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Abstract. With the rapid global adoption of electric vehicles (EVs), efficient, reliable, and
user-friendly charging infrastructure is essential for large-scale deployment. This review addresses
magnetic resonant coupling (MRC) as a leading solution for electric-vehicle wireless charging. It
reviews the underlying physics and system designs, synthesizes recent research and pilot
deployments, and outlines key technical challenges and promising development pathways. The
analysis highlights how coil coupling, load conditions, and operating frequency influence output and
energy-transfer efficiency and demonstrates the necessity of adaptive tuning strategies—such as
frequency tracking and dynamic compensation—to maintain resonance and robust performance
under misalignment and variable loading. Major engineering challenges that remain include
alignment sensitivity, thermal management, electromagnetic compatibility (EMC), and the lack of
cross-platform standardization; addressing these issues is critical for safe, efficient, and scalable
deployment. To bridge laboratory advances and commercial systems, we propose a staged roadmap
emphasizing topology optimization, control strategy development, integration with dynamic charging
scenarios, and coordinated standardization. The paper concludes with recommended research
directions and industrial objectives aimed at accelerating the commercialization and widespread
adoption of MRC-based wireless charging for electric vehicles.

Keywords: electric vehicles, wireless charging, magnetic resonant coupling, multi-coil, dynamic
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1. Introduction

In recent years, driven by the global energy transition and intensified efforts to improve urban air
quality, electric vehicles (EVs) have rapidly moved from experimental markets toward large-scale
deployment. Policy measures — such as decarbonization targets, industrial incentives, and market
support — have accelerated EVs adoption, placing increasingly stringent demands on charging
infrastructure coverage, availability, and service quality. Charging convenience not only affects user
experience and travel behavior but also influences public acceptance and the broader pace of EVs
penetration; hence, building efficient, reliable, and maintainable charging infrastructure has become
a critical enabler for the sustainable development of the EVs industry [1, 2].

Conventional plug-in charging remains widely adopted due to its maturity and high energy
efficiency; however, it presents limitations in user convenience, connector durability, safety, and
suitability for automated or unmanned scenarios. In contexts such as public parking, shared mobility,
autonomous delivery, and self-parking, frequent plugin operations increase interface wear and
operational overhead. These challenges motivate growing interest in contactless (wireless) charging
solutions that can streamline user interaction and reduce maintenance burdens.

Wireless power transfer for EVs can be broadly classified into three families by working distance:
near-field inductive coupling, mid-field MRC, and far-field radiofrequency/microwave transmission.
Inductive coupling achieves very high efficiency at extremely short gaps but degrades rapidly with
even small misalignment; far-field approaches can cover long ranges yet suffer from poor end-to-end
conversion efficiency and stringent regulatory and safety constraints at vehicle power levels. MRC
occupies an engineering sweet spot between these extremes: by tuning resonant loops on the
transmitter and receiver to the same frequency it can sustain high transfer efficiency across air gaps
of several tens of centimeters while offering substantially better misalignment tolerance and scalable
power handling compared with pure inductive solutions. For these reasons and supported by both
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foundational experiments and growing pilot deployments, MRC is adopted here as the focal
technology for this review. Detailed descriptions and a technical comparison of the three approaches
are presented in Section 2.2 [3-5].

Despite encouraging laboratory results and pilot deployments, significant engineering challenges
remain on the path to commercialization. First, mutual inductance between coils varies markedly with
lateral and vertical displacement, causing efficiency and output-power fluctuations that demand
robust compensation topologies and adaptive control strategies. Second, high-power operation
increases concerns about thermal management, device losses, and long-term reliability, all of which
require thorough component and system-level validation. Third, (EMC) and human-exposure limits
impose strict design and testing requirements for urban deployments. Finally, fragmentation in vendor
interfaces, communication protocols, and metering/billing practices complicates interoperability and
large-scale use. Addressing these constraints via system-level research, standardization, and
demonstration is of high practical significance.

