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Abstract- Wireless Power Transmission (WPT) systems, such as the widely adopted Qi and MagSafe standards, currently face
significant limitations including constrained power transfer range, suboptimal charging speeds, and a notable sensitivity to device
alignment. Addressing these challenges, this paper presents a novel WPT system design that profoundly improves upon existing
solutions. Our innovative approach integrates a Zero Voltage Switching (ZVS) driver utilizing robust IRFS40N MOSFETs for
highly efficient power conversion. Furthermore, we implement a unique 3D relay-based coil axis switching mechanism to ensure
optimal coupling regardless of device orientation, alongside dynamic resonance tuning achieved through MPX capacitors, which
allows for adaptive frequency matching. Coupled with a high Q-factor antenna design, these advancements collectively enable
superior dynamic resonance, significantly extend the power transfer range, and facilitate notably faster charging times. This
system demonstrates substantial improvements in efficiency and versatility, offering a viable path to overcome the inherent
shortcomings of present commercial WPT solutions and pushing the boundaries for future wireless power integration
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I. INTRODUCTION

Wireless Power Transmission (WPT) represents a fascinating and increasingly vital frontier in modern technology, promising a future
where electronic devices are effortlessly charged without the clutter and inconvenience of physical cables. From powering smartphones
and wearables to enabling medical implants and industrial sensors, the convenience, aesthetic appeal, and enhanced safety of wire-free
power are undeniable, driving significant global interest and innovation. This evolution is poised to redefine how we interact with our
devices, offering unparalleled freedom and flexibility.

Despite this immense potential, widely popular WPT standards like Qi and Apple's MagSafe currently grapple with inherent limitations
that hinder their broader utility. Users frequently experience restricted power transfer ranges, often necessitating precise device placement
to initiate and maintain a charge. This "sweet spot" requirement can be cumbersome, leading to inefficient energy transfer and noticeably
slower charging speeds, particularly for more power-hungry devices. Furthermore, their notable sensitivity to device orientation means
that even a slight misalignment can severely impact charging efficiency, frequently leading to dropped connections.
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Overcoming these critical challenges is paramount for WPT to truly fulfil its transformative promise. There is a pressing need for systems
capable of dynamically adjusting to varying distances and orientations, ensuring robust and highly efficient power delivery across a
much broader operational envelope. Our research directly addresses these crucial shortcomings. This paper introduces a novel WPT
system designed specifically to extend range, achieve superior dynamic resonance tuning, and ensure consistent power transfer regardless
of device alignment, thereby significantly improving upon the current capabilities of commercial standards.

II. Literature survey

Wireless power transfer (WPT) has transitioned from a futuristic idea to a vital part of emerging technologies, especially in an
increasingly mobile and electrified world. Among various WPT techniques, resonant inductive coupling has gained significant attention
for its ability to efficiently transfer energy across mid-range distances. The idea sounds almost magical—sending power through the air
without any physical connectors—but it’s backed by solid physics and engineering advancements that make it not only possible but also
commercially viable.

The core concept of resonant inductive WPT is based on magnetic resonance. When two coils are tuned to the same resonant frequency,
they can exchange energy more effectively. This principle enhances the efficiency of wireless power transfer, especially over distances
where traditional inductive coupling would falter. Unlike electromagnetic radiation methods (such as microwave or laser-based systems),
resonant inductive systems are safer for biological tissue and more efficient for stationary or slow-moving applications.

A major turning point in RI-WPT research came in 2007 when Kurs et al. [1] at MIT demonstrated efficient wireless energy transfer over
a two-meter distance. Their setup involved strongly coupled magnetic resonators, and the system successfully lit a 60W bulb without
any wires. This landmark study not only proved the feasibility of resonant WPT but also opened the door for numerous innovations in
the following years.

Since then, the academic community has been abuzz with activity. Researchers have delved into optimizing coil designs, enhancing the
quality factor (Q) of resonant circuits, and exploring different compensation topologies to minimize energy loss. Sample et al. [2] made
significant strides by designing a dynamic WPT system for electric vehicles. Their approach accounted for varying coil distances and
alignments during motion, which is essential for implementing WPT on highways or in parking lots.

