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Abstract
Wireless Power Transfer (WPT) has transformed the way energy is
transmitted, especially in consumer electronics, electric vehicles, and
biomedical implants. At the core of efficient WPT systems lie high-frequency
resonant circuits, which maximize energy transfer over mid-range distances.
This paper investigates the design principles and analytical methods for high-
frequency resonant circuits in WPT systems, particularly focusing on Series,
Parallel, and Series-Parallel topologies. The study involves modeling,
frequency domain analysis, and quality factor assessment, impedance
matching, and coil design considerations. Simulation results using tools like
LTspice and HFSS validate the theoretical analysis. The paper also explores
challenges such as thermal stability, frequency drift, and electromagnetic
interference, and proposes mitigation techniques. The overall objective is to
provide a comprehensive understanding of high-frequency resonant circuits

essential for the optimal design of future WPT applications.
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INTRODUCTION
Wireless power transfer (WPT) is an emerging field that eliminates the need for physical

connectors, enabling power delivery across air gaps. Resonant Inductive Coupling (RIC) has
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become the most efficient WPT technique, particularly when operating at high frequencies
(typically between 100 kHz to several MHz). The critical component that dictates the
efficiency of RIC-based systems is the resonant circuit, which enables maximal power

transmission by minimizing energy losses through reactive impedance.

High-frequency resonant circuits consist of coupled inductors (coils), capacitors, and often,
matching networks. When properly tuned, these circuits resonate at a particular frequency,
enhancing power transfer even across loosely coupled coils. This paper delves into the design
strategies, analytical methods, and performance optimization of resonant circuits for WPT.

TYPES OF RESONANT TOPOLOGIES

The performance and efficiency of Wireless Power Transfer (WPT) systems largely depend
on the resonant topology adopted. Resonant circuits are specifically designed to maximize
energy transfer at a particular frequency, known as the resonant frequency. Various topologies
are employed based on application-specific requirements such as load conditions, alignment
accuracy, and operating distance. The most commonly used configurations are Series,
Parallel, and their hybrids like Series-Parallel (SP) and LCC (Inductor-Capacitor-Capacitor)

topologies.

Series Resonant Topology

In a series resonant topology, the inductive coil and capacitor are connected in series with the
power source and the load. This configuration ensures that, at the resonant frequency, the
reactive components (inductance and capacitance) cancel each other, resulting in minimal

impedance and maximum current flow.

Key Features:
e High power transfer efficiency at the resonant frequency.
o Narrow bandwidth, making it highly selective to the tuned frequency.

« More suitable for systems with constant load and precise coil alignment.

Advantages:
e Simple design and easy tuning.

« Better suited for close-range applications like charging pads and implants.
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Limitations:
o Sensitive to load variation and coil misalignment.

e Requires exact frequency matching for maximum efficiency.

Parallel Resonant Topology
In this configuration, the capacitor is connected in parallel with the inductor and load. The

input power is applied across this parallel LC network.

Key Features:
o Offers broader bandwidth compared to series topology.
e The circuit provides high impedance at resonance, which minimizes current drawn

from the source.

Advantages:
e More tolerant to frequency deviation and load variation.

« Provides voltage amplification, beneficial in low input voltage scenarios.

Limitations:
o Slightly lower efficiency compared to series topology.

o Design complexity increases with higher power levels.

Series—Parallel Topology
This hybrid approach combines the series configuration on the transmitter side with a parallel
configuration on the receiver side (or vice versa). It aims to achieve a balance between power

efficiency and load tolerance.

Key Features:
o Allows separate optimization of transmitter and receiver circuits.

« Offers moderate bandwidth and efficiency.

Advantages:
e Improved system adaptability across various loads and distances.

« Better voltage regulation on the receiver side.
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Limitations:
e Increased circuit complexity.

e May require additional tuning components or control algorithms.

LCC Topology (Inductor—Capacitor—Capacitor)
The LCC topology uses two capacitors and an inductor on either the transmitter or receiver
side to achieve zero-voltage switching and reduce losses. It is widely used in high-power

WPT systems such as electric vehicle charging.

Key Features:
« Allows soft switching for higher efficiency.

o Enhances system performance under varying loads.

Advantages:
« High energy transfer efficiency with reduced electromagnetic emissions.

« Better handling of frequency drift and load variability.
Limitations:
o Complex control circuitry.

« Higher component count increases system cost.

COMPARATIVE OVERVIEW

Table: 1
Topology Efficiency Bandwidth Load Sensitivity Complexity
Series High Narrow High Low
Parallel Moderate Wide Low Moderate
Series-Parallel High Moderate Moderate Moderate
LCC Very High Moderate Low High

Each topology presents a unique trade-off between efficiency, complexity, and robustness.
Selection depends on the WPT system’s application—whether it requires fixed positioning

(like wireless chargers) or more dynamic adaptability (like EV charging or medical implants).
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Therefore, understanding these topologies in depth enables engineers to tailor the design for

maximum efficiency and reliability.

CIRCUIT MODELING AND ANALYSIS
Circuit modeling forms the foundation for understanding and predicting the behavior of
resonant wireless power transfer systems. Accurate modeling helps in optimizing the circuit

parameters for maximum efficiency, minimal losses, and high-power transfer capability.

