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Abstract: Energy storage plays a fundamental role in balancing the power fluctuations induced
by the distributed generation of renewable energy sources. In this scenario, electric vehicles can
strongly contribute to exchange power with the grid through their on-board batteries. When the
vehicle is parked, the battery can be discharged, injecting active power into the grid, provided that
its state of charge will be restored before vehicle utilization. This paper presents a comprehensive
step-by-step design of a wireless charger for a Vehicle-to-Home application. The design procedure
begins from the constraints disposed by the Italian reference technical rules for Low Voltage utilities
and by the standard SAE J2954 for Wireless Power Transfer for electric vehicles. The selection of
the output power of the battery is followed by the power sizing of each stage of the bidirectional
wireless charger.

Keywords: wireless power transfer; vehicle to grid; electric vehicle; distributed generation

1. Introduction

The perpetual increase in electrical energy demand by industry and domestic uses is
one of the major concerns for climate change on Earth. As per the world energy outlook
2019 report, CO2 emissions in 2018 reached the highest value [1]. With this background,
electric energy production and fossil-fuel-free mobility are earning growing interest to
reduce the greenhouse effect. Electric Vehicles (EVs) are commonly identified as one of the
prominent solutions for the reduction in the gas emissions and the fossil fuel dependence.
In particular, EVs are expected to break the market in coming years, despite some issues
that still surround them, mostly related to the battery [1,2], The energy required to recharge
a large fleet of EVs is another key point that involves grid stability. In addition to these
issues, conventional wired charging presents electric shock risk related to wet conditions,
making it unsafe for public use during plug-in or plug-out before and after charging.

An alternative solution for EV charging is represented by the Wireless Power Transfer
(WPT) technique: through it, battery charging is possible without any physical connection,
thus eliminating the problems associated with conventional wired charging [2–4]. The
WPT technique for EV charging is based on magnetic coupling between two coils: one
placed under the road, termed as the primary coil, and the other on board the vehicle,
termed as the secondary coil. In addition to the coupling coils, the WPT system relies on:
(i) a power supply connected with the primary coil to generate high-frequency voltage
according to SAE report J2954 [5], (ii) resonating capacitors along with the coupling coils
to reduce the power supply sizing and increase the efficiency, and (iii) power conversion
circuitry on the secondary side to convert the high-frequency-induced voltage into DC
voltage suitable for the EV battery charging profile.

In the last few years, EVs have gained new interest from the grid-side point of view to
mitigate the power fluctuations of renewable energy sources [6–8]. Ref. [9], for instance,
demonstrates the grid frequency improvements in an isolated system derived from the
EV battery utilization to reduce the impact of wind and solar generation. Such a strategy,
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known as Vehicle to Grid (V2G) [10], stands on the fact that EVs are parked for most of
the day and the energy stored in their batteries can be utilized during this time, provided
that their initial state of charge (SoC) is restored before vehicle utilization by the user.
The V2G strategy was created for the wired charging infrastructure, but it can be easily
reproduced adopting the WPT technology [11], as long as all the unidirectional stages
of the WPT systems are replaced by bidirectional ones to allow the power flow in both
directions [12]. When considering a domestic or residential EV charging station, the V2G
is also called Vehicle to Home (V2H) [13,14]. The customer in this case can either take
advantage of the energy stored in the battery supplying its own domestic loads, or inject
the power into the grid if the loads require low power [15–17]. The V2H strategy helps
to stabilize or even reduce the variable power demand of domestic loads, decreasing the
overall power cost. In addition, the user could receive remuneration for the service offered
to the distribution system.

This article intends to present a comprehensive step-by-step design of a bidirectional
wireless system for V2H (BWV2H) application. Since the application refers to a domestic
user, the arrangement begins from the rules for the connection to the Low Voltage (LV) grid.
After detecting the maximum power and current that can be withdrawn by a typical user,
the prescriptions expressed by the standard for WPT for electric vehicles are highlighted.
On these bases, the input and output specifications for the BWV2H can be designated.
Subsequently, the active power involved at each conversion stage is calculated by the
corresponding maximum current and voltage. This allows one to determine the rating
power of each power converter and of the passive elements arranging the BWV2H.

In detail, this article is organized as follows. Section 2 shortly introduces the V2G
and V2H strategies. Section 3 briefly describes the WPT operations and illustrates the
Italian reference technical rules for the connection of active and passive users to the LV
electrical utilities (CEI 0-21) [18] and the SAE J2954 standard for WPT for electric vehicles [5].
Section 4 reports the characteristics of the battery and determines the requirements for the
input and output power. Section 5 sizes all the power converters involved in the BWV2H
through the maximum voltage and current that they have to tolerate. Section 6 analyzes the
compensation network and designs the coupling coils and the resonant elements. Section 7
is devoted to presenting and discussing the results obtained in the design stage. Section 8
concludes the paper.

In the paper, lower case letters denote time-variable quantities, whilst capital letters
denote peak amplitude quantities. Upper case letters with a bar indicate phasors. Sub-
scripts m, M and N designate minimum, maximum and nominal values of the referred
quantities, respectively.

2. Vehicle-to-Home Strategy

The developments concerning the recharging of EVs batteries allowed their utilization
as distributed energy storage systems integrated into the distribution grid [19,20]. This
scenario facilitates the flexibility of power management, providing grid services in an
efficient and cost-effective way [15], through the so-called V2G concept. The EVs then
not only draw the power from the grid, but they can deliver the power back to the grid
via a bidirectional charger. In addition, their DC link capacitor inserted in the power
conversion chain is inherently able to also provide reactive power to the grid utility [21].
The V2G concept can be easily extended to V2H systems to offer more services. At the
household level, the storage capacity presents significant potential such as voltage and
load regulations and demand response capability [19,22]. The V2H usually involves a
single EV in a single house: its framework is depicted in Figure 1, referring to a WPT
charging infrastructure, as the one analyzed in this paper. While charging the battery,
the EV absorbs the power from the grid, but while discharging, the power flow has two
possible directions: either to the domestic loads or to the main grid, according to the power
demand of the home appliances during the discharging process. Figure 2 qualitatively
shows two possible application fields of the V2H strategy, where the power absorbed by
the domestic loads, from the grid and the EV are represented in red, green and violet
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line, respectively. Figure 2a represents the peak shaving mode operated by the V2H: in
normal conditions, the load power corresponds to the power withdrawn from the grid, but
when requesting an amount of power above a certain threshold, the difference is given
by the EV battery. This is denoted by the violet line becoming negative. Figure 2b shows
an unexpected power outage of the distribution grid: in this case, the presence of the EV
battery in the V2H mode allows the domestic loads to be supplied by a backup power
despite the outage occurring in the grid.

