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Abstract—With the exponential growth of IoT (Internet of
Things), Industry 4.0, and electrical vehicles, there is a growing
need for flexible energy sources. Wireless energy transfer is
becoming increasingly important in this context, as it enables
physical devices to be more flexible and allows for the simulta-
neous powering of multiple loads. This study presents a wireless
energy transfer system that uses solenoid coils in inductive
resonant mode. The system is configured in a point-multipoint
setup, with a circular transmitter coil and two identical circular
receiver coils placed inside the transmitter. We use mathematical
modeling to develop circuit theory models and identify the most
efficient topology for the system. In addition, we propose a simple
and cost-effective self-oscillating electronic converter design with
two switches for system supply. Our numerical and experimental
results demonstrate that the proposed system is viable and
functional, achieving a power output of 1.7 W and efficiency
of 27%.

Index Terms—Point-Multipoint, Resonance, Self-Oscillating
Inverter, Wireless Power Transmission.

I. INTRODUCTION

THERE has been a long time since the scientific com-
munity has investigated different apparatus to perform

wireless power transmission (WPT). This discussion is mainly
motivated by the growing demand for portable, miniaturized,
and low-cost electronic devices that enables the development
of contemporary technological paradigms such as the Internet
of Things (IoT), Industry 4.0, and electrical vehicles. There-
fore, the constraints on economy, mobility, and accessibility
are crucial to developing newer WPT solutions.

The WPT techniques in electrical engineering can be classi-
fied into three main categories: near-field, far-field, and optical
[1], [2]. Near-field techniques utilize inductive coupling (IC) or
resonant inductive coupling (RIC), while far-field techniques
rely on propagating waves in the microwave range. On the
other hand, optical techniques utilize laser technologies.

IC systems operate by inducing current through an alternat-
ing magnetic flux generated by the transmitter unit, similar to
transformers. These systems are simple but suffer from low
power transfer due to poor coupling between the transmitter
and receiver coils. As a result, the transmitter and receiver
units must be placed in close proximity and perfectly aligned.

In contrast, RIC systems utilize resonant coupling, where
the coils operate at the same resonant frequency and are
strongly coupled. This allows for efficient power transfer
over larger distances. The resonant frequency can be adjusted
by incorporating external capacitors. RIC techniques have
gained significance in the development of efficient wireless
transmission systems, finding applications in various areas

such as vehicles [3] and mobile device chargers [4], healthcare
[5], surgical robots [6], [7], and more [8]–[10].

The application of RIC configurations in multi-point sys-
tems has gained attention in recent years to meet the increasing
demand for simultaneous power delivery to multiple loads
[11], [12]. However, compared to single-point transmission,
this area remains relatively unexplored. Another crucial aspect
is the choice of an appropriate electronic converter for pow-
ering the system. While microcontroller units are commonly
search, their use can escalate project complexity and expenses.
Thus, the challenge lies in developing an efficient and cost-
effective device that operates at the system design frequency
while delivering the desired power output.

The main contribution of this work is to comprehensively
design a point-multipoint RIC system, consisting of a solenoid
transmitter coil and two identical solenoid receiver coils posi-
tioned side by side on the same plane as the transmitter coil,
thus characterizing a point-multipoint system. The objective
is to investigate the configuration that achieves the highest
efficiency and output power in systems with multiple and
strong magnetic coupling. Moreover, an appropriate design
of a self-oscillating electronic converter for power supply
is presented. The self-oscillating configuration is chosen for
its construction simplicity and cost-effectiveness, although it
requires precise design and tuning to match the system’s
operating frequency. Numerical and experimental results are
then compared to demonstrate the feasibility and functionality
of the proposed system.

II. SYSTEM DESCRIPTION

The system consists of three coil units: one transmitter
unit (TU) and two identical receiver units (RUs). The coils
parameters were defined to ensure a planar assembly that
can be inserted into, for example, a personal office table to
wirelessly charge multiple devices. Therefore, the system and
electronic converter proposed were designed to supply a total
power output of approximately 5 W, which is sufficient for
powering small electronic devices. Additionally, the converter
was designed to be powered by a commercially available 14
V DC source.

