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ABSTRACT: 

To increase the range and decrease charging downtime of electric vehicles (EVs), dynamic wireless charging systems (DWCS) must be well-designed.  To optimize 

Dynamic Wireless Charging Systems (DWCS) for electric vehicles (EVs), aiming to enhance range, efficiency, and alignment accuracy to reduce charging 

downtime and battery costs. DWCS, which enables on-the-move charging through inductive power transfer, can transform EV infrastructure, making long-distance 

travel more feasible. Key challenges addressed include infrastructure planning, power transfer efficiency, and real-time coil alignment, vital for effective energy 

transfer in varying road conditions. To ensure reliability, we incorporate advanced energy management strategies, adaptive resonance tuning, and machine learning 

for dynamic control, improving both safety and operational flexibility.  

Keywords: Dynamic Wireless Charging Systems, Inductive Power Transfer, Coil Alignment, Energy Management, Renewable Integration, 

Electric Vehicles. 

1.INTRODUCTION 

1.1 Dynamic Wireless Charging: 

Electric vehicles (EVs) have garnered a lot of attention due to their lower operating costs and environmental benefits, but a number of barriers keep them 

from being widely used. Two significant disadvantages are the relatively long charging times compared to conventional automobile refueling and the 

restricted driving range, which is based on battery capacity. Fast- charging options boost long-term ownership expenses by triggering battery degradation, 

even while they assist reduce charging time issues. Dynamic wireless charging (DWC) offers a potential substitute by allowing EVs to be charged 

wirelessly while they are on the go, eliminating charging downtime, and reducing the need for large, expensive batteries. DWC uses an inductive coupling 

between a wireless charging lane built into the road and a charging pad underneath the EV to transmit energy. This technology has the potential to 

transform EV charging and increase the convenience of EVs for long-distance driving. Nevertheless, DWC infrastructure entails high deployment and 

maintenance costs and is not as economically established as wired fast-charging stations. In order to guarantee the cost-effectiveness and viability of 

DWC infrastructure, it is imperative that its design and placement be optimized. This work intends to create an effective DWC infrastructure design 

strategy that maximizes charging lane use and facilitates the shift to mainstream EV adoption while preserving grid stability and sustainability using 

sophisticated traffic simulations and optimization models. 

1.2 Challenges Faced By Ev Owners: 

Energy Availability and Driving Range Limitations: The short driving range of many passenger-size EVs is one of the main issues that prospective EV 

purchasers are worried about. High-end cars like the Tesla Model X and Lucid Air Dream R have ranges of 455 km and 680 km, respectively, whereas 

models like the Renault Twingo EV only have a range of roughly 135 km. However, the cost of these longer-range variants is much higher, which deters 

widespread adoption. 

Charging Time vs. Refueling Time: Although rapid EV charging methods have been created to shorten charging periods, they are still unable to match 

conventional vehicles' rapid refueling times. Furthermore, rapid charging may cause battery deterioration because of the excessive heat produced by the 

increased current flow, which lowers the over all battery lifespan 
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1.3 Dynamic Wireless Charging (Dwc) As A Solution: 

 In order to overcome these obstacles, wireless EV charging options are being investigated, especially Dynamic Wireless Charging (DWC). Through an 

inductive coupling between a wireless charging lane on the road and a charging pad below the car, DWC makes it possible for EVs to be charged while 

driving. This strategy can make EVs more convenient to operate by lowering the requirement for big batteries and removing downtime during charging. 

Nevertheless, stationary wireless chargers that meet SAE J2954 requirements or wired DC fast chargers that follow SAE J1772 standards are more 

commercially developed than DWC systems. Given the relatively low penetration of EVs and the high costs of implementing and maintaining DWC 

infrastructure, rigorous infrastructure design is required to guarantee its viability. 

1.4 Need For Optimal Dwc Infrastructure Planning:  

It is crucial to create ideal infrastructure planning models because of the anticipated high deployment and maintenance costs of DWC systems as well as 

the concern about low usage brought on by the present low EV adoption rates. In order to optimize the use of DWC infrastructure while meeting EV 

charging demands, these models assist in determining the optimal charging lane placements, lane lengths, and power levels. The effect of the charging 

infrastructure on the electrical grid must be taken into account in addition to optimizing the DWC lanes. Distributed Generation (DG) resources must be 

integrated into the planning process in order to support the power grid when the DWC system is operating. 

