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Abstract: - This study presents a modified Push-Pull Parallel Resonant Converter (PPRC) for efficient wireless charging of electric vehicles
(EVs), addressing key limitations of the conventional Series-Series Full Bridge Resonant Converter (SS-FRC). The proposed PPRC features
a dual primary coil design that integrates the resonant tank, current-splitting transformer, and DC inductor—resulting in reduced component
count, simplified circuit architecture, and lower implementation cost. A scaled 18W laboratory prototype was developed to validate the
design. Experimental results showed a peak efficiency of 93.4% at a 1 cm air gap, significantly outperforming the SS-FRC’s 30% under the
same conditions. Even at 3 cm and 5 cm gaps, the PPRC maintained superior efficiency. The converter also demonstrated improved soft-
switching behavior, reduced voltage spikes, and enhanced waveform stability. Compared to existing push-pull and cascaded designs in
literature, the PPRC offers comparable or better performance with less complexity. Additionally, the system incurs approximately 50% less
conduction loss than the SS-FRC and operates at the SAE J2954 standard frequency of 85 kHz, making it suitable for current-generation
wireless EV charging infrastructure. This work contributes a practical, cost-effective solution for next-generation inductive power transfer
systems and offers valuable insights into converter topology design and energy optimization for smart EV charging.

Keywords: Wireless Power Transfer (WPT), Electric Vehicle Charging, Push-Pull Resonant Converter, Inductive Power Transfer (IPT),
Converter Efficiency Optimization.

1. INTRODUCTION

Wireless Power Transfer (WPT) has emerged as a promising technology for enhancing the convenience safety,
and automation of electric vehicle (EV) charging systems. Among various WPT techniques, Inductive Power
Transfer (IPT) is widely adopted due to its efficiency and suitability for high-power applications. Central to IPT
systems is the inverter topology that drives the primary coil, and the current-fed push-pull parallel resonant inverter
(CFPPRI) has shown potential due to its current-limiting behavior, simplified control, and soft-switching capability
under resonance conditions. The traditional Series-Series Full Bridge Resonant Converter (SS-FRC), while
commonly used, suffers from limitations such as high conduction losses, sensitivity to air gap variations, and
complex switching requirements. To address these challenges, several researchers have proposed variations of the
push-pull topology. In [1], a modified CFPPRI incorporating diodes in series with switches achieved reduced total
harmonic distortion (THD), though it introduced diode voltage drop losses and did not meet standard WPT
frequency requirements. Another study in [2] employed a Cascaded Class D inverter to minimize switch voltage
stress, yielding high efficiency but resulting in a bulky and complex design. Adaptive tuning methods using PWM-
controlled resonant tanks [3] improved soft switching but significantly increased circuit complexity and component
count. Similarly, the Symmetrical Half-Bridge Resonant Converter (SHRC) proposed in [4] demonstrated reduced
losses but operated at low frequencies (12.5 kHz), far below the SAE J2954-recommended 85 kHz for EV wireless
charging. These approaches, while beneficial in certain respects, reveal a persistent trade-off between efficiency
and circuit simplicity. Most do not fully resolve the need for a compact, cost-effective, and highly efficient solution
that performs well under variable load and misalignment conditions

In this study, a modified Push-Pull Parallel Resonant Converter (PPRC) featuring a dual primary coil
configuration that serves concurrently as a DC inductor, phase-splitting transformer, and resonant tank is
introduced. This integration significantly reduces the converter’s size and component count while enhancing
magnetic coupling and energy transfer efficiency. The topology also ensures better soft-switching performance and
reduced voltage stress without requiring complex tuning networks or additional auxiliary circuits. To validate the
design, a scaled 18W laboratory prototype was developed and benchmarked against the conventional SS-FRC.
This work contributes a practical, scalable solution that addresses current design challenges in WPT systems for
EVs, offering an optimal balance of efficiency, simplicity, and cost-effectiveness for real-world implementation.
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II.  MATERIAL AND METHODS
Computational Modeling of H-Bridge Series-Series Compensation Topology

The following equation gives an expression for the coupling coefficient k:

M
k=7 (1)

the inductance of the Tx coil is denoted as Lp while the inductance of the Rx coil is denoted as Ls. M represents
the mutual inductance. A capacitor correction is used to offset the weakly coupled inductive coils' leakage
inductance. Nonetheless, the functions of the compensation utilized in the primary and secondary sides of the
circuitry differ. The compensation capacitance at the primary side Cp and that of the secondary side Cs of the
WCS is computed at resonance using the frequency w as shown in equation (2) [5]-[8]

