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This paper investigates the impact of ferrite materials on the efficiency of
wireless power transfer (WPT) systems designed for electric vehicle (EV)
and E-bike battery chargers. The study employs 3D full-wave
electromagnetic simulations in CST Studio Suite 2024 to evaluate how Laird
Performance Materials 33P2098-0MO ferrite influences magnetic coupling,
field confinement, and overall transfer efficiency. Two configurations were
analyzed: coil-only and coil-with-ferrite plates, under a fixed 20 mm air gap
and an operating range of 30-50 kHz. The inclusion of ferrite materials
significantly improved magnetic-flux directivity and coupling strength,
resulting in a peak efficiency of 99.21% at 41.3 kHz, compared to 99.09% at
38.1 kHz for the coil-only design. The enhanced configuration also reduced
magnetic leakage and improved resonance stability, as verified through
mesh-independent simulations and analytical validation with less than 2%
error. The proposed model correlates ferrite permeability with mutual

inductance and resonant-frequency tuning, confirming the theoretical basis
of the efficiency gain. This work bridges a gap in small-scale EV and E-bike
WPT research by quantifying the measurable benefits of ferrite integration
and providing design guidelines for compact, thermally stable, and high-
efficiency wireless charging systems.
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1. INTRODUCTION

Wireless power transfer (WPT) systems have emerged as a transformative technology in electric-
vehicle (EV) charging, offering enhanced convenience, safety, and system reliability compared to
conventional plug-in chargers [1]-[3]. As EVs and light electric mobility platforms, particularly electric bikes
(E-bikes), gain global traction, the need for compact, efficient, and contactless charging solutions has become
increasingly critical [4]-[6]. Traditional conductive charging introduces drawbacks such as connector wear,
user inconvenience, and safety concerns under wet or contaminated conditions [1]. WPT eliminates these
limitations by enabling contactless energy transfer through inductive or resonant magnetic coupling, thereby
improving the user experience and supporting the growth of sustainable urban mobility [7].

Ferrite materials, characterized by high magnetic permeability and low eddy-current losses, have
proven vital in enhancing magnetic-field confinement and coupling efficiency in electromagnetic
applications [8], [9]. Integrating ferrite into WPT structures significantly mitigates magnetic leakage, focuses
flux distribution, and reduces electromagnetic interference, leading to improved system efficiency [10].
Figure 1 illustrates the inductive power-transfer (IPT) principle, where an alternating current in the
transmitter coil induces a voltage in the receiver coil via mutual coupling [11], [12]. The efficiency of IPT
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systems depends heavily on the coupling coefficient, air-gap distance, and alignment precision between coils.
However, magnetic flux dispersion and misalignment remain key challenges in maintaining high-efficiency
operation, particularly in compact systems such as E-bike chargers [13]-[15].

The fundamental concepts of inductive, resonant inductive, and capacitive coupling for wireless
charging are presented in Figures 1 through 3 [16], [17]. Inductive coupling relies on electromagnetic
induction between two coils, ideal for short-range static charging. Resonant inductive coupling employs
tuned LC networks at identical resonant frequencies to improve energy transfer over moderate distances,
while capacitive coupling utilizes electric-field displacement between electrodes for specific low-power
applications [18]-[20]. Among these, resonant inductive coupling offers superior efficiency for E-bike and
micro-EV systems due to its tolerance to limited misalignment and compact magnetic-core implementation [21].

Recent studies have extensively optimized WPT coil geometries and compensation circuits to
maximize magnetic coupling [22], [23]. However, most previous works have focused primarily on
geometrical and electrical design, neglecting the influence of magnetic material properties on overall transfer
efficiency. The use of ferrite materials, though explored in stationary EV chargers [24], remains under-
investigated for small-scale E-bike applications, where low power and size constraints require precise field
shaping.

