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The growing demand for electric vehicles (EVs) has intensified the need for
high-efficiency, reliable, and user-friendly wireless charging systems.
Conventional wired chargers and existing wireless solutions often suffer from
high losses, poor power quality, and limited control accuracy under dynamic
operating conditions. To address these challenges, this paper proposes an
advanced wireless charging architecture integrating a three-phase Vienna
rectifier, high-frequency inverter, and isolation transformer. A three-phase
frequency inverter and a three-stage synchronous rectifier further enhance
conversion efficiency. Precise voltage and current regulation is achieved using
a cascaded fuzzy controller (CFC) combined with a proportional—integral (PI)
controller. MATLAB simulations demonstrate unity power factor, improved
efficiency, and stable performance under varying load conditions. The results
confirm that the proposed architecture offers a scalable, robust, and energy-
efficient solution capable of advancing EV charging infrastructure and
supporting sustainable transportation.
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1. INTRODUCTION

Electric vehicles (EVs) represent a pivotal shift toward sustainable transportation, driven by the urgent
need to reduce dependence on fossil fuels and minimize greenhouse gas emissions [1], [2]. As EV adoption
increases globally, the demand for efficient, reliable, and user-friendly charging infrastructure has grown
considerably. Traditional wired charging systems, though widely used, often fail to meet evolving expectations
in terms of operational convenience, efficiency, and long-term durability [3]. These constraints have
encouraged the exploration of emerging technologies that can better support the next generation of EV users
[4]. Among these, wireless power transfer (WPT) has gained significant attention due to its potential to enhance
user convenience, eliminate physical connectors, and reduce mechanical wear in charging systems [5], [6].

Despite its advantages, wireless charging introduces several technical challenges, such as optimizing
energy-transfer efficiency, mitigating electromagnetic interference, ensuring safety, and maintaining thermal
stability during high-power operation [7]-[9]. The growing complexity of EV power electronic interfaces
further increases the need for advanced conversion systems capable of handling high efficiency and fast-
charging requirements. Typically, an EV charger consists of two functional stages: one that delivers power
from the AC grid to the DC link, and another that transfers energy from the DC link to the battery [10], [11].
In this context, the AC-DC conversion stage is critical, and both the bidirectional inverter and the unidirectional
Vienna rectifier are widely considered for this purpose due to their power-handling capabilities and efficiency
characteristics [12]. The Vienna rectifier, in particular, is preferred for high-efficiency applications because of
its simple structure and suitability as a PWM converter for grid-side current control [13].
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However, traditional Vienna rectifiers face control challenges. Their effective operation requires the
voltage and current to maintain the same sign—a condition essential for reducing harmonic distortion and
ensuring proper current shaping [14]. Violating this requirement results in degraded current quality and
increased total harmonic distortion (THD) [15]. Conventional PI controllers, which regulate mainly DC
components, often respond too slowly to control alternating currents accurately, leading to increased THD in
line currents, especially under high-frequency or low-power conditions [16]-[20]. Alternatives such as PID
controllers offer improved accuracy through proportional, integral, and derivative action but suffer from tuning
difficulty, sensitivity to noise, and reduced robustness. Similarly, sliding mode controllers (SMC) provide
strong robustness and fast dynamics but introduce chattering, resulting in switching stress, EMI issues, and
efficiency degradation [21], [22]. Fuzzy logic controllers (FLC) have been explored due to their ability to
handle nonlinearities and uncertainties [23]-[27], yet they depend heavily on expert-defined rule bases, limiting
adaptability.

To address these limitations, this paper proposes a novel wireless EV charging architecture supported
by an advanced three-stage synchronous rectifier and a cascaded fuzzy controller (CFC). The cascaded
configuration improves flexibility in tuning, reduces sensitivity to parameter variations, and avoids reliance on
a single monolithic fuzzy rule base. Furthermore, the proposed charging system incorporates a Vienna rectifier
for AC-DC conversion, a three-phase high-frequency inverter for DC-AC conversion to support wireless
energy transfer, and an isolation transformer for safety and galvanic separation. The integration of the
synchronous rectifier architecture aims to improve overall energy conversion efficiency by minimizing
rectification losses.

The distinct novelty of this research lies in the integration of a three-stage synchronous rectifier with
a CFC specifically tailored for wireless EV charging applications. Unlike conventional control strategies, the
proposed cascaded fuzzy structure separates the control tasks into hierarchical loops, enabling improved
dynamic response, reduced THD, and enhanced robustness against system nonlinearities. Moreover, the
combined use of a Vienna rectifier, high-frequency inverter, and isolation transformer within a unified wireless
charging architecture provides a uniquely optimized pathway for high-efficiency AC-DC—AC conversion. This
architectural and control-level synergy differentiates the proposed system from existing WPT-based EV
charging solutions.

