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Abstract 

The greatest advantages of wireless power transfer (WPT) are its absence of severe 
environmental hazards, its portability, and its independence from other factors. The 
wireless charging system for electric vehicles has a serious problem with the amount 
of misalignment it can tolerate. This study explores the usage of a novel multi-level 
boost power factor correction (PFC) rectifier with less switch count to improve 
the efficiency of power conversion of a 5-kW wireless electric vehicle (EV) charger. 
Especially in the context of wireless charging, which provides convenience and flex-
ibility, there is a pressing need for efficient and dependable charging infrastructure 
to keep up with the rising demand for electric vehicles. In contrast to wired EV charg-
ers, wireless chargers often have poorer power conversion efficiency because of losses 
in power semiconductor devices. An innovative multi-level boost PFC rectifier design 
is offered as a solution to this problem since it uses fewer switches while retaining 
high-performance levels. The suggested rectifier achieves much higher power conver-
sion efficiency. In addition, power factor correction capabilities are improved, making 
it comply with global rules. Simpler, cheaper, and more dependable rectifiers improve 
the whole system.

Keywords:  Wireless charge, Receiver coils, Multi-level boost PFC rectifier, Power factor 
correction, Total harmonic distortion

Introduction
The advent of widespread electricity generation has resulted in a new era of social and 
economic development and environmental development. As the focus moves from 
the energy transition to a carbon-neutral emission economy, electrification is pro-
jected to increase in the transportation sector. In order to mitigate climate change, 
greenhouse gas emissions, and poor air quality, electrifying transportation is seen as a 
promising alternative to traditional fuel sources. When compared to cars powered by 
traditional internal combustion engines (ICE), EVs have several advantages, including 
zero emissions, high reliability, high efficiency, and little maintenance. More than 10 
million EVs were on the road in 2020, and market research predicts that number will 
grow to over one billion EVs by 2050 [1]. All of these things have an effect on the auto 
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industry and are crucial to the study and improvement of electric vehicle (EV) tech-
nology. In recent years, wireless power transfer, also known as WPT, has been gaining 
a lot of attention [2, 3].

It finds extensive use in several fields, including the transportation sector [4–6], the 
consumer electronics industry [7, 8], the home and kitchen and the transportation of 
goods [9, 10]. Without physical touch between the sending and receiving sides, energy 
is transferred through the coupled magnetic field in a WPT system [9]. In the present 
day, electric vehicles may be charged using either an active wired power transfer sys-
tem or a wireless power transfer system (WPT) [10]. This research explores a specific 
kind of WPT device known as active power wireless power transfer. Although numer-
ous methods exist for WPT, the most developed ones use induction [11]. This kind of 
charger relies on an 80–90 kHz magnetic field running between two air-core linked 
coils. Wireless chargers power converters vary from their wired counterparts in compo-
sition, architecture, and control due to their operating frequency. The typical wireless EV 
system is depicted in Fig. 1.

In [12], the various types of power converters used in two-way wired as well as wire-
less chargers are discussed. Regarding management, a comparison is provided in [13] 
between two primary approaches to managing the flow of power in bidirectional wireless 
chargers. The onboard charging (OBC) system should be more efficient, affordable, and 
grid friendly, as well as have a higher-power density, higher-energy utilization, a smaller 
form factor, less weight, and higher reliability [14]. Based on the number of steps used 
to process power, the typical OBC topologies may be roughly divided into two classes: 
two-stage and single-stage chargers [15]. As shown in Fig. 2, the typical two-stage set-
ups include a front-end AC-DC converter consisting of a diode bridge rectifier with 
power factor correction (PFC) and an isolated DC-DC converter, as described in [16]. 

Fig. 1  Wireless EV power transmission system

Fig. 2  Block diagram of wireless power transfer
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In order to regulate the output voltage, two-stage chargers utilize a DC-DC converter at 
the conclusion of the charging process [17] and an AC-DC converter at the beginning 
of the charging process for active power factor correction (PFC). It is recommended to 
use a two-stage EV charger that combines a modified buck-boost converter and a half-
bridge LLC converter [18]. As a practical front-end converter for OBC, a single-phase 
switched-mode bridge-less AC-DC buck-boost-derived converter is presented [19]. The 
suggested converter has fewer moving parts and fewer sensors, which helps keep the 
charger cost down. To improve PFC converters, which do not need extra sample devices, 
a system for online capacitance monitoring was presented [20]. The converters on the 
back end have no effect on the proposed design.