-t __1 2
W= JLpCp - JLsCs ( )

The resonance frequency is denoted by w and it is measured in rad/sec.
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Figure-1. Series-Series compensation for a WEVCS

Figure 1 illustrates the circuit of the wireless charging system using the Series-Series compensation. The H-bridge
inverter is used to realize a high frequency pulsating DC. The output of the H-bridge inverter is sent to the primary
compensated coil. To achieve a DC voltage at the receiver side of the WEVCS, a diode bridge rectifier is utilized.
The primary coil’s winding resistance is represented by the letter Rp, while that of the secondary coil is depicted
by the letter Rs. The WEVCS uses a high frequency H-bridge inverter. This inverter's fundamental function is
dependent on the switching of power semiconductor devices. A diode bridge rectifier is utilized on the receiver
circuit for recharging the battery.

Using Figure 1, the magnitude of the impedance at primary section of the circuit Zp and the secondary section of
the circuit Zs for the A harmonic are determined; the formulas are shown in Equations (3) and (4) [9].

Cp Rp Lp Ls Rg Cs
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Figure-2. Equivalent circuit model of series-series compensation for WEVCS.

Zp=Rp+j (thP - m) 3)
At the receiver side of the WCS, the voltage source is realized through induction. The impedance at the receiver
side circuitry is expressed by (4):

; 1
Zs=Rs+ R, +j (hWLs - _thg) “4)
where R, represents the effective load resistance.
8
R =R, 5)
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Figure-3. Equivalent impedance at the receiver side of the WEVCS circuit.

With reference to the transmitting side of the WEVCS circuit, the impedance at the receiver side, Zs (see Figure

3) is expressed mathematically as shown in Equation (6).
(hwM)?

Zs= : T (6)
R5+Re+}(th5—WCS)
Hence, total impedance,
, (hwM)?
ZT :Rp +](h(l)LP_ ) _w 1 (7)
hwCp RS+R€+J(thS_WCS>

Since the internal resistance of a coil is far larger than the parasitic resistance of inductors and capacitors, they
may be disregarded. The most fundamental resonance structure is the SS topology. Series resonance is used by
both the transmitter and receiver side. Figure 4 depicts the analogous circuit, where M signifies the mutual
inductance and Uj is a steady voltage stabilized.
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Figure-4. Fundamental model of the SS-topology

With the of Kirchhoff voltage law (KVL), the above circuit can be further simplified as [10]:
(Ry +jwLy +—=) I — joMlI, = Uy
oa ®)
. 1 .
(R2 + R, +joL, + E) I, — joMI, = 0
At resonance:
1 1
fo- 2mfI:1C;  2m12C; ©)
When R; >> R; and R,, R, and R, can be disregarded, the currents /; and I, is realized as:
_ UsRL
T (wm)?
i (10)
wM
The transmission power is given by:
_ UZRy
57 (wM)?
Also, the system efficiency is computed mathematically as:

1

2=

(11)

_ _ RLRq _ ﬁ
nSS - ((‘)M)z Ry
When load value is taken into consideration, the maximum efficiency that could be realized is given as:

=1 - 2Rk (13)

nss_max - oM

In real-world applications, it is typical for the receiver coil to be located at a distance from the transmitter coil
because of the inverted connection between distance and mutual inductance. From Equations (10) and (11), it is
evident that the transmitter current will grow dramatically while the receiver side is open, and that the
transmitter current and transmission power will drop when there is a short circuit on the receiver side. Conversely,

(12)

420



.
iii.

J. Electrical Systems 21-1s (2025): 418-429

for the SS construction with fixed coil characteristics, the load resistance must remain constant to get maximum
efficiency.

Proposed Optimal Compact Push-Pull Parallel-Series Resonant Converter

As outlined in [2], the push-pull resonant inverter faces the limitation of requiring a gate driving circuit to achieve
zero-voltage switching (ZVS). This introduces a challenge due to the necessity for initial energy. To address this
issue, it is crucial to ensure that some energy is present in the circuit during the start-up phase. One approach to
achieve this is by employing a polyphase strategy to guarantee energy availability during initialization, as detailed.
This method involves standardizing the coupling between phases [11]. Alternatively, integrating the advantages
of the Cascaded Class D inverter (which mitigates voltage stress) a common issue with current-fed converters
with the benefits of the push-pull resonant inverter can provide a solution. This combined approach is illustrated
in [2].