Figure 1. BWV2H scheme of principle.

Figure 2. Application fields of V2H strategy: peak shaving (a) and power backup (b).

3. Operating Requirements of the BWV2H Wireless Charger

WPT chargers stand on the inductive coupling principle between two coils. The
alternating magnetic field produced by the alternating current flowing through the coil
placed under the road, hereafter called the primary coil, induces a voltage across the coil
placed on board the vehicle, hereafter called the secondary coil. The voltage (vs) induced
on the secondary coil derives from the well-known Faraday law [23] (1), which can be
rewritten as in (2) in the case of sinusoidal quantities, according to Steinmetz transform [24]:

vS = M
diP
dt

(1)

VS = jωHF MIP, (2)



Vehicles 2021, 3 409

where M is the mutual inductance between the coils, iP is the current flowing through the
primary coil, vs and IP are the peak values of vS and iP, and ωHF is the supply angular
frequency. Equation (2) is inferred considering the current iP to be purely sinusoidal. Being
the induced voltage across the secondary coil dependent from the supply frequency of
the primary coil, the highest is the supply frequency fHF, the highest is the efficiency of
the power transmission between the two coils and the smaller are the requested size for
the two coils. For this reason, the primary coil cannot be directly fed by the grid utility,
but several conversion stages are required: specifically, a rectification stage followed by
an inversion one, to properly supply the primary coil at a higher frequency. Finally, since
the battery calls for Direct Current (DC), a further rectifier is needed on the secondary
coil, which can be followed by a chopper to regulate the battery voltage. In a BWV2H
application, the power flows alternatively from the grid to the battery and vice versa; then,
both the chopper and the rectification stages need to be bidirectional. Figure 3 depicts the
architecture of the BWV2H. During charging mode, the grid voltage vG feeds the Front-End
Converter (FEC) with the grid current iG through a filter inductor with inductance LG.
The FEC output current IFEC is filtered by a capacitor CDCP to maintain the DC primary
voltage VDCP as nearly constant. The current IDCP supplies the High-Frequency Primary
Converter (HFPC), whose output voltage and current are vHFPC and iHFPC, respectively.
The current iHFPC flows in the compensation network and, subsequently, in the primary
coil. If a series compensation is adopted, as explained in Section 6, iHFPC corresponds to
the current circulating through the primary coil, i.e., iP. The voltage (vs) induced across the
secondary coil forces the circulation of the current iS, which corresponds with the current
iHFSC at the input of the High-Frequency Secondary Converter (HFSC) in case of series
compensation. The input voltage of the HFSC is vHFSC, whilst the output voltage is VDCS,
which corresponds to the voltage across the capacitor CDCS. The HFSC output current splits
between the current flowing through CDCS and the one at the input of the Bidirectional
Chopper (BC), namely IBC. Finally, the BC output voltage and current corresponds to the
battery voltage and current, VB and IB, respectively. The FEC, the HFPC and the HFSC are
H-bridge converters. The BC can reverse the current flow but not the voltage, which is
necessarily lower on the battery-side, i.e., VB < VDCS.

Figure 3. BWV2H block diagram.

3.1. Reference Technical Rules for the Connection to the LV Electrical Utilities

The BWV2H is meant for domestic user connected to LV utility grid. The majority of
these kinds of users have a single-phase connection; therefore, the nominal RMS value of
the grid voltage is 230 V [18]. The purpose of this paper is the design and sizing of different
active and passive elements and of power converters; therefore, the peak values of all the
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involved quantities will be hereafter considered. According to [18], the peak value of the
nominal grid voltage VG,N that feeds the BWV2H is

VG,N = 230
√

2 V ∼= 325 V (3)

with maximum and minimum allowed values, respectively, equal to [18]

VG,m = 0.9 VG,N ∼= 293 VVG,M = 1.1 VG,N ∼= 358 V (4)

and nominal frequency fG,N, as per [18]

fG,N = 50 Hz. (5)

The typical contractual power of a domestic customer is 3 kW, where the allowable
maximum power PG,N and current IG,N withdrawn by the user, hereafter identified as
nominal, are

PG,N = 3.3 kWIG,N = 16
√

2 A ∼= 22.6 A. (6)

The main purpose of the BWV2H is recharging the battery of the electric vehicle;
nevertheless, in certain conditions, part of the stored energy can be released towards the
domestic loads, with the possibility of injecting it in the grid if it is higher than the overall
power absorbed by the home appliances. For this reason, the Italian reference technical
rules for the connection to the LV electrical utilities (CEI 0-21) [18] categorizes the BWV2H
as an active user, also called a prosumer. It is worth noting that the contractual power sets
the limits for the maximum absorbable power, but it is not effective for the injected one. In
addition, [18] requires that the FEC exchanges reactive power with the grid, according to
the diagram of Figure 4. It is shown that when the injected power is between 0 and 0.2PG,N
the prosumer can behaves either as an inductive or capacitive load, provided that the
power factor cos (ϕG) is in the range of 0.95 < cos (ϕG) < 1. When injecting active power in
the range 0.2PG,N < PG < 0.5PG,N, cos (ϕG) must be maintained at 1. Lastly, when the power
is higher than 0.5PG,N, the user has to inject reactive power of the capacitive type, behaving
as an inductive load, when the grid voltage exceeds a certain lock-in value (f.i., 1.05 VG,N).