The ripples in the steady state are small, but the transient duration is excessively 
lengthy [21]. debuted the FR series of bridgeless PFC rectifiers, which consists of two 
new single-phase buck-boost designs. Both suggested rectifiers use just two semicon-
ductors and a single magnetic core to power two inductors. In this study, we present a 
PFC rectifier design that makes use of fewer active switches but yet achieves multi-level 
PFC boost power factor correction. The smaller number of switches also helps to reduce 
the overall footprint of the manufacturing box. The switches in the rectifier are subjected 
to low-voltage strains and work at low switching frequencies, making the device ideal for 
medium-voltage high-power applications. This rectifier’s ability to produce Dc voltage 
and current with minimal harmonic content is a major benefit. This attribute is greatly 
sought after in power electronic systems due to its beneficial effects on enhancing power 
quality and decreasing distortion. The multi-level converter design used in the rectifier 
makes these advantages possible.

In PFC converter design voltage stability is an important parameter to manage the 
power from vehicle to grid and grid to vehicle [22]. presents an improved version of the 
particle swarm optimization technique for online power system stabilizer tuning. The 
program uses an innovative objective function that combines angular velocity deviation 
and damping time measurements. Simulations show greater oscillation mitigation under 
varied power system load circumstances as compared to genetic and bacterial foraging 
algorithms. The effectiveness of STATCOM, TCSC, SSSC, and UPFC in improving the 
static voltage stability of the IEEE 14-bus test system is evaluated in [23].

The study of the continuation power flow and the saddle node bifurcation dem-
onstrates the way their effects appear at the highest loading point. The holistic power 
transfer in [24] presents a probabilistic technique to analyze distant wind power supply 
dependability to the main grid, including transmission restrictions. It calculates trans-
mission capacity for system dependability and cost-effectiveness using the mean capacity 
outage probability table (mean-COPT) paradigm, which considers fuel offset and envi-
ronmental advantages. The illustrations incorporate real wind farm data, which helps 
electricity system planners and regulators. In [25], research optimizes microgrid con-
troller settings for islanding mode using particle swarm optimization (PSO) to minimize 
current and voltage controller faults and simulate stability. To improve voltage stability, 
[26] deliberately places wind generating at power system weak areas. It emphasizes static 
VAR compensators with maximum loading factor and megawatt margin indicators. Sim-
ulations using the IEEE 14-bus test system support the method.
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The optimization of reactive power compensation in the IEEE 30-bus system for volt-
age stability and cost savings is presented in [27]. The Modified Artificial Bee Colony sur-
passes Artificial Bee Colony, PSO, and GA in losses, reactive power costs, voltage profile, 
and system stability. An optimal fuzzy-based controller for autonomous generation 
regulation in a wind farm-connected two-area hydrothermal power system approaches 
modified cuckoo search optimization controller settings and membership functions. The 
suggested heuristic goal function emphasises maximum frequency drift and oscillations 
fading time to minimize frequency deviation and transmission power oscillations. The 
wind farm’s load changes and contribution to fulfilling electrical demand minimize fre-
quency oscillations in both locations, improving power system stability in simulations 
[28].

The high switching frequency of multi-level converters is addressed in this study by 
using a four-carrier pulse-width modulation (PWM) approach. Because of its useful-
ness in managing power electronic converters, this method has found widespread use 
in industry. A simple cascaded controller is used to provide the PWM modulation refer-
ence signal. For the novel PFC boost rectifier converter, this controller’s voltage and cur-
rent loops coordinate to regulate the DC voltage at the output, maintain phase between 
the input voltage and current, and produce a voltage waveform with five levels. The 
study includes extensive test results that demonstrate the effective operation of the sug-
gested rectifier.