2. CHARGINGSTATIONINFRASTRUCTURE 

2.1 Overview of infrastructure: 

The infrastructure for dynamic wireless charging (DWC) systems for electric vehicles (EVs) requires meticulous planning and design to ensure efficiency, 

reliability, and widespread adoption. Charging stations, especially those designed for DWC, involve both on-road and off-road elements, such as 

embedded charging lanes, power distribution systems, and monitoring technologies. The infrastructure must support the seamless transfer of energy while 

ensuring minimal disruption to existing road networks and power grids. The complexity of the system necessitates careful integration of vehicle charging 

requirements, traffic conditions, and energy grid capabilities. 

a) Charging Lanes: These lanes are embedded within roads to enable wireless energy transfer as EVs move over them. The placement and coverage of 

these lanes are crucial for maximizing charging efficiency and minimizing infrastructure costs. 

b) Power Distribution Systems: DWC lanes require efficient and reliable power distribution to ensure that energy is transferred to moving vehicles without 

causing grid overloads.  

c) Monitoring and Control Systems: Real-time monitoring systems track EVs utilizing DWC lanes and modify charging parameters for the best possible 

energy transfer and safety. 

2.2. Wireless Power Transfer (WPT) station types include:  

Static and dynamic charging stations are the two primary types of wireless power transfer (WPT) stations for electric vehicles. Each type has unique 

benefits and difficulties and fulfills various use cases. 

 

Fig 1: Wireless Power Transfer (WPT) Stations 

2.2.1 STATIC WIRELESS CHARGING: 

The technology that enables EVs to charge when parked or stationary is known as static wireless charging. Usually, parking lots, garages, or other 

designated public areas are where these systems are deployed. Because the car and the ground-based charging station are in steady alignment, static 

charging provides great power transfer efficiency. Vehicles on the go cannot use static wireless charging, even if it does away with the need for physical 

connectors. 
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Fig 2: Static Wireless Charging 

a) Key Features: 

a. High efficiency due to fixed alignment. 

b. Suitable for overnight or long-duration charging. 

c. Minimal wear and tear compared to traditional plug-in systems. 

b) Challenges: 

a. Requires EVs to be stationary, limiting charging during travel. 

b. Limited availability of public static wireless charging infrastructure.  

2.2.2. Dynamic wireless charging: 

EVs can be charged while moving thanks to dynamic wireless charging, which provides a constant power source while traveling. This technology makes 

EVs more practical for long-distance driving by removing the need for big batteries and charging downtime. DWC systems employ inductive connection 

between receivers installed beneath the EV and charging pads buried in the pavement. Highways, city streets, or designated charging lanes can all 

incorporate dynamic charging stations. 

 

Fig 3: Dynamic Wireless Charging 

i. Key Features: 

a. Enables on-the-move charging, reducing the need for frequent charging stops. 

b. Reduces battery size requirements, making EVs lighter and more cost-effective. 

c. Supports continuous long-distance travel without interruptions for recharging. 

ii. Challenges: 

• High infrastructure costs due to the need for embedding charging lanes in roads. 

• Requires careful planning of lane placement to maximize use while minimizing costs. 

• Energy transfer efficiency can be lower than static systems due to constant movement and misalignment risks. 

2.2 Future Trends in Charging Infrastructure: 

It is anticipated that developments in smart grids, renewable energy integration, and real-time vehicle-to-grid (V2G) communication will shape the future 

of DWC infrastructure. Optimizing lane layout, energy management, and scalability will be essential to preserving price and efficiency as more EVs 
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implement DWC systems. The expansion of DWC infrastructure will also be fueled by advancements in wireless charging efficiency, such as better 

alignment methods and quicker energy transfer rates. 

3. WIRELESS POWER TRANSFER (WPT) 

A key element in the creation of dynamic wireless charging (DWC) systems for electric cars (EVs) is wireless power transfer, or WPT. WPT technology 

uses electromagnetic fields to wirelessly transfer power from the infrastructure to the vehicle, eliminating the need for physical connectors. To guarantee 

effective, secure, and scalable energy transfer while EVs travel between charging lanes, WPT design optimization is crucial in the context of DWC 

systems. The various WPT techniques, their underlying theories, and their applications to the design and optimization of DWC systems for EVs are 

examined in this chapter. 