A. Resonance Condition and Operation Frequency

By carefully selecting external capacitors, known as com-
pensation capacitors, and connecting them to the coils, the
resonance condition can be achieved. This condition en-
sures that the inductive and capacitive reactances have equal
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magnitudes, resulting in a purely resistive impedance. The
resonance frequency, fr, then corresponds to the desired
operating frequency of the system. The choice of connecting
the capacitors in series or parallel with the coils depends
on various parameters, such as mutual inductance and the
converter topology employed. This deliberate configuration
of the compensation capacitors enhances the efficiency and
extends the transmission distance range of the RIC system.

For the proposed system, the operating frequency (f ) range
is 650 kHz to 1.2 MHz. This range was chosen based on
factors such as the cost and availability of electronic converter
switches (MOSFETs), losses due to skin effect, the size of
the assembly, and the expected transmission distance, which
decreases as f increases. It is worth noting that this frequency
range enables accurate mathematical modeling using circuit
theory, as the wavelength of the traveling signal is significantly
longer than the system dimensions.

B. Coils Design and Placement

Wireless powering systems based on RIC operate through
magnetic field coupling in the near field region. Therefore,
the coils must be positioned within this limit which is directly
related to the operating frequency [13]. Each unit in the system
consists of a wire main coil and a wire auxiliary guide coil
known as the ”drive” coil. The TU is composed of coils B1

(drive) and B2 (main) while RUs consist of coils B3 (main)
and B4 (drive), as illustrated in Fig. 1.(a). The RUs are placed
inside the TU, forming a planar network, as depicted in Figs.
1.(a) and (b). It is important to note that there exists a lateral
displacement of 6.2 cm between the centers of the TU and
the RUs. All main coils and their respective drive coils are
concentric, and the RUs are symmetrically positioned with
respect to the TU.

(b)

RU 1

RU 2
B1

B2

B3

B4

(a)

Fig. 1. WPT multipoint planar system. (a) side view and (b) top view. B1 is
the transmitter drive coil, B2 is the transmitter main coil, B3 is the receiver
main coil and B4 is the receiver drive coil.

The design of the coils involves several parameters, in-
cluding the number of turns (NT), coil radius (CR), spacing
between drive and main coils, and the wire gauge (WG). These
parameters, along with the geometry, determine important
electrical characteristics such as self-inductance (L), mutual
inductance (M ), and resistance (R). To achieve a desired flat
shape with a high inductance-to-resistance ratio, which results
in a higher quality factor, we opted for a reduced number of
turns: 2 turns for the drives, 10 turns for the receiver main
coils, and 9 turns for the transmitter main coil. Additionally,
these coils were designed without any spacing between them.

The specific parameter values for each coil can be found in
Table I.

TABLE I
COIL PARAMETERS

Coil NT WG (mm) CR (m)
Drive TU 2 1.35 0.13
Drive RUs 2 0.5 0.053
Main TU 9 1.35 0.13
Main RUs 10 0.5 0.053

The decision to use a reduced number of turns for the
coils was made to mitigate the impact of strongly coupled
phenomena such as splitting [14], [15] and cross-coupling
[16], [17], which are closely related to the system’s mutual
inductance. While this choice may limit the achievable quality
factor, it helps improve the overall transmission performance,
particularly in cases where the coils are positioned in close
proximity to each other. By minimizing these effects, we can
enhance the efficiency and reliability of the wireless power
transfer system.

III. SYSTEM MODELING

Once the system topology is defined, the mathematical
modeling of the coil resistance, self-inductance, and mutual
inductance is carried out.

A. Ohmic Resistance

To calculate the coil ohmic resistance (RΩ), the skin effect
must be considered in alternated circuits (AC), which causes
the current tendency to be concentrated near the conductor’s
boundary. Thus, the effective area of the material in which
electrons flow is reduced, increasing the RΩ value. Therefore,
RΩ can be calculated in this case by [13]

RΩ =
αN

σrcδ
, (1)

where α is the average coil radius, σ is the material conductiv-
ity, rc is the conductor radius, N is the number of turns, and
δ is the penetration depth given by 1/

√
πfµσ with µ being

the magnetic permeability of the medium.
The presence of a radiation resistance (Rr) is typically as-

sociated with AC circuits. However, in our case, the operating
frequency f is relatively low, and as a result, the impact of
Rr can be considered negligible compared to RΩ. Thus, we
can assume that RΩ dominates the overall resistance R in the
system, and the contribution of Rr can be disregarded.