Figure 4. Power factor cos (ϕG) as a function of the active power injected into the grid.

3.2. SAE J2954 Standard

SAE J2954 standard establishes an industry-wide specification that defines acceptable
criteria for WPT for light-duty plug-in electric vehicles. It addresses unidirectional charging,
whilst bidirectional energy transfer may be evaluated in the future. Four power classes are
defined (WPT1, WPT2, WPT3 and WPT4) according to the maximum volt-amps drawn
from the grid connection, corresponding to 3.3 kVA, 7.7 kVA, 11.1 kVA and 22 kVA,
respectively. The vertical distance between the ground surface and the lower surface of the
on-board coil identifies the WPT Z-class. The study case presented in this paper refers to a
WPT1/Z2 system, with a range of 140–210 mm for the vertical distance.
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For WPT1, WPT2 and WPT3, a minimum efficiency of the system is required, measured
as the ratio between the active power injected in the battery and the one withdrawn from
the grid.

ηtot =
PB
PG
≥ 0.80. (7)

This value has to be maintained in every condition (i.e., minimum or maximum
voltage, power, etc.) when the coils are aligned. Instead, in nominal condition, ηtot shall
be ≥0.85 while with coil misalignment it shall be ≥0.75. The transmitting coil, which can
be either the primary or the secondary in case of bidirectional power transfer, has to be
supplied by a voltage with a frequency fHF in the range of 79–90 kHz with a nominal value
fHF,N = 85 kHz.

4. Grid-Side and Battery-Side Specification

The specifications concerning the input and output of the BWV2H are determined
considering the constraints given by CEI 0-21 and the battery, respectively. Being the power
flow bidirectional, the involved quantities are worked out both during the charging and
discharging mode, so that the higher values can be subsequently taken as references for
the sizing of the power converters.

The electric vehicle’s market is orienting the storage branch towards lithium batteries,
due to their high energy density and the long lifecycle. This paper refers to a city car WPT
charger, which means the nominal battery voltage VB,N is set at 96 V [25]. Table 1 lists six
lithium cells, reporting the nominal, minimum and maximum cell voltage VN, Vm and VM,
respectively, the required number of cells to reach the nominal battery voltage VB,N, and
the corresponding minimum and maximum battery voltage VB,m and VB,M for each cell
type. From these values, in order to carry out a design that is as general as possible, the
minimum and maximum chopper voltage VBC,m and VBC,M are selected so that they can
accommodate all the cell types listed in Table 1. Specifically, they can be set, respectively, at

VBC,m = 65 VVBC,M = 120 V. (8)

Table 1. Features of lithium cells.

Cell Type VN Vm VM Cells No. VB,m VB,M

LiFePO4 3.2 2.5 3.65 30 75 109
LiMn2O4 3.7 3.0 4.2 26 78 109

LiNiMnCoO2 3.6 3.0 4.2 27 81 113
LiCoO2 3.6 3.0 4.2 27 81 113

LiNiCoAlO2 3.6 3.0 4.2 27 81 113
Li2TiO3 2.4 1.8 2.85 40 72 114

In this paper, LiFePO4 cells, whose characteristics are highlighted in Table 1, are
selected as the case study [25]. The battery pack is made of thirty LiFePO4 type cells
modules connected in series; its overall nominal capacity is 100 Ah. The nominal battery
voltage VB,N is 96 V, while the working voltage of the battery is between 75 V and 109 V so
that the output voltage of the BWV2H must be able to vary in this range. The nominal input
and output currents are 50 A. The current reference to be injected or extracted from the
battery is regulated by the Battery Management System (BMS), which is always included
in lithium battery packs, and whose function is to manage the battery charging process
and to monitor its discharging process. The BMS also estimates the SoC of the battery, and
according to its level manages the battery operation, such as withdrawing power from
the vehicle to inject it to the domestic loads, absorbing power from the grid to recharge
the battery, or stopping the operations. Accurate SoC estimation is a critical concern for
a proper V2G or V2H strategy: to this purpose, several methods were presented, which
can be classified into four main categories according to [26]: direct measurements methods,
which estimate the SoC through physical measurements; book-keeping estimations that
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use battery charging and discharging current as input; model-based methods, where
the battery parameters and SoC are estimated using adaptive filters and observers; and
computer intelligence methods, also called data-driven algorithms [27], which require high
computational time and storage size, but can operate without a battery model. Direct
measurements methods, such as the ampere-hour, open-circuit voltage and impedance
method, ignore the internal model of the battery [28]. Model-based methods consider the
battery as a dynamic system, describing its state-space using modelling techniques. A
variety of filters and observers, such as the extended Kalman filter [29], unscented Kalman
filter [28] and sliding-mode observer [30] are introduced to estimate the state variables.
Their performance is related to the model accuracy and the signal collection precision.
Finally, the data-driven methods use intelligent algorithms to train the model, such as
neural networks [31] and fuzzy logic [32]. The selection of the best method for the SoC
estimation related to the BWV2H application is out of the scope of this paper, which aims
to size its power stages.