3.1 Wireless Power Transfer Technology: 

The electromagnetic induction principle, which transfers energy from a source coil buried in the road to a receiver coil positioned beneath the car, is the 

foundation of wireless power transmission for electric vehicles. WPT's primary benefit in DWC systems is its capacity to charge cars without direct 

physical touch, allowing for seamless charging while moving. 

 

Fig 4: Wireless Power Transfer Technology 

Key Components of WPT Systems: 

Transmitter Coil: Installed beneath the road surface, this coil generates an alternating magnetic field that induces current in the receiver coil. 

Receiver Coil: Mounted under the EV, this coil captures the induced magnetic field and converts it back into electrical energy to charge the vehicle’s 

battery. 

Power Control Systems: These systems regulate the energy transfer process to ensure that the transmitted power meets the vehicle's charging 

requirements while maintaining safety standards.  

3.1 Wireless Power Transfer Types:  

Capacitive Power Transfer (CPT) and Inductive Power Transfer (IPT) are the two primary WPT technologies utilized in dynamic wireless charging 

systems. Every technique has advantages and disadvantages when it comes to dynamic EV charging.  

3.1.1Capacitive Power Transfer (CPT): 

 This method transfers energy between a transmitter and a receiver by means of electric fields and an air gap. In order to generate electric fields that 

induce voltage and transport power over the gap, this technique uses high-frequency alternating currents.  

 

Fig 5: Capacitive Power Transfer (CPT) 
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Advantages of CPT: 

a. Simpler and more compact design due to the absence of large coils. 

b. Suitable for short-range power transfer, typically over a few centimeters. 

Challenges of CPT: 

a. Low efficiency over large air gaps, making it less suitable for dynamic applications where misalignment between vehicle and road is common. 

b. More prone to environmental interference, affecting consistent energy transfer. 

While CPT offers potential in static wireless charging, its limitations in alignment tolerance and efficiency make it less ideal for dynamic wireless charging 

of moving vehicles. 

 3.2.2 Inductive Power Transfer (IPT): 

Inductive Power Transfer is the most widely used WPT technology for dynamic EV charging. It operates on the principle of electromagnetic induction, 

where an alternating magnetic field created by a transmitter coil induces a current in a receiver coil, transferring energy wirelessly. 

 

Fig 6: Inductive Power Transfer (IPT) 

Advantages of IPT: 

a. Higher energy transfer efficiency compared to CPT, particularly over longer distances and at higher power levels. 

b. More effective in dynamic scenarios due to its ability to tolerate moderate misalignment between the transmitter and receiver coils. 

Challenges of IPT: 

a. equires precise alignment between the vehicle's receiver coil and the road's transmitter coil for optimal energy transfer. 

b. High infrastructure costs for embedding transmitter coils into roadways and the need for robust power management systems. 

IPT is the preferred method for dynamic wireless charging systems due to its higher efficiency, better performance in real-world dynamic environments, 

and scalability for use in highways and urban roads. 

3.3 Optimization of Wireless Power Transfer for DWC Systems: 

In order to ensure that power is transferred efficiently while preserving safety, economy, and energy efficiency, an effective DWC system for EVs must 

be designed by optimizing the WPT process. The following are crucial elements in WPT optimization for DWC systems:  

a. Coil Design and Alignment: Ensuring correct alignment between the car and the road-based charging coils is one of the primary difficulties in DWC. 

Even with a small misalignment, energy transmission efficiency can be increased by optimizing the coils' size, shape, and positioning.  

b. Power Transfer Efficiency: Reducing energy losses requires optimizing the energy transfer efficiency between the transmitter and receiver coils. This 

entails maximizing the electromagnetic field intensity, coil spacing, and operation frequency.  

Dynamic Charging Control: Putting in place real-time control mechanisms to oversee the 

a. Dynamic Charging Control: Implementing real-time control systems to manage the power transfer process based on vehicle speed, traffic 

conditions, and energy demands. Adaptive control can help balance energy distribution and prevent overloading the grid. 

b. Thermal Management: High power transfer rates generate heat, which can affect system performance and battery life. Optimizing WPT 

systems includes effective thermal management to dissipate excess heat and maintain system integrity.  
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3.4 Safety and Standardization: 

 When designing WPT systems for DWC, safety is a key factor. Concerns around electromagnetic exposure, interference with other electronic devices, 

and possible risks to drivers are raised when high power levels are transferred via a wireless media. Following international safety regulations and making 

sure the system runs within safe electromagnetic field limitations are essential components of optimizing WPT design for DWC. Safety Requirements:  

DWC systems are safe for both cars and pedestrians when they adhere to standards like the SAE J2954 for wireless power transfer.  