B. Self-Inductance

Over the years, various approximate equations have been de-
veloped to calculate coil inductance due to the computational
complexity of rigorous numerical solutions. One commonly
used approach is based on the assumption that the self-
inductance L of a coil, where the diameter (D) is much
smaller than its height (l) (D ≪ l), can be approximated
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by considering overlapping infinite conductors of infinitesi-
mal thickness without electrical contact [18]. This approach,
known as the current sheet approximation, also provides a
correction coefficient that can be applied when the coil radius
(r = D/2) becomes comparable to its height (r ≈ l) [19].
The approach established by this model is [19]

L =
µπr2N2kL

l
, (2)

where r and N are the radii and number of turns, respec-
tively. The Nagaoka correction coefficient kL is defined as
[19]

kL =
4(D/L)

3π

[
(2κ2 − 1)

κ3
E(κ) +

1− κ2

κ3
K(κ)− 1

]
. (3)

K(κ) and E(κ) are the first and the second elliptic integrals,
respectively, and κ, integral module, is [19]:

κ = sin θ =
D√

D2 + l2
, (4)

with θ and all the others coil parameters being illustrated
in Fig. 2.

θ

l

D=2r

Fig. 2. Current sheet solenoid.

C. Mutual Inductance

Mutual inductance M between two current sheets can be
calculated by using the modeling presented in [20], which
approximates mutual inductance between two parallel closed
paths displaced laterally by

M =
µab√

a(b+∆)
G(ρmáx), (5)

where a and b are the radii of the two turns, ∆ is the lateral
misalignment, and ρmáx is:

ρmáx ≡

√
4a(b+∆)

(a+ b+∆)2 + d2
, (6)

where d represents the vertical distance between coils. In
(5), G(ρ) is calculated from:

G(ρ) =

(
2

ρ
− ρ

)
K(ρ)− 2

ρ
E(ρ), (7)

where ρ is the distance between the point of the infinitesimal
length element of the integrated loop and the center of the
other loop. All parameters presented from (5) to (7) can be
identified in Fig. 3.

a

b

ρd

Δ

y

x

Fig. 3. Parameters for the mutual inductance calculation between loops with
side and vertical misalignment.

Although there are other equations for misalignment in
the literature, (5) was the one that best fit physical problem
conditions (∆ > b) [20]. For coils i and j with ni and nj

turns, respectively:

Mij =

ni∑
k=1

nj∑
l=1

Mkl (8)

D. Point-Multipoint System

To mathematically model the proposed RIC structure, the
mesh current theorem and the voltage Kirchhoff’s law in the
phasor domain are utilized. Fig. 4 illustrates the circuit models
for the two investigated RIC system configurations. The drive
coils are connected to the power source and system loads,
while the main coils, responsible for the RIC between TU
and RU, are placed in series with the compensation capacitor.
The transmitter drive coil is fully compensated in parallel,
as required by the chosen self-oscillating electronic converter
topology. The performance of the receiver drive coils is
studied for both series and parallel connections of the external
capacitor. In the circuit diagrams, RL1 and RL2 represent the
resistive loads connected to the terminals of the receiver drive
coils, R denotes the equivalent coil resistance, Vs represents
the power source, C is the external compensation capacitor,
and L represents the coil self-inductance. The indexes 1 to 6
indicate the corresponding circuit parameters. For this study,
resistive loads of 10 Ω were chosen.

C3
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C4

C6

Vs

L1

L2

L6

L4
R3

R5

R4

R6

R1 R2

L5

L3
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RL2

C2

RL1

RL2

L1 L6

L4
R1 R2
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L5
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C1 C2

C5

C3

C6

C4
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(a)

(b)

Fig. 4. Point-multipoint systems. (a) Parallel-parallel (PP) and (b) parallel-
series (PS) compensations.
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IV. SELF-OSCILLATING ELECTRONIC CONVERTER