This paper focuses on MRC for EV wireless charging. We first describe the fundamental principles
of MRC and identify key performance determinants. Next, we analyze system architecture, common
compensation topologies, and power-electronics implementations. We then synthesize international
demonstration projects and research advancements, and compare key metrics such as transfer
efficiency, alignment tolerance, power level, and usable bandwidth. Finally, drawing on both
theoretical insights and engineering practice, we propose technical pathways and industry
recommendations — including multi-coil modular architecture, adaptive control strategies, materials
and component selection, and standardized testing protocols — aimed at enabling scalable
demonstrations and pilot deployments. Our goal is to provide actionable guidance bridging theory
and practice for MRC-based EV charging.

2. Principle of Magnetic Resonant Coupling-Based Wireless Charging

2.1. Fundamental principle of MRC

The basic principle of vehicle wireless charging is non-contact energy transfer via a time-varying
magnetic field between a transmitter and a receiver. In MRC implementations, both sides form LC
resonant circuits that are tuned to the same resonant frequency 0. The transmitter is driven by a high-
frequency inverter which supplies an AC excitation; together with a compensation capacitor the
transmitter coil forms an LC loop that generates an alternating magnetic flux. The receiver coil,
immersed in this flux, develops a high-frequency voltage which is then processed by a compensation
network, rectifier and DC-DC regulation stage to yield a controlled DC output for battery charging
[6, 7]. The resonant frequency of each LC branch is given by

f = 1 1
P ) @

Where L is the coil self-inductance and C the compensation capacitance. The electromagnetic
coupling between coils is characterized by the mutual induction M and the coupling coefficient

M
T 2)

Where L1, Lo denoting the transmitter and receiver self-inductances respectively. Two additional,
widely used parameters are the quality factors Q1, Q2 of the resonant loops (ratio of reactive energy
stored to resistive loss per cycle) and the loaded quality factor which reflects the combined effect of
circuit losses and the attached load. Transfer performance (delivered power and end-to-end efficiency
n) depends strongly on k, Q and the load impedance; designers therefore tune coil geometry,
compensation topology and control strategy to maximize n under expected misalignment and loading
conditions. For a simple two-coil resonant model, the coupling and loaded resistances determine the

k:
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power delivered to the load and the fraction of input power lost in circuit resistances, motivating the
use of impedance-matching and adaptive tuning to keep the system near an efficient operating point

2.2. Comparison of Main WPT Technologies

Wireless power transfer technologies for electric vehicle charging can generally be divided into
three categories: near-field inductive coupling, mid-field MRC, and far-field RF or microwave
transmission. Inductive coupling essentially functions as a tightly coupled transformer, effective only
over very short gaps typically less than a few centimeters. It offers high peak efficiency under precise
alignment, but its performance rapidly deteriorates with coil spacing or lateral misalignment, which
limits its suitability for vehicle applications. MRC, by contrast, employs loosely to moderately
coupled resonant coils tuned to the same resonant frequency, enabling efficient energy exchange
across distances from several centimeters up to a few tens of centimeters. This approach provides
greater tolerance to misalignment and supports scalability through multi-coil arrays or modular
transmitters, though it introduces higher system complexity due to compensation networks, control
requirements, and the need for EMC and leakage flux management. Far-field RF and microwave
methods rely on radiative transmission using directed beams and rectifying antennas, which
theoretically allow the longest transfer distances, even line-of-sight across open space. However, their
low end-to-end efficiency at vehicle power levels, strict regulatory constraints regarding
electromagnetic exposure, and the technical difficulty of beamforming for moving targets make them
unsuitable for near-term automotive applications. Considering these trade-offs, MRC emerges as the
most practical solution: it balances transfer distance and efficiency with manageable system
complexity and has been validated in multiple prototype and pilot projects as a promising route for
both stationary bays charging and low-speed dynamic replenishment [10, 11].