Electromagnetic Compatibility: The broad use of DWC technologies depends on WPT systems not interfering with other electronic  

4. PRINCIPLE OFDYNAMIC WIRELESS CHARGING 

For electric cars (EVs), dynamic wireless charging (DWC) is a game-changing technology that allows for continuous charging while the vehicle is 

moving. This effectively addresses range anxiety, one of the main obstacles to EV adoption, by doing away with the requirement for frequent stops at 

charging stations. Through the use of electromagnetic fields and wireless energy transfer, DWC enables cars to recharge their batteries while traveling 

on roads that have been carefully constructed. The fundamentals of dynamic wireless charging are covered in this chapter.   

 

Fig 8: Dynamic wireless charging 

4.1 Fundamentals of Dynamic Wireless Charging:  

Using electromagnetic fields, dynamic wireless charging transfers energy from an infrastructure-based power source to an electric vehicle via an air gap. 

This method uses the electromagnetic induction principle, in which coils buried in the pavement wirelessly transfer energy to receiver coils on the car. 

The fundamental ideas of DWC technology can be divided into multiple important categories:  

 Electromagnetic Fields: In DWC systems, wireless energy transfer relies on electromagnetic fields. A magnetic field is created when alternating current 

passes through the transmitter coils set into the pavement. This field creates a current in the car's receiver coil, which is subsequently transformed into 

electrical energy to charge the battery.  

Magnetic Coupling: The strength and efficiency of energy transfer depend on the magnetic coupling between the transmitter and receiver coils. Stronger 

coupling leads to more efficient energy transfer but requires precise alignment of the coils. 

4.1.1 Inductive Power Transfer (IPT): 

Inductive Power Transfer is the primary method used in dynamic wireless charging. In IPT systems, power is transmitted wirelessly via magnetic 

induction between the transmitting and receiving coils. This method allows for efficient power transfer over small air gaps, making it suitable for dynamic 

charging scenarios where the vehicle is constantly in motion. Operating Frequency: The efficiency of inductive power transfer is influenced by the 

operating frequency of the system. Higher frequencies typically result in more efficient energy transfer, but they also introduce challenges in terms of 

system design and electromagnetic interference. 

Power Levels: While the EV is traveling at different speeds, DWC systems must be built to transfer enough power to charge the battery. A crucial 

component of DWC design is power level optimization, which guarantees efficient energy transmission without overheating or harming the vehicle's 

components. 
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Fig 9: Inductive Power Transfer (IPT) 

4.2 Key Design Considerations for Dynamic Wireless Charging: 

A. Important Design Factors for Wireless Dynamic Charging: 

A dynamic wireless charging system's design must be optimized by carefully taking into account a number of variables that affect the dependability and 

efficiency of energy transmission. These elements consist of safety, system efficiency, alignment, and energy transfer distance. 

4.2.1 Alignment and Distance:  

The performance of DWC systems is greatly influenced by the alignment and distance between the transmitter and receiver coils. Road conditions, vehicle 

speed, and vehicle design can all affect the air gap between the road and the car. Maximum magnetic coupling and effective energy transfer are guaranteed 

when the coils are aligned properly. Air Gap Tolerance: When the vehicle's height varies as a result of road conditions, DWC systems must be built to 

retain high energy transfer efficiency.  

4.2.2 Energy Transfer Efficiency: 

Energy transfer efficiency is one of the most important performance metrics for DWC systems. Higher efficiency means more energy is transferred to 

the vehicle’s battery, reducing charging time and improving the overall viability of the system. 

Minimizing Power Losses: Power losses can occur due to misalignment, coil design inefficiencies, and electromagnetic interference. Optimizing the coil 

design, tuning the resonance frequency, and implementing real-time alignment adjustments are key strategies for minimizing these losses. 