The operating frequency range of 650 kHz to 1.2 MHz was
selected considering the availability and cost of commercially
available electronic switches, as well as the physical dimen-
sions of the proposed system. To ensure operational efficiency,
the chosen electronic converter topology must satisfy specific
requirements. Among the various power converter topologies,
the class D topology is deemed most suitable due to its
low switch stress and capability to deliver medium to high
output power levels [21]–[23]. However, such devices often
employ pulse modulation for switch activation, thereby in-
creasing project complexity and cost. Hence, a self-oscillating
converter was selected to power the proposed RIC system in
this study. Self-oscillating configurations offer the benefit of
automatic switching command execution and adjusting f to
match the specific fr. Additionally, they eliminate the need
for digital signal processing in feedback control loops, thereby
reducing cost and complexity. To model, design, and simulate
the converter, the software Multisim® was employed. This
software enables consideration of real parameters of electronic
components (using SPICE models) and facilitates time domain
simulations.

To operate within the selected frequency range and achieve
maximum output power, a specific topology was chosen, as
depicted in Fig. 5. This topology utilizes a transmitter drive
coil as a tank circuit and requires parallel compensation [24].
In the circuit, Rp1 and Rp2 represent polarization resistors for
the 100 Ω switches, R1 and R2 are resistances added to the 5
µH radio frequency choke (RFC) inductors (Losc1 and Losc2),
D1 and D2 are fast recovery feedback loop diodes (1N4148),
Q1 and Q2 are active switching elements (IRF540 MOSFETs),
Vcc is a 14 V DC source, and C1, R1, and L1 represent the
external compensation capacitor, equivalent series resistance,
and self-inductance of the tank circuit, respectively. The val-
ues for non-tank components were determined empirically to
ensure proper voltage and current levels within the limits of
the active components, while also achieving the desired output
signal level across L1. During converter operation, when one
of the switches Q is closed, the other is opened due to the
feedback diodes. Consequently, the Thèvenin equivalent circuit
seen by the tank circuit (transmitter drive coil) is an alternating
voltage source in series with R1 and Losc1.

D1

D2

Q1 Q2

Rp1 Rp2
R1 R2

Losc1 Losc2

Vcc

C1
L1

R1

Tank circuit

Fig. 5. Proposed self-oscillating electronic converter circuit.

V. SIMULATIONS

The mathematical modeling described in Section III was im-
plemented in the MATLAB® environment. Simulations were
conducted to evaluate the performance of the system with
parallel-parallel (PP) and parallel-series (PS) compensation,
taking into account the mutual inductance between all pairs of
coils. The obtained results were compared and complemented
with simulations performed in Multisim®, which supports
real electronic component models. The Multisim® simulations
encompass not only the coils and compensation capacitors but
also the electronic converter, providing a more comprehensive
representation of the system.

In terms of efficiency, the series-series (SS) compensation
topology is the best when considering only two coils because it
eliminates the reflection of the reactive portion between them
[25]. However, in systems with a larger number of coils that
interact magnetically or are positioned closely, the reflection
of reactive components occurs even when the system is SS
compensated. As a result, this phenomenon leads to a shift
in fr of the complete system compared to the resonance fre-
quency of the individual coils. Thus, to determine the optimal
arrangement of capacitors for the proposed RIC system, two
simulations were conducted: 1) series compensation and 2)
parallel compensation for the receiver coils, as depicted in
Fig. 4. For the main coils, the only feasible connection is in
series. The compensation capacitors (C) were calculated to
ensure that fr of each coil’s circuit was close to 1 MHz. The
values listed in Table II represent the commercially available
values that are closest to the calculated ones.

TABLE II
COIL’S COMPENSATION CAPACITORS

Coil Capacitance (nF)
Drive TU 9.3
Drive RUs 22
Main TU 0.68

Mains RUs 1.33

In the MATLAB® simulation, the peak-to-peak value of Vs

was set to 42 V, based on the Thèvenin’s voltage obtained from
the Multisim® simulation. This value was chosen to achieve
a total output power of at least 5 W over 10 Ω loads with
a Vcc of 14 V. The simulation results, depicted in Fig. 6 for
transmission efficiency and Fig. 7 for transmitted power, are
highlighted with red dots at 1 MHz. These results correspond
to the simulation of coils supplied by an AC source, without
considering the electronic converter. The yellow dots represent
the results obtained from simulations performed in Multisim®

at the frequency where the system output became stable.
In Fig. 6, it can be observed that at the chosen operating

frequency of 1 MHz, the parallel-parallel (PP) configuration
achieves approximately 96% efficiency, while the parallel-
series (PS) configuration achieves approximately 94%. Addi-
tionally, the PP configuration shows a steeper efficiency drop
from 1.75 MHz. Beyond this frequency, the power transferred
to the loads becomes negligible, rendering this frequency range
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Fig. 6. Transmission efficiency (considering two loads) for PS and PP
compensations (MATLAB® simulation).