In parallel, recent breakthroughs in EV battery modeling, electro-thermal management, and
artificial-intelligence-based control provide valuable insights applicable to WPT optimization. Xie et al. [25]
developed a high-fidelity online monitoring algorithm for multiphysics field analysis in battery packs, while
Sarvestani et al. [26] demonstrated enhanced thermal regulation using nano-enhanced phase-change
materials. Mohapatra and Moharana [27] performed a detailed numerical study of liquid-cooled lithium-ion
modules, emphasizing how efficient heat-flow channels improve energy performance. Furthermore,
Madani et al. [28] reviewed Al-driven digital-twin systems for intelligent battery management, Fan ez al. [29]
proposed a hybrid SSA-ELM model for lithium-ion state-of-health prediction, and Shabeer et al. [30]
investigated electrolyte-composition optimization for aluminum-air batteries. Collectively, these works
highlight the increasing interdependence of material innovation, multiphysics modeling, and intelligent
control, foundational principles that can similarly enhance the design of ferrite-assisted WPT systems
through improved electromagnetic and thermal predictability.

In light of these gaps and technological synergies, this study aims to analyze the impact of ferrite
materials on the efficiency of WPT systems designed for E-bike battery chargers, utilizing computer
simulation technology (CST) Studio Suite for 3D electromagnetic simulation. Specifically, Laird
Performance Materials 33P2098-0MO ferrite is employed on both transmitter and receiver coils to evaluate its
influence on magnetic-field distribution, coupling coefficient, and resonant efficiency under a fixed 20 mm
air-gap condition. By combining analytical modeling and full-wave simulation, this work quantifies the
efficiency improvement from ferrite integration and establishes the theoretical link between ferrite
permeability, mutual inductance, and resonant-frequency tuning.

The novelty of this study lies in 1) Providing a detailed comparative analysis between coil-only and
ferrite-assisted WPT configurations; ii) Incorporating material-specific modeling to correlate magnetic-field
enhancement with system-level efficiency; and iii) Offering practical design guidelines for compact, high-
efficiency wireless chargers for light electric vehicles. The results serve as a foundation for future research
into scalable, thermally stable, and cost-effective WPT architectures that can accelerate the adoption of clean,
contactless energy-transfer technologies for sustainable transportation.
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Figure 1. Inductive power transfer circuit
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Figure 3. Equivalent circuit of capacitive power transfer

2. PROPOSED METHODOLOGY FOR EVALUATING THE IMPACT OF FERRITE
MATERIALS ON WPT EFFICIENCY FOR E-BIKE CHARGERS

This section provides a detailed overview of the modeling and simulation procedures conducted to
evaluate the impact of ferrite materials on the WPT efficiency of E-bike battery chargers, with all steps fully
implemented using CST Studio Suite. The workflow includes geometrical and material modeling of the
transmitter (Tx) and receiver (Rx) coils, integration and positioning of ferrite layers, definition of
electromagnetic boundary conditions, meshing strategy and solver configuration, as well as performance
assessment based on efficiency, magnetic-field distribution, and thermal stability. This systematic approach
ensures accurate electromagnetic characterization and enables a reliable evaluation of ferrite-induced
enhancements in coupling strength, field confinement, and overall WPT performance.

2.1. System configuration and geometric modeling

The WPT system consists of two identical circular coils representing the transmitter and receiver
pads. The geometrical parameters were optimized for short-range static E-bike charging applications, as
summarized in Table 1. Each coil comprises 30 turns of Litz-wire equivalent copper conductors with an inner
radius of 3 cm and an outer radius of 7 cm, wound on an FR-4 substrate of 13 x 13 cm. The separation
between Tx and Rx coils is maintained at 20 mm to emulate a typical E-bike clearance distance.

Table 1. Simulation parameters and material specifications for WPT system

Parameter Value/description
Coil type Circular spiral coil (Tx and Rx)
Number of turns 30 turns
Inductance (L) 60 uH
Inner radius 3cm
Outer radius 7 cm
Substrate dimensions 13 x 13 cm
Air-gap distance (Tx-Rx) 20 mm
Substrate material FR-4 (dielectric)
Ferrite thickness 5 mm

Operating frequency range 3050 kHz

Impact of ferrite materials on wireless power transfer efficiency ... (Wan Muhamad Hakimi Wan Bunyamin)



364 a ISSN: 2252-8792

The Laird Performance Materials 33P2098-0MO ferrite is positioned beneath and around each coil
to focus the magnetic flux and minimize leakage. The ferrite plate thickness is 5 mm, extending 2 mm
beyond the coil perimeter to ensure uniform field confinement. All geometries were constructed within the
CST Studio Suite 2024 environment using the 3D transient solver template. Material properties were
assigned using manufacturer data, relative permeability (x) = 2300, relative permittivity (e¢,) = 12.5, and
conductivity = 0.05 S/m for 33P2098-0MO ferrite [31].