Considering the recommendations of SAE J2954, the total system efficiency ηtot is
designated equal to 0.85. The transmission efficiency ηt between the two coils is affected
by the alignment, but it is usually above 0.9 [3]. In this work, it is reasonably assumed
ηt = 0.92, as found from previous experimental results [4]. The total converter efficiency ηc
is therefore equal to

ηc ≥
ηtot

ηt
∼= 0.92. (9)

As demonstrated in [4], the efficiency of each power converter is similar to the other
ones. As a consequence, the hypothesis that all the converters have the same efficiency ηi
(with i = FEC, HFPC, HFSC, BC) is plausible; it derives that it has to be equal to

ηFEC = ηHFPC = ηHFSC = ηBC = 4
√

ηc = 0.98. (10)

The nominal power absorbed by the domestic user only for EV charging cannot exceed
the one prescribed by the contract and highlighted in (6). As a consequence, the maximum
power PB,N,c that can be injected in the battery during the charging mode is equal to

PB,N,c = ηtotPG,N = 2.8 kW, (11)

where the subscript N,c states the nominal value during charging mode. The battery
absorbs the nominal current IB,N,c in the first stage of the charging process, called the
constant-current stage [4]. The nominal current absorbed by the battery with the limitation
imposed by the domestic contract is then

IB,N,c =
PB,N,c

VB,m
= 37.33 A. (12)

It can be observed that it is lower than the nominal battery charging current; this
suggests that the charging time will be higher, but at the same time, the battery life will be
increased as a result of the diminished thermal stresses. While the battery voltage increases
from VB,m up to the maximum value VB,M, the charging current should remain constant.
Nevertheless, the power limitation imposed by the domestic contract forces the current
to decrease to keep the power constant. Afterwards, the constant-voltage charging stage
begins, where the current gradually decreases and so does the power. Subsequently, this
charging stage does not affect the sizing of the BWV2H.

During the discharging mode, the vehicle injects the energy stored in its battery
towards the domestic loads and, if there is a surplus, in the utility grid. In the extreme case
that the home power is null, all the battery power PB,N,d, except the losses, is injected in the
grid. Its value corresponds to

PG,N,d = ηtotPB,N,d = ηtotPB,N = 4.63 kW, (13)
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where the subscript N,d states the nominal value during discharging mode. According
to CEI 0-21, when injecting power into the grid, the power factor must be maintained in
the range 0.95 < cos(ϕG) < 1 by the FEC. In the worst case, i.e., when cos(ϕG,m) = 0.95 and
VG = VG,m, in order to inject the nominal power PG,N,d, the maximum grid-side current
IG,M,d is:

IG,M,d =
2 PG,N,d

VG,m cos(ϕG,m)
= 33.32 A. (14)

The voltages and currents that refer to the grid-side and battery-side of the BWV2H
are reported in Table 2. The calculation of the grid-side and battery-side nominal power
and the evaluation of the converters efficiencies allows us to determine the active power
flow at each stage of the BWV2G, as represented in Table 3.

Table 2. Specifications for the grid-side and battery-side BWV2H sizing.

Parameter Symbol Value

Grid-side voltage VG,M 358 V
Grid-side current IG,M 33.32 A

Battery-side voltage VBC,M 120 V
Battery-side current (charging mode) IB,N,c 37.4 A

Battery-side current (discharging mode) IB,N,d 50 A

Table 3. Power exchanged in the BWV2G stages.

Parameter PG,N PFEC,N PHFPC,N PHFSC,N PBC,N PB,N

Charging mode 3.3 kW 3.23 kW 3.17 kW 2.92 kW 2.86 kW 2.8 kW
Discharging mode 4.63 kW 4.725 kW 4.82 kW 5.24 kW 5.35 kW 5.45 kW

5. Sizing of the Power Converters

The key elements of a WPT system are the coupling coils and the related compensation
networks. Nevertheless, the design of their reactive parameters relies upon the operating
parameters of the HFPC and HFSC and, more specifically, on the currents and voltages
IHFPC, IHFSC, VHFPC and VHFSC. In turn, these values depend upon the grid-side and battery-
side sizing values reported in Table 2 and upon the operating parameters of the FEC and
BC, which set the maximum values of the quantities IFEC, VDCP, IBC and VDCS. The sizing of
the coils and compensation networks can be realized only after a first approximation design
of the power converters, performed from the external ones (i.e., FEC and BC) towards the
internal ones (i.e., HFPC and HFSC).

5.1. Front-End Converter

The FEC grid-side is connected to the home network through the LG inductor, whose
aim is twofold: decoupling the grid voltage vG from the FEC medium frequency modu-
lated voltage vFEC, and reducing the harmonic content of the grid current iG. The value
is set to LG = 3 mH, which allows one to comply with the harmonic current limits estab-
lished by [33].

The amplitude of the fundamental component VFEC,1 that must be available at the
FEC input can be derived from the equivalent circuit of Figure 5a and its phasor diagram
in Figure 5b. The voltage drop on the LG filter inductor must be counterbalanced by an
increase in the fundamental component of the voltage VFEC,1. This effect is stronger the
more the current IG is out of phase with respect to voltage VG, as can be seen from the
following expression of VFEC,1

VFEC,1 =
√
(ωGLG IG)

2 + V2
G + 2ωGLG IGVGsin(ϕG). (15)
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Figure 5. (a) Equivalent circuit of the FEC input and (b) related phasor diagram for maximum VFEC,1 during charging and
discharging mode, respectively.

Analysis of (15) shows that VFEC,1 is maximum in the condition of maximum grid cur-
rent and voltage IG,M and VG,M, respectively, maximum grid angular frequency
ωG,M = 316.04 rad/s and minimum power factor cos (ϕG,m) = 0.95. From these values,
it is established that VFEC,1,M = 368.88 V. Figure 5b shows that the maximum FEC voltage
is reached either during charging mode with the current leading the grid voltage or during
discharging mode with the current lagging the grid voltage.

The simplified schematic of FEC interfaced to the grid is shown in Figure 6.

Figure 6. Grid-side of the BWV2H with convention of the current according to charging mode.