 

Fig 10: Energy transfer efficiency 

4.2.3 Safety and Electromagnetic Interference (EMI): 

 Electromagnetic interference (EMI) and safety: When it comes to dynamic wireless charging systems, safety is of utmost importance, particularly in 

light of the possibility of electromagnetic interference (EMI) with other electronic equipment. The system must be built to function safely in public spaces 

without endangering infrastructure, other cars, or pedestrians. EMI Shielding: To avoid interfering with other electronic devices, including pacemakers 

or communication systems in adjacent cars, electromagnetic fields must be properly shielded. International criteria for electromagnetic compatibility must 

be met by DWC systems.  
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4.3. Advantages of Dynamic Wireless  

Charging: Dynamic wireless charging is a potential technology for the future of charging electric vehicles since it provides a number of important 

advantages. DWC systems can greatly increase EVs' utility and convenience by removing the need for frequent pauses at charging stations. Additionally, 

it increases the EV's driving range without requiring lengthy stops for recharging. Enhanced Uptake of EVs: DWC systems can promote broader EV 

adoption by tackling the issue of range anxiety, which will lower emissions and provide a more environmentally friendly transportation system.  

4.4 Obstacles and Upcoming Developments: 

 Although DWC technology has many benefits, there are still obstacles in the way of its broad adoption. Future advancements in machine intelligence, 

sensor technologies, and materials science are anticipated to have a have a vital part in solving these issues and making DWC systems more practical.  

Infrastructure Expenses: Installing DWC infrastructure, which includes putting coils in highways, comes at a high expense. Economies of scale and 

technological advancements, however, might eventually assist in lowering these expenses.  

The extensive use of DWC systems will raise energy demand, necessitating proper integration with the electrical grid to guarantee sustainable and efficient 

energy supply.  

5. COIL ALIGNMENT IN VEHICLES  

Optimizing the design of dynamic wireless charging (DWC) systems for electric cars (EVs) requires careful consideration of vehicle coil alignment. To 

optimize energy transfer efficiency, reduce power losses, and guarantee the safety of the charging process, the transmitter coil embedded in the road and 

the receiver coil mounted in the car must be properly aligned. Coil alignment is a crucial design factor in DWC systems since misalignment can result in 

decreased charging performance and higher energy usage. The various alignment techniques, difficulties, and optimization techniques for car coil 

alignment in dynamic wireless charging are examined in this chapter.  

A. The Value of Aligning Coils in DWC Systems  

Dynamic wireless charging uses electromagnetic induction to transfer energy from the road-based infrastructure to the moving car. The alignment of the 

transmitting and receiving coils has a significant impact on the power transfer's efficiency. It is crucial to develop a system that maintains ideal alignment 

while the car travels along the charging lane because even small misalignments can drastically lower the energy absorbed by the vehicle.  

Effect on the Efficiency of Energy Transfer: Maximum coupling between the coils is ensured by proper alignment, facilitating effective energy transfer. 

Even a few centimeters of misalignment can significantly affect charging efficiency, resulting in slower charging rates or increased energy usage. Safety 

Issues and Power Outages: Power losses are caused by misaligned coils. 

because a portion of the energy that is delivered does not make it to the car's battery. Furthermore, these losses may produce excessive heat, which could 

be dangerous, particularly during extended chargingsessions.  

5.1 Coil Alignment Types 

Ground alignment and vehicle alignment are the two main coil alignment techniques utilized in dynamic wireless charging systems. Every technology 

has unique difficulties and optimization strategies to guarantee efficient charging while the car is moving.  

a) Ground Alignment: This describes how the transmitter coils are positioned and inserted into the road surface. Maintaining effective energy 

transmission while in motion requires that these coils be correctly oriented in relation to the anticipated trajectory of the vehicle. Optimizing the charging 

lane's design to suit various vehicle sizes, types, and speeds is known as ground alignment.  

Design of Charging Lanes: To guarantee that the transmitter coils line up with the receiver coils of different EV models, charging lanes need to be 

precisely planned. Lane width, coil spacing, and the anticipated trajectory of the vehicle during dynamic charging must all be carefully taken into account.  

Several Coils for Protection: Several transmitter coils can be positioned throughout the width of the vehicle to accommodate for lane changes or vehicle 

drift. 

lane. Even if the vehicle's path is not precisely parallel to the lane center, this guarantees that energy transmission is maintained.  