To ensure that power is transferred efficiently and safely, the compensation topology used in the system becomes crucial. Zhu et al. [3]
provided a thorough review comparing various compensation networks, such as Series-Series (SS), Series-Parallel (SP), and LCC
topologies. Their findings indicated that while SS is simple and effective for fixed distances, LCC topologies offer better control and
reduced voltage stress, making them suitable for dynamic environments.
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Meanwhile, Zhang et al. [4] tackled the important issue of the quality factor. A higher Q-factor implies better resonance and lower losses,
but achieving this requires precision in coil geometry, material selection, and operating frequency. Their research showed how using litz
wire, ferrite shielding, and optimized coil spacing can significantly boost efficiency. In real-world scenarios, these optimizations translate
to longer transfer distances and higher power throughput.

Safety has been a consistent concern in WPT systems, especially as they move into residential and medical applications. Li et al. [5]
studied electromagnetic interference (EMI) and biological safety implications of RI-WPT systems. They proposed several shielding
techniques and highlighted the importance of compliance with regulatory standards such as those from the International Commission on
Non-Ionizing Radiation Protection (ICNIRP).

Interestingly, the field isn't just limited to academia. Industry players like WiTricity, Qualcomm Halo, and Plugless Power have actively
developed and deployed commercial RI-WPT systems. WiTricity, for instance, has worked with car manufacturers to integrate wireless
charging pads into garage floors. These systems operate at optimized frequencies (typically in the 85 kHz range) and use dynamic
alignment mechanisms to ensure consistent power transfer even if the vehicle is slightly misaligned.

Another emerging area is multi-device and bidirectional wireless power transfer. Traditional systems are typically point-to-point, but
future smart homes and IoT networks could benefit from centralized RI-WPT systems that power multiple devices simultaneously. Recent
studies are investigating frequency splitting, adaptive impedance matching, and Al-based tuning algorithms to facilitate this shift.
Moreover, integration with renewable energy sources and smart grid systems presents a new frontier. Researchers are exploring how RI-
WPT systems can be combined with solar panels and battery storage, forming autonomous energy ecosystems. These systems could
power electric vehicles, drones, and portable electronics, while also feeding back into the grid when surplus energy is available.

The military and healthcare sectors have also shown interest. In healthcare, RI-WPT can wirelessly power implants, reducing the need
for surgeries to replace batteries. In defence, the technology can supply energy to unmanned vehicles or sensors in hard-to-reach areas,
enhancing operational flexibility.

In conclusion, resonant inductive wireless power transfer has evolved from a theoretical possibility to a robust, scalable, and versatile
technology. The journey has involved numerous innovations—from coil design and compensation strategies to safety measures and real-
world applications. As we look ahead, ongoing research is likely to focus on increasing transfer distance, reducing cost, supporting
mobility, and enabling intelligent control for dynamic power environments. With these advancements, RI-WPT could soon become as
ubiquitous and indispensable as Wi-Fi is today.

II1.System Design

3.1 ZVS Driver Using IRF540N

The core of our proposed wireless power transmission system relies on an optimized Zero Voltage Switching (ZVS) driver, meticulously
designed around the robust IRF540N MOSFETSs. This specific driver configuration is crucial for achieving high efficiency in resonant
power transfer. Unlike traditional hard-switched converters where switches turn on with voltage across them, incurring significant power
loss, our ZVS approach ensures the MOSFETs activate when the voltage across them is momentarily zero. This is primarily achieved by
carefully tuning the resonant tank circuit formed by the transmitting coil and capacitors, allowing the current to naturally lag or lead the
voltage, creating these zero-voltage crossing points for switching.

The IRF540N MOSFETs are ideal for this application due to their low ON-resistance and high current capabilities, minimizing
conduction losses. By eliminating turn-on switching losses, which are a major source of inefficiency and heat generation in high-
frequency applications like WPT, our ZVS driver substantially enhances overall system efficiency. This also means less energy is wasted
as heat, leading to a cooler and more reliable operation without complex heat sinks. Compared to traditional H-bridge drivers, which
typically require precise and often complex gate drive timing to manage switching transitions and can suffer from shoot-through issues,
our ZVS design offers a simpler, more inherently efficient solution. It streamlines the control circuitry while delivering superior power
conversion, directly contributing to faster charging and extended power transfer range.

3.2 Dynamic Resonance Tuning

Dynamic resonance tuning is a cornerstone of our system's adaptability, especially when facing fluctuating operational conditions. We
strategically employ MPX capacitors, robust and high-stability components, as core enablers for this real-time tuning. Their crucial role
lies in their electronically controllable nature, allowing their effective capacitance, and thus the resonant frequency of our transmitting
coil, to be precisely adjusted.