Assuming ideal switches for the FEC, VFEC,1,M is equal to the bus voltage VDCP across
the capacitor CDCP. To guarantee the proper operation of the FEC, VDCP must be kept
as constant as possible, even though the oscillation induced by the instantaneous power
exchanged with the grid cannot be completely eliminated. Assuming a safety margin of
30 V for the proper operation of the BWV2H, the operating VDCP shall be at least equal to
400 V, which is perfectly in accordance with SAE J2954 [5] that establishes

VDCP = 450 V. (16)

By approximating VDCP with its average value and by neglecting the power exchanged
with LG and the power losses in the parasitic resistances, from the instantaneous power
balance at the input and at the output of the FEC, it is derived that the low frequency
component of iFEC is mainly constituted by a continuous contribution equal to IDCP and a
sinusoidal contribution at twice the grid frequency. Ideally, this contribution flows through
CDCP and originates a voltage ripple, whose amplitude is given by

∆VDCP =
1
2

VG IGsin(ϕG)

2
1

VDCP

1
CDCP

1
2ωG

∫ π
2

− π
2

sin(θ)dθ =
PG

4ωGVDCPCDCP
. (17)
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From (17), the value of CDCP can be inferred by considering the worst condition
(i.e., nominal grid power PG,N and minimum frequency ωG,m = 298.45 rad/s) and assum-
ing a reasonable voltage ripple ∆VDCP = 25 V. Therefore, the capacitor to be installed needs
to have a capacitance CDCP at least equal to

CDCP = 0.25 mF. (18)

Since the fundamental frequency of the alternating component of the current iDCP
is equal to 2fHF, i.e., 1700 times higher than the ripple generated by the grid frequency,
the value obtained in (17) is sufficient to neglect the high-frequency ripple on VDCP. The
voltage VDCP, increased by the allowed voltage variation ∆VDCP/2, corresponds to the
voltage to be handled by the switches, which results in 462.5 V. Similarly, the maximum
voltage VLG,M that solicitates the filter inductor LG is given by

VLG,M = VDCP + VG,M = 808 V. (19)

The maximum current flowing into the switches, in the filter inductor and in the
primary DC capacitor, is equal to IG,M.

5.2. Bidirectional Chopper

The BC works as a buck converter during charging mode and as a boost converter
during discharging mode. Then, it is a two-quadrant DC/DC converter with the possibility
of reversing only the current. Its task is to regulate the battery current IB and voltage
VB during the charging and discharging process, according to the voltage–current profile
supplied by the battery manufacturer. The BC scheme is shown in Figure 7.

Figure 7. Battery-side of the BWV2H with BC and convention of the current according to charging mode.

As mentioned in (8), VBC,M is set at 120 V. Considering the voltage drop across the BC
switches, the voltage VDCS across the capacitor CDCS must be slightly higher than VBC,M; it
is then set at

VDCS = 130 V, (20)

which corresponds to the maximum voltage handled by the HFSC and BC switches.
Concerning the current flowing through the BC switches, the maximum current is the
discharging current IB,N,d, corresponding to 50 A.

The inductance LBC is interposed between the BC and the battery with a twofold
function: decoupling the modulated voltage VBC from the slowly variable battery voltage
VB and reducing the current oscillations in order to safeguard the battery life. During the
constant-voltage charging stage, the current injected into the battery gradually decreases
until it disappears. Therefore, the end of the charging process can be arbitrarily set when
the current reduces to 0.05 IB,N,c. The same value is then also imposed as the maximum
limit of the peak-to-peak oscillation of the current IB to ensure the continuous conduction
of the current throughout the charging process.
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Indicating with δBC the duty cycle of the control signal of the upper switch of the BC,
in steady-state conditions and neglecting the parasitic resistance of the inductance LBC, the
following relation holds:

δBC =
VB

VBC
. (21)

Assuming continuous conduction operation, the peak-to-peak ripple of the current IB
is given by

∆IB =
1

LBC
VB(1− δBC)TBC, (22)

where TBC is the switching period of the BC. From (21) and (22), it can be derived that
∆IB reaches its maximum value when VB = VBC/2 and that, once exceeding this value, ∆IB
decreases as VB increases. In order to carry out a more general design, the worst case
among the cells listed in Table 1 is considered. The minimum value of VB is obtained with
Li2TiO3 cells, and it is still larger than VBC/2. As a consequence, the maximum value of ∆IB
is achieved by charging this type of cells, when the battery voltage reaches the minimum
value VB,Li2TiO3,m = 72 V. Assuming that the BC switching frequency is the same of both the
HFPC and the HFSC, the current oscillation is maintained within the desired limits for LBC,
choosing the minimum value of

LBC =
VB,Li2TiO3,m(1− δm)TBC

0.05 IB,N,d
= 151 µH, (23)

where δm is the minimum duty cycle of the BC given by the ratio VB,Li2TiO3,m/VDCS. The
maximum current flows in LBC during battery discharging and is equal to IB,N,d, while the
maximum voltage applied to its terminals is VBC,M.

The sizing of the DC secondary capacitor CDCS starts by assessing the current flowing
through it. The average value of the current IBC is easily derived considering the DC bus
voltage VDCS and the power exchanged by the BC during charging and the discharging
mode, reported in Table 3.

IBC,N,c =
PBC,N,d

VDCS
= 22.0 AIBC,N,d =

PBC,N,d

VDCS
= 41.2 A, (24)

The average value of IBC is equal to the direct component of current iDCS, which is a
rectified sinewave whose amplitude during charging and discharging mode is, respectively:

IDCS,N,c =
π

2
IBC,N,c = 34.5 AIDCS,N,d =

π

2
IBC,N,d = 64.7 A (25)

and whose frequency is twice the switching one, i.e., 170 kHz. The minimum sizing value
of the capacitor CDCS can be obtained hypothesizing that it is flown by the alternate com-
ponent of IDCS and considering the worst operating conditions, i.e., minimum switching
frequency ωHF,m = 79 kHz and maximum current IDCS,N,d. By imposing the voltage ripple
across CDCS is ∆VDCS = 0.1VDCS, it results in:

CDCS =
1

ωHF,m∆VDCS
2

π
2∫

asin( 2
π )

IDCS,N,d

[
sin(θ)− 2

π

]
dθ =

IDCS,N,d

ωHF,m∆VDCS
2

[√
1− 4

π2 − 1 +
2
π

asin
(

2
π

)]
= 4.22 µF (26)

5.3. High-Frequency Primary Converter

The HFPC is a H-bridge converter, as shown in Figure 8. The generation of the high-
frequency voltage vHFPC required during charging mode does not allow the utilization
of the PWM technique to regulate the amplitude of its fundamental component, since
this technique would lead to excessively high switching frequencies. As a result, during
the charging mode of the BWV2H, the HFPC is controlled with the phase shift technique,
which allows one to obtain a semi-square wave voltage whose fundamental component
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has a frequency equal to the switching frequency of the HFPC, set at fHF,N, and amplitude
given by

VHFPC,1 =
4
π

VDCPsin
(σ

2

)
, (27)

where σ is the delay angle between the control signals of T5 and T7 with respect to those of
T6 and T8. The maximum value of the fundamental voltage component is reached when
the control signals are delayed by π. Neglecting the voltage drop on the switches and
the ripple of VDCP, the voltage at the HFPC output is a square wave whose fundamental
component amplitude is

VHFPC,1,M =
4
π

VDCP = 573 V. (28)

Figure 8. Schematics of the HFPC and convention of the current according to charging mode.