unsuitable for the intended objectives. It is also evident that
there is a significant efficiency dip at around 1.3 MHz due
to intense constructive and destructive cross-coupling between
the mutual inductances, resulting in a significant frequency
splitting.

Fig. 7 demonstrates the difference in total output power at
1 MHz, with 5.6 W for the PP configuration and 3.8 W for
the PS configuration. This discrepancy can be attributed to
the more significant resonance frequency shift observed in the
PS configuration. The results obtained for both configurations
indicate that within a wide frequency range (approximately
from 0.6 MHz to 1.2 MHz), high efficiency and power values
can be achieved, indicating a resonant system.

Fig. 7. Total output power (considering two loads) for PS and PP compen-
sations (MATLAB® simulation).

The variation between the Multisim® results (yellow marks)
and the MATLAB® results is due to the ideal AC source used
in the MATLAB® simulation, as opposed to the real model of
the electronic converter.

During the Multisim® simulation, it was observed that using
Vcc values lower than 6 V resulted in unstable behavior of
the electronic converter. This finding establishes a minimum
excitation value that should be considered. The load voltage
(VRL1

= VRL2
) results are depicted in Fig. 8, and the

performance parameters are summarized in Table III. It is
worth noting that the type of system configuration directly
affects the stabilizing process of the electronic converter, as
it adjusts itself accordingly. As a result, the parallel-series

(PS) configuration stabilizes at a higher frequency, leading to
a significant reduction in the amplitude of the load voltage.

Fig. 8. Load voltage for PS and PP compensations (Multisim® simulation).

TABLE III
MULTISIM® COMPLETE SYSTEM SIMULATION PERFORMANCE

Parameter PS PP
Operation frequency (MHz) 1.147 1.115

Transmission eff. (without oscillator) (%) 87.1 94.7
Power per load (W) 1.4 4.1

Converter input power (W) 6.8 14.5

Based on the data presented, the PP configuration was
chosen as it yielded the best results for an operating frequency
close to 1 MHz, demonstrating higher efficiency and transmit-
ted power. Although the overall system operating frequency is
not equal to the resonance frequency of the individual coils,
it falls within the range of good system performance.

VI. EXPERIMENTAL RESULTS

The PP system prototype underwent experimental analysis
with the main objective of measuring the power delivered to
the loads, as well as the transmission and overall efficiency. In
order to achieve this objective, the system was tested in two
ways: first, by analyzing the individual parts separately, and
then by evaluating the system as a whole.

A. Electronic Converter

The Multisim® simulation results indicated that the currents
flowing through Losc1 and Losc2 are approximately 1 A.
In consideration of cost and the availability of components
that can support this current value, the inductor construction
process was chosen. An air core structure with a radius of
14 mm, 12 turns, and a wire diameter of 1 mm was designed,
which allows for a significant magnetic flux density. However,
this high flux density also increases the magnetic coupling with
other areas of the circuit, particularly with other inductors.
To mitigate this issue and maintain a compact PCB size,
Losc1 and Losc2 were positioned perpendicular to each other
to reduce mutual inductance. The prototype PCB layout and
the assembled topology are depicted in Fig. 9.
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(a) (b)

Fig. 9. (a) PCB layout, and (b) real assembled prototype.

B. Circuit Parameters

A comparison was conducted between the calculated and
measured inductance values to validate the proposed math-
ematical modeling. However, measurements of inductance
values between coils in different units were not performed due
to the limited power capacity of the measuring instruments.
Table IV presents a comparison between the measured and
simulated inductance values for the TU, RU, and the inductors
in the electronic converter. The results confirm the accuracy of
the proposed modeling approach, highlighting its significance
as a valuable tool for the design of wireless power transmission
systems.