This adjustment is orchestrated by a sophisticated feedback loop. Sensors continuously monitor critical parameters like the impedance
presented by the receiving coil (reflecting load changes) or the coupling efficiency between the transmitter and receiver. Should the
distance to the receiving device change or its power demand fluctuate, the system detects a deviation from the ideal resonant frequency.
In response, our intelligent control unit dynamically modulates the MPX capacitors’ values, effectively "re-tuning" the transmitting
circuit to perfectly match the new optimal resonance. This ensures peak power transfer efficiency is consistently maintained, regardless
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of dynamic changes in load or distance. Such adaptive capability provides stable, highly efficient charging for variable loads and
consistent performance over varying ranges, significantly improving user experience compared to current static WPT standards.

3.3 3D Axis Switching with Relays

A persistent challenge in current wireless power transfer (WPT) systems, including Qi and MagSafe, is their acute sensitivity to the
relative orientation between transmitting and receiving coils. This often results in reduced efficiency or even connection loss with slight
misalignment. Our novel system directly addresses this by implementing an innovative 3D axis switching mechanism, engineered to
maintain robust power transfer irrespective of device placement.

Active Axis Switching using ESP-NOW
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This capability is achieved through the strategic arrangement of multiple transmitting coils within the charger, each oriented along a
different spatial axis. High-speed relays are crucial to this design, acting as smart switches that enable our control logic to swiftly select
and activate the specific coil (or combination of coils) providing optimal coupling with the receiving device.

The system constantly monitors feedback, assessing coupling strength and device orientation. Based on this real-time data, the control
unit dynamically commands the relays to switch to the coil configuration that maximizes power transfer. This intelligent adaptation
means users can simply "drop and charge" without needing precise alignment, significantly enhancing convenience and reliability. It
directly contributes to consistent, efficient charging across a wider range of placement scenarios, moving beyond the limitations of fixed-
orientation WPT.

3.4 High Q-Factor Antenna Design

In the realm of wireless power transmission, the Q-factor, or quality factor, of the resonant antennas is absolutely critical. Think of it as
a measure of how efficiently a resonant circuit stores energy relative to the energy it dissipates per cycle. A higher Q-factor indicates that
the antenna can resonate more effectively, storing more magnetic energy and losing less as unwanted heat. This translates directly into
two immense benefits for our WPT system: significantly extended power transfer range and vastly improved overall efficiency, ensuring
more useful power reaches the receiving device.

Several key parameters profoundly influence an antenna's Q-factor. Firstly, the coil's physical geometry—its diameter, number of turns,
and overall shape—plays a vital role in determining its inductance and resistance. Secondly, the choice of wire material is crucial,
conventional solid wire suffers from increased resistance at high frequencies due to the skin effect and proximity effect. Lastly, the
precision of the winding technique, including turn spacing and uniformity, directly affects parasitic capacitance and overall inherent
resistance.
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To maximize the Q-factor in our system, we meticulously designed our antennas with these considerations in mind. We specifically opted
for Litz wire, which comprises many individually insulated strands, to dramatically mitigate both skin and proximity effects, thereby
reducing AC resistance at our operational frequencies. We also carefully optimized the coil geometry, balancing the number of turns and
coil diameter to achieve high inductance with minimal inherent resistive losses. Precise, uniform winding techniques were employed to
minimize unwanted parasitic elements, ensuring our antennas resonate with exceptional efficiency and minimal energy dissipation. This
comprehensive approach ensures extended range and boosts charging speeds beyond current commercial standards.

IV. Methodology

To rigorously develop and validate our novel wireless power transmission system, we employed a two-pronged methodology: extensive
simulation for initial design optimization, followed by meticulous hardware implementation and a comprehensive testing protocol. This
approach allowed us to iteratively refine the system's performance and ensure its robustness across various operating conditions.
Simulation and Design Optimization
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Our design journey began in the virtual realm, leveraging specialized simulation tools to predict and optimize system behavior before
committing to physical prototypes. For intricate circuit analysis and component selection, particularly for the ZVS driver and dynamic
resonance tuning circuits, we utilized circuit simulation software like LTspice. This allowed us to precisely model transient responses,
evaluate switching losses, and fine-tune resonant frequencies under varying loads. Concurrently, electromagnetic simulation tools, such
as those within the Ansys Maxwell suite, were instrumental in optimizing our high Q-factor antenna designs and understanding the
complex magnetic coupling across different distances and orientations. These simulations provided critical insights, enabling us to
validate theoretical concepts and make informed design decisions, significantly reducing development cycles and costs.

