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This research addresses the principle of wireless power transfer (WPT). The
system is primarily based on inductive power transfer (IPT). IPT is a recent
technology that enables electrical power to be transferred between two coils
via a magnetic field without the need for physical conductors. This method
is particularly useful in applications where conventional wires cannot be
used, such as biomedical implants, electric vehicles, and consumer
electronics. Existing advances in system design, magnetic materials, and
compensation topologies have significantly improved system performance
and expanded their application range. Main challenges in IPT systems
include improving efficiency and transmission distance. Hybrid
compensation techniques in IPT systems have emerged as a promising
solution to enhance system stability and power transfer efficiency under
varying load conditions. IPT systems ensure highly efficient battery transfer
and charging. This paper presents the design and simulation of a 3.7 kW IPT
system employing hybrid compensation topologies specifically inductor—
capacitor—capacitor/series (LCC/S) and LCC/LCC configurations to enhance
power transfer efficiency and maintain zero phase angle (ZPA) operation.
The proposed system is simulated using ANSYS Maxwell and
MATLAB/Simulink to evaluate voltage gain, resonant behavior, and power
output under varying load conditions. The LCC/LCC topology demonstrates
superior load-independent ZPA characteristics and improved receiver-side
voltage stability. Simulation results confirm that both configurations achieve
high efficiency and robust power transfer over an air gap of 100 mm, with
the LCC/LCC system showing better tolerance to misalignment. These
findings suggest that hybrid compensation topologies are viable candidates
for medium-power wireless charging systems in electric vehicles and
industrial automation.
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1. INTRODUCTION

The belief in wireless power transfer (WPT) was initially expressed by Nikola Tesla during the 19th
century. Nevertheless, WPT technology has undergone significant developments and progress over the past
years. WPT technology facilitates the transmission of electromagnetic energy from a power source to an
electrical load across an air gap, which makes it suitable for a wide range of applications [1]. WPT can be
classified according to the distance separating the transmitter and receiver. This categorization differentiates
between near-field WPT and far-field WPT. There are three primary methods for implementing WPT:
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magnetically coupled WPT, electrically linked WPT, and electromagnetic radiation WPT as shown in Figure 1
[1], [2]. This paper employs magnetic coupling as a primary approach. In comparison to conventional plug-in
charging, WPT technology has several advantages, including enhanced safety, increased efficiency, greater
flexibility, and improved convenience [3]-[5]. Consequently, WPT technology has found extensive application
in consumer electronics, electric vehicle charging, underwater power systems, implantable medical devices,
portable electronics, and several industrial sectors [6]-[10]. Even though inductive power transfer (IPT) is
popular in many uses because of its benefits, the challenge essential in such systems proceeds from the air-gap
separating the transmitter and receiver sides that induces an inadequate coupling coefficient and major
leakage. To mitigate this challenge, compensation topologies are employed as a solution to overcome the air-
gap problem [11]. To facilitate high power transfer, the frequency is modulated by the power electronic
converter to create a resonating connection between the inductance of the coupled coils and the added
compensation capacitance [12], [13]. Among these compensation topologies own the capability to greatly
moderate the volt ampere (VA) rating of the power supply, facilitate the achievement of elevated efficiencies,
and enhance power transmission capacity. The double-sided LCC compensation network is the most common
among high-order compensation topologies because it offers the advantages of both parallel and series
compensations implemented on both the primary and secondary sides [14]-[16].

Wireless power
transfer

(WPT)

Near-field Far-field

Electromagnetic Electromagnetic

induction radiation

Magnetic-field Electric-field Microwave/RF light/Laser

(Inductive coupling) (Capacitive coupling) power power

Figure 1. Classification of WPT technologies

Current research has proposed various methods for designing transactions for different topologies and
applications, Bentalhik et al. [17]. presents design steps, efficiency metrics, experimental results, and a detailed
analysis of various parameters related to WPT charger operation. The design achieves a 90% efficiency at 500
W from a laboratory prototype with specified alignment tolerances exceeding SAEJ2954 standards with the
variable parameters affecting the power transfer capacity and efficiency of WPT chargers. Bouanou et al. [18]
explores a resonant magnetic wireless charging system for electric vehicles and propose a series-series design
methodology, and achieves power transmission of over 3.7 kW with an efficiency of over 90.02% and has been
validated using ANSYS Maxwell and jointly simulated in ANSYS Simplorer. Lu et al. [19] completed a
sensitivity analysis about various voltage-fed compensation frameworks within IPT systems, investigating the
impact of parameter fluctuations such as load, misalignment, and efficiency on these systems, alongside
experimental outcomes for 3 KW IPT systems are verified, guiding the selection of the optimal compensation
network. Lu et al. [20] proposes a unified resonant tuning configuration that achieves constant current and
voltage outputs at two operating frequencies with zero phase angle (ZPA) using a minimum number of passive
components, without the need for additional power switches, the paper analysis several inductive and capacitive
power transfer structures, focusing on the primary series and secondary series-parallel (S/SP) compensation
topologies to demonstrate the effectiveness of the proposed approach, which improves the efficiency and
regularity of wireless charging systems. Nie et al. [21] focus on a wireless power transmission system using an
LCL network, achieving constant current and constant voltage charging through frequency modulation,
effectively managing output characteristics, and maintaining performance across different loads while charging
the battery.
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2. PROCEDURE DESIGN OF IPT SYSTEM