In real-world applications, the output of a traditional CFPPRI often exhibits distortion when operating off-
resonance. To mitigate the issues caused by frequency deviation, one approach involves dynamically tuning the
switching frequency to match the system’s resonant frequency [12]. An alternative method is to incorporate a
diode in series with each switch to address the mismatch-related challenges as discussed in [1], [13]. In this study
an ultra-fast switching diode is utilized to make one of the switches unidirectional in order to achieve ZVS and
steady resonance operation.

A compact push-pull current-fed hybrid resonant converter that combines two primary coil configurations with
all magnetic components is proposed in this study. Figure 5 shows the suggested resonant converter. The Wireless
Charging System’s primary coil and secondary coil is made up of inductor L, and L respectively. Three key
potentials of the proposed compact design provided by this combination primary coil include:

Serves as the DC inductor required for the operation of a current-fed resonant converter.

Splits the DC current by acting as a phase-splitting transformer.

Acts as an LC oscillation resonant circuit.

Depending on which way each coil is wound, there can be a positive or negative coupling between L, and L.

Keep in mind that two coils with a negative coupling coefficient have a 180-degree phase difference despite being
positively coupled. Loosely linked inductors are equal to a completely coupled phase-split transformer having a

shared DC inductor.
IVI1
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Figure-5. Schematic Proposed Compact Push-Pull Parallel-Series Resonant Converter

The following is a representation of the phase-splitting transformer of the primary winding and its
corresponding DC inductor:

L = @ (14)
(Lg+kLp)
Lp — fb (15)

Where L, represents the equivalent DC inductor, L, and L, are the respective inductances of the phase splitting
transformer primary coils and L, represents the value of the resultant of each of the split coils at the primary.
Coupling coefficient, K, is expressed as:

K =M,/L,Ly (16)
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In this context, M characterizes the mutual inductance linking the primary coils.

The combined inductors in the suggested compact converter make it more difficult to analyze how each inductor
affects the behavior of the converter as a whole. The converter coil current cannot be considered to be sinusoidal
any longer. A straightforward second order linearized state space model is unable to predict the circuit operation
under these circumstances. Therefore, a stroboscopic mapping model, a more complex analytical study, is needed
[14]. The system can be classified into two phases as a result of the switching operation:

Phase 1: M1 is HIGH and M2 is LOW.

Phase 2: M2 is HIGH and M1 is LOW.

It is important to highlight that, except when the switching frequency (fs) exactly matches the resonant frequency
(fr), the power transistors are activated while a non-zero voltage is present across them—indicating operation
under hard-switching conditions. Nevertheless, the resulting switching losses are significantly lower than those
encountered in the off-resonant operation of a conventional push-pull parallel resonant converter, where the
transistors effectively short-circuit the resonant capacitor. Given the previously described functionality of the
proposed push-pull parallel resonant topology—and acknowledging that only one switch conducts per half-
cycle—the converter's behavior can be effectively represented by a parallel resonant circuit driven by a square-
wave current source.
The harmonic characteristic of the equivalent current source is represented as[1]:

_4pcyoeo 1 .
I(t) = - Y=o e, sin(2k + Do, t (17)
w, = 21f, (18)
The DC current of the input inductor L, is given by I, the frequency of resonance is denoted by w, and the

index value of the harmonic stages is represented by k.
Therefore, the impedance of the resonant network can be expressed as:

_ Swy
26) = s (19)
‘S’ represents the Laplace operator. Also, the quality factor, Q, is expressed as:
RL
Q=7 (20)
R; represents the load resistance and the resonant network impedance is denoted as Z,, mathematically written

as:

B ,L
7. = [-2 = |= 21
T Cp Cs 2

Under steady state scenario,
S = jkay, (22)
The absolute value of the network impedance corresponding to a specific harmonic is expressed in its

normalized form:

Jjkwy 1

12 (k)] = |5 = —— (23)
02+(ko—5)
Where () represents the ratio between the frequency of resonant (w) and the operating or running frequency
Q=" o (24)
wWr

The k" harmonic of the voltage at the output is defined by:
Vour (k) = Iy - Zy, (25)
the rms for the voltage at the output is expressed as:

Vout rms = 1’ k=0 tT (26)

When discussing circuits designed to enhance switching speed, the primary focus often falls on circuits that
accelerate the turn-off process of MOSFETs. This is important to note since the rectifier component in the power
supply's turn-off or reverse recovery time usually limits the turn-on speed. As such, the greatest switching speed
that may be achieved depends more on the reverse recovery properties of the diode than on the gate drive circuit's
capacity. The switching properties of the diode are synced with the gate drive speed at turn-on in an ideal setup.
A greater voltage can be placed across the driver output impedance and gate resistor since the Miller region is
closer to ground than the final gate drive voltage (Vprv). This usually results in a sufficient turn-on speed for the
MOSFET.

