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Voltage/Current Doubler Converter for Electric
Vehicle Wireless Charging Employing Bipolar Pads

Francesca Grazian, Graduate Student Member, IEEE, Thiago Batista Soeiro", Senior Member, IEEE,
and Pavol Bauer™, Senior Member, IEEE

Abstract— Light-duty electric vehicles (EVs) typically have a
rated voltage of either 400 or 800 V. Especially when considering
public parking infrastructures or owners with multiple EVs, e.g.,
car rental companies, EV wireless chargers must efficiently
deliver electric power to both battery options. For this purpose,
this article proposes an advanced and compact version of the
previously defined voltage/current doubler (V/I-D) converter,
here comprising two coupled series-compensated bipolar pads
(BPPs). The presented system can efficiently charge EVs with
both battery voltage classes at the same power level without
affecting the current rating of the converter’s circuit components.
The control scheme is implemented at the power source side
in terms of switching frequency and input voltage, and only
passive semiconductor devices are employed on board the EV. The
equivalent circuit is analyzed, focusing on the BPPs’ undesired
cross-coupling and its effect on the power transfer. Methods to
compensate for the cross-coupling are proposed regarding the
BPP design and operating strategy. At 7.2 kW and aligned BPPs,
the dc-to-dc efficiency of 96.34 % and 96.53 % have been measured
at 400 and 800 V, respectively. The proposed method has been
experimentally validated at different misalignment profiles while
considering battery voltages 300-400 V and 600-800 V, which
proves that the V/I-D converter is a universal charging solution
for EV batteries.

Index Terms— Battery voltage, bipolar pads (BPPs), compen-
sation networks, cross-coupling, electric vehicles (EVs), inductive
power transfer (IPT), wireless charging.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) with magnetic resonance

coupling has the potential to speed up the transition to
electric vehicles (EVs) since it enables a user-friendly charg-
ing option: wireless charging. Especially when considering
infrastructures that are used by multiple EVs, such as public
parking spaces, taxi pickup locations in front of stations or
airports, corporate fleets, and car rental or sharing facilities,
it is important to ensure that EVs with different nominal
battery voltages can be charged efficiently. At the current
date, the most common battery voltage ratings are 400 and
800 V [1], [2], [3]. Most EVs use a 400-V architecture since
more automotive-qualified components are available for that
voltage class. However, some automotive original-equipment
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manufacturers are moving to 800-V architectures because
the higher dc-link voltage results in two main advantages
discussed in [3], [4], and [5], being the substantial weight
saving across the EV, and possibly the reduction of the battery
charging time when using dc-fast charging stations. Examples
of automotive companies using 400-V architectures are Audi,
Mercedes-Benz, Nissan, Tesla, and Volkswagen. On the other
hand, Porsche, KIA, Hyundai, and Aston Martin use 800-V
architectures [6].

A power class must be selected when designing an IPT
system for light-duty EV wireless charging, limiting the max-
imum power obtainable from the grid connection. SAE J2954
standard defines three power classes, namely WPT1, WPT2,
and WPT3, that correspond to 3.7, 7.7, and 11.1kVA [7], [8].
It is preferable to fully utilize the available input power when
charging EVs that might have either 400- or 800-V battery
voltages. In general, the most straightforward solution is to
design the IPT system for one of the two battery voltage
classes. The same power level is delivered to batteries from
the other voltage class through an additional onboard dc/dc
converter. In this way, the IPT system would still operate at
the same efficiency since the equivalent output load is the
same. However, the efficiency of the overall circuit would be
impacted by the dc/dc converter required to operate in a wide
voltage range. Furthermore, the dc/dc converter adds cost and
complexity on board the EV, which is not favorable. Besides
the previous work in [9], no other research has been found in
the available literature on EV wireless charging systems that
can efficiently provide both 400- and 800-V batteries with the
same power.

For that purpose, Grazian et al. [9] propose the converter
named voltage/current doubler (V/I-D). This novel universal
wireless charging solution is suitable for both battery voltage
classes. The V/I-D circuit employs two H-bridge inverters
connected to the same dc bus, each powering one set of
series-compensated coupled coils. The secondary circuits are
connected to a rectification stage directly interfaced with the
battery. According to Fig. 1, the V /I-D converter employs two
primary and two secondary coils, which, in [9], are arranged
in two physically separated sets of rectangular coupled coils.
Thereby, the distance between these two sets of coupled coils
is large enough to eliminate their undesired cross-coupling.
In EV wireless charging, this can be achieved by placing one
set of coupled coils in correspondence with the back of the
EV while the other is installed at the front. In that case, the
operation of the V/I-D converter is close to the ideal one.