A resonant inductive wireless charging method involves of two main circuits: the transmitter and the
receiver, as shown in Figure 2. The transmitter circuit consists of a power supply, which is a sinusoidal
alternating voltage source, a transmitter rectifier, a capacitive filter, and a full bridge inverter. It also includes
the transmitter compensation network and the primary coil (LP). The receiver circuitry involves the
secondary coil (LS), the receiver compensation network, the bridge rectifier, and the load, which represents a
battery [15], [22]. To obtain the values of self and mutual inductances as well as the coupling coefficient
through finite element analysis simulation for modeling, designing, and analyzing the IPT system using the
ANSYS Maxwell tool. The design of the circular charging pads consists of a flat helical coil with ferrite and
aluminum shields to protect against magnetic flux leakage. This design was realized using ANSYS Maxwell-
3D, as shown in Figure 3. The design parameters were selected as shown in Table 1. The coil parameters
were extracted from the finite element analysis (FEA) and used in a circuit model in ANSYS Simplorer to
analyze the performance of the entire system [8], [11]. Figure 4 displays the FEA of the slackly coupled
transformer. The simulation outcomes expose that the self-inductance of the primary and the self-inductance
of the secondary coils are 122.777 pH and 139.953 puH, respectively, and the mutual inductance between
these coils is 77.6413 puH [7], as shown in Table 2.
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Figure 2. Block diagram of IPT system [13]

renn

Ahminum shield

< 1 5 Col

A >
S \ < Ferrite

< & <
\ //'

@

Figure 3. Charging pad model in ANSYS Maxwell: (a) 3D- view and (b) top view

Table 1. Simulation design of the circular charging pad parameters

Design parameters Value
Inner radius 250 mm
Inter-turn separation 0.1 mm
Cross-sectional area of the conductor 6.3 mm?
No. of turns 11
Ferrites 285x50x5 mm
Aluminum shield 680x680x10 mm

Table 2. The simulation results obtained from ANSYS Maxwell

Parameters Value
Ly 122.777 pH
L 139.953 uH
M 77.6413 pH
K 0.592
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Figure 4. IPT System in ANSYS Maxwell Simplorer
3. METHOD

Compensation networks are an important component of an IPT system, reducing the system voltage
rating and improving power transmission capacity. Moreover, the equivalent load of the battery differs during
the charging period, affecting the input impedance value and, consequently, the performance of the entire
system. Compensation topologies are of two types: basic and hybrid. There are four basic topologies based
on the location of the capacitive compensation: series-series (SS), parallel-parallel (PP), parallel-series (PS),
and series-parallel (SP), as shown in Figure 5. Among the four basic topologies, the SS topology is the most
widely used due to its simple design and independence of the coupling coefficient (k) and load. However, its
main drawback is the large current surge when the secondary circuit is suddenly closed [9]. This results in a
significant increase in the induced current within the primary windings, leading to severe short circuits that
damage the primary circuit. As a result, hybrid resonant compensation circuits consist of multiple passive
elements, such as the LC/LC and LCC/LCC [1], [15]. These topologies are typically considered to
accomplish a constant voltage output, constant current output, or both [21]. In this paper, we will discuss two
types of topologies: LCC/S compensation and LCC/LCC compensation.
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Figure 5. Basic compensation topology

3.1. Analysis of LCC/S compensation topology

Figure 6 illustrates an IPT system with an LCC/S compensation topology. Vin represents the AC
input voltage, while V, and I, represent the DC output voltage and current, respectively. The high-frequency
input and output voltages are represented by Ve and Vs, while I and Is represent the high-frequency input
and output currents. The full-bridge inverter consists of four power transistors, Q1—Q., used to convert the
DC voltage (Vpc) into a square-wave voltage. Due to the multiple harmonics generated by the inverter,
fundamental harmonic analysis (FHA) is used for qualitative analysis in WPT systems [23]. Lp and Ls denote
the self-inductances of the primary and secondary windings, respectively. M signifies the mutual inductance
between the primary and secondary windings, which can be calculated using (1).

