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Abstract: With the demand for an intelligent and modernized society, the application of
UAVs has become increasingly widespread. However, their performance is limited by battery
capacity constraints, making UAV wireless charging an effective solution for prolonging
operational time. This thesis focuses on the research of shutdown technology in UAV wireless
charging systems. Firstly, it introduces the current research status in this field. It then
comprehensively covers the principles of wireless energy transmission, with a particular
focus on magnetic coupling resonance. Next, it addresses key issues such as compensation
topology mechanisms and coupling coil circuit analysis. Following that, a technical analysis
is conducted based on hover charging and landing charging, respectively. Finally, the thesis
summarizes the current progress of UAV wireless charging and provides an outlook on areas
for improvement in related research.
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1. Introduction

Unmanned Aerial Vehicles (UAVs) have attracted significant attention due to their wide range of
applications in various fields. However, their range is limited, and the stringent requirement for an
overall lightweight design—unlike that of other electric devices (e.g., electric cars)—makes it
difficult to further increase battery capacity. In contrast, secondary charging of UAV onboard
batteries has become an attractive solution, enabling non-contact energy replenishment through the
principle of electromagnetic field coupling. This effectively enhances the operating time and range
of UAVs, facilitating efficient and widespread applications. Nonetheless, wireless charging
technology currently faces several challenges in practical applications, including key technical issues
such as coupling mechanism design, misalignment coping strategies, and electromagnetic tolerance.
Addressing these issues will help promote the further development and wide application of wireless
charging technology for UAVs.

1.1. Domestic and International Research Status

The magnetic-electric field coupling mechanism is a research hotspot both domestically and
internationally. Related research mainly focuses on coupling mechanisms, electromagnetic leakage
and shielding, and anti-offset strategies. The overall goal is to construct a stable, energy-saving, and
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efficient controlled charging design through methods such as system modeling and practical
implementation.

1.2. Practical Problems and Directions of Research

Wireless charging of UAVs can be divided into two main types: hovering and landing. Based on
current relevant research, hovering designs have several advantages over landing designs, including
reduced footprint and environmental impact, the elimination of the need for precise landing (thereby
reducing mechanical wear and tear), and the ability to keep the controller powered on. Three main
research directions for hovering include: mutual sensing continuity perturbation, lightweight design
on the receiving side, and fast energy replenishment. Current research primarily focuses on the first
point—analyzing mutual sensing continuity perturbation in the hovering wireless charging system
under actual working conditions. This aims to explore a real-time and fast mutual sensing tracking
scheme to mitigate the impact of mutual sensing continuity perturbation on wireless energy
replenishment, thereby providing the necessary prerequisites for achieving stable and constant
transmission performance (e.g., constant current, constant power, etc.). Studies related to landing
have mainly concentrated on misaligned response schemes.

1.3. Magnetically-coupled Resonant Wireless Power Transfer Technology

Magnetically coupled resonant wireless charging stands out as the most frequently mentioned
technology among the diverse array of wireless charging options. Magnetically Coupled Resonant
Wireless Power Transfer (MCR-WPT) utilizes resonance principles, allowing for high efficiency and
substantial power transfer over moderate distances (typically several times the diameter of the
transmission coil)[1][2]. The power supply supplies power to the transmitting coil, with a frequency
of the system resonant frequency. At this time, the transmitting coil resonates. Even at a low supply
voltage, because of resonance, a large current can be generated, thus establishing a stronger
electromagnetic field. The electric field of the capacitance in the transmitting coil can continuously
exchange energy with the magnetic field energy in the inductance coil due to resonance. Meanwhile,
part of the magnetic field in the transmitting end inductance coil links to the receiving end inductance
coil, alternating magnetic field induces current in the receiving coil, thus transferring energy to the
receiving end. At the receiving end, the two energy storage elements also transfer energy to each
other, ultimately transferring energy to the load.

1.4. Chapter Schedule

The subsequent chapters are organized as follows:
Part II: Introducing mainstream research problems
Part III: Disassembling and analyzing two papers each on hovering and landing directions
Part I'V: Future outlook

Introduction

Mainstream
Research
Problems

Thesis
Dismantling
and Analysis

Conclusion
and Outlook

Figure 1: Outline Chart.
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2. Mainstream Research Problems
2.1. General Overview of Topical Issues

Wireless charging of UAVs faces the following problems:

1. UAVs are prone to external electromagnetic interference during operation, necessitating a high-
performance coupling mechanism with strong coupling ability and an enhanced magnetic energy
coupling topology. This has become a key issue for the wireless charging of UAVs.

2. The heterogeneous structure of UAVs requires a coil and circuit design that demonstrate strong
adaptability and high efficiency to ensure stable constant-current and constant-voltage output.