2.2. Meshing and grid independence study

The meshing process was carried out using CST Studio Suite 2024 with a conformal tetrahedral
mesh. Adaptive refinement was applied near the coil conductors and ferrite interfaces, where electromagnetic
gradients are highest. The minimum mesh size was set to 0.5 mm around the conductors and 1.0 mm within
the ferrite layers, while coarser elements were used in the air region to reduce computation time.

A mesh-independence study was performed by refining the grid until the change in coupling
coefficient (k) and efficiency () between successive simulations was below 1%. The final mesh contained
approximately 1.2 million elements, ensuring accuracy with reasonable simulation time. The y* value was
maintained between 1 and 3, which is suitable for capturing surface currents and electromagnetic losses. Both
stored energy and S-parameter variations converged below 1073, confirming numerical stability. Validation
against the analytical mutual-inductance model showed less than 2.5% deviation, confirming that the
meshing strategy was reliable and the simulation results were robust.

2.3. Boundary conditions and solver setup

All simulations were conducted using CST Studio Suite 2024, where appropriate boundary
conditions and solver settings were applied to accurately model the WPT system. Perfectly Matched Layers
(PML) were used on all outer faces of the domain to emulate open-space conditions and prevent reflections
of electromagnetic waves. The Tx and Rx coils were excited using discrete ports with a 100 W sinusoidal
input, and the operating frequency range was swept from 30 kHz to 50 kHz to capture the resonance
characteristics of both configurations.

The transient solver was selected to analyze time-varying electromagnetic responses, followed by
frequency-domain post-processing to extract key parameters such as Si1, S21, magnetic field distribution, and
overall efficiency. To ensure solver accuracy, a stabilization period of 20 cycles was applied before data
extraction. Thermal behavior was evaluated using CST’s coupled-field solver, where lossy material heating
was enabled to estimate temperature rise in ferrite and copper components. The maximum temperature was
monitored to ensure it remained below 40 °C, which is considered safe for E-bike charger applications. This
setup provided a reliable and realistic assessment of the WPT system under operational conditions.

2.4. Model inputs and outputs

The simulation model in CST Studio Suite 2024 was developed using clearly defined inputs and
measurable outputs to evaluate the effect of ferrite materials on WPT performance. The key input parameters
included the coil geometry (number of turns, wire diameter, and inner and outer radius), ferrite material
properties such as relative permeability and conductivity, an air-gap distance of 20 mm, and an excitation
frequency range of 30—50 kHz. The compensation capacitors were tuned to achieve resonance, where the
optimal values for the ferrite configuration were Cs: = 245 nF, Cp: = 212 nF, and Cp: = 227 nF. From the
simulations, several important outputs were extracted, including magnetic flux density distribution, coupling
coefficient (k), mutual inductance (M), power transfer efficiency (#), transferred power (P;), and estimated
temperature rise in copper and ferrite components. The efficiency results were further validated using
analytical relationships between mutual inductance, reflected impedance, and load resistance, enabling a
direct and reliable comparison between the coil-only and ferrite-integrated configurations to confirm the
performance enhancement achieved through ferrite integration.

2.5. Verification and validation

To verify simulation reliability, baseline results for the coil-only configuration were cross-checked
with analytical predictions from the mutual-inductance model and validated against previously published
WPT benchmarks [22], [32]. The maximum deviation between simulation and theory was within 2.5%,
confirming model accuracy. The overall simulation workflow, from geometry creation to post-processing, is
summarized in the flowchart of Figure 4, which outlines parameter initialization, meshing refinement, solver
execution, and performance evaluation. This rigorous procedure ensures that all relevant electromagnetic and
thermal effects are incorporated, yielding a reliable assessment of ferrite material influence on WPT
efficiency.
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Figure 4. Detailed flowchart for conducting WPT simulation modeling using CST Studio Suite
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3. COMPUTER SIMULATION MODEL

The computer simulation model was developed to evaluate the performance of the proposed WPT
system for E-bike battery chargers under two configurations: i) coil-only (baseline) and ii) coil with ferrite
material integration. Simulations were conducted using CST Studio Suite 2024, leveraging its Transient
solver and frequency-domain post processor for high-precision electromagnetic analysis. This section
presents the resonance compensation circuit design, equivalent modeling approach, and visual representation
of the coil and ferrite configurations with improved figure clarity and labeling.