However, the arrangement itself may not be suitable for use in industrial applications. 
So, that multi-level PFC converter is connected to wireless power transfer converter 
which provides isolation. Overall, this novel PFC-based wireless converter excels in effi-
ciency indices, which are crucial to EV charger performance. It offers more efficiency 
than other similar-level PFC-based EV chargers due to careful design and control strat-
egy. This converter outperforms previous works in terms of power factor, component 
count, and efficiency, making it a desirable choice for eco-friendly EV battery charging. 
The output DC voltage, power factor, harmonic current, and operating frequency of 
the rectifier were all confirmed to be low ripple by testing. The suggested multi-carrier 
PWM method and the straightforward controller both enhance the rectifier usefulness 
and efficiency. Using the LCC network and the proposed PFC boost converter describes 
the two-stage, unidirectional wireless transmission of power using the MATLAB/Sim-
ulink simulation environment. The remaining part of the article covers the results of the 
simulation.

Mathematical model of the wireless charging system

Wireless charging is becoming more common on highways since it extends the range 
of electric cars (EVs), especially pure and hybrid EVs. However, the wireless charge 
method is particularly useful for battery electric vehicles (BEVs) since it offers a method 
for recharging the vehicle even while it is in motion. This makes the wireless recharge 
method an attractive option for BEV manufacturers. There is a basic essence that can be 
found inside the arena of electric vehicles (EVs), which gives these cars their own exist-
ence and gives them life. At its center is the mysterious component that is often referred 
to as the battery.
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As shown in Fig.  3, it stands a dominant DC voltage source, also prominently fea-
turing the design of this normal entity. This DC voltage source is enveloped by a bal-
anced number of series variable resistances. This ensemble with numerous parameters, 
each delicately tangled in Eq. (1) [29–33], an enchantment that unveils the charge/dis-
charge voltage characteristics of the enigmatic lithium-ion battery. This enigmatic equa-
tion manages to encapsulate the very essence of this component, thereby illuminating 
its enigmas and setting the stage for a captivating exploration of battery voltage (Ubatt). 
The internal resistance of battery (Rbatt) influences the battery charging and discharging 
(Ubatt-charge and Ubatt-discharge) phenomena.

q(t) is the time-integral of the battery’s remaining capacity, and it is expressed as 
follows:

Here, tbatt is the discharge time and battery current (Ibatt) and ηbatt is battery perfor-
mance are primary elements considered in wireless charging system. The SoC of the sys-
tem at qmax can be represented as follows:

(1)Ubatt =

{
Ubatt−ch arg e = EI

b − Rbatt Ibatt
Ubatt−dich arg e = EI

b − Rbatt Ibatt

(2)q(t) = q(0)−

tbatt

0

(ηbatt Ibatt)dt

Fig. 3  Li-ion battery equivalent circuit
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The internal components of battery are determining its discharge and charge voltage 
(Eb

I), which can be expressed as follows:

Here, the constant voltage is denoted by E0, the polarization resistance by Kb, ild* rep-
resents the low-frequency current dynamics, the extracted capacity by it, the exponential 
voltage by A, and the exponential capacity by B. The next subsections elaborate on the 
mathematical models of dynamic systems. Detailed explanations of each model are pro-
vided, including information on its salient features and an appropriate mathematical model.

Mathematical formulation of a statistic model

A novel multi-level PFC EV wireless charging system transforms electric vehicle charging. 
Its innovative converter architecture, intelligent control algorithms, and wireless charging 
provide ease, power transfer efficiency, and power grid integration. This technology enables 
a sustainable future where electric mobility replaces fossil fuels and cleans the environment 
for future generations. Initially, the load of a PFC circuit is described, which in this case is 
the wireless charging system for EVs. The state space model analysis is using a boost con-
verter-based power factor correction (PFC) circuit [34–36].

Mathematical formulation of dynamic model

By excluding consideration of the magnetic losses and the resistance of the coil, a simplified 
version of the apparent power that is transferred from Lp to Ls can be determined [37].

The apparent power that is transferred from LS to LP can be determined as following 
Eq. (8).
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where the true power transfer can be presented as follows:

Dynamic power exchanges occur between the two coils. Consider for the sake of this 
study that a power transfer from Lp to Ls is taking place. When φPS=π/2, the power that 
is transferred from Lp to Ls reaches its highest level. The maximum efficiency obtained 
using dynamic charged system is as follows:

Proposed multi‑level PFC boost converter rectifier

The suggested converter setup includes a number of crucial elements. First, the input 
power is provided by an AC source to the PFC rectifier converter which is fed to the 
roadside LCC network through a high-frequency inverter which is illustrated in Fig. 4. 
It is crucial to remember that the LCC network does not move when the power is being 
transferred. The vehicle’s end of the LCC network consists of a battery and a regulated 
rectifier converter, which manages the flow of power between the network and the bat-
tery. The rectifier that is included in the converter that is located on the source side of 
the system makes it easier for electricity to be transferred from the grid to the battery. 
After that, the high-frequency converter transforms the DC electricity into AC which 
operates at a high frequency. Then, the vehicle’s side converter, which doubles as a recti-
fier, receives power wirelessly from the parked charging station and transfers it to the 
battery.