3. System Components and Key Technologies

3.1. System Components and Key Technologies

An MRC-based wireless charging system for EVs comprises six principal subsystems, as
illustrated in Fig. 1: the power source with its front-end converter and inverter, the transmitter
resonant network, the coupling space, the receiver resonant network, the rectification and regulation
stage, and the battery management system (BMS). In typical implementations the DC feed is obtained
from the vehicle DC bus or onboard battery via a DC-DC converter; a high-frequency inverter (for
example, half-bridge or full-bridge topology) then converts this DC into AC in the 80 kHz—300 kHz
band to drive the transmitting resonant loop and produce the alternating magnetic field that couples
to the receiver [12, 13]. The transmitter and receiver resonant networks—each formed by the coil and
its compensation capacitors—are tuned to the same resonant frequency to maximize energy transfer;
downstream, the received high-frequency voltage is rectified, filtered and regulated to provide a stable
DC charging current while the battery management system oversees charging control and protection.
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Figure 1. Architecture Diagram of Magnetic Resonant Coupling Wireless Charging System for
Electric Vehicles

404



Highlights in Science, Engineering and Technology AMCCE 2025
Volume 160 (2025)

The transmitter resonant network employs Litz-wire wound coils, combined with series, parallel,
or hybrid compensation capacitors, to achieve a high-quality factor Q while maintaining usable
bandwidth and stability. The coupling space is the air gap between the transmitting and receiving
coils; its geometric parameters (distance, lateral misalignment, and angular deviation) directly affect
the mutual inductance M and coupling coefficient k. Magnetic shielding plates or flux-guiding
materials can effectively reduce leakage flux and improve transfer efficiency.

The receiver resonant network matches the topology of the transmitter. After a high-frequency
voltage is induced in the receiving coil, synchronous rectification and DC-DC step-down/step-up
conversion are performed to achieve stable charging of the battery; the BMS continuously monitors
battery voltage, current, and temperature, while providing multi-level protection and data logging,
thereby ensuring system safety and operational optimization.

3.2. Operating Modes and Topologies

MRC-based wireless charging systems can be categorized into two major operating modes:
stationary and dynamic. Stationary charging is primarily used in residential garages, parking lots, and
public charging stations, with typical power levels ranging from 3.3 kW to 22 kW, offering relatively
low installation and maintenance costs. Dynamic charging embeds arrays of transmitting coils into
roadways or tracks to achieve continuous power supply while the vehicle is in motion; pilot projects
and field demonstrations (e.g., Electron, Momentum Dynamics) have validated road-embedded
transmitters and modular emitter concepts for buses and logistics vehicles, emphasizing rapid
switching and uninterrupted energy delivery.

Common circuit topologies include series—series (S-S), series—parallel (S—P), parallel-series (P—
S), and parallel—parallel (P—P). The S-S topology can provide highest nominal efficiency under tight
alignment but is more sensitive to positional deviations; S-P and P-S topologies offer improved
stability under load variation and detuning; P—P topologies provide wider bandwidth and stronger
load adaptability, making them suitable for hybrid multi-condition applications [14].

4. Research Progress and Engineering Practice

4.1. Inductive Power Transfer (IPT)

Inductive Power Transfer (IPT) is a near-field energy-transfer technique that functions as a loosely
coupled transformer between a primary (transmitter) coil and a secondary (receiver) coil. IPT is
mature and relatively simple to implement; under millimeter-to-centimeter airgaps with accurate coil
alignment, it can achieve high power density and end-to-end efficiencies approaching or exceeding
90%. However, IPT is highly sensitive to lateral or angular misalignment and increased separation
because the mutual inductance and coupling coefficient fall off rapidly with distance, causing steep
drops in delivered power and efficiency. Scaling IPT to vehicle-charging levels therefore requires
substantial engineering efforts in leakage-flux control, shielding and ferrite backing, alignment aids
(mechanical guides or automated parking/visual assistance), harmonic filtering, and rigorous
compliance with (EMC) and human-exposure limits. Consequently, IPT is well suited to controlled,
precision-guided charging locations (for example, dedicated parking bays with mechanical
alignment), but its limited tolerance to misalignment constrains its applicability in uncontrolled public
or dynamic charging scenarios.