M =KLy Ls (1)

Int J Pow Elec & Dri Syst, Vol. 16, No. 4, December 2025: 2453-2463



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2457

The resonant networks consist of one inductor, Lp1, and three capacitors, Cp1, Cp, and Cs. A bridge
rectifier consisting of 4 diodes, D; to Ds, is used to adjust the output voltage V, to the battery charging
voltage Vi, where I, is the output current, Iy is the battery charging current, these can be calculated using the
(2), and (3), C, is the output filter capacitor, and R is the output load, R, is the equivalent AC load resistance
and can be calculated by (4) [4], [24].

V2
Vy = T[T 0 (2)
242
Iy =—1, @)
8
Ro = ;RL (4)

Figure 6 shows the circuit diagram of the LCC/S compensated topology. The IPT charging system
and the compensation topology components were designed based on using (5), (6), (7), and (8) to obtain the
electrical parameters.

_VsM

Lpp ==~ ()
Co1 = (6)
Cr = i @
Cs= s (®)

Resonant Tank

Figure 6. The circuit diagram of the LCC/S compensated topology

3.2. Analysis of LCC/LCC compensation topology

The resonant networks comprise two inductors designated as Lp and Ls, alongside four capacitors
labeled Cp1, Cp2, Cp, and Cs. A bridge rectifier, consisting of four diodes identified as Di, Dy, D3, and Da, is
employed to regulate the output voltage V, to align with the battery charging voltage Vs, in which I, denotes
the output current, |, signifies the battery charging current, C, represents the output filter capacitor, and R
indicates the output load, as shown in Figure 7 [25]. The analytical approach is executed utilizing the FHA to
investigate the wireless power transmission charging pad and to validate the electrical parameters [23]. The
IPT charging system has been accurately designed, and the elements of the compensation network were
designed based on using (9), (10), (11), (12), and (13) to obtain the electrical parameters.

M R R
Lpy =Lp; = \/Rac; ) PR ©)
_ 1
CPl - (IJ2—LP1 (10)
1
sz = (A)Z—LP2 (11)
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Figure 7. The circuit diagram of the LCC/LCC compensated topology

4. RESULTS AND DISCUSSION

The FEA simulation results, following the design and analysis of the wireless power transmission
charging pad, and the certification of the parameters (LP, LS, M, and K) listed in Table 2. The theoretical
values of the passive elements in the compensation topology can be obtained from the simulation values
generated by ANSYS Maxwell-3D software using the appropriate equations. The values were computed, and
a simulation of a 3.7 kW WPTL1 charging system with a magnetic gap Z1 was performed in accordance with
the SAEJ2954 charging standard with MATLAB/Simulation software.

4.1. LCC/S compensation result

After completing the design steps using ANSYS Maxwell-3D software and analysing the circuit for
LCC/S topology, the IPT charging system and the compensation network elements were designed using (5),
(6), (7), and (8) to obtain the electrical parameters, which are listed in Table 3. These capacitors are designed
to operate in resonance with the primary and secondary self-inductance.

Table 3. Results of LCC/S topology

Parameters Value
Vin 300 V
Cp1 32.060 nF
Cp 261.168 nF
Cs 25.050 nF
RL 10Q

f 85 kHz

Zy 100 mm

Figure 8 shows that the primary voltage (Vp), represents the output of the inverter as a square wave. In
an inductive WPT system using a hybrid LCC/S compensation topology, the primary current typically exhibits a
high initial value upon system startup and then gradually decreases until it extents a steady state. The LCC
network is carefully designed to operate near its resonant frequency. During startup, the system may not reach
resonance immediately, resulting in impedance mismatch, which causes a sudden surge in currents. As the
operating frequency stabilizes at the resonant frequency, the impedance mismatch increases, causing the current
to decrease to its optimal value. The secondary voltage (Vs), representing the output of the compensation circuit
and the input of the bridge rectifier, is also a square wave, as shown in Figure 9. Transmission system using a
hybrid LCC/S compensation topology, the primary current typically exhibits a high initial value upon system
startup and then gradually decreases until it extents a steady state, as shown in Figure 8.

In addition, the primary voltage and current are in phase, like the secondary voltage and current, so
the system works at a resonant frequency, and the primary and secondary current (I, Is) are sine waves as
shown in Figure 10. The secondary current increases because the series resonant compensation significantly
reduces the impedance, facilitating a large current flow. The current maintains phase alignment with the
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primary current because the LCC network on the primary side is specially designed to make the input
impedance completely resistive at the operating frequency, eliminating reactive components and ensuring
that the voltage and current remain in phase. Since the system operates at resonance on the primary and
secondary sides, mutual coupling maintains phase alignment, resulting in phase-matched voltage and current
waves on both sides. This enhances power transfer efficiency.