When the switch is off, the situation is very different. The gate drive circuit is the only component that
theoretically influences the MOSFET's turn-off speed. The input capacitors can be discharged more quickly via
a more reliable turn-off circuit, which reduces switching losses and shortens switching times. Using a MOSFET
driver with a lower output impedance or, in the case of N-channel devices, using a negative turn-off voltage can

help achieve greater discharge currents. The larger di/ dt and dv/ dt of the MOSFET in turn-off speed-up circuits
can cause more ringing in the waveforms, even if enhanced switching speed can reduce switching losses. When
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choosing suitable voltage ratings and EMI mitigation techniques for the power device, this effect should be taken

into account.
An anti-parallel diode can be added to increase the turn-off speed in a straightforward manner, as illustrated in

Figure 6.
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Figure-6. Circuit for Enhancing the Turn-Off Speed Using an Anti-Parallel Diode

In this circuit, R; 47 is used to control the turn-on speed of the MOSFET. When turning off, the antiparallel diode
effectively bypasses the resistor. The, Dypr component is active only when the gate current surpasses the
threshold defined in Equation (27).
Ig > REWD 27)
RGATE
The 1N4148 diode, gives a gate current of approximately 150 mA, and when utilizing a BAS40 Schottky
antiparallel diode, it is approximately 300 mA. As the gate-to-source voltage nears 0 V, the diode's effectiveness
diminishes progressively. Consequently, while this circuit significantly reduces turn-off delay time, it offers only

marginal improvements in overall switching times and dv/ dt tolerance.

Circuit Design in Proteus
The proposed optimal configuration of the push pull and the conventional Series-series resonant H-bridge
inductive charging circuit were designed using the Proteus simulation software. This was done to gain insight
into the waveform of the current and voltage generated at the transmitter side of the circuitry and as well test run
the design parameters before implementing a prototype. Figure 7 and Figure 8 shows the circuitry designed in
Proteus. Results from this simulation are presented and discussed in the following chapter.

aute
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Figure-7. Design of the proposed Push-Pull resonant converter in Proteus
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Y

Figure-8. Series-series resonant H-bridge converter design in Proteus

Design Specifications for Laboratory Prototype Implementation
Table 1 gives some key design parameters/components used for the implementation of the proposed circuitry as
well the conventional series-series H-bridge circuitry. The inductances of the primary and secondary were
specifically measured using an LCR meter.

Table-1. Design Specifications

S/N Parameter/ Proposed SS H-
Components PPRC Bridge

1 Mosfets Hy1906 Hy1906

2 Diodes IN4148, IN4148,

UF4007 UF4007

3 Cp (Film Cpl1-100nF, 34nF
Capacitors) Cp2-50nF

4 Cs (Film 150 150nF
Capacitors)

5 Lp (14 SWG Center ~103.44uH
Copper wire) tapped (11% turns,

Lpl1~24uH diameter=
[5 turns, 40cm)
diameter=

40cm];

Lp2~31.7uH

[(5% turns,

diameter=

40cm]

6 Ls (14 SWG ~24uH (5 ~24uH (5
Copper wire) turns, turns,

diameter= diameter=
40cm) 40cm)

7 Ry (Cement 3.3Q 3.3Q
ceramic (30Watts) (30Watts)
power
resistor)
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Laboratory Prototype Setup
Figure 9 shows the laboratory prototype setup used for experimenting the designed circuitry simulated and
discussed in this study. The results from this setup are

@ (b) ” ©
Figure-9. Setup of Laboratory Prototype (a) Tx and Rx Coils (b) FRC (c) proposed PPRC

III. RESULTS AND DISCUSSIONS

In order to demonstrate the potentials of the proposed inductive resonant circuitry the conventional H-bridge
converter design approach has been designed for the purpose of comparison and validation. The parameters
examined include the output waveforms of the transmitter side circuitry, dynamics of each circuitry under load
variation, power transfer efficiency, voltage gain and misalignment tolerance. The battery of an EV can be seen
as a capacitive load, hence, this was considered in modeling the load resistance in this investigation. The circuits
were energized using a 24V DC source.
Experimental Results from Laboratory Prototype Setup

With the aid of an Oscilloscope the waveforms of the designed circuitry were effectively seen and the performance
of the proposed push-pull and conventional SS H-bridge converter circuitry was properly studied after
implementation. The output waveform of the SG3535 is shown in Figure 10.