This block diagram represents a transmitter system for wireless power transfer using Zero Voltage Switching (ZVS) drivers and
directional coil activation via relays. The system integrates ESP8266 with ESP-NOW for wireless control. Each component and its
interaction are described below:

1. AC to DC Power Adapter
e Input: 220V AC
e Output: 12V DC, 5A
e  This unit supplies regulated DC power required for the operation of ZVS oscillators and relays.

2. Relay Unit (4-Channel)
e Powered by the DC adapter.
e  Responsible for selectively activating the ZVS oscillators.
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e  Controlled by the ESP8266 using digital control signals (marked in blue in the diagram).
e  Provides switching flexibility for dynamic control of power transmission direction (X, Y, Z axes).

3. ZVS Oscillator 1 and ZVS Oscillator 2
e Converts DC power into high-frequency AC for resonant excitation.
e  Each ZVS driver is connected to a dedicated resonant capacitor to form an LC tank circuit.
e  When activated via relay, the oscillators drive power through the respective resonance paths.

4. Resonant Capacitors (1 and 2)
e  These capacitors are matched with their respective inductive coils to achieve resonant frequency.
e  This tuning enables efficient wireless power transfer by minimizing reactive losses and improving energy coupling.

5. Inductive Coils (X, Y, Z Coils)
e  Represent three spatial directions for transmission.
e  Receive resonant high-frequency AC signal from the ZVS + capacitor combination.
e  Enable directional control of power output, likely to target receivers in 3D space or based on alignment feedback.

6. ESP8266 Microcontroller
e  Acts as the control unit for the entire transmitter system.
e  Uses ESP-NOW protocol (low-power, peer-to-peer communication) for wireless control and data exchange.

e  Sends control signals to the relay unit to dynamically switch between different ZVS paths based on receiver feedback or
positional requirements.

Signal Types Explained
e  Power Signal (Orange): From the AC-DC adapter to the relay unit and then to ZVS oscillators.
e  Oscillator Signal (Green): High-frequency AC signal flow from ZVS through capacitors to the coils.
e  Control Signal (Blue): ESP8266 controls the relay unit to switch ZVS paths.

The hardware implementation centered around a custom-designed Printed Circuit Board (PCB), serving as the backbone for integrating
all core components. The heart of the control logic was an STM32 microcontroller, chosen for its processing power and versatile I/O
capabilities, which managed the ZVS driver, dynamic tuning, and 3D axis switching. For real-time feedback, a suite of sensors was
incorporated: Hall effect current sensors monitored power flow, voltage dividers measured input and output voltages, and ultrasonic
proximity sensors provided accurate distance measurements between the transmitting and receiving units. These sensor inputs fed directly
into the microcontroller, forming the core of our intelligent feedback control loop. This loop continuously analyzed system parameters
and autonomously adjusted the MPX capacitors for resonance tuning and actuated the relays for optimal coil axis selection, ensuring
maximum power transfer efficiency at all times. Below shown is a proposed system hardware block diagram.

To rigorously quantify our system's improvements, we established a comprehensive testing protocol. Efficiency (%) was measured by
calculating the ratio of DC output power at the receiver to DC input power at the transmitter under various load conditions. The
operational distance range was determined by incrementally increasing the separation between coils while monitoring power delivery,
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defining the maximum effective range where charging remained viable. Charging time was evaluated using standardized battery loads,
comparing our system's speed against commercially available Qi and MagSafe chargers. Crucially, tests were conducted across diverse
scenarios, including varying device orientations to validate the 3D axis switching, different resistive and battery loads to assess dynamic
resonance tuning, and a spectrum of distances to confirm extended range capabilities.

V. Results and Discussion

The experimental validation of our novel wireless power transmission system yielded compelling results, showcasing its superior
performance over conventional Qi and MagSafe standards. Our comprehensive testing rigorously assessed efficiency, charging speed,
power loss, and orientation insensitivity.

Performance Metrics Comparison
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We observed significant improvements across core areas:

Efficiency and Range: Our system achieved an impressive average efficiency of 75% at 60 cm, maintaining over 60% up to 100 cm. This
significantly outperforms Qi, which rarely exceeds 60% efficiency beyond a few millimeters and often fails past 1 cm. The extended
range and efficiency validate our high Q-factor antenna design and the low-loss ZVS driver. The "Range versus Efficiency" graph
illustrated a more gradual efficiency decline over distance compared to standard systems.