5.4. High-Frequency Secondary Converter

During charging mode, the easiest control solution for the HFSC is to leave all the
switches off so that it acts as a diode rectifier. In such an operation mode, the alternated
voltage vHFSC depicted in Figure 9 is a square wave voltage in phase with the current iHFSC
and with the amplitude of the fundamental component of voltage, given by

VHFSC,1,M =
4
π

VDCS = 165.5 V. (29)

Figure 9. Schematics of the HFSC and convention of the current according to charging mode.
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When the BWV2H operates in battery discharging mode, the HFPC works as a diode
rectifier and the HFSC works as an inverter. Maintaining the same control techniques
described in Section 5.3, the voltage vHFSC is a semi-square wave voltage with frequency
fHF and fundamental component equal to

VHFSC,1 =
4
π

VDCSsin
(σ

2

)
, (30)

whose maximum value corresponds to (29). During discharging mode, the voltage vHFPC
is a square wave voltage, in phase with the current iHFPC and with an amplitude of the
fundamental component equal to (28). The H-bridge schematics of HFSC is shown in
Figure 9, where the current direction is drawn according to the charging mode.

6. Sizing of the Coupling Coils and Compensation Networks

Considering the necessity of a symmetrical behavior for BWV2H in both the power
flow directions, the series compensation results to be the preferred one in both the primary
and secondary side [4]. This compensation technique forces the current flowing through
the coils to be nearly sinusoidal, because the series of the resonant capacitors and the coils
self-inductances behave as short circuits at the nominal frequency fHF,N. As a consequence,
the voltage induced in the primary and secondary coils are ideally equal to vHFPC and
vHFSC, respectively. These features allow us to simplify the schematics of the BWV2H by
expressing the voltages vHFPC and vHFSC and the induced voltages across the coils as ideal
voltage sources. This leads to the circuital scheme of Figure 10, where RP and RS represent
the parasitic resistances of the coils.

Figure 10. Schematics of the HFSC with the related quantities.

During battery charging mode, the presence of the parasitic resistances requests the
HFPC to generate a voltage fundamental component VHFPC,1 higher than the one induced
across the primary coil. In the same way, the voltage fundamental component VHFSC,1
is lower than the one induced across the secondary coil. By defining the primary and
secondary coil efficiency as ηt,P and ηt,S, respectively, during the charging mode, the active
power flowing from the HFPC output to the secondary coil is given by the first of (31)
while the second gives the active power at the input of the HFSC,

PHFPC,c =
VHFPC,1 IP

2
=

1
2

ωHF MIS IP
ηt,P

PHFSC,c =
VHFSC,1 IS

2
=

1
2

ωHF MIS IPηt,S. (31)

From (31), the transmission efficiency can be derived as follows:

ηt =
PHFSC,c

PHFPC,c
. (32)

Considering two identical coils, the transmission efficiency can be equally divided
between primary and secondary coil:

ηt,P = ηt,S =
√

ηt. (33)
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From (33), the voltage fundamental component VHFPC,1 and VHFSC,1 during battery
charging mode becomes

VHFPC,1 =
ωHF,N MIHFSC√

ηt
VHFSC,1 = ωHF,N MIHFPC

√
ηt. (34)

where ωHF,N = 2πfHF,N is the nominal angular frequency of the HFPC. For battery discharg-
ing mode, dual equations can be written and are therefore omitted in this paper.

Assuming the battery is charged at the power PB,N,c, the power at the input of the
HFSC needs to be PHFSC,N,c, as stated in Table 3; therefore, the amplitude of current iHFSC
corresponds to

IHFSC,N,c =
2PHFSC,N,c

VHFSC,1,M
= 35.2 A. (35)

In order for this current to actually flow in the secondary coil, the induced voltage
across the primary coil, increased by the voltage drop across RP, needs to be lower than
the maximum fundamental component of the voltage vHFPC. From (34), the following
inequality can be derived:

M ≤ VHFPC,1,M

IHFSC,N,c ωHF,M

√
ηt = 27.6 µH. (36)

Equation (36) states the maximum value for the mutual inductance between the
two coupling coils, determined considering the maximum angular frequency ωHF,M.

The value established in (36) needs to be verified also for the discharging mode. The
power at AC side of the HFPC is PHFSC,N,d, as expressed in Table 3. The nominal amplitude
of current iHFPC,d is

IHFPC,N,d =
2PHFPC,N,d

VHFPC,1,M
= 16.8 A. (37)

In order for this current to actually flow in the primary coil, the induced voltage
across the secondary coil, increased by the voltage drop on RS, needs to be lower than the
maximum fundamental component of the voltage vHFSC. Using the dual equation of (34)
for the discharging mode, the following inequality is derived:

M ≤ VHFSC,1,M

IHFPC,N,d ωHF,M

√
ηt = 16.7 µH. (38)

Equation (38) is stricter than (36); hence, the value of M is fixed at

M = 16.5 µH. (39)

Once the value of M is set, it is possible to conclude the determination of the current
flowing into the coils in both charging and discharging mode, and then size the switches
that form the HFPC and HFSC. The worst condition is verified when the frequency is
minimum, since higher currents are necessary to obtain the required induced voltages to
transfer the predetermined amount of power.