RIGOL[ ™ [H s

Horizontal
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Flgure-l3 Current and voltage waveforms of proposed PPRC

The laboratory hardware prototype design allows for a comprehensive evaluation of the output waveforms
obtained from both the conventional series-series full-bridge resonant converter and the modified push-pull
resonant converter. The experimental results provide insights into the operational efficiency and performance
characteristics of each converter topology in a real-world scenario.

As illustrated in Figure 10, the PWM gate signals generated by the SG3525 showcase two square waveforms that
are phase-shifted by 180 degrees. This phase shift is essential for the effective operation of both the conventional
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and modified resonant converters, ensuring that the switches operate in a complementary manner. The precise
timing of these signals plays a crucial role in the overall performance, influencing the resonant behavior and
efficiency of the energy transfer.

The output waveform of the series-series full bridge resonant converter is depicted in Figure 11. Here, a
sinusoidal current waveform is observed at the transmitter coil, which indicates efficient energy transfer during
operation. This waveform signifies that the current is following a resonant profile, which is a desired characteristic
in resonant converters as it facilitates effective power delivery.

However, the voltage waveform across the transmitter coil appears as a square waveform, reflecting the on-off
switching nature of the full bridge configuration. While this square waveform effectively drives the coil, it can
also introduce harmonics and losses due to the sharp transitions between on and off states. The presence of these
harmonic components may lead to additional heating and reduced overall efficiency.

In Figure 12, the output voltage waveform for both coils of the transmitter in the centre-tapped conventional
push-pull resonant converter is shown. This waveform exhibits a half-wave sinusoidal shape, which is indicative
of the converter’s operation. However, noticeable spikes appear at the transition points when one switch turns off,
and the other turns on. These spikes result from the tank voltage not being fully discharged before the switching
action occurs, leading to voltage overshoot. This behavior highlights the limitations of the conventional push-pull
resonant converter, particularly in terms of voltage regulation and energy efficiency. Such spikes can introduce
stress on the components and potentially impact the longevity and reliability of the system.

Figure 13 presents the voltage and current waveforms for the modified push-pull resonant converter. The output
waveforms show improved switching operations compared to the conventional design. While a minor spike can
be observed at the turn-off of one of the switches, it is significantly less pronounced than in the conventional
push-pull converter. Importantly, this spike does not affect the smooth operation of the resonance circuit, nor does
it lead to any shifts in the resonant frequency. This indicates a more stable performance, which is a critical
advantage in maintaining the efficiency and effectiveness of the wireless charging system.

Moreover, the modified push-pull resonant converter demonstrates the capability to be tuned to resonate at the
same frequency as the switching frequency. This feature allows for optimal performance under varying load
conditions, enhancing the overall efficiency of energy transfer. The sinusoidal current waveform observed in the
proposed push-pull resonant converter design further illustrates its capability to provide efficient power delivery,
minimizing losses and improving overall system reliability.

The comparative analysis of the output waveforms from both the conventional series-series full bridge resonant
converter and the modified push-pull resonant converter reveals significant insights into their operational
characteristics. The modified push-pull resonant converter exhibits distinct advantages, including improved
switching performance, reduced voltage spikes, and enhanced tuning capabilities, leading to more efficient and
reliable operation for wireless charging applications in electric vehicles. These findings underscore the potential
of the modified design to optimize the performance of wireless power transfer systems, paving the way for
advancements in EV charging technologies.

Evaluation of Proposed System Design
From the experimental setup the power efficiency was evaluated for an air gap distance of 10mm, 30mm and
50mm for both the conventional S-S H-Bridge setup and the proposed Push-Pull experimental setup. Table 2
below gives details of the obtained results.