One of the challenges is keeping alignment when driving on various types of roads, such as curves and slopes.  

ii. Taking into consideration the different speeds and sideways motions of automobiles.  

b) Vehicle Alignment: This is the arrangement of the EV's receiver coil to guarantee the best possible energy capture from the transmitter coils on the 

road. Even while the vehicle is traveling at high speeds, the receiver coil needs to be positioned to maximize the overlap with the ground-based coils.  
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Positioning of the Receiver Coil: Usually installed beneath the automobile, the receiver coil is oriented with the car's centerline to correspond with the 

location of the transmitter coils on the road. To catch as much of the electromagnetic field as possible while in motion, the coil's size and form must be 

carefully considered.  

Active Alignment Systems: Some sophisticated DWC systems use active alignment technologies, which modify the receiver coil's position in real time 

to make up for  

make up for little misalignments. These systems track the location of the vehicle using sensors and actuators, then modify the coil alignment as necessary.  

Creating a coil placement system that functions with various car models and undercarriage configurations is one of the challenges.  

ii. Maintaining constant alignment when there are abrupt changes in the road or vehicle movements.  

c) Coil Design Optimization: Ensuring effective energy transfer and preserving alignment depend heavily on the design of the transmitter and reception 

coils. To increase misalignment tolerance without compromising performance, coil size, shape, and material must be tuned.  

Larger Coil Surfaces: By making the transmitter and receiver coils larger, the magnetic coupling can be enhanced and some misalignment tolerance can 

be accommodated. Larger coils, however, may also make the system more expensive and complicated.  

d)Optimized Coil Geometry: The shape of the coils can be optimized to create a more uniform magnetic field, improving the chances of capturing 

energy even when the vehicle is slightly misaligned. Elliptical or rectangular coils are often preferred over circular ones in dynamic charging systems. 

5.2 Future Developments in Coil Alignment: 

Future advancements in coil alignment will concentrate on raising system adaptability, cutting costs, and increasing efficiency as dynamic wireless 

charging technology develops further. It is anticipated that advancements in materials science, machine learning, and sensor technologies will be crucial 

to reaching these objectives.  

Machine Learning for Predictive Alignment: By using machine learning algorithms to forecast alignment problems based on road conditions and vehicle 

behavior, the system can make real-time adjustments for the best possible energy transfer.  

Advanced Coil Materials: By creating novel materials with increased electromagnetic permeability, coil efficiency can be increased and misalignment 

tolerance increased. 

6. CONCLUSION  

The main issues that electric cars (EVs) confront are range anxiety, lengthy charging times, and battery damage from rapid charging. Dynamic Wireless 

Charging Systems (DWCS) offer a ground-breaking solution to these problems. With an emphasis on improving alignment accuracy, boosting energy 

transfer efficiency, and guaranteeing system dependability, this study offers a thorough framework for DWCS design optimization. In addition to ensuring 

effective energy transfer, DWCS also solves safety issues related to electromagnetic fields by utilizing real-time alignment systems and sophisticated 

energy management techniques.  

The study highlights the value of strategic planning for DWCS infrastructure, emphasizing the integration of renewable energy sources and traffic 

simulations. When combined with distributed generation (DG) resources, charging lanes' ideal placement and power management guarantee economical 

deployment without taxing the capacity of current power grids. By contrasting capacitive and inductive transfer techniques and promoting inductive 

power transfer because of its greater efficiency and misalignment tolerance, the study also clarifies the technical nuances of wireless power transfer 

(WPT). 

The high expenses of infrastructure implementation, the requirement for exact coil alignment, and the effect on grid stability during widespread adoption 

are still obstacles, nevertheless. Coil design advancements, thermal control, and the creation of reliable real-time control systems are essential to 

addressing them. Additionally, DWCS's sustainability may be greatly improved by integrating renewable energy sources and implementing smart grid 

technology. 

In summary, DWCS has enormous potential to improve the environmental friendliness, efficiency, and convenience of EV charging infrastructure. With 

ongoing technological developments and 

Coil design advancements, thermal control, and the creation of reliable real-time control systems are essential to addressing them. Additionally, DWCS's 

sustainability may be greatly improved by integrating renewable energy sources and implementing smart grid technology. 

In summary, DWCS has enormous potential to improve the environmental friendliness, efficiency, and convenience of EV charging infrastructure. With 

sustained technological development and careful planning, DWCS is well-positioned to contribute significantly to hastening the shift to environmentally 

friendly transportation and broad EV adoption. This study offers a solid starting point for further investigation and advancement in this nascent area. 
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