A power factor correction (PFC) rectifier with multi-levels of enhancement has 
been proposed as shown in Fig. 5. This rectifier uses three active switches and six 
diodes, which is a modest tweak from an architecture that was comparable but 

(8)SSP = −USPI
∗

P = −jωMiSi
∗

P

(9)PPS = ωMIPIS sin ϕPS

(10)ηmax =

k2Q1Q2(
1+

√
1+ k2Q1Q2

)2

Fig. 4  Proposed multi-level PFC boost converter rectifier
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needed four switches. Because of this improvement, there will be less of a need for 
extra gate drivers, which will save space on the assembled board. Different paths for 
current are created in proposed controller using midpoint of DC capacitors.

It has five levels of output voltages having ±Vdc, ±Vdc/2 and 0. When the current is 
in the positive direction, engaging switch S1 will cause diode D2 to conduct. This will 
result in a voltage of +Vdc being present at Vab, and the capacitors C1 and C2 will be 
charged. When switches S1 and S3 are both on at the same time, current flows with 
low impedance via capacitor 1 (C1) and the bidirectional switch (S3), charging the 
top capacitor and bringing Vab up to +Vdc/2. To get to ground zero, you must use 
switches S1 and S2 to generate a short circuit between locations a and b. Diode D1 
plays a significant part in determining the necessary current route when the current 
is flowing in the opposite direction, which is negative. When the switch S3 is acti-
vated, all of the current flows through the lower capacitor C2, charging it, while the 
other conductor, D1, is in operation. This results in a negative voltage level of −Vdc/2 
being produced at the input of the rectifier.

Last but not least, when the current is flowing in the opposite direction, engaging 
switch S2 causes diode D1 to conduct, which ultimately results in Vab being equal to 
−Vdc. Harmonics are introduced into the current waveform by the voltage waveform 
of the converter when it is used in an application that is linked to the grid. By using 
specified parameters in Table  1, the suggested rectifier presents a voltage wave-
form at the input that has five different levels, which results in decreased harmonic 
content. As a direct result, grid current drops immediately, and smaller filters may 
be used in comparison to the standard two-level or two-stage rectifiers. Reduced 
manufacturing costs are a direct result of the lower size of the passive components, 
which also contributes significantly to the reduced weight of the converter.

Fig. 5  A two-stage unidirectional EV wireless charging converter

Table 1  Multi-level PFC boost rectifier parameters

System parameters

Voltage of AC grid 120-V RMS

Frequency of AC grid 60 Hz

Interface inductor 2.5 mH

DC voltages (Vdc) 200 V

DC capacitor (C1 & C2) 1000 μF

Switching frequency 5 kHz
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Cascaded inner loop control design

The grid current waveform can be shaped using a method known as hysteresis current 
control. This method creates a waveform that is similar to a sine wave. On the other 
hand, it may result in difficulties associated with switching.

As a result of these possible problems, which can involve greater switching losses, 
increased electromagnetic interference, and the possibility of grid voltage distortion, the 
design and execution of the control system will need careful attention and the devel-
opment of techniques to mitigate the effects of these problems. A controller with a 
straightforward layout has been conceptualized with the goal of making this rectifier 
topology appealing and suitable for use in industrial settings. The controller is made up 
of two loops that are cascaded one within the other. The outer loop acts as a voltage 
regulator, while the inner loop is in charge of controlling the amount of current. Figure 6 
displays all of the factors that were considered such as line inductor (L) and parasitic 
internal inductance (R), α is the rectifier duty cycle, grid current (Is), and grid voltage 
(vs), and output DC voltage (vs) affects the inner loop control. The mathematical form of 
inner loop control is expressed as follows:

By rearranging Eq. (11), the final value of inner loop current controller (H(s)) can be 
represented as follows:

Cascaded outer loop control design

In continuation, an extra loop, which was formerly known as the outer loop, has to 
be introduced into the controller so that precise control may be exerted over the DC 
voltage that is output. It is very necessary to investigate the equations that are associ-
ated with the DC side of the rectifier in order to build the system model for this outer 
loop. For further information on how to calculate the open-loop transfer function 
(HI(s)) of the whole system, see Fig. 6. Inner loop transfer functions are determined 

(11)L
dis

dt
= vs − R× is − Vab = vs − R× is − αVdc

(12)H(s) =
is

α
=

−Vdc

LS + R

Fig. 6  Cascaded design control block diagram applied on multi-level rectifier
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by multiplying the plant model by the compensator H(s), which is a constant. Detailed 
computations are shown by using a PI controller in the inner loop, although the kic 
has been kept deliberately modest so that the analysis can start with more speed. The 
constant average value for the duty cycle, indicated by the letter k, is becoming closer 
and closer to the value of unity (getting closer to 1).

The variable ic stands for the DC capacitor current, and one C capacitor is equal to 
the parallel combination of two C1 capacitors and two C1 & C2 capacitors. It is pos-
sible to get the transfer function for the outer loop system by first doing small signal 
modelling on Eq. (13) and then translating it into the s-plane. This will provide the 
desired result.

The output current control loop (HI (S)) is expressed as follows:

Multicarrier PWM technique

For high-power as well as industrial uses that need a set switching frequency at a low 
rate, the PWM technique should be used to make the necessary pulses for switching 
[38–41]. Other switching methods, like hysteresis, have an adaptable switching fre-
quency that makes annoying noises. As shown in Fig. 7, the four carriers (Cr1, Cr2, Cr3, 
and Cr4) are moved vertically to modify the calculated reference signal (Uref). Each of 
the carriers is responsible for making pulses that match the voltage level as well as 
switching states shown by logical blocks. The suggested method makes sure that the 
switching frequency of the multi-level PFC boost rectifier converter is low and set. 
This is done to get low switching losses while maintaining excellent efficiency com-
pared to other schemes.

(13)





if = ic + iL
ic = if − iL

C
dVdc
dt

= kis −
CVdc
RL

(14)HI (s) =
Vdc

is
=

kRL

RLCS + 1

Fig. 7  The low and constant switching frequency applications of the proposed multicarrier PWM approach
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Results and discussion
The unidirectional converter for wireless power transfer (WPT) involving the pro-
posed multi-level PFC boost rectifier has been tested in MATLAB 2023a employing the 
parameters described in Table 1, and the outcomes at different places are shown. The 
unidirectional converter consists of a multi-level boost PFC rectifier with the DC link. 
The rectifier receives electricity from the grid at 230 V and 50 Hz, and its operation is 
synchronized with is, assuring a unity power factor.

In Fig.  8, that diagram depicts a low-harmonic, multi-level voltage waveform at the 
PFC rectifier’s input. A high-frequency (HF) inverter is connected to the DC link, and 
this HF inverter converts DC to AC and fed to transformer via LCC network. LCC net-
work eliminates the ripple in voltage and current, which is then sent to a high-frequency 
transformer that acts as the wireless power transfer.

The secondary transformer is incorporated into the car, and an LCC resonance net-
work is used to smooth out the voltage and current noise. The output signal of the LCC 
resonant network is sent to H bridge-controlled rectifier, which charges the EV battery. 
Figure 9 shows the patterns of the source’s voltage and current, which shows that the 
source’s power factor is approximately one. In this case, the source is a single-phase AC 
supply with 230-V power and 50-Hz frequency. About 20 A of current is taken from 
the source. In Fig. 10, the voltage and current of the DC link are shown as waveforms. 
The DC link is connected to the HF inverter which is fed to roadside winding where the 
power transfer takes place. Here, the power is transferred to the vehicle side winding 
which is fed to the vehicle rectifier which is fed to the battery.