In an LCC/S compensated wireless power transmission system, the secondary voltage is inherently
lower than the primary voltage, as shown in Figure 11, due to the winding ratio and energy conservation
principles. However, both voltages maintain phase alignment responsibilities to LCC resonant compensation
on the primary side and the series LCC on the secondary side, which ensures purely resistive operation at the
resonant frequency, eliminating any phase shift. Figure 12 shows the load voltage and current (Vy, Iv).
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4.2. LCC/LCC compensation result
Upon the completion of the design procedures utilizing ANSYS Maxwell-3D software along with
the circuit analysis of the LCC/LCC topology, the elements of the IPT charging system and compensation
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network were accurately formulated by applying (9), (10), (11), (12), and (13) to determine the required
electrical parameters, which are specified in Table 4. In the context of the LCC/LCC topology, Figure 13
shows that the primary voltage (Vp).

The secondary voltage (Vs), representing the output of the compensation as displayed in Figure 14.
Figure 15 shows that in the LCC/LCC topology for IPT, the primary current leads the secondary current due
to the resonant response of the system and the power stream from the source to the load through the magnetic
field. The current in the primary coil is determined by the response of the primary LCC network, while the
current in the secondary coil is generated by mutual induction. In an LCC/LCC topology, a phase difference
occurs between the primary and secondary currents because each terminal contains a compensation network
with a different frequency response. Any deviation from ideal resonance, or a different in load or connection,
results in a difference in the current response and, consequently, a phase difference. VP and VS are a square
wave, as displayed in Figure 16. Furthermore, the primary current and voltage are in phase, as are the
secondary voltage and currents.

Nevertheless, the system is consecutively at resonant frequency alongside with a phase shift
between the primary and secondary voltages. In addition, the primary and secondary currents (lp, Is) are sine
waves. Moreover, there is a phase-shift between the primary and secondary voltages (Vp, Vs) as shown in
Figure 16. Figure 17 also shows the voltage and current load (V, I.). Table 5 shows the comparison between
two compensation topologies. In Table 6 shows a direct comparison between the proposed method and
previous literature.

Table 4. LCC/LCC topology results

Parameter Value Parameter Value
Vin 300 V Cs 33.191 nF
Lpi, Lp2 34.325 pH R 10Q

Cp1, Cpp 102.139nF f 85 kHz
Ce 39.636 nF Zy 100 mm
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Figure 17. Current and voltage waveforms of load

Table 5. Comparison between two compensation topologies

Parameter LCC/S LCC/LCC
Efficiency (%) 91.8 94.1
Max transfer power (kW) 3.7 3.7
Misalignment tolerance Moderate  Better
ZPA achieved Yes Yes

Table 6. Comparison between the proposed method and previous literature

Parameter [1] [12] [15] [26] This work
Compensation topology LCC-S LCC-Sand LCC-LCC LCC-LCC LCC-S LCC-Sand LCC-LCC
Simulation/hardware Both Both hardware Both Simulation
Max power 15kW  5Kw 6.6 kKW 1.85kW 3.7 kW

Efficiency Enhance  Enhance Enhance Improve  Enhance
Gap distance - - - - 100 mm

5. CONCLUSION

In this work, the performance of two hybrid compensation topologies, LCC/S and LCC/LCC was
analyzed for a 3.7 kW inductive power transfer system. The simulation results confirm that both
configurations can achieve ZPA operation and deliver substantial power over a moderate air gap. Among
them, the LCC/LCC topology demonstrated more consistent voltage gain, better load regulation, and
improved tolerance to receiver misalignment due to its inherent load-independent ZPA feature. Despite
promising results, this study remains limited to simulation-based analysis. Real-world factors such as
magnetic coupling variation, EMI, parasitic losses, and thermal constraints were not considered. As such,
future work should include hardware prototyping, experimental efficiency validation, and advanced control
strategies to dynamically adjust to varying loads and alignment conditions. Exploring bidirectional IPT,
model predictive control, and renewable energy integration will further enhance the practical applicability of
IPT systems in smart mobility and industrial applications. In future work, the prototypes are implemented in
the next version. This work will include the construction and testing of a low-power IPT prototype using
LCC/LCC or LCC/S. The future work could also be expanded by: simulating dynamic battery load and
developing adaptive compensation; magnetic protection and coil optimization; investigating new ferrite
configurations or Litz wire geometries to reduce leakage and loss; and optimizing coil shapes.
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