4.2. Magnetic Coupling Resonance

Magnetic Coupling Resonance employs resonant LC circuits on both the transmitter and the
receiver to establish high-quality-factor resonances at a common operating frequency; when both
sides are tuned to resonance, energy is transferred efficiently via strongly coupled magnetic fields.
Compared with IPT, MRC extends the effective transfer range into the mid-field (typically on the
order of 10-30 cm) while offering improved tolerance to lateral and angular misalignment, which
makes it particularly attractive for passenger-vehicle applications (vehicle underside <> ground pad)
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and for low-speed dynamic charging scenarios. In practical implementations, well-engineered MRC
systems have demonstrated end-to-end efficiencies on the order of 88%-94% at commercial power
levels of approximately 3.3 kW to 11 kW; Larger modular fleet demonstrations have reported
comparable per-module efficiencies under specified airgap and alignment conditions. Achieving
these performance levels depends critically on coil geometry optimization, compensation topology
selection (for example, series—series, series—parallel or parallel—parallel), and robust real-time tuning
or frequency-tracking control to maintain resonance under varying load and positional conditions.
Several commercial and pilot projects — including vehicle-level collaborations and road-embedded
trials by organizations such as WiTricity, Momentum Dynamics and Electron — have validated the
technology’s potential and provided engineering data on modular emitter units, embedded
transmitters and control strategies.

4.3. Far-field RF / Microwave WPT

Far-field (radiofrequency / microwave) wireless power transfer converts electrical power into
directed electromagnetic waves (MHz—GHz), beams that energy to a remote receiving antenna, and
then rectifies the received RF power back to direct current. Although far-field methods can cover
substantially longer distances than near-field approaches, their end-to-end (transmitter — free space
— receiver — rectifier) energy efficiency for terrestrial, high-power applications are typically low —
commonly below about 20%. This low overall efficiency is caused by the cascade of losses in DC-
to-RF conversion, free-space propagation (including beamforming/pointing losses and path loss),
antenna coupling/collection efficiency, and RF-to-DC rectification; furthermore, regulatory and
human-exposure limits constrain allowable radiated power and beam patterns, which reduces
practical power transfer and hence system usefulness for vehicle charging. For these reasons, although
far-field WPT remains attractive for certain long-range or highly specialized use-cases, it is not
presently considered the mainstream engineering solution for General Electric-vehicle charging,
where high end-to-end efficiency, human-safety compliance and regulatory approval are primary
requirement [15].

4.4. Comparative Analysis and Engineering Selection Framework

To guide technology selection for vehicle charging, a pragmatic engineering framework should
compare candidate WPT approaches across multiple quantitative metrics: effective transfer distance
and alignment tolerance, supported power levels and power density, transmission efficiency under
realistic misalignment, control bandwidth and frequency robustness, EMC and human-safety
constraints, system complexity and lifecycle cost, and extensibility to modular or dynamic
deployments. Inductive IPT is appropriate for home or depot scenarios with high positioning accuracy
and where cost simplicity is paramount, but its narrow alignment tolerance limits usability in public
or dynamic contexts. MCR provides a balanced compromise — it supports mid-range gaps (=10-30
cm), better alignment robustness, and scalable power through modular emitter arrays; Therefore,
MCR should be prioritized for passenger vehicle bay charging, public parking, and many low-speed
dynamic applications. For heavy-duty fleet, bus or logistics scenarios requiring continuous on-route
replenishment at higher power levels (>20 kW), modular high-power MCR systems (with parallelized
transmitter modules and robust thermal and EMC design) have shown promising field results and
merit further demonstration. Far-field RF approaches should remain under investigation for niche
long-range or non-contact niches (for example, aerospace or remote sensors), but practical
deployment for on-road vehicle charging currently faces substantial efficiency and regulatory hurdles.
Practically, early demonstrations and pilot rollouts should adopt a unified evaluation matrix —
“efficiency / alignment tolerance / unit-kW cost / EMC & safety” — combined with empirical tests
(efficiency vs. displacement curves, thermal/EMC/lifetime joint testing) to provide objective,
comparable data for standardization and scale-up decisions.
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5. Prospective Development Trends