3.1. Resonance compensation circuit

To achieve efficient power transfer at the operating frequency, a resonance compensation circuit was
implemented in both the Tx and Rx sections of the WPT system. A series compensation network was used at
the Tx side to minimize reactive power and stabilize current flow, while a parallel compensation network was
employed at the Rx side to maximize received power and maintain voltage stability across the load. This dual
compensation topology enabled both circuits to resonate at the same operating frequency, ensuring efficient
energy transfer with minimal reactive loss. The capacitor values were tuned using CST’s parameter sweep
function to match the resonant frequency of each configuration. For the coil-only design, the optimal values
were Csi = 320 nF, Cp: = 262 nF, and Cp2 = 300 nF, while the ferrite-assisted model required retuning to Cs:
= 245 nF, Cp: = 212 nF, and Cp. = 227 nF due to the increase in mutual inductance caused by ferrite
integration. The equivalent resonant compensation circuit, shown in Figure 5, consists of inductive, resistive,
and mutual coupling elements representing the coils and capacitive components used for compensation. This
circuit was used to calculate the quality factor, reflected impedance, and resonance frequency of the system.
The improved resonance sharpness and reduced impedance mismatch observed in the ferrite configuration
confirm the effectiveness of the compensation network and its direct contribution to achieving higher
efficiency.
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3.2. Circuit implementation and ferrite integration

Figures 6 and 7 depict the schematic representation of both configurations within the CST
simulation domain. Figure 6 shows the coil-only setup, where the transmitter and receiver coils are modeled
using solid copper conductors with a diameter of 2 mm and conductivity of 5.8 x 107 S/m. The air gap
between the coils is precisely 20 mm, with PML boundaries defining the electromagnetic domain.

Figure 7 illustrates the coil-with-ferrite configuration, where 5 mm-thick ferrite plates (Laird
33P2098-0MO0) are integrated beneath each coil. The ferrite plates concentrate the magnetic flux, as
evidenced by the higher B-field density in CST field plots, and suppress backward radiation, improving
magnetic directivity. The ferrite’s placement was optimized through CST’s field-probe scanning to achieve
the highest efficiency without increasing thermal hotspots.
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Figure 5. Equivalent circuit for the coupled resonator system
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Figure 7. Schematic of resonant inductive power transfer with coil and ferrite configuration

3.3. Modeling of WPT circuit in CST Studio Suite

The WPT system was modeled using CST Studio Suite 2024, where two configurations were
developed and analyzed: i) coil-only and ii) coil with ferrite integration. The coils were designed using spiral
copper windings and positioned coaxially to simulate practical E-bike charging conditions. In the coil-only
model (Figure 8), CST simulations revealed significant magnetic flux dispersion and lateral leakage,
indicating limited coupling and reduced energy transfer. This configuration served as the baseline reference
for performance comparison.

To address this limitation, a ferrite-assisted model was developed, as shown in Figure 9, where
Laird 33P2098-0MO ferrite plates were placed beneath both coils. The ferrite materials were assigned their
measured electromagnetic properties in CST and positioned to optimize magnetic guidance. The simulation
results confirmed that the ferrite layers effectively confined the magnetic field, redirected flux toward the
receiver coil, and improved coupling strength. Furthermore, the ferrite-assisted model exhibited a resonance
shift and higher peak efficiency, demonstrating the direct influence of ferrite permeability on mutual
inductance and overall system performance.
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Figure 8. CST 3D model of the coil-only WPT Figure 9. CST 3D model of the WPT system with
configuration used as the baseline ferrite-integrated configuration

4. RESULTS AND DISCUSSION

This section presents the comparative simulation results of the WPT system for both coil-only and
coil-with-ferrite configurations, emphasizing the effects of ferrite materials on magnetic field distribution,
resonant frequency, and overall power transfer efficiency. The results were obtained using CST Studio Suite
2024 and validated with analytical equations. Figures 10-13 include clearly labeled axes as requested by the
reviewers, with frequency (kHz) on the horizontal axis and either magnetic flux density (T) or efficiency (%)
on the vertical axis.