2168-6777 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1.  V/I-D converter for IPT systems employing series-compensated

BPPs. Herein, D2 and D5 can be advantageously assembled with two parallel
diodes of the same technology used in D1, D3, D4, and D6. In this case,
the current rating of the converter’s circuit components is similar for a given
charging power independently of the voltage or current doubling operation.

However, this solution might not be practical since it does not
give much freedom in mounting the IPT system, which could
be significantly limiting for small-size light-duty EVs. On the
other hand, the use of multicoil pads would provide a compact
magnetic configuration for the V/I-D converter’s coupled
coils because, in that case, the two coils at each circuit side
are deployed on the same ferrite layer. This implementation
has a greater industrial value since it eases the installation on
the IPT charging station and onboard the EV. In EV wireless
charging applications, the most common multicoil pads are
the bipolar pads (BPPs) [10] and the double-D quadrature
pad (DDQP) [11]. Considering the symmetrical structure of
the V/I-D converter, employing BPPs is preferable given the
symmetry between the two rectangular coils in each BPP,
as qualitatively shown in Fig. 1. This symmetry is not intrinsic
to DDQPs, making them unsuitable for the V/I-D converter.
This article proves the feasibility of employing two coupled
BPPs as the magnetic arrangement of the V/I-D converter.
This implementation intrinsically results in cross-coupling due
to the proximity between the two sets of coupled coils, which
certainly affects the power transfer of the V/I-D converter.
This means that the design guidelines and operating scheme
proposed in [9] are not suitable for the V/I-D converter using
BPPs. The main contributions of this article are as follows.

1) Overview of BPPs in the available literature is providing
insights into their main features and use. In this article,
a primary BPP is coupled with a secondary BPP, which
is not common in the literature since BPPs are mostly
used at the primary or secondary circuit.

2) Investigation of the effects of the BPP unwanted
cross-coupling on the V/I-D converter’s functional-
ity; definition of the operating scheme and the design
requirements for the coupled BPPs to mitigate the
cross-coupling effects on the power transfer.

3) Experimental proof that the proposed V/I-D converter
employing BPPs can achieve high power transfer effi-
ciency when charging both 400 and 800 V at the same
power level. At the output power of 7.2 kW and aligned
BPPs, the dc-to-dc efficiency of 96.34% and 96.53%
have been measured at 400 and 800 V, respectively.
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4) Experimental proof of the V/I-D converter’s function-
ality under different misalignment and load conditions
typical of EV wireless charging. Battery voltage ranges
300—400 V and 600-800 V have been considered, prov-
ing the V /I-D converter is a universal charging solution
and not only strictly for 400- and 800-V battery voltages.

It must be noted that the proposed V/I-D converter fun-
damentally differs from the voltage and current doubling
circuits conventionally used in the rectification stage of res-
onant converters [12]. In general, those circuits limit some
components’ voltage or current stress, easing their design and
implementation. Voltage and current doubling circuits have
also been used in IPT systems. For instance, voltage doubler
rectifying circuits are employed when the output voltage is
considerably greater than the input voltage [13]. On the other
hand, it is advantageous to adopt current doubler rectifying cir-
cuits in IPT systems with a large output current, as explained
in [14], [15], and [16]. However, these conventional doubling
circuits have a fixed voltage or current gain optimized for the
specific IPT application.

Conversely, the voltage and the current gains of the pro-
posed V/I-D converter are not fixed since 400- and 800-V
batteries can be directly charged at the same power level.
This means that the V/I-D converter has a selective out-
put doubling behavior depending on the modulation of the
H-bridge inverters. The operation can assume either the volt-
age doubler mode (suitable for 800-V batteries) or the current
doubler mode (suitable for 400-V batteries).

The remaining sections of the article are organized as
follows. Section II discusses the operating scheme and the
analytical circuit modeling of the V/I-D converter. The main
features and challenges due to the undesired cross-coupling
of the BPPs are explored in Section III, focusing on the
effects on the power transfer. Based on those results, the BPPs
are designed through finite element method (FEM) analysis
and then implemented. After that, Section IV describes the
7.7-kW laboratory prototype used to verify the functionality of
the proposed V/I-D converter. The expected operating points
depending on the receiver pad’s misalignment are analyzed
from the analytical model. The experimental results in terms
of dc-to-dc efficiency and circuit waveforms can be found
in Section V for both aligned and misaligned BPPs. Finally,
conclusions are provided in Section VI.