5.1. Technical Roadmap and Engineering Priorities

In the short term (1-3 years), emphasis should be placed on engineering replicability by addressing
tolerance to misalignment, limited bandwidth, and frequency drift. Demonstration projects are
recommended to implement multi-coil arrays and intelligent switching strategies, and to validate
compensation topologies such as LCC/LCL and S—P/P-S. Key efforts should evaluate the practical
performance of PLL-based frequency tracking, MPPT, and closed-loop power control.
Semiconductor devices such as SiC and GaN are expected to be gradually introduced in small-scale
pilots to reduce switching losses and enhance thermal management.

In the medium term (3-7 years), research and prototyping should extend to lane-level dynamic
charging systems, tackling challenges like scheduling energy supply for concurrent vehicles,
mechanisms for energy metering and settlement, and the durability and maintainability of modular
roadside transmitter units. At this stage, low-latency V2X communication and edge computing should
be integrated into the control architecture to enable reservation-based, coordinated energy supply
between roadside infrastructure and moving vehicles.

In the long term (7-15 years), development should expand toward regional- or city-scale service
networks, focusing on lifecycle cost (LCC) optimization, interaction with the power grid (including
V2G and demand-response integration), and participation in energy markets, ultimately forming a
commercialized and operationally mature closed loop.

5.2. Standardization, Testing Methods, and Industrial Collaboration

This study recommends advancing standardization based on demonstration projects by adopting a
“pilot feedback—standard iteration” approach to gradually establish specifications for mechanical
interfaces, alignment tolerances, electrical interfaces, EMC and human safety limits, communication
and billing interfaces, and roadway embedding and maintenance practices. At the same time, it is
necessary to establish a unified testing framework and evaluation metrics, including but not limited
to instantaneous and cumulative efficiency curves under different alignment conditions, fault-
tolerance tests under displacement, angular, and velocity variations, EMC measurements of leakage
magnetic fields and harmonic injection, reliability and lifetime testing of modular units
(MTBF/MTTR), as well as CapEx/OpEx analysis per kilowatt. Open reference designs and testing
platforms are encouraged to lower entry barriers for small and medium-sized enterprises, foster
collaboration across the industry chain, and achieve cost reduction.

6. Conclusion

This review has examined MRC for wireless charging of EVs and identified several key findings.
First, a concise set of engineering indicators — including transfer distance, alignment tolerance,
power level, end-to-end efficiency, bandwidth and frequency stability, EMC, and scalability —
proves effective for comparing technologies and guiding selection across different charging scenarios.
Second, the analysis shows that load impedance together with resonant-network parameters jointly
determine output voltage, delivered power, and overall efficiency. It follows that peak voltage alone
cannot serve as a reliable performance metric without considering impedance matching and
operating-point dynamics. Third, ensuring stable operation under realistic stationary and dynamic
conditions requires an integrated design approach: establishing baseline quality factor and bandwidth
through appropriate passive compensation topologies, and reinforcing them with active measures
such as frequency tracking, tunable or switchable components, and modular multi-coil arrangements
to mitigate misalignment and load variations. Finally, this review highlights several priority research
directions, notably resilient multi-coil configurations, fast adaptive compensation schemes, and
rigorous system-level electromagnetic-compatibility assessment. By combining a synthesis of
existing literature with targeted analysis, this review offers practical guidance to support experimental
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validation and engineering development of MRC systems for future electric vehicle charging
infrastructure.
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