3. The offset distance that may occur after a UAV lands is often much larger than the fuselage size,
making reliable charging under a wide range of misalignment another key issue to be addressed in
wireless charging for UAVs.

In view of the above three problems, this paper will systematically analyze and review the results
of research on UAV wireless charging electromagnetic coupling mechanisms and misalignment
response schemes, with the aim of providing a reference for the research and application of UAV
wireless charging technology.

1 Compensation Topology Design
[ Staggered Response Program
Topical _ : .
2 Coupling Mechanism Exploration
Issues
Circuit Design
3 Coil Structure

Figure 2: Topical Issues Chart.

2.2. Compensation Topology Design and Coupling Mechanism Exploration
2.2.1.Compensation Topology Design

To achieve continuity of mutual inductance under external perturbations and improve the system’s
offset resistance, the design of compensation topologies is required. Researchers generally use LCC
and S configurations in combination after building the simulation model, hoping to achieve accurate
control of the system’s resonance state by adopting different compensation strategies. Depending on
the specific research objectives, either LCC or S may be used.

Literature [3] chose the LCC-S compensation topology. The LCC-S topology achieves precise
control of the resonant state of the system by employing different compensation strategies on the
primary and secondary sides, respectively. Optimal efficiency under varying load conditions is
achieved through PWM rectification techniques, considering the load variations of the UAV during
the charging process. Literature [4], on the other hand, proposed the S-S-S and LCC-LCC topologies,
further developing the LCC-S-LCC topology. The advantages of the LCC-S-LCC topology in terms
of output power and transmission efficiency were verified through theoretical analysis and simulation.
In Literature [5], the S-S compensation topology was chosen for the UAV wireless charging system,
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which provides a purely resistive input impedance in the resonant state, thereby improving system
efficiency.

2.2.2.Coupling Mechanism Design

The coupling mechanism is another key component in the wireless charging system, directly affecting
the efficiency and reliability of energy transfer. It can be optimally designed to enhance transfer
efficiency and the coupling coefficient. Researchers commonly improve the specific structure based
on the anisotropic characteristics of UAVs and practical application scenarios to enhance space
utilization and the coupling coefficient.

The study in Literature [3] focuses more on the dynamic characteristics of the coupling mechanism
and the scenario of multi-UAV charging. In this paper, the mutual coupling problem of the coupling
mechanism in a multi-coil system is analyzed, and a corresponding decoupling strategy is proposed.
Literature [4] focuses on the design of array coil units and proposes a 2 x 2 heterogeneous overlapping
array structure to design the transmission coils through spatial dislocation and overlapping
arrangements, improving the uniformity of the magnetic field and the coupling coefficient between
the array units. Literature [5] proposed an orthogonal magnetic coupling device that improves the
coupling coefficient by optimizing the structure of the transmitting and receiving coils while reducing
the weight on the receiving side.

2.3. Analysis of Coil Structure and Circuit Design
2.3.1.Coil Structure

In wireless charging for UAVs, coil design is crucial for achieving efficient energy transfer. As the
core component of the electromagnetic coupling mechanism, the design of the coil directly affects
transmission efficiency, charging power, and tolerance for positional offset in the wireless charging
system.

Literature [7] studied and analyzed the magnetic coupling characteristics of various shapes of
symmetrical coils and proposed an asymmetrical coil magnetic coupling mechanism based on the size
limitations of the onboard end of the UAV and the requirements for offset capability. In Literature
[8], a concave coupling structure was designed and fabricated to accommodate the special fuselage
structure of UA Vs and the narrow space in the abdomen. Literature [9] proposed a high power density
magnetic coupling mechanism design scheme. After comparing various magnetic coupling
mechanisms, a planar rectangular structure was selected. From a lightweight perspective, the effects
of ferrite core arrangement, magnetic material type, and thickness on system transmission
performance were analyzed, leading to the completion of an optimized design for the magnetic
coupling mechanism.

2.3.2.Circuit Design

The circuit design of a UAV charging system must consider several aspects, including automation,
intelligence, safety, and efficiency, to ensure that the UAV can charge and return to its mission
quickly and safely. Researchers have attempted to integrate controlled systems into the coupling
mechanism design, such as incorporating electronic components to implement soft switches and
optional converters.