This paper is organized as follows: Section 2 explains the proposed wireless charging architecture.
Section 3 presents the modelling of the system components and controllers. Section 4 provides simulation
results and analysis, and Section 5 concludes the work. Future work includes developing a hardware prototype
to validate the simulation results, implementing bidirectional power flow for V2G applications, and exploring
Al-based optimization techniques to further improve system performance under practical operating conditions.

2. PROPOSED SYSTEM DESCRIPTION

The interrelationships among the main components of the proposed system are depicted in Figure 1,
where the wireless charging architecture functions as an integrated multi-stage energy-conversion chain. The
Vienna rectifier first converts the grid AC supply into a regulated DC link, which serves as the input to the
high-frequency inverter. This inverter generates an AC waveform suitable for wireless power transfer through
the isolation transformer, which provides galvanic isolation and conditions the transferred energy. The three-
stage synchronous rectifier then reconstructs a stable DC output for efficient battery charging. The coordinated
action of the cascaded fuzzy controller and PI controller ensures precise current and voltage regulation across
all stages, enabling reliable operation and enhanced overall system performance. The proposed wireless
charging system employs a series—series (SS) compensation topology.
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Figure 1. Wireless charging system for EVs using advanced control approach
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3.  PROPOSED SYSTEM MODELLING
3.1. Modelling of Vienna rectifier

The Vienna rectifier is employed in this work to convert the three-phase grid AC voltage into a
regulated DC output. As shown in Figure 2, the topology consists of six diodes and a single active switch
configured to maintain balanced current paths. This structure significantly reduces voltage stress on each
semiconductor device, as every component is subjected to only half of the total DC bus voltage during
operation. As a result, uniformly rated devices can be used across the rectifier, ensuring consistent power
dissipation and improved efficiency. To support controller design and system-level coordination, this section
provides a detailed mathematical model of the Vienna rectifier. The duty cycle of the active switch is defined
based on its switching function, and three distinct operating cases are considered according to the switching
state and polarity of the input current.
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Figure 2. Vienna rectifier circuit

i. Mode 1:

When the active switch is turned on, the inductor current is directed through the switch, and energy is
stored in the input inductor. During this interval, the diode paths are blocked, and no capacitor charging occurs.
This mode primarily facilitates input current shaping and boost operation.

dig

vs =L (1)
d
GGt =0 @
GG+ =0 G
ii. Mode 2:

When the switch is turned off and the inductor current is positive, the upper diode conducts, allowing
the inductor to discharge its stored energy into the upper DC-link capacitor C,;. Consequently, C; is charged,
and the inductor current decreases while delivering energy to the DC bus.

u
ve = L2+ Ve, 4
av 14 14
fy = G =+ = 5)
da
GG+ =0 ©
iii. Mode 3:

For a negative inductor current with the switch off, the lower diode path becomes forward-biased,
directing current into the lower DC-link capacitor C,. In this mode, C, is charged, and the inductor releases
energy symmetrically to the negative half-cycle.

dig

Ug ZLSE

-V, (7

Advanced wireless electric vehicle charging system with cascaded fuzzy control ... (Naveena Sandhadi)



1256 O3 ISSN: 2252-8792
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Using the switching function and sign of i, the preceding equations are transformed into the following relations
to demonstrate the dynamic behaviour of the system.

1+sign(is)
dis _ 1 _ 2 G
at | +(s—-1) _ 1-sign(is) v, (10)
2 2
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dc cl[ 2 (1 =8 R ] (12)

Solving (10)-(12) yields the nonlinear dynamic model of the Vienna rectifier. The selected state
variables are structured to facilitate effective control design and ensure accurate representation of system
behavior. In this work, the rectifier is regulated using a cascaded FLC, which maintains the DC-link voltage
and attenuates input current harmonics. Under this control strategy, the rectifier achieves unity power factor
operation, enhancing overall system performance.

3.2. Modelling of cascaded fuzzy logic controller

The output voltage and current of the Vienna rectifier are regulated using a CFC to achieve efficient
and stable operation of the wireless EV charging system. Cascade control is particularly advantageous when
the primary control loop is affected by strong nonlinearities that limit overall performance. By structuring the
controller into two sequential fuzzy loops, disturbances are mitigated and the dynamic response is significantly
improved. In this configuration, the outer loop encodes heuristic control knowledge and generates the reference
signals, while the inner loop manages nonlinear behavior and executes precise control actions. This dual-loop
architecture enhances robustness and ensures superior regulation, as illustrated in Figure 3.
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Figure 3. CFC architecture

The following are the regulations used by the fuzzy controller in the outer loop. These regulations are
given in (13).