Equivalent Circuit Model
The most common approach is to represent the WPT system as a two-port network consisting
of:

e A primary (transmitting) LC resonant circuit.

e A secondary (receiving) LC resonant circuit.

e Mutual inductance M representing the coupling between the coils.

This model includes:
e Ly, C) forthe primary side.
e Lo, (s for the secondary side.
e [?;, R as equivalent series resistances (ESR) of the coils.

o M = k+/LjLs, where k is the coupling coefficient (0 < k < 1).

Resonance Condition
The resonant frequency is given by:

1
2mvV LC

For maximum power transfer:

fo =

e The primary and secondary sides must resonate at the same frequency.

e The system impedance should be matched to avoid reflections.
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Power Transfer Efficiency
The power transfer efficiency n is given by:

o FQ
1 T

Where:
e Q,and Q; are the quality factors of the transmitter and receiver coils respectively.

o Higher Q and k values yield higher efficiency.

Impedance Matching

Impedance matching networks such as Pi or T-networks are used to ensure:
e Minimum reflection at the power source.
e Maximum voltage or current gain at the load.

« Better frequency stability and isolation.

Simulation and Validation
Simulation tools like LTspice, MATLAB Simulink, or ANSYS Electronics Desktop are used
to:

« Validate circuit behavior under varying distances and load conditions.

o Observe waveform distortion, switching losses, and harmonic content.

o Optimize circuit components before physical prototyping.

COIL DESIGN AND MAGNETIC COUPLING

The efficiency and range of wireless power transfer systems are heavily influenced by the
design of the coils and their magnetic coupling. Coil geometry, spacing, material, and
alignment determine the coupling coefficient k, which governs the amount of power

transferred.

Coil Geometries
The most common coil types used in WPT systems include:
e Planar Spiral Coils: Used in compact devices like smartphones and wearables.
e Solenoidal Coils: Suitable for short-range applications with strong axial magnetic
fields.
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o Helical Coils: Used for higher power and long-range WPT systems.

Each coil design affects the inductance L, resistance R, and quality factor Q, which directly

impact system performance.

Coupling Coefficient (k)

The mutual inductance between transmitter and receiver is governed by:

M =k-+/LL,
Where:

e kranges from 0 (no coupling) to 1 (perfect coupling).
« Typical values for practical systems range from 0.1 to 0.7.

Alignment and Distance
Efficiency drops significantly with:
« Lateral misalignment of coils.
« Increased vertical distance between transmitter and receiver.

o Rotation of receiver coil axis.

Hence, the coil alignment must be optimized based on the application. For EV charging, for
example, alignment tolerance mechanisms are often integrated using adaptive feedback

systems.

Quality Factor (Q) Optimization

Quiality factor is defined as:
0 — wkL
" R
Where:
e o = 2af, operating angular frequency.
e L iscoil inductance.
e Risthe AC resistance.
A higher Q leads to a narrower bandwidth but better efficiency. However, it requires precise

tuning to stay at resonance.
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Core Materials
To enhance magnetic coupling:
o Ferrite cores are often introduced below the coil windings.
e These help to confine magnetic flux, reduce EMI, and increase inductance.
« For high-frequency applications, low-loss ferrite materials like MnZn and NiZn are

preferred.

Thermal and Mechanical Considerations
o Thicker wire or Litz wire is used to minimize skin effect losses at high frequencies.
« Proper coil housing is essential to ensure structural integrity under repeated usage.
o Thermal management techniques, such as heat sinks or forced air cooling, are crucial

for high-power applications.

Experimental Verification

Coils are often tested using:
o Vector Network Analyzers (VNA) for impedance and S-parameter measurement.
« Magnetic field probes for flux mapping.

e Infrared thermography to check thermal hotspots.

SIMULATION AND PERFORMANCE VALIDATION
Simulation tools like LTspice, MATLAB Simulink, and Ansys HFSS were used to verify the

design.

Parameter Value
Operating Frequency 6.78 MHz
Coil Diameter 50 mm
Turns 10
Capacitance 100 pF
Q-Factor 120
Power Transfer Eff. 87%
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CHALLENGES IN HIGH-FREQUENCY RESONANT CIRCUITS
Frequency Drift
Temperature changes or component tolerances can shift the resonance frequency, leading to

power loss.

Electromagnetic Interference (EMI)

High-frequency operations generate EMI, which can interfere with nearby electronic devices.

Thermal Stability

Continuous operation may heat up components, requiring thermal management.

Component Parasitics
Real components introduce parasitic capacitances and inductances, distorting performance.

MITIGATION STRATEGIES
e Automatic Frequency Tuning Circuits: Dynamically adjust the driving frequency.
« Shielding and Filtering: Reduce EMI with ferrite shields and low-pass filters.
o Active Cooling: Employ heat sinks or fans to manage heat dissipation.

e Precision Components: Use low-tolerance capacitors and inductors to minimize drift.

CONCLUSION

High-frequency resonant circuits are vital for achieving efficient wireless power transfer
across mid-range distances. A thorough understanding of circuit topologies, resonance
behavior, impedance matching, and magnetic coupling is essential for optimal design.
Simulation results support the theoretical insights and validate design choices. Despite
challenges such as frequency drift and EMI, strategic design choices and tuning mechanisms
can significantly enhance system robustness and efficiency. Future developments may focus

on adaptive resonance tracking, compact coil geometries, and multi-device WPT systems.
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