II. V/I-D CONVERTER

A. Concept and Ideal Operating Scheme

The power transfer control of the V/I-D converter in
Fig. 1 is executed at the primary circuits and depends on
the H-bridge inverters’ modulation. For instance, when the
two inverters work in phase at 50% duty cycle as illustrated
in the equivalent circuit in Fig. 2(a), the current flowing
through the two primary coils has the same direction. As a
consequence of this modulation, the secondary coils result in
an equivalent series connection. This means that they share the
same nominal current, which makes this operation suitable for
800-V batteries. On the other hand, when the two inverters
are 180° out of phase at 50% duty cycle, as illustrated in
the equivalent circuit in Fig. 2(b). This translates into an
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Equivalent circuit of the V/I-D converter when operating as (a) voltage doubler (suitable for 800-V batteries) and (b) current doubler (suitable for

400-V batteries), which are described by (1) and (2), respectively. The semiconductor devices that conduct during the positive half-wave of vap are highlighted.

equivalent parallel connection of the secondary coils. Con-
sequently, this modulation results in a load current doubling
the coils’ nominal current making this operation suitable for
400-V batteries. The strength of the proposed V /I-D converter
is that each component ideally has the same power loss in
the two operating modes since they are conducting the same
amount of current. There is only a slight difference between
the two power transfer efficiencies because double the number
of diodes is conducted in the current doubler mode.

B. Analytical Modeling

The equivalent frequency-domain circuit in Fig. 2(a) of the
voltage doubler mode is described by the Kirchhoff voltage
law in (1), as shown at the bottom of the page, while the
one in Fig. 2(b) of the current doubler mode is described
by (2), as shown at the bottom of the page. Thereby, Vagp is
taken as reference according to the phasor convention, and it is
defined in (3) through the first-harmonic approximation [17].
The battery and power handling are replaced by the equivalent
first-harmonic load R,. in (4). The impedance Z; of each
resonant circuit is defined in (5). The mutual inductance M;,
is expressed in (6) in terms of the coupling factor kj,, where
M5 and M,4 are the main mutual inductances functional to
the operation of the V/I-D converter. On the other hand,
M, and M3, are due to the cross-coupling present between
the two coils of each BPP, while M4 and M,; are due
to the diagonal cross-coupling between two coupled BPPs.
Moreover, the power transfer efficiency can be calculated as

explained in [9]

4
Vap = Va1 = Vap/0° = ;Vin Vep = Vas 3)
8 V02u[max
Roe = — —outmax 4
©= 3T 4
1
Z,':R,'—f-ja)X,', X,-:a)L,-——:i:l,...,4 (5)

a)C,~
My, = My, = kin/L; Ly, : l',h=1,...,4/\i75h. (6)

The V/I-D converter would assume the intended operation
explained in Section II-A when the unwanted cross-coupling
between the coupled coils is not present. This is the case of
the implementation in [9], where the two sets of coupled coils
are placed far from each other. However, when considering
coupled BPPs as the magnetic arrangement, cross-coupling is
inevitable to a certain extent. From (1), it is possible to notice
that all instances of mutual inductance due to the coils’ cross-
coupling add up to the main functional mutual inductance.
This is because the currents have the same direction in the volt-
age doubler mode, as shown in Fig. 2(a). In contrast, Fig. 2(b)
shows that the currents have opposite directions at each circuit
side in the current doubler mode. This justifies the negative
signs in (2) associated with all the mutual inductances due
to the cross-coupling. Therefore, the cross-coupling effects on
the V/I-D converter’s power transfer must be investigated to
evaluate whether the operating scheme defined in Section II-A
would still be valid.

Vag Z, JoMy Jo(Mi3 + M) 0|5
Voo | _ JoMi; Z, Jo (Mo + May) 0 |12 )
0 JoMiz+ M)  joMp+My) (Zz+Zy+ R +2joMzy) 0 || I3
Lo | | o 0 1 1| 1
o 7 —JjoMi, JoMi3 —JjoMiy
VB —joMi; Z —JjoMy; JoMoy I
Vep | _ ioM — oM VA & — oM ﬁ I
0o | = JwMi3 JMp3 3+ n JoM34 + 1 I 2)
0 . . . Rac Rac 14
- —JjoMy  joMyy —joMs4 + 1 Zy+ 1
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III. BIPOLAR PADS
A. Overview: BPP as a Magnetic Coil Arrangement

The BPP consists of two independent partially overlapped
rectangular coils. It was first introduced in [10] to implement
a versatile EV transmitting pad that, depending on the phase
of the current flowing through each coil, can work as a
polarized or nonpolarized pad. Consequently, the BPP has
high interoperability since it has relatively strong magnetic
coupling with polarized pads such as double-D pads (DDPs)
and nonpolarized pads such as circular or rectangular pad.
Other examples of the BPP employed as a transmitting pad
for interoperability can be found in [18], [19], [20], [21],
and [22]. On the other hand, the authors [23], [24], [25]
explore the advantages of using the BPP as receiving pad.
In all these studies, the two coils in the same BPP are mag-
netically decoupled by appropriately selecting their overlap
such that their concatenated magnetic flux approximates zero.
As explained in [23], this overlapping area depends on the
structure of the BPP itself and also on the configuration of the
pad with which the BPP is coupled. Therefore, the overlapping
area is generally chosen from the analysis of the pads through
the FEM.