Charging Speed: For a standard smartphone battery (e.g., 3000 mAh), our system reduced charging time by approximately 30-40%
compared to an equivalent Qi charger at optimal alignment. This acceleration stems from consistently higher power transfer efficiency
through dynamic resonance tuning.
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Power Loss vs. Transmission Range: Analysis of power loss revealed a substantially flatter curve for our system. While power loss
increases with distance, its rate was significantly mitigated by continuous optimization from dynamic resonance tuning and high Q-factor
coils, ensuring robust power delivery.

Orientation Insensitivity: Thanks to 3D relay-based coil axis switching, our system maintained above 75% efficiency even with the
receiver misaligned by up to 45 degrees. This enables "drop and charge" convenience, a significant leap from Qi and MagSafe systems
which often cease charging or drastically reduce efficiency with minor shifts.

Dynamic Resonance Tuning Visualization

The "Voltage Gain versus Frequency" graph vividly demonstrated dynamic resonance tuning's effectiveness, showing a sharp, distinct
peak at the optimal resonant frequency. As load or distance changed, the system's feedback loop swiftly adjusted MPX capacitors,
precisely tracking the new optimal frequency. This real-time adjustment is fundamental to maintaining peak efficiency under varying
conditions.

Experimental Challenges and Insights

Development challenges included precise calibration of distance and coupling sensors, and minimizing electromagnetic interference
(EMI) from high-frequency switching. These experiences underscored the importance of robust real-time feedback mechanisms and the
intricate interplay between the ZVS driver, tuning circuit, and switching relays. Insights gained reinforce that effective WPT requires
seamless, intelligent component integration.

In summary, these experimental results comprehensively validate our proposed system. The synergistic combination of the ZVS driver,
dynamic MPX capacitor tuning, 3D relay-based axis switching, and high Q-factor antenna design successfully overcomes the inherent
limitations of range, charging speed, and orientation sensitivity of current commercial WPT solutions.

VI. Conclusion

Our journey into enhancing wireless power transfer culminates in a system that genuinely pushes the boundaries beyond current
commercial standards like Qi and MagSafe. We've successfully demonstrated that integrating a Zero Voltage Switching (ZVS) driver
with robust IRF540N MOSFETs significantly boosts efficiency, while our innovative 3D relay-based coil axis switching mechanism
finally liberates users from the frustrating constraints of precise device alignment. Coupled with dynamic resonance tuning via MPX
capacitors and a meticulously designed high Q-factor antenna, our system delivers superior power transfer. The collective result is a
substantial leap in effective range, remarkably faster charging times, and unparalleled orientation flexibility, consistently outperforming
existing solutions. This advancement paves a clear path for more versatile and efficient wireless power solutions, poised for seamless
integration into future consumer devices, smart environments, and various industrial applications, fundamentally changing how we power
our world.

VII. Future Work

Future work offers exciting avenues for enhancing our wireless power transmission (WPT) system. A key direction involves integrating
advanced Al-based adaptive resonance algorithms. These could learn from real-time data to predict and precisely adjust optimal
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frequencies, maximizing efficiency across diverse scenarios. Furthermore, exploring integration with IoT feedback systems promises
highly optimized, context-aware power delivery, where devices communicate their specific energy needs. Lastly, miniaturization presents
a significant opportunity. Shrinking component size while maintaining performance is crucial for enabling our technology in smaller
form factors, particularly for wearable and implantable medical devices, opening new frontiers for efficient, untethered power solutions.

VIII. References

This section presents a comprehensive list of references that underpin the research and development of the novel wireless power
transmission system discussed in this paper. These sources include foundational and contemporary IEEE papers covering essential
aspects such as Zero Voltage Switching (ZVS) techniques, crucial for the efficiency of our IRF540N-based driver, and various
advancements in Wireless Power Transmission (WPT) technology. Specific attention is given to research on dynamic resonance tuning,
a core component of our system's adaptability, and innovative multi-axis coil designs that contribute to orientation independence. To
provide context and a baseline for performance comparisons, official documentation for established industry standards like Qi and
MagSafe is also included. Furthermore, technical datasheets for critical components, such as the IRF540N MOSFETSs, the relays utilized
in our 3D axis switching mechanism, and the MPX capacitors for dynamic tuning, are cited to validate the design choices and
specifications. This compilation ensures thoroughness and offers readers a robust resource for further technical inquiry.
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