These waveforms provide an understanding of the characteristics of the source and the 
DC link in the AC-DC bidirectional wireless power transfer system. They offer insights 
into the voltage and current levels involved in the conversion process, aiding in the 

Fig. 8  Multi-level voltage at PFC rectifier input side



Page 12 of 20Dakka et al. Journal of Engineering and Applied Science            (2024) 71:7 

assessment of system performance, efficiency, and power transfer capabilities. Figure 11 
shows the voltage and current on the high-frequency inverter side, and Fig.  12 shows 
the voltage and current on the vehicle side of the LCC. The DC link sends its output to 
the high-frequency inverter, which changes the DC into high-frequency AC. The voltage 
and current of high-frequency AC are 410 V and 13 A, respectively. The high-frequency 
AC from the wireless transformer is sent to the LCC network in the vehicle, where the 
waves are smoothed out.

The high-frequency AC is then turned into DC by the vehicle side rectifier and used to 
charge the E-vehicle’s battery. Figure 13 shows that the current for charging the battery 
is 13 A, and that the voltage for fast charging is about 400 V.

Fig. 9  Voltage and current waveforms of the source

Fig. 10  DC link voltage and DC link current
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Fig. 11  Inverter side voltage and current waveforms

Fig. 12  Voltage and current waveforms on vehicle side
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Experimental

To validate the simulation results, an experiment is done with hardware setup of 
the wireless power transfer with a multi-level PFC boost rectifier converter which 
was built using SiC MOSFETs and quick recovery SiC diodes which are depicted in 
Fig. 14. On an OPAL-RT, the proposed controller as well as modulation method has 
been used to make pulses for the switches. On the grid side, the voltage and current 
patterns show that the rectifier is working with a unity power factor. The suggested 
approach has made it so that the AC current going into the PFC converter has fewer 
harmonics which is sent to HF inverter.

HF inverter gives the high-frequency AC from the DC link voltage and then sends 
it to transformer which is again fed to the LCC network to smooth out any waves 
before the H bridge turns it back into DC. Figure 15 shows the patterns of the experi-
ment’s outputs that went with them. Table  2 contrasts the proposed approach with 
existed topologies, signifying its higher performance along many critical metrics. The 
proposed technique is effective because it improves charger capability in many ways, 
including number of levels, active switches, wireless capability, efficiency, power fac-
tor, and voltage stress on switches.

In order to convert the voltage from the source into usable current, PFC boost rec-
tifier system needs a voltage source. The potential for current flow is supplied by the 
source voltage. Current in this configuration is the flow of charge through the PFC 
boost rectifier circuit, which is driven by the source voltage. To enhance power fac-
tor and efficiency, the input alternating current (AC) is rectified into direct current 
(DC) by the rectifier. Figure 15 a represents the reactive power and maximizes energy 
utilization to guarantee a steady and efficient flow of electricity to the linked load. 
The DC link voltage seen in Fig. 15 b in a PFC boost rectifier is the stabilized voltage 
across the DC capacitor that rounds off the rectifier’s output. It keeps the voltage to 
the devices farther down the line stable. The DC capacitor acts as a buffer between 

Fig. 13  Battery voltage and current
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Fig. 14  Experiment setup

(a) (b)

(c) (d)

Fig. 15  Experimental validation of proposed multi-level PFC boost converter. a Source voltage and current, 
b DC link voltage, c DC link current, and d multi-level input voltage of proposed PFC boost rectifier
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the input and the output, smoothing out voltage and current spikes and boosting the 
power factor.

This is represented by the DC link current as shown in Fig. 15 c. PFC boost rectifi-
ers rely on a stable DC link voltage and current for optimal power conversion, lower 
harmonics, and better system performance. The proposed PFC boost rectifier employs a 
multi-level input voltage approach. This design strategy involves varying the input volt-
age levels to the boost converter in a controlled manner. By adjusting these levels from 
Fig. 15 d, the rectifier aims to achieve improved power factor correction (PFC) perfor-
mance. This multi-level input voltage technique helps optimize the energy conversion 
process by minimizing harmonic distortions and enhancing overall power efficiency, 
contributing to better utilization of input power while meeting PFC requirements.