R¥ : E; is A¥ and AE; is A% then U, = By (13)
The variables E;, AE;, A¥,and A% are linguistic parameters (fuzzy sets) specified across the appropriate realms
of dissertation of change of error and error, U; is the (control variable) output. By is numerical value of

management, and R¥ indicates the k" rule (k = 1,2, ... m). The standard approach for computing the activation
level of every control rule is provided below for both the inner and outer loops.

Inner loop: wyx = min{uAlk(E)_uAlk(AE)} (14)

Outer loop: w,y, = min{,uAlk(E)_MAlk(AE)} (15)
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Each loops' inferred values of control are established as (16) and (17).

* __ Z’I;n.:lwlkBk

U= S (16)
* Z’I;n.:lWZkBk

U; ==5—"— 17
2 27kn=1w2k ( )

Additionally, certain scaling variables are used to modify the outputs in order to provide the fuzzy controller
additional flexibility during optimization.

Output of Outer loop:U(t) = U * (t)GC; (18)
Output of inner loop:V(t) =V * (t)GC, (19)
The membership functions of controller represent the variations and are defined as:

NB(—m3),NM(—m2),NS(—m1),Z0(0),
PS(m1),PM(m2),and PB(m3)

membership functions of this type have initial values m1, m2, and m3, respectively.

Figure 4 illustrates the membership function for input E and AE. In the inner loop, the fuzzy controller
uses the outer loop fuzzy controller as its reference value. Based on outer loop's output, the controller of inner
loop regulates the voltage rectifier in system. The system under control has outstanding dynamic features owing
to the CFC controller.

NB NM NS ZE PS PM PB NM NS ZE PS PM PB

0000 000K

Figure 4. Membership function for input E and AE

3.3. Modelling of hysteresis current controller

The hysteresis current controller plays a critical role in regulating the performance of the Vienna
rectifier in wireless EV charging applications. It maintains the output current within a predefined hysteresis
band, enabling precise tracking of the reference current through direct current regulation. As illustrated in
Figure 5, the controller dynamically adjusts the current within this band to determine the appropriate switching
state of the rectifier half-bridge. This control approach enhances electromagnetic compatibility (EMC) and
minimizes harmonic distortion, which is particularly important in scenarios involving simultaneous charging
of multiple EVs. By ensuring stable and bounded current, the hysteresis controller improves overall system
performance and enhances the longevity of rectifier components.

3.4. Modelling of isolation transformer

The isolation transformer is a static device designed to provide electrical and physical separation
between its primary and secondary windings, ensuring safe energy transfer through magnetic induction. The
isolation transformer diagram is shown in Figure 6. It generates an electromotive force (EMF) in the secondary
winding while maintaining the same operating frequency as the input. Isolation transformers are employed to
step voltage levels up or down, enabling proper matching of voltage and current ratings between interconnected
circuits. An essential function of this transformer is the suppression of supply-line voltage spikes, which could
otherwise degrade or damage EV batteries. Through galvanic isolation, it enhances system safety, protects
sensitive electronic components, and minimizes the risk of electrical shock to users and equipment.

Advanced wireless electric vehicle charging system with cascaded fuzzy control ... (Naveena Sandhadi)



1258 O3 ISSN: 2252-8792

HYSTERESIS  CURNPNT HIGHLY RESISTANCE
I BAND INSULATION BETWEEN
4 REAL CORE AND WINDING
%_ < CURRENT PHASE Basnme= 1
\<x 1 :
/ > < PRIMARY : :SECON])ARY
07 > WINDING i | WINDING
1 1
I
v NEUTRAL l i
AN || L
!
0
CORE
_Vs | | L 1 | | | | _T_
OUTPUT VOLTAGE GROUNDED
Figure 5. Hysteresis current controller Figure 6. Isolation transformer

3.5. Modelling of three-stage synchronous rectifier

The three-stage synchronous rectifier configuration is illustrated in Figure 7 and consists of a three-
stage IGBT inverter bridge, an inductive input interface, and a capacitive DC bus output filter. This topology
enhances AC—DC conversion efficiency by improving switching performance and reducing output voltage
ripple. Its multi-stage structure also enables better distribution of current stress, thereby increasing reliability
during high-power operation. The dynamic behavior of the rectifier is expressed by (20).

By = RTs + L5224 Gy (20)

Where ¥ is the voltage source vector, I, is the line current vector and ¥y, is the voltage vector in the terminals

of the rectifier.
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Figure 7. Three-stage synchronous rectifier

4. RESULTS AND DISCUSSION

The performance of the wireless EV charging system with the CFC was evaluated through
MATLAB/Simulink simulations. The analysis focuses on power quality, dynamic response, and comparison
with existing control approaches to demonstrate the significance of the proposed method. Table 1 presents the
key design parameters used for developing the proposed wireless EV charging system, including the
specifications of the isolation transformer, switching frequency, and EV battery ratings. These parameters form
the foundational configuration for the system’s modeling and simulation, ensuring accurate evaluation of
charging performance and controller behavior.