During battery charging mode, the voltage fundamental component of vHFPC in
correspondence of minimum operating frequency is

VHFPC,1,m,c =
ωHF,m MIHFSC,N,c√

ηt
= 300 V. (40)

Consequently, to transfer the power PHFPC,N,c, the amplitude of the current supplied
by the HFPC has to be

IHFPC,N,c =
2PHFPC,N,c

VHFPC,1,m,c
= 21.1 A. (41)
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Similarly, in discharging mode the voltage fundamental component of vHFSC in corre-
spondence to the minimum operating frequency is

VHFSC,1,m,d =
ωHF,m MIHFPC,N,d√

ηt
= 143.5 V. (42)

Consequently, to transfer the power PHFSC,N,d, the amplitude of the current supplied
by the HFSC has to be

IHFSC,N,d =
2PHFSC,N,d

VHFSC,1,m,d
= 72.9 A. (43)

By comparison between (37) and (41) and between (35) and (43), it can be observed
that the primary coil, the primary resonant capacitor and the switches of the HFPC have
to be sized according to the current IHFPC,N,c, whilst the secondary coil, the secondary
resonant capacitor and the switches of the HFSC have to be sized for the current IHFSC,N,d.

Considering a coupling coefficient k = 0.12, where k = M/
(√

LPLS
)
, in-between the

minimum and maximum value established by SAE J2954, and assuming the same shape
for the two coils, the self-inductance results to be

LP = LS =
M
k

= 162 µH. (44)

The resonant capacitors are sized according to the nominal frequency fHF,N

CP = CS =
1

ω2
HF,N LP

=
1

ω2
HF,N LS

= 21.7 nF. (45)

Each coil is subject to a voltage given by the sum of the voltage drop on the self-
inductance and the voltage induced by the current flowing through the other coil. With the
series resonance topology, the two voltage contributions are π/2 out-of-phase one respect
to the other. The nominal voltage on the coils is then equal to

VP,N =
√
(ωHF,N LP IHFPC,N,c)

2 + (ωHF,N MIHFSC,N,c)
2 = 1.85 kVVS,N =

√
(ωHF,N LS IHFSC,N,d)

2 + (ωHF,N MIHFPC,N,d)
2 = 6.3 kV. (46)

The voltage across the resonant capacitors ideally corresponds to the voltage drop
across the self-inductances of the coils, because of the series resonance. The nominal value
for the primary capacitor is reached during the charging process, whilst the one across the
secondary capacitor is reached during the discharging process:

VCP,N =
IHFPC,N,c

ωHF,NCP
= 1.82 kVVCS,N =

IHFSC,N,d

ωHF,NCS
= 6.3 kV. (47)

7. Results and Discussion

This section presents some considerations concerning the sizing of the BWV2H and
the simulation results obtained through the MATLAB software. The sizing values of the
coupling coil and compensation networks are presented in Table 4, while Table 5 reports
the sizing values of the main components of the BWV2H. It can be observed that in the
secondary side, a higher current can flow. This leads to higher voltages across both the
secondary reactive elements, i.e., LS and CS, as illustrated in Table 4. The current values
selected for sizing purposes are the highest between the charging and discharging mode
in each stage. The current on the secondary side is strongly related to the sizing of the
reactive elements, in particular for the mutual inductance M (and, consequently, for the
self-inductances and the resonating capacitor). A higher value of M leads to higher induced
voltage and, therefore, a lower current to ensure the requested power transfer.
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Table 4. Sizing values of the BWV2H coupling coils and compensation networks.

Element Symbol Value Voltage (kV) Current (A)

Mutual inductance M 16.5 µH - -
Primary coil self-inductance LP 162 µH 1.85 21.1

Secondary coil self-inductance LS 162 µH 6.3 72.9
Primary resonant capacitor CP 21.7 nF 1.82 21.1

Secondary resonant capacitor CS 21.7 nF 6.3 72.9

Table 5. Sizing values of the BWV2H power converters.

Converter Element Value Voltage (V) Current (A)

Front-End Converter
Filter inductor LG 3 mH 808 33.3

Static switches - 462.5 33.3

High Frequency Primary Converter Capacitor CDCP 0.25 mF 462.5 33.3
Static switches - 462.5 21.1

High Frequency Secondary Converter Capacitor CDCS 6.92 µF 143 72.9
Static switches - 143 72.9

Bidirectional Chopper Inductor LBC 151 µH 120 50.0
Static switches - 143 50.0

The cost analysis of a WPT installation was reported in [4] for an EV battery with
nominal power of 560 W, i.e., much lower than the one analyzed in this paper. The total cost
for the prototype in that case was equal to EUR 5800. Differently from the unidirectional
WPT of [4], the FEC, HFSC and BC of the BWV2H are bidirectional converters, contributing
to further increase the installation costs; nevertheless, it shall be considered that a future
mass-production of such a technology could remarkably decrease its cost.

Simulations

This subsection reports the waveforms obtained through the MATLAB software of
some quantities involved in the BWV2H operation. At first, the grid-side is analyzed,
achieving the results showed in Figure 11. The grid voltage and the FEC voltage are
depicted in solid red and dashed blue line, respectively, while the dashed magenta line
reports the voltage across the capacitor CDCP and the solid black line reports the grid
current, whose peak value corresponds to IG,N = 22.6 A, as highlighted in (6). Figure 11a
shows the grid-side of BWV2H during charging mode: it can be observed that the current
lags the grid voltage: indeed, the power factor is set at 0.95, i.e., the minimum allowed by
CEI 0-21. The voltage vDCP shows the ripple given by the alternating component of current
iFEC, whose frequency is twice the grid frequency and whose amplitude is given by (16).
Figure 11b shows the same quantities depicted in Figure 11a, but in discharging mode. The
phase of the grid current is shifted by 180◦and its amplitude is increased to 33.32 A, as
described by (14).