Conclusions
This research presents modelling and experimental validation of a novel multi-level PFC 
converter that has reduced switch count for unidirectional wireless power transmission 
for charging the batteries of electric vehicles. To maintain DC voltage regulation and 
input AC voltage and current unity power factor mode, a cascaded PI controller was 
developed. In addition, by using a modest inductive filter on the input line and the built 
controller, we were able to generate a low-harmonic AC current waveform. The value of 
the voltage THD is also lowered to 1.57%. In this study, we employ a multicarrier modu-
lation strategy and use pulse-width modulation to lower the switching frequency, which 
is a major problem with switching rectifiers. The ripple in the DC is controlled by the 
DC-link capacitor. Power may thus efficiently flow from the grid to EVs. With an input 
voltage of 230 V, an output battery voltage of 400 V, and a resonance frequency of 25 
kHz, the minimum power from vehicle to grid is 5 kW. Because of the high frequency, 
the inductor and capacitor used to store energy may be made smaller and lighter. A 
97.2% efficiency was measured for the grid-to-battery converter in the car.

Nomenclature
Ubatt	 Battery voltage (V)
Ubatt-charge	 Battery voltage during charging (V)
Ubatt-discharge	 Battery voltage during discharging (V)
Eb

I	 Charge and discharge voltage (V)

Table 2  The novelty of proposed work is compared with standard topologies

Parameters [42] [43] [44] [45] [46, 47] Proposed

Level 5 5 7 3 3 5

Active switches 6 10 10 4 8 3

Diodes - - - 4 2 6

Inductors 1 1 1 1 1 1

Capacitors 2 3 3 2 4 2

Wireless capability No No No No No Yes

Voltage stress Less Less Less Less Less Very less

Efficiency 94.33% 97.75% - 90.8% 99.18% 97.2%

Power factor Unity Unity Unity Unity 0.99 Unity
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q(t)	 Battery’s remaining capacity (Wh)
q(0)	 Initial battery capacity (Wh)
ηbat	 Battery performance
Ibatt	 Battery current (A)
Rbatt	 Internal resistance of battery (Ω)
qmax	 Maximum battery capacity
E0	 Battery constant voltage (V)
Kb	 Polarization resistance (Ω)
tbatt	 Battery discharge time (s)
ild

*	 Low frequency current dynamics
A	 Exponential voltage (V)
B	 Exponential capacity (Wh)
x1, x2, x3	 State vectors
dx1/dt, dx2/dt, dx3/dt	 Rate of change of state vectors
R, L1, L2, C 	 Resistance, inductance, and capacitance of PFC converter
U1, U2	 Output vector
SPS	 Apparent power exchanged from primary to secondary 

winding (VA)
UPS	 Coil voltage from primary to secondary winding (V)
IS

*	 Dynamic secondary side coil current (A)
ω	 Angular velocity (rad)
M	 Mutual inductance (H)
iP	 Primary coil side current (A)
SSP	 Apparent power exchanged from primary to secondary 

winding (VA)
USP	 Coil voltage from secondary to primary winding (V)
IP

*	 Dynamic primary side coil current (A)
Is	 Secondary coil current (A)
PPS	 Active power from primary to secondary coil side (W)
φPS	 Phase angle between primary and secondary side (rad)
ηmax	 Maximum performance of PFC converter
Q1, Q2	 Quality factors
k	 Coupling factor
S1, S2, S3, S4, S5	 MOSFET switches
S6, S7, S8, S9, S10, S11.

D1, D2, D3, D4, D5, D6	 Diodes in PFC converter
C1, C2	 Capacitances in PFC converter (F)
Cdc	 DC link capacitor (F)
L	 Line inductor (H)
LP1, LS1	 Primary and secondary coil inductances (H)
CP1, CS1	 Primary and secondary side capacitances (F)
CPri, Csec	 Capacitance across primary and secondary winding (F)
H(s)	 Transfer function for inner loop current controller
HI(s)	 Transfer function for outer loop current controller
Vs	 Grid voltage (V)
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is	 Grid current (A)
Vdc	 DC voltage output (V)
Vdc

*	 Dynamic DC voltage output (V)
R	 Parasitic internal resistance (Ω)
α	 Rectifier duty cycle
Uref	 Reference signal
Cr1, Cr2, Cr3, Cr4	 Carrier signals

Abbreviations
WPT	� Wireless power transfer
PFC	� Power factor correction
EV	� Electric vehicle
ICE	� Internal combustion engines
OBC	� Onboard charging
PWM	� Pulse-width modulation
BEV	� Battery electric vehicle
HF	� High frequency
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