Table-2. Global Efficiency Evaluation for the modified PPRC and the Conventional SS-FRC

Converter | Vin | Iin Re Pin lcm Airgap Distance 3cm Airgap Distance Scm Airgap Distance
Topology | (V) | (A) | () | (W) | Vour | Pou | Efficiency | Vou | Pou | Efficiency | Vou | Pou | Efficien
V) | (W) (m V) | W) (m V) | (W) | cy(m
SS-FRC 18 1 267 | 18 | 3.2 | 3.8 30% 4.5 7.6 42.1% 54 | 11 61%
Modified | 18 1 2,67 | 18 | 6.7 | 16. 93.4% 6 13.5 75% 5 9.4 52%
PPRC 8

Table 2 presents a clear comparative performance analysis of the two converter topologies under different air gap
conditions: 10 mm (1 cm), 30 mm (3 cm), and 50 mm (5 cm). These measurements provide a realistic
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representation of practical deployment scenarios in wireless electric vehicle charging systems (WEVCS). The
efficiency results from Table 2 are as follows:
Table-3. Efficiency Results

Air Gap SS-FRC Efficiency Modified PPRC Efficiency
lcm 30% 93.4%
3cm 42.1% 75%
5cm 61% 52%

From these observations, several key insights emerge:

Superior Near-Field Performance of PPRC: The modified PPRC achieved 93.4% efficiency at a 1 cm air gap,
which is significantly higher than the SS-FRC’s 30%. This indicates the PPRC is optimized for applications where
transmitter (Tx) and receiver (Rx) coils can be aligned with minimal vertical separation—ideal for robotic EV
charging stations or guided parking systems.

Efficiency Degradation with Distance: Both systems showed declining efficiency as the air gap increased, which
is expected due to reduced magnetic coupling. However, the PPRC’s efficiency reduced more sharply than the
SS-FRC, suggesting its effectiveness is highly sensitive to spatial alignment and proximity.

SS-FRC Favorability at Fixed Gaps: At a 5 cm air gap, the SS-FRC achieved its highest efficiency (61%),
surpassing the modified PPRC (52%). This suggests that the SS-FRC’s design is more robust for longer-range
power transfer, which may be more appropriate in loosely coupled, variable-distance scenarios.

These findings imply that converter topology selection should be application-specific:

For Controlled Environments (e.g., autonomous garages or EV fleets using robotic arms), where alignment and
small air gaps can be guaranteed, the PPRC offers clear advantages. Its high efficiency minimizes energy losses,
shortens charging times, and reduces thermal stress on components.

For General Public Charging Stations, where EVs may not always be precisely parked and air gaps are variable,
the SS-FRC remains more practical. Despite its lower near-field efficiency, it demonstrates greater tolerance to
increased distances, offering more stable and predictable performance.
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CONCLUSION

This thesis presented the design, simulation, prototyping, and performance evaluation of an energy-optimized
wireless electric vehicle charging system using a modified Push-Pull Parallel Resonant Converter (PPRC). The
research addressed critical limitations inherent in the conventional Series-Series Full Bridge Resonant Converter
(SS-FRC), including lower efficiency at small air gap distances, high component stress due to voltage spikes, and
poor adaptability to dynamic charging conditions.

Through analytical modeling, circuit simulation using Proteus, and physical laboratory experiments, the proposed
PPRC demonstrated remarkable performance improvements. Specifically, the PPRC achieved a global efficiency
of up to 93.4% at a 1 cm air gap, significantly outperforming the SS-FRC under the same conditions. The
experimental results validated the theoretical predictions, confirming the PPRC’s superior soft-switching
behavior, reduced voltage overshoot, and enhanced power transfer efficiency at close coupling distances.

While the SS-FRC showed better performance at wider air gaps (e.g., 61% at 5 cm), the modified PPRC exhibited
unmatched efficiency in controlled environments where alignment and coil proximity can be managed—making
it highly suitable for autonomous EV charging stations and smart robotic applications. The PPRC’s compact
design, lower conduction losses, and improved waveform quality further enhance its practical value and
application potential in modern EV infrastructure.

In addition, the efficiency analysis underscored the critical role of converter topology, coil design, and system
resonance tuning in optimizing wireless power transfer. This work also contributed to expanding the practical
understanding of high-frequency inverter losses, air-gap sensitivity, and the impact of parasitic elements on
system behavior. Further optimization can be made in the following areas:

Hybrid Approaches: An interesting research direction could involve hybrid converter topologies that can
adaptively switch between SS-FRC and PPRC modes based on coil alignment, load demand, or air gap
measurements.

Smart Alignment Systems: Integrating sensors for real-time coil alignment, or designing self-adjusting coil
mounts, can help maintain optimal gap conditions, thus ensuring that the PPRC always operates near its peak
efficiency.

Dynamic Compensation Networks: To further enhance misalignment tolerance, integrating adaptive or tunable
compensation networks with the PPRC topology could reduce performance dips at larger gaps.
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