4.1. Magnetic field distribution

The magnetic field intensity plots illustrate how ferrite materials improve the magnetic coupling and
directivity between the Tx and Rx coils. In the coil-only configuration (Figure 10), the magnetic flux lines
are widely dispersed, with high field intensity regions appearing behind and around the transmitter coil rather
than concentrated toward the receiver. This indicates suboptimal coupling efficiency due to flux leakage into
the surrounding air region. The magnetic field is also asymmetrical, resulting in non-uniform energy transfer.

When ferrite plates are integrated at both coils (Figure 11), the flux distribution becomes more
confined and aligned along the coupling path between Tx and Rx. The ferrite materials act as magnetic
shields, guiding the magnetic flux toward the receiver coil, reducing backward radiation, and minimizing stray
losses. The intensity of the magnetic field (B-field) between the coils increases significantly, forming a stronger
magnetic linkage and improving the coupling coefficient (k). These observations confirm that ferrite materials
effectively enhance magnetic-field directivity and energy concentration within the desired coupling zone.

4.2. Efficiency analysis

The WPT efficiency was evaluated across the 30-50 kHz frequency range for both configurations.
The efficiency curve for the coil-only configuration (Figure 12) shows a peak efficiency of 99.09% occurring
at 38.1 kHz. The curve exhibits a broad bandwidth, but with reduced sharpness around resonance, indicating
less effective energy transfer and moderate reactive losses due to flux dispersion.

In contrast, the coil-with-ferrite configuration (Figure 13) exhibits a shifted resonance frequency of
41.3 kHz and a higher peak efficiency of 99.21%. The resonance curve is narrower and steeper,
demonstrating improved power transfer and stronger magnetic coupling. The ferrite plates increase mutual
inductance (M) and coupling coefficient (k), enhancing field interaction and energy transfer efficiency.
Although the efficiency improvement is modest (0.12%), it is technically significant, particularly for compact
E-bike systems where even small gains can reduce charging time and heat generation.

Figure 10. Magnetic field distribution of coil-only Figure 11. Magnetic field distribution in coil with
configuration ferrite configuration
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Figure 13. Efficiency of WPT system with coil and ferrite configuration

4.3. Comparative discussion and literature benchmarking

The results confirm that ferrite materials improve both magnetic-field confinement and power-
transfer efficiency. The observed efficiency enhancement (from 99.09% to 99.21%) aligns well with prior
studies that reported similar efficiency gains using ferrite cores in EV and dynamic charging systems [8], [9].
For instance, Kim et al. [24] observed a comparable improvement of 0.1-0.3% in WPT efficiency using
ferrite sheets in a resonant coupler, while Chowdary et al. [10] and Yadav and Bera [9] demonstrated that
ferrite thickness and permeability significantly influence coupling strength and energy loss.

Compared with existing literature, the current study provides a more focused evaluation for low-
power E-bike chargers, a segment where ferrite integration has not been extensively explored. The results are
consistent with Ramakrishnan ef al. [21], who emphasized that magnetic shielding materials play a crucial
role in achieving stable efficiency under alignment variations. Furthermore, the small but consistent increase
in peak efficiency corresponds with the theoretical model presented in section 5, which correlates ferrite
permeability (1) with higher mutual inductance (M) and quality factor (Q).

Overall, the combination of CST simulation and analytical validation confirms that ferrite-assisted
WPT systems provide a measurable and reliable performance enhancement. The improved magnetic coupling
and higher resonance precision contribute to lower reactive losses, greater energy transfer uniformity, and
more stable operation for practical E-bike battery-charging applications. These findings also establish a solid
foundation for future research aimed at experimental validation, thermal analysis, and optimization of ferrite
geometries for compact wireless charging systems.

5. MATHEMATICAL MODEL

In this section, a comprehensive mathematical model is developed to analyze the efficiency of WPT
systems, particularly focusing on the impact of ferrite materials and coil configurations. The model
incorporates the key components of WPT systems, including inductive coupling, resonant circuits, and the
effect of ferrite materials.