In Literature [7], a method for adjusting compensation capacitor parameters to achieve soft
switching is proposed. A bilateral LCC circuit model is established, investigating the effect of circuit
compensation capacitor parameters on the phase difference of the system. The parameters of the
resonant elements are optimally designed to improve the transmission efficiency of the wireless
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charging system. Literature [8] conducts optimal design analysis of the inductance ratio between the
primary and secondary sides to simplify the system’s circuit and derive expressions for the output
voltage and output current. Literature [9] designed a secondary-side power converter based on
average current control, addressing the constant current and constant voltage charging needs of
lithium batteries for UAVs. A charging management circuit based on a Buck converter was selected,
and the PI compensation parameters for double closed-loop control were designed. Additionally, a
master-slave average current control strategy, featuring a single voltage outer loop and multiple
current inner loops, is proposed to ensure the stability of the output current in a single wireless
charging module as the number of parallel modules changes.

2.4. Staggered Response Program

UAVs have gained attention for their wide range of applications in several fields, but the limitation
of battery life has become a major bottleneck in their development. Wireless charging technology
provides a solution, particularly magnetic coupled resonant wireless charging technology, which can
deliver energy to UAVs without contact. However, positioning errors during landing can lead to coil
misalignment, which in turn affects charging efficiency. To address this problem, researchers have
proposed various countermeasures for misalignment.

A novel landing position detection method is proposed in Literature [10], based on the negative
coupling characteristics of the extended coil. This method not only improves tolerance for
misalignment but also enables cost-effective and flexible expansion of the charging area. Literature
[4] proposes a heterogeneous overlapping 2 % 2 array coil structure to address the misalignment issue
in UAV wireless charging systems. Through spatial misalignment overlapping arrangements, an array
coil system with improved anti-offset characteristics is designed. A detailed analysis of magnetic field
coupling and misalignment tolerance capability of the magnetic coupling device is presented in
Literature [5], with the misalignment tolerance of the system verified through simulation and
experimentation within a certain range. Literature [7] proposes a sliding mode variable structure
control strategy for fixed-point landing control of UAVs, and its effectiveness is validated by
comparing it to traditional PID control through simulation and experimentation.

3.  Thesis Dismantling and Analysis

In this section, two papers will be selected based on the classification introduced in the first part for
a more systematic and detailed disassembly, aiming to explore the research ideas and mechanisms of
wireless charging in depth. The following outlines the main research themes and the range of
questions explored in this field.

Design of Wireless Charging
Transmission Systems Analysis of Compensation Topology

Functional Control Main Research Ideas Abstract Modeling

Optimization of Structural
Parameters

Simulation Verification

Figure 3: Main Research Ideas Chart.

Main Research Ideas:
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1. Analysis of Compensation Topology: Analyze the type of compensation topology and derive
the theoretical parameters. Select the appropriate model according to requirements such as anti-offset
capability and lightweight design, or introduce new theoretical approaches[11].

2. Abstract Modeling: Select the final structural components to be broken down into quantifiable
parameters before proceeding with formal research, facilitating subsequent studies.

3. Optimization of Structural Parameters: The wireless charging system consists of many
parameters, and the correlation between each parameter and the performance indices exhibits
nonlinear characteristics, along with coupling and synergistic influences. It is often time-consuming
and labor-intensive to optimize the magnetic coupling mechanism using exhaustive methods or
modeling approaches. Currently, single-objective or multi-objective algorithms are commonly
employed to meet requirements, identifying suitable optimization algorithms through testing and
comparison, followed by multiple iterations to converge on the ideal values[12].

4. Design of Wireless Charging Transmission Systems: Design of the wireless charging
transmission system: the primary considerations for the design of the system should be the
transmission distance and the output power of the inductive wireless power transmission system,
which will determine the type of inverter to be used and the setting of the parameters[12]. Secondly,
the structure of these coils must be designed since the loose coupled transformer formed by the
transmitting and receiving coils is critical to the design. In order to transmit power efficiently, the
reactive power compensation method should be selected based on the load requirements and the
connection between the reactive power compensation network and the coils should be determined.
Finally, the control design of the system should be completed to provide options for open-loop and
closed-loop control.

5. Functional Control: After meeting the requirements of the actual use scenario, explore the
equipment and parameter conditions for stabilizing the output (constant current or constant voltage),
so as to make the system work continuously and ensure the quality and life of the devices[13].And it
is important for researchers to take into account as much as possible the anomalies that occur between
the coupling effects of the devices[14].

6. Simulation Verification: Researchers need to build an experimental platform for the wireless
charging system. This includes the design and construction of hardware circuits, as well as the
development of corresponding software algorithms. The hardware circuit comprises key components
such as the controller, inverter, and rectifier circuit. The software algorithm is responsible for
implementing constant voltage and constant current output control. Ultimately, by comparing
experimental results with simulation results, the authors can verify the real performance of the
designed structure and provide improvement suggestions based on these results.

3.1. Hover Direction

The first paper is titled “Nonlinear Parity-Time-Symmetric Model for Constant Efficiency Wireless
Power Transfer: Application to a Drone-in-Flight Wireless Charging Platform” [15].