Figure 11. Grid-side voltage and current waveform in (a) charging and (b) discharging mode, respectively.
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Figure 12 qualitatively presents the quantities related to the battery of the BWV2H,
i.e., voltage VB, current IB and power PB, in a solid red, dashed blue and solid black line,
respectively. The time scale indicates about 4 h: during the first 3 h, the battery is charging,
whilst during the last hour it operates in discharging mode. Different time intervals during
charging and discharging mode are divided as follows:

• 0–0.3 h: the battery voltage is constant at its minimum value VB,m; the current and the
power are equal to 0.

• 0.3–2 h: the current initially is at the nominal value IB,N,c given by (12) and the battery
voltage increases from VB,m until it reaches the maximum value VB,M; the current
consequently decreases in order to comply with the power limitation.

• 2–3 h: the voltage is kept at the maximum value VB,M during the constant-voltage
charging stage; simultaneously, the current decreases and so does the power.

• 3–4 h: the battery is in discharging mode. The voltage decreases reaching the minimum
value VB,m. The battery delivers the nominal current IB,N,d. The power is maximum
only for the first instants when the battery voltage is equal to VB,M, since the current is
fixed at IB,N,d; then, the power follows the voltage profile.

• 4–4.3 h: during the last period, the battery voltage is constant at minimum value,
whilst the current and the power are equal to 0.

Figure 12. Battery-related quantities during charging (from 0 to 3 h) and discharging mode (from 3 to 4 h): (a) voltage and
current and (b) power.

Usually, the first part of battery charging is the constant-current stage, where the
voltage increases while the current is kept constant. On the contrary, in this situation when
the voltage increases, the current decreases so as to keep the active power constant, as can
be observed by inspection of Figure 12a. This is due to the power limit set by the maximum
contractual power of the user and expressed by (11). From 3 h to 4 h, the battery is in
discharging mode, supplying with its power either the domestic loads or the distribution
grid. The discharging mode can be inferred from the reverse of the current and power,
which are denoted with a negative sign in the figure. Since no limitation is established
by CEI 0-21 for the injected power, the battery is delivering the nominal current IB,N,d
throughout the whole discharging process. As a consequence, when the battery voltage
decreases, the power follows the voltage profile. The values reported in Figure 12 reflect
the ones found in the design part of Section 3. In particular, IB,N,c is equal to 37.4 A and
IB,N,d is equal to 50 A, as specified in Table 2. Concerning Figure 12b, in the time interval
the power absorbed by the battery is 2.8 kW, corresponding to PB,N,c, whilst the maximum
power is delivered only at the beginning of the discharging process (when VB = VB,M), and
it is equal to 5.45 kW, as shown in Table 3.
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8. Conclusions

This paper presents a comprehensive step-by-step design procedure for a BWV2H,
giving a handy instrument for its design, which can be easily utilized for higher power WPT
systems. Starting from the Italian reference technical rule for the connection of active loads
to the LV utility and from the SAE J2954 standard for WPT chargers, the initial constraints
are set, regarding the grid-side quantities and the efficiency and operational frequency of
the WPT. Subsequently, the grid-side and battery-side specifications are derived, together
with the power limits in each stage of the BWV2H. The maximum allowable currents and
voltages are then calculated for each converter, comparing the charging and discharging
mode to find out the correct values to be considered for the design. Finally, the reactive
elements for the WPT are sized, including the capacitors of the compensation networks, on
the basis of the mutual inductance between the two coils required to transfer the active
power defined in previous steps. The obtained voltage and current values are plotted
though the MATLAB software to illustrate the different modes of operation identified
throughout the paper. By suitably changing the constraints introduced in this paper,
such as the input power or the battery parameters, the equations presented can be easily
rearranged so as to design a BWV2H according to the user requests. The spread of BWV2H
technology will help the demand response and the transition towards the smart grid and a
smooth integration of renewable energy sources. A future extension of SAE J2954 in favor of
bidirectional WPT will help the development of BWV2H, which require a standardization
for their ultimate diffusion.
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Nomenclature

AC Alternating Current
BMS Battery Management System
BC Bidirectional Chopper
CDCP, CDCS High-Frequency Primary and Secondary Converter DC capacity
CP, CS Primary and secondary resonant capacitor
δ Duty cycle of the Bidirectional Chopper
DC Direct Current
∆IO Peak-to-peak current ripple on the inductor LO
∆VHFPC Peak-to-peak voltage ripple on the capacitor CHFPC
ηc Power converter efficiency
ηt Transmission efficiency between the two coils
ηtot Total efficiency of the V2H wireless system
FEC Front-End Converter
fG Grid frequency
fHF Switching frequency of power converters supplying the coils
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HFPC High Frequency Primary Converter
HFSC High Frequency Secondary Converter
IDCP, IDCS Input current of HFPC and output current of HFSC in charging mode
IFEC FEC output current in charging mode
IG Grid-side current
IHFPC, IHFSC Output current of HFPC and input current of HFSC in charging mode
IO Battery-side current
IS Secondary coil current
IP Primary coil current
LBC Chopper inductance
LG Grid filter inductance
LO Battery filter inductance
LP, LS Primary and secondary coil self-inductance
M Coils mutual inductance
PG Grid-side active power
PHFPC HFPC output active power in charging mode
PHFSC HFSC output active power in discharging mode
PO Battery-side active power
Req Equivalent resistance seen from the HFPC
SoC State of charge of the battery
V2H Vehicle to Home
VB Battery voltage
VBC BC voltage before the chopper inductance
VCP, VCS Voltage across CP and CS
VDCP, VDCS Voltage across CHFPC and CHFSC
VFEC Input FEC voltage (during charging mode)
VG Grid voltage
VHFPC, VHFSC Output voltage of HFPC and input voltage of HFSC in charging mode
VLP, VLS Voltage across LP and LS
VP, VS Voltage across the primary and secondary coil
VO Output BC voltage (during charging mode)
WPT Wireless Power Transfer
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