, optimizing infrastructure utilization, developing sustainable revenue models, and accelerating government 
program rollout. 

● Environmental and Safety Challenges: Addressing public concerns about EMF exposure and developing highly reliable Foreign 
Object Detection (FOD) and Living Object Detection (LOD) systems. 

● Grid Interaction Challenges: Mitigating battery degradation in V2G applications, ensuring cybersecurity for smart grids, and 
establishing reliable, low-latency communication between vehicles and the grid. 

 
IX. CONCLUSION 

The automatic wireless vehicle charging system using solar energy represents a pivotal advancement in the pursuit of sustainable 
transportation. This integrated approach leverages the inherent advantages of wireless power transfer technologies—namely 
convenience, enhanced safety, and reduced wear and tear—with the environmental and energy independence benefits of solar 
power. By embracing resonant inductive coupling as the foundational WPT method and incorporating robust battery energy storage 
systems, the intermittency of solar energy can be effectively managed, ensuring a reliable and continuous power supply for electric 
vehicles. 
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While significant technical challenges related to power transfer efficiency, coil misalignment, foreign object detection, and 
electromagnetic interference persist, ongoing research and innovative mitigation strategies are steadily addressing these hurdles. The 
seamless integration with smart grids and the proliferation of Vehicle-to-Grid (V2G) capabilities further position these systems as 
critical components for future energy ecosystems, enabling optimized load management, enhanced grid stability, and efficient 
utilization of renewable energy resources. 
Global pilot projects and commercial initiatives, exemplified by Electreon's dynamic charging roads and various solar-powered 
charging stations in urban and rural settings, underscore the growing feasibility and market readiness of this technology. Despite the 
high initial costs and the need for standardized protocols, the long-term environmental benefits, operational cost savings, and the 
promise of a truly seamless charging experience make solar-powered wireless EV charging a transformative solution. Continued 
advancements in material science, power electronics, AI-driven optimization, and collaborative policy frameworks will be 
instrumental in overcoming existing barriers, paving the way for a cleaner, more resilient, and sustainable future for electric 
mobility. 
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