TABLE IV
COMPARISON BETWEEN MEASURED AND SIMULATED INDUCTANCE

VALUES

Parameter Measured (µH) Simulated (µH) Error (%)
Losc1 5.266 5 5.3
Losc2 5.283 5 5.7
L1 2.730 2.723 0.3
L2 39.650 38.936 1.8
L3 21.449 19.997 7.3
L4 1.100 1.155 4.8
M12 5.090 5.348 4.8
M34 2.620 2.261 15.9

C. Measurements and Analysis

The power delivered by the RIC system was determined
using the measured voltage over the 10 Ω loads. The total
power Ptotal is calculated as follows:

Ptotal =
V 2

RMS1

RL1
+

V 2
RMS2

RL2
(9)

Here, VRMSn represents the root mean square (RMS) voltage
measured on the RLn load, with n = 1, 2. The instanta-
neous voltage measured in both loads is shown in Fig. 10.
From the measurements, an average RMS value of 4.15 V
is observed, resulting in a delivered power of 1.72 W per
load. The harmonic distortion rate (THD), considering the
first six harmonics, is −41.8 dB (0.81 % THD). Spectral
evaluation reveals that the fundamental harmonic is at 966

kHz, indicating a 3.4 % deviation from the project’s intended
operating frequency of 1 MHz.

Fig. 10. RUs loads measured voltages.

In addition to the RUs, the output voltage of the electronic
converter was also measured. The resulting measurement is
shown in Fig. 11. The total harmonic distortion (THD) for the
electronic converter output voltage is −23.8 dB (6.5 % THD),
with an RMS value of 25.95 V.

Fig. 11. Measured electronic converter output voltage.

D. Global Efficiency

Based on simulations performed in Multisim® with the
measured circuit parameters, the power provided by the Vcc

source was 11.81 W, with an average of 3.12 W delivered
to each load. Therefore, the overall efficiency is 52.8 %.
However, if the equivalent series resistances (ESR) of the
capacitors are taken into account, considering commercial
values, the output power decreases to 1.64 W for each load,
with 9.96 W from the Vcc source. This results in an global
efficiency of 32.9 %. This analysis was performed considering
an operating frequency of 1.13 MHz, the frequency at which
the system stabilizes.

In the MATLAB® environment, the global efficiency was
measured to be 40.1 % when considering only the current
fundamental harmonic and all circuit parameters being mod-
eled without equivalent series resistances (ESR) at a frequency
of 966 kHz. However, when harmonics are taken into account,
the efficiency tends to decrease as the inductive circuit acts as
a low-pass filter. The measured global efficiency was found to
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be 27.3 % in this case, with a current of 0.9 A and a voltage
of 14 V read from the DC source display, and an average of
1.72 W delivered to each load. The presence of ESR affects
the cancellation of reactance between the inductor and parallel
capacitor, and a significant portion of resistance is reflected
back to the transmitter drive due to high mutual inductance
between the coils, thereby degrading impedance matching. To
achieve more efficient results, it is recommended to use low
ESR capacitors.

VII. CONCLUSION

This work presents a point-multipoint system for wireless
energy transfer using wire coils in inductive resonant mode.
Both numerical and experimental results demonstrate that
the proposed flat layout can serve as a charging surface for
small electronic devices. The achieved global efficiency, which
includes the efficiency of the electronic converter, highlights
the potential of the proposed system. The close agreement
between the numerical and experimental results validates the
accuracy of the mathematical modeling and the reliability of
the experimental methodology employed.

The robustness of the parallel-parallel configuration is con-
firmed, particularly in systems where the transmitter and
receiver units are in close proximity, and the effects of mu-
tual inductance are significant. The proposed self-oscillating
converter topology is simple, cost-effective, and capable of
operating within the intended frequency range while deliv-
ering the targeted power levels. It is important to consider
a wide frequency range during system design to account
for the proximity effects between the coils, which can lead
to a deviation in the overall operating frequency compared
to the resonant frequency of individual coils. This approach
facilitates tuning of all system components. Overall, this
research demonstrates the feasibility and effectiveness of the
proposed wireless energy transfer system, paving the way for
its practical implementation in various applications.
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