This thesis analyzes and designs Wireless Power Transfer (WPT) systems by applying Coupled-
Mode Theory (CMT) and nonlinear (Parity-Time) symmetry models. The researcher first establishes
a nonlinear PT symmetric model based on CMT to derive a dynamic model of the system.
Additionally, the thesis utilizes control theory to design a self-oscillating control inverter that
achieves nonlinear saturation gain. A significant result of the thesis is that the model can automatically
achieve constant output power and constant transfer efficiency despite variations in coupling
coefficients. It is also noteworthy that the model simplifies the control system by only requiring
current detection at the transmitter end, which greatly streamlines circuit signal processing and
enhances accuracy.
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The second paper is titled “Model-free constant-current output control for wireless charging of
hovering drones” [16].

The researchers investigated the effects of mutual inductance perturbation, load perturbation, and
system parameter perturbation on output current based on wireless energy transmission system
models of low-order compensated topology (SS) and high-order compensated topology (LCCP).
They analyzed the conditions under which output current is independent of load impedance across
different compensated topologies. A model-free constant current output control model based on
artificial neural networks (ANN) and radial basis function (RBF) networks was also developed for
dynamic mutual inductance estimation. The innovation of this thesis lies in the application of neural
networks in the field of artificial intelligence for model training and optimization, providing a new
approach for the continuous optimization of mutual inductance estimation.

3.2. Landing Platform Direction

The first paper is titled “Research on Wireless Charging System for Unmanned Aerial Vehicles with
Drop Point Position Capture Function” [17].

This thesis analyzes the compensation network for wireless energy transmission, including low-
order S-compensation and P-compensation, as well as high-order LCC-compensation, in order to
achieve zero input impedance and load-independent constant voltage output. The most significant
innovation of the thesis is the modular stacking approach used to design the primary side coil and to
analyze and design the control strategy for coil switching. To enable simple and effective capture of
the UAV landing point, the average current of the inverter bridge bus is selected as a parameter in the
coil switching control strategy. Additionally, to enhance the stability of the output voltage gain, the
full-bridge inverter is modeled, and the principles of closed-loop control are analyzed and designed.

The second paper is titled “Magnetic Coupling Mechanism Offset Performance of Wireless
Charging System for Rotary Wing UAVs: Performance Enhancement Study” [18].

In this thesis, the output characteristics of resonant and non-resonant wireless charging systems
are first elucidated, and the detuned SS compensation topology is ultimately chosen. Regarding the
magnetic coupling mechanism, the authors explain in detail the reasons for selecting the BPSO
algorithm and the NSGA algorithm. In their study, both single-objective and multi-objective
optimization algorithms are employed to optimize the parameters of the magnetic coupling
mechanism in order to improve the system’s offset performance. Additionally, the authors use an
orthogonal experimental method to select the mechanism’s shape and choose the return coil based on
comprehensive considerations. Finally, an experimental platform is built to verify the performance of
the designed magnetic coupling mechanism experimentally.

4. Conclusion

Wireless charging technology is a powerful enabler for enhancing the application of UAVs in future
unattended scenarios. The research in this technology is of great significance for expanding the range
of UAV missions and improving system intelligence. This paper summarizes the research results and
developments in wireless charging for UAVs, dividing the topic into two main research directions:
hovering and landing. Based on this division, it outlines three types of hot spot issues that are currently
widely researched, providing specific research papers as examples. It then analyzes the two
directions—hovering and landing—through a detailed examination of relevant papers. The findings
indicate that wireless charging technology for UAVs is being explored in depth, and it can be expected
that this technology will continue to be extensively researched, applied, and developed.

However, it is important to note that several aspects of the current research still require
improvement in future studies, which I believe include the following:
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1. Optimizing Parameter Algorithms: In the future, we should consider exploring more advanced
neural network architectures or artificial intelligence algorithms to enhance the dynamic performance
and adaptive capabilities of the control scheme. Additionally, increasing the number of iterations
could lead to more accurate results. When the scale of the number of UAVs gradually reaches a
system, the researcher will not only have to consider the optimization of the parameters of individual
UAVs, but will have to take them into account comprehensively using more accurate algorithms[19].

2. Control Strategy Improvement: The current constant current and constant voltage strategy
primarily relies on current sampling to achieve efficient and straightforward control. Future research
could introduce more variables to further reduce mutual inductance perturbations while building on
the original control model[20].

3. Increasing Experimental Links: Current simulation tests remain too idealized and do not fully
account for external environmental factors such as temperature, light, and wind. Consequently, most
designs for perturbation remain confined to the circuit itself.
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