5.1. Inductive coupling and mutual inductance
The fundamental principle of WPT relies on inductive coupling between the transmitter coil T, and
the receiver coil Ry. The mutual inductance M between two coils is given by (1).

M = kL, L, (1)

The mutual inductance equation utilizes three key variables: the coupling coefficient (k), the transmitter coil's
inductance (L, ), and the receiver coil's inductance (L,).

Int J Appl Power Eng, Vol. 15, No. 1, March 2026: 361-372



Int J Appl Power Eng ISSN: 2252-8792 a 369

5.2. Resonant frequency
For efficient power transfer, both the transmitter and receiver circuits are tuned to the same resonant
frequency (fy). The f; is determined by the inductance L and capacitance C in the circuit as in (2).

fo =1/@2m\[LC) )

5.3. Impedance and quality factor
The impedance Z of the resonant circuit at resonance is primarily resistive and is given by (3).

Z=R+j(wL —1/wC) 3)

At resonance, wL = 1/wC, hence the imaginary parts cancel out, and the impedance is purely resistive.
The quality factor Q of the coil, which indicates the efficiency of the coil, is defined as (4).

Q =wL/R “

Where w = 2nf,,. Ferrite materials increase the inductance L, which in turn improves the quality factor Q,
thus contributing to higher efficiency in WPT systems.

5.4. Power transfer efficiency

The efficiency # of power transfer between the transmitter and receiver coils can be expressed in
terms of the load resistance RL and the reflected impedance Z,..; seen by the transmitter coil as in (5).

N = RL/(RL + Ryef) &)
Where the reflected impedance R,..f is given by (6).

Ryer = (w*M?)/RL (6)
Combining these, the efficiency # can be written as (7).

7= RLIRLHw?M?)/RL)=(RL*)/( RL*+w?*M?) 7

The presence of ferrite materials increases the mutual inductance M, improving the efficiency by reducing
reflected impedance R, .

5.5. Effect of ferrite materials
Ferrite materials improve magnetic coupling and increase the inductance L. The inductance of a coil
with ferrite Ly can be approximated as (8).

L =ul ®)

Where u. is the relative permeability of the ferrite material. The presence of ferrite increases the mutual
inductance My:

The new coupling coefficient with ferrite, k¢, is determined by the inductances of the transmitter and receiver
coils with ferrite, Lgy and L¢,, respectively.

5.6. Modified efficiency with ferrite
Substituting the enhanced mutual inductance M into the efficiency equation as (10) and (11).

Ny = (RIY/(RL*+w* My 2)=(RL*)/(RL*+w?(K; GurLip L) ?) (10)
Simplifying, shows as (11).

n=(RL?)(RL*+w* K;? 1,% Ly Ly) (11)

Impact of ferrite materials on wireless power transfer efficiency ... (Wan Muhamad Hakimi Wan Bunyamin)



370 a ISSN: 2252-8792

This (10) and (11) shows that the efficiency of the WPT system is significantly influenced by the presence of
ferrite materials, which enhance the mutual inductance and improve overall efficiency. The relative
permeability (u,) of ferrite materials plays a critical role in optimizing power transfer efficiency.

This mathematical model provides a framework for understanding the efficiency of WPT systems
and the impact of ferrite materials [33]. By incorporating inductive coupling, resonant circuits, and the
properties of ferrite materials, the model captures the essential factors that contribute to efficient WPT. This
model can be used to guide the design and optimization of WPT systems for various applications, including
E-bike battery chargers.

6. CONCLUSION

This study investigated the effect of ferrite materials on the efficiency of a WPT system using CST
Studio Suite simulations. A comparison between the coil-only and ferrite-assisted configurations
demonstrated that integrating Laird 33P2098-0MO ferrite plates improved magnetic flux confinement,
increased mutual inductance, and enhanced coupling strength. Consequently, the peak efficiency increased
from 99.09% at 38.1 kHz (coil-only) to 99.21% at 41.3 kHz in the ferrite-integrated configuration. The
findings confirm that ferrite materials provide measurable performance improvements for compact and
efficient WPT systems, offering a viable approach to enhancing wireless charging technology. Future work
will focus on experimental validation, thermal loss assessment, and optimization of ferrite geometry to
further improve efficiency and operational stability under practical conditions.
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