The three-phase grid voltage and current waveforms (Figure 8) confirm that the Vienna rectifier
maintains a stable sinusoidal input current, indicating effective shaping of the grid current and proper unity
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power factor operation. The DC-link voltage and power factor response shown in Figure 9 further validate the
ability of the CFC to hold the DC-link voltage at its reference while maintaining a power factor close to unity.
This demonstrates that the controller minimizes reactive power consumption and ensures efficient energy
transfer.

Table 1. Design parameter

Parameter Specification
Isolation transformer 4.17%
Switching frequency 10 kHz
EV battery 24 Ah,24 V, 12 Ah,12 V
Rated power for EV 100 Ah
Battery
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Figure 8. Three phase grid output waveforms of Figure 9. Output waveforms of DC link
voltage and current voltage and power factor

The real and reactive power characteristics illustrated in Figure 10 indicate that the system delivers
stable real power while suppressing reactive power almost to zero. This confirms the improvement in power
quality compared to conventional controllers. The output voltage of the three-stage synchronous rectifier
(Figure 11) remains constant, proving that the multi-stage rectification structure effectively reduces ripple and
enhances voltage stability. Figure 12 presents the waveform patterns of both the input AC voltage and the input
current over a specific time interval. The voltage and current waveforms are plotted together to illustrate their
relationship during the operation of the system under consideration. The high-frequency inverter output (Figure
13) and synchronous rectifier current—voltage characteristics (Figure 14) exhibit stable operation under
dynamic loading, showing the system’s robustness. These results collectively demonstrate that the proposed
architecture ensures consistent power delivery, reduced losses, and improved efficiency across all stages of the
charging process.

To evaluate the value and novelty of the proposed controller, comparative performance analyses were
performed. Table 2 presents the power factor comparison with established control approaches such as ANFIS,
direct power control, and voltage oriented control. The proposed CFC achieves a perfect unity power factor
(1.00), outperforming all other methods. Similarly, Table 3 shows that the proposed controller attains the fastest
settling time among all evaluated controllers, highlighting its superior dynamic response. The step-response
comparison in Figure 15 further confirms this improvement, where the CFC exhibits minimal overshoot and
rapid stabilization. This provides clear evidence that the proposed approach is not trivial but significantly
advances controller performance for wireless EV charging systems.
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Figure 10. Output waveforms of real and reactive power
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Table 2. Performance comparison
Power converter Controller Power factor
SEPIC converter ANFIS controller 89%
Three phase rectifier Direct power controller 0.92
Vienna rectifier Voltage oriented controller 96.00%
Proposed Vienna rectifier  CFC controller 1

Table 3. Comparison of settling time

Controller approach Settling time (s)  Efficiency (%) THD (%) EMI suppression
PID controller 0.89 91.8 6.8 Low
Fuzzy controller 0.92 93.2 5.4 Medium
Lyapunov-based optimized FLC 0.96 94.7 42 Medium—High
Proposed CFC controller 0.81 97.6 2.9 High
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Figure 13. Waveform of high frequency inverter voltage
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5. CONCLUSION

This paper presents a comprehensive wireless EV charging architecture that integrates a Vienna
rectifier, a high-frequency inverter—isolation transformer interface, and a three-stage synchronous rectifier to
achieve high-efficiency AC-DC—AC energy conversion. Supported by a CFC and PI controller, the proposed
system demonstrates superior voltage and current regulation under dynamic load variations. The simulation
results confirm significant quantitative improvements, including unity power factor (1.0), minimized reactive
power, stable DC-link voltage regulation, and the fastest settling time of 0.81 s compared to other control
strategies. These metrics validate the effectiveness of the multi-stage rectification scheme and the cascaded
control approach in enhancing overall charging efficiency and system stability.

The main contributions of this study include: i) the development of a unified multi-stage wireless
charging architecture optimized for high-efficiency EV charging, ii) the introduction of a cascaded fuzzy
control structure that improves dynamic response and power quality, and iii) the demonstration of enhanced
power factor, reduced harmonic distortion, and superior transient behavior relative to existing controllers.
Future research will focus on hardware implementation to validate the simulation model, optimization of coil
alignment and compensation networks for higher power transfer capability, incorporation of bidirectional
power flow for V2G applications, and investigation of Al-based adaptive controllers to further enhance
robustness and performance under real-world charging conditions.
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