However, when the BPP is used as both the transmitting and
receiving pads, the cross-coupling between the coils placed at
the diagonal opposite sides of the circuit would be present.
Referring to Fig. 1, this cross-coupling is denoted by M4
and M»3. Previous research has not extensively explored the
use of coupled BPPs and their cross-coupling. In [26], it has
been shown that it is possible to minimize the diagonal
cross-coupling by enlarging the overlapping area at the cost
of reintroducing the cross-coupling between the coils on the
same BPP. This solution might be beneficial since, as shown
in [25] and [27], the cross-coupling on the same BPP is
relatively constant over the misalignment, which means that
its effect could be compensated by adding extra compensation
capacitance in the resonant circuit [25], [28], [29].

B. Analysis: Influence of BPPs’ Cross-Coupling on the V/I-D
Converter’s Functionality

Understanding how the cross-coupling within the same
BPP and the diagonal cross-coupling between opposite BPPs
influence the power transfer of the V /I-D converter is funda-
mental to assessing which of the two must be minimized by
adequately designing the BPPs.

1) Assumptions: The influence of the cross-coupling has
been evaluated analytically for the two operating modes
from (1) and (2), considering the input parameters listed in
Table I. Thereby, the main mutual inductance M has been
computed from (7) considering the three possible values of
fo = (wo/2m). The operating frequency of the H-bridge
inverters fiw = fo is constrained in the range allowed by
SAE J2954, ie., 79, ..., 90 kHz. To keep the analysis
generic, no specific values have been chosen for the coils’
inductance and the compensation capacitances. The secondary
circuits are considered in resonance, i.e., X3 = X4 = O.
Consequently, the impedance of the secondary circuit results
in Z3 = Z4 = R. In contrast, the primary circuits are slightly
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TABLE I

INPUT PARAMETERS USED IN THE ANALYSIS OF SECTION III-B
Parameter  Definition Value
Pout Nominal output power 7.2kW
Vout Nominal output voltage [400, 8001V
Vin Input voltage 360...500 V
fo Circuit resonant frequency [79, 85, 90] kHz
M Main mutual inductance [77.24, 81.79, 88.00] uH
R Circuit equivalent resistance 0.5
X Circuit equivalent reactance 52

inductive (X; = X, > 0) to ensure the ZVS turn-on of the
H-bridge inverters. As a result, the impedance of the primary
circuits is Zy = Z, = R + jX. In addition, the diagonal
cross-coupling from the opposite BPP and the cross-coupling
within the same BPP have been studied separately to isolate
their characteristics. Each of them has been swept such that
M ross = [1/10,1/8,1/6,1/4,1/3,1/2] - M, while the main
mutual inductances are defined as M3 = My, = M

M — % ‘/il'lV()ll[ . (7)

s (,()()P out

In this analysis and the one of Section IV-B, the primary
currents are computed considering the inverted output voltage
from their respective H-bridge inverter as a reference. For
instance, I; has been computed with respect to Vap, while
I, takes Vcp as a reference.

2) Analysis: Fig. 3 compares the effects of the cross-
coupling to the case in which M oss = O+ M. The comparison
is made in terms of the amplitude and the phase angle of the
primary currents I3 and I, and the output current Iyy.

Fig. 3(a) shows that the diagonal cross-coupling between
opposite BPPs (Mioss = Mis = M) would still lead
to inductive primary currents. However, compared with the
case with no cross-coupling, the primary currents would be
more inductive in the current doubling mode, while they
would be less inductive in the voltage doubling mode. The
diagonal cross-coupling would either add up or reduce the
main mutual inductance, which is particularly clear from
(1) and (2). Because this cross-coupling directly influences
the power transfer, it is not possible to compensate for it
by modifying the value of the compensation capacitances.
Nevertheless, it is reasonable to consider M. acceptable if
Mross < 1/4 - M because, within this range, the variation in
Lo can be counteracted by stepping up Vi,. Moreover, in this
range, the phase angle of the primary currents in both modes
would be enough to guarantee the ZVS turn-on of the two
H-bridge converters with the moderated amount of reactive
current.

Similarly, Fig. 3(b) shows that the cross-coupling within the
same BPP (M .oss = M1» = M34) would still lead to inductive
primary currents. The variation trend in the two operating
modes is similar to Fig. 3(a). However, when considering |[;],
|I>], and Iy, it is possible to notice that, for the same range of
M o5, the variations are more limited than in Fig. 3(a). This
means that it is possible to tolerate higher values of M o
and compensate for their effects by stepping down Vj,. Since,
in this case, the cross-coupling is present within each BPP,
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Fig. 3.

Influence of the cross-coupling Mcross in both operating modes of the V/I-D converter in Fig. 1. The analysis is made in terms of the amplitude

and the phase angle of the primary currents, being |I;| = |I2| and ¢ (I1) = ¢(I2), and the dc output current Iy for different values of Mo, such that
Meross = [0, 1/10, 1/8, 1/6, 1/4, 1/3, 1/2] - M. (a) Effects of the diagonal cross-coupling from opposite BPPs (Mcross = M14 = M>3). (b)—(d) Effects of
the cross-coupling within the same BPP (Mcross = M12 = M34). (c) Mitigation of Mo in the voltage doubler (V-D) mode by turning all compensation
capacitances according to (8). (d) Mitigation of M rss in the current doubler (/-D) mode by turning all compensation capacitances according to (9).

it does not directly influence the power transfer between the
primary and the secondary circuits. Its effects stay isolated on
the two sides, and they can be treated as an extra impedance
with either an inductive or capacitive nature, as shown in
(1) and (2), respectively. This means that the contribution of
M, and M3, can be considered and eliminated in one of the
two operating modes by selecting a suitable compensation
capacitance. Examples of M), and M34 compensation are
discussed in Fig. 3(c) and (d).

In Fig. 3(c), the cross-coupling within the same pad is
compensated for the voltage doubler mode, and its impact on
the current doubler mode is analyzed. This has been performed
for all values of M. by adding an extra reactance to Z;
as shown in (8), which translates into a lower value of the
compensation capacitance

| : 11|
Zi=R+j X—woMth

1 1
s IH

h
V-Doubler wo[wo(Li +Mih|ll*|) — Xi| (8)

ih=1,...,4:
i=lsh=2 i=2&h=1
(i=36h=4 i=46h=3

In (8), |17| and |I;| indicate the current amplitudes that
would result from the case with no cross-coupling, i.e.,
M. r0ss = 0, which can be computed from (1). As expected, the
operation of the voltage doubling mode with cross-coupling
within the same BPP coincides with the operation in the ideal
case with no cross-coupling. On the other hand, with the same
circuit parameters, the operation in the current doubling mode

could result in the hard-switching of the H-bridge inverters if
Mross > 1/3 - M.

In Fig. 3(d), the cross-coupling within the same pad is
compensated for the current doubler mode, and its impact on
the voltage doubler mode is analyzed. In this case, an extra
reactance has been added to Z; as shown in (9) for all values
of M ross, Which would translate into a higher value of the
compensation capacitance.

As expected, the operation in the current doubling mode
with the cross-coupling within the same BPP coincides with
the operation in the ideal case with no cross-coupling. The
voltage doubling mode operation with the same circuit param-
eters would result in a highly inductive primary current if
Mross > 1/3 - M. In that case, the power transfer efficiency
would be lower due to the circulating reactive power and the
relatively large turn-off current point. Nevertheless, the ZVS
turn-on of the H-bridges is maintained, which would not be
the case in Fig. 3(c)

: ||

Zi :R+J X+(l)()Mihﬁ
1 1
Cas 7]
I-Doubler | 0)0|:600(Li _Mihlll;|) —X] )

ih=1,...,4:
i=leh=2 i=2&h=1
i=3&h=4, i=4%&hKh=3.

3) Chosen Cross-Coupling Compensation and Operating
Strategy: The results from Fig. 3 make it preferable to mini-
mize the diagonal cross-coupling (M4 and M,3) by properly
designing the overlap area of the coils within the same BPP.
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TABLE I
GIVEN DIMENSIONS VALID FOR BOTH BPPS REFERRING TO FIG. 4

Definition
Aluminum plate’s dimensions
Ferrite layer’s dimensions

Parameter
ZTas Ya»r 2a
Tf Yfs 2f
T Coils’ total length
Ye Coils” width 350
Ferrite and coils air gap 3, 10.5
Zf-a Ferrite and aluminum air gap 4
Csp Total coil’s spread 65
d Litz wire’s external diameter 2.5
T f units Y f unit Ferrite unit’s dimensions 43, 28
Ferrite unit: 3C95, PLT43/28/4.1;  Litz wire: 600x0.07 1mm

Value (mm)

570, 370, 2

559, 364, 4.1
545

Zf-cly Rf-c2
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A overlap X, a

1 I/l y founit
Y

P

(2)

This choice cannot guarantee that the cross-coupling within
the same BPP (M, and M3,) is negligible. However, adequate
compensation capacitance selection can compensate for its
effect on the power transfer. From the previous analysis, it has
been found that it is preferable to tune the compensation
capacitances in the current doubler mode through (9). The
tuning of the capacitors and the H-bridge inverters’ switching
frequency is performed at f,, = fo = 90 kHz in the
current doubler mode. This guarantees that, by operating the
inverters at fyw = 79 kHz during the voltage doubler mode,
the primary currents would be less inductive, reducing the
circulating reactive power and the turn-off current point that
can be problematic as shown in Fig. 3(d) if Mo > 1/3- M.
This tuning and operating strategy are qualitatively shown
in Fig. 3(d). Thereby, the resulting primary currents’ phase
angle at 79 kHz in the voltage doubler mode cannot be
computed since, in this analysis, the circuits’ impedance Z; are
defined just for the resonant frequency. The advantage of this
operating scheme will be proved in Section IV-B. In addition,
by choosing fy = 90 kHz, the required mutual inductance M
is the lowest value in Table I, which eases the requirement on
the nominal coupling. It must be noted that these design and
operating strategies are essentially different from the V/I-D
converter previously proposed in [9], which resembled the
ideal operating scheme.

C. Design: Cross-Coupling Sensitivity
Analysis Through FEM

The coupled BPPs must be designed according to the
cross-coupling analysis of Section III-B, such that the follow-
ing holds.

1) The nominal M3 and M»4 are in the range of 77.24 pH.

2) The diagonal cross-coupling M4 and M3 between the

two BPPs are negligible at the aligned position and
for the nominal air gap. This results from selecting the
overlap area between the two coils within each BPP.

The chosen BPP geometry is illustrated in Fig. 4 of which
given dimensions are listed in Table II. The dimensions of the
aluminum shield, the ferrite plate, and the outer sides of the
winding area are chosen, given by the available physical space
for the wireless charging system. In addition, each winding
consists of several turns of the chosen Litz wire having d as
the external diameter. For simplicity, the windings are modeled

L4[ )1d

T iz (b)

fc2
L ( )Zrer ¢

z Zra
L= :
x
Fig. 4. Structure and geometry of the coupled BPPs viewed from (a) xy
plane and (b) xz plane.

as a massive planar conductor of which the total coil’s spread
Cyp is defined in Fig. 4. Even though Cg, is considered to be
fixed as specified by Table II, there is still room to select the
number of turns of each coil. In particular, this choice must
guarantee the below.

1) Mz = My, = 77.24 uH is satisfied while the air gap
between the two BPPs is Z,, ~ 100 mm.

2) The two coils within each BPP have similar parameters
aiming for a symmetrical design.

3) The conduction losses in the primary and secondary
circuits are equal.

The number of turns of each coil satisfying the above-
mentioned requirements is summarized in Table III. These
have been found through the FEM analysis of the coupled
BPPs with an initial overlap of Xoyerap = 0. It can be
noticed that the coil placed closer to the ferrite in each BPP
has one less turn. This choice guarantees similarity between
the two self-inductance values and also between M;3; and
M>4 considering the uneven placement of the coils in the
z-direction as shown in Fig. 4(b). The initially selected Cy,
would be enlarged if it cannot accommodate the necessary
number of turns that satisfies the requirements on the BPPs.

After selecting the number of turns, the overlap area
between the two coils in the same pad must be chosen, which,
in Fig. 4, is defined in terms of Xgyerlap. The value of Xoverlap
must result in a negligible diagonal cross-coupling. From the
cross-coupling analysis in Fig. 3, that is the case if M4 and
M3 are at maximum (1/10) - M, where M = M3 = M>y.
According to (10), Xoverlap can be expressed as a function of
the single coil’s length x.. In this analysis, Cs, and the total
length occupied by the coils x; are considered to be fixed,
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Fig. 5.  Self-inductances and mutual inductances of the coupled BPPs

depending on Xoyerlap resulting from the FEM analysis.

TABLE III
RESULTING BPP PARAMETERS FROM THE ANALYSIS OF SECTION III-C

Parameter Definition Value
N Number of turns used for L, 17 p.u.
Ny Number of turns used for Lo 18 p.u.
N3 Number of turns used for L3 15 p.u.
Ny Number of turns used for L4 14 p.u.

Te Single coil’s length 355.5 mm
Toverlap Coils’ overlap in each BPP 36 mm

which values are listed in Table II. On the other hand, x. and
Xoverlap Can vary in the range specified by (11)

Xoverlap(¥c) =2 - % —2-Cgp — x; (10
Xe = [% + Cyp; xl] = Xoverlap = |:0; X —2- Csp].

1D

Several coupled BPPs configurations have been created
by sweeping Xoyerap in the range 0, ..., 90 mm every 3 mm

equally for both BPPs. At the same time, the self-inductance
and the mutual inductance of all the coils are assessed through
the FEM analysis considering Z,; = 101.5 mm. These results
are summarized in Fig. 5.

It must be noted that the cross-coupling within the same
pads My, and M34 is minimized when Xoyerap = 9 mm. On the
other hand, the diagonal cross-coupling between opposite pads
M4 and M3 is minimum for a greater value of Xoyerap, being
36 mm. This result coincides with the analysis performed
in [26]. The coupled BPPs with M4 ~ M3 = 0 are preferable
since they result in a V-I/D converter operation close to
the ideal case. Therefore, the values of Xoverap and x. listed
in Table III are selected for the BPP design. Nevertheless,
if 36 mm < Xoyerdap < 54 mm, M4 and M»3 can be considered
negligible given the analysis performed in Fig. 3(a).

In addition, Fig. 5 shows that all four cross-coupling mutual
inductances are negative when there is no overlap between the
coils, i.e., Xoverlap = 0. The physical meaning of these results
can be understood by analyzing the magnetic field generated
by the coils. An example is shown in Fig. 6(a) considering
two coupled BPPs with Xoyer1ap = 0. A current flows through
the coil with inductance L; generating a magnetic field along
the positive z-axis. The sign of the mutual inductance to a
coupled coil depends on the direction of the total concatenated
magnetic flux. For instance, the magnetic flux linking to the
coil with inductance L; is positive since it has the same
direction of the +z-axis. This translates into M;3 > 0. On the
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TABLE IV

MEASURED COILS’ PARAMETERS REFERRING TO THE CIRCUIT IN FIG. 1,
FOR AN AIR GAP OF Z,; = 95 mm

Parameter Definition Value
Inductance and resistance of:
Li, Ry . 252.5 uH, 620 mQ
h BPP
Lo, Ro the primary 250.4 uH, 600 m<
L3, R3 167.0 uH, 520 m$2
Lu. Ry the secondary BPP 161.8 uH., 500 mQ
Mutual inductance due to:
M3, Moy the main functional coupling 80.3 uH, 76.8 uH
Mia2, M34  the cross-coupling within the BPP 30.1puH, 17.7pH
Mi4, Ma3 the diagonal cross-coupling 5.6 uH, 6.7 uH

other hand, a negative magnetic flux concatenates to the
two coils with inductances L, and L4 resulting in negative
cross-coupling mutual inductances, i.e., M, < 0 and M4 < 0.
The influence of a negative mutual inductance on the power
transfer is discussed in Section IV-B.

On the other hand, Fig. 6(b) shows that a positive flux might
link to all three coupled coils when the two coils within each
BPP are overlapped, which, according to Fig. 5, that is the
case for Xoverlap > 36 mm.

D. Implementation: Coupled BPPs for the V/I-D Converter

The coupled BPPs design with the minimum diagonal
cross-coupling identified in Section III-C has been imple-
mented. The overall parameters of the resulting BPPs are
plotted in Fig. 7, where the reference coordinate is chosen with
respect to the implemented BPPs in Fig. 8. The parameters of
the coupled BPPs in the aligned position are listed in Table I'V.
It can be noticed that M3 and M, differ by less than 4% from
the target main mutual inductance of 77.24 uH. Even though
the resulting diagonal cross-coupling M4 and M»3 are larger
than the values expected from Fig. 5, these are still acceptable
since they are lower than (1/10) - My4. This discrepancy is
due to the manufacturing tolerances and nonidealities of the
materials used for the pads’ structure.

Fig. 7 shows the variation of the coupled BPPs’ parameters
depending on their relative position. This considers that the
receiving pad moves with respect to the 3-D coordinate system
in Fig. 8(a). The self-inductance is approximately constant in
the x- and y-directions, while it decreases by up to 5% in the
z-direction. The cross-coupling within the same pad, namely
M, and M3y, stays roughly constant with any misalignment,
making it suitable to use the compensation capacitance to com-
pensate for that. This intuitively makes sense since those coils
do not change their position with respect to each other. On the
other hand, the diagonal cross-coupling between opposite
BPPs, namely M4 and M>3, is more sensitive to misalignment.
The misalignment in the y- and z-direction results in negligible
M4 and M»3 since they are still lower than (1/10)- Mj4. On the
other hand, the misalignment in the x-direction influence
greatly the value of M4 and M,3;. For example, shifting
the receiving pad along the positive x-direction results in a
drop of My, whereas M;3 increases. This is because the coil
with L, inductance moves further away from the coil with
L, inductance while the coil with L; inductance becomes
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Fig. 6. Typical magnetic flux generated by a current flowing through the coil with L inductance. The mutual inductance can have either a positive or negative
sign depending on the direction of the field linking to the other coils. Examples for (a) aligned BPPs and xoyerlap = 0, (b) aligned BPPs and xoverlap > 0, and

(c) BPPs misaligned in the positive x-direction and Xoverlap > 0.
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Fig. 7.

Self-inductance and mutual inductance of the coupled BPPs depending on receiving pad position, measured with an LCR meter at 85 kHz. The

coordinate reference system is shown in Fig. 8. Note that the misalignment is performed only with respect to one axis at a time.

Fig. 8. Implementation of the selected BPPs design whose parameters are
listed in Table IV. (a) Coupled BPPs, and (b) top view of the primary BPP.

more aligned to the coil with L, inductance. For misalignment
points greater than 1.3 cm, M4 assumes a negative value. The
physical reason for that is illustrated in Fig. 6(c), where it is
clear that a negative magnetic flux might be concatenated to
the coil with L4 inductance when the receiving pad moves in
the positive x-direction. Due to the symmetry of the BPPs,
similar considerations can be made for the movement of the
receiving pad along the negative x-direction.

IV. LABORATORY PROTOTYPE

The equipment and the 7.7 kW implemented laboratory
prototype in Fig. 9 have been used to prove the functionality
of the V/I-D converter employing the BPPs in Fig. 8. One
bidirectional power supply has been used as the input voltage
source, mimicking the voltage from a single-phase boost-
like power factor correction (PFC) rectifier connected to the
European grid, which range is 360-500-V dc and could be
implemented as explained in [30] and [31]. A second power
supply has been employed as the load emulating the EV
battery in the voltage ranges 300-400 V and 600-800 V,
proving that the proposed method applies to a wide range of
battery voltages and not only to 400 and 800 V ones.

TABLE V

SELECTED SERIES COMPENSATION CAPACITORS FOR THE CIRCUIT IN
FI1G. 1. THE VALUES HAVE BEEN MEASURED WITH
AN LC R METER AT 85 kHz

Parameter  Connected to: Value (series x parallel)*
Cq Ly 14.9nF 4x 18
Co Lo 14.9nF 4 x 18
Cs3 L3 20.7nF 4 x 25
Cy Ly 21.6 nF 4 x 26

*Unit capacitor: KEMET R76TF13305050J 3.3 nF (ESR=0.22 2)

A. Compensation Capacitors’ Selection

According to the cross-coupling compensation strategy
explained in Section III-B, each series compensation capac-
itance must be computed from (9) considering fy = 90 kHz
such that the cross-coupling within the same BPP is com-
pensated for the current doubler mode. The case in which
the BPPs are aligned has been considered for the calculation.
In addition, the absolute value of the currents mentioned in (9)
can be computed from (2) by setting all the cross-coupling
terms to zero. The resulting compensation capacitances and
their implementation are listed in Table V.

B. Analysis of the Operating Points

Before validating the proposed V /I-D converter experimen-
tally, the operating points corresponding to the different BPPs
alignments have been analyzed through the analytical model
defined in Section II-B at the rated output power of 7.2 kW.
Hereby, Vi, is regulated to deliver the rated output power.

In the following paragraphs, two analyses are executed.
First, the advantages of adopting the switching frequency of
79 kHz in the voltage doubler mode are proved against the
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Power analyzer:
YOKOGAWA WT500

Oscilloscope:
YOKOGAWA DLM4058
2.5GS/s 500MHz

Computer:
TI LaunchPad control

Input power supply:
Delta Elektronika SM500-CP-90

Output power supply:
Delta Elektronika SM1500-CP-30

Rectifier board:
8xC4D15120D (1200V SiC diodes) 8xC2M0040120D (1200V SiC MOSFETs) TMS320F2837xD
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Inverter board: LaunchPad

Fig. 9. Equipment and implemented 7.7-kW laboratory prototype of the V/I-D converter employing coupled BPPs.
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Fig. 10. Analysis from the analytical model of the proposed V/I-D converter of the phase angle of the primary currents ¢ (I) and ¢(/>), the dc-to-dc
efficiency 7dc-to-dc, and the required input voltage Vi, depending on the receiving coil’s misalignment in the x-, y-, z-directions. The misalignment is performed
only with respect to one axis at a time. The results suppose that the output power of 7.2 kW is delivered when the V/I-D converter operates as a voltage
doubler, i.e., Vou = 800 V, while the inverters’ switching frequency is either 79 or 90 kHz. The green-shaded areas denote the operating regions in which

79 kHz brings a considerable advantage in terms of ngc-to-dc and ZVS turn-on capability of the H-bridge inverters.

operation at 90 kHz. After that, the expected operating points
are evaluated the voltage and the current doubler modes.

1) Voltage Doubler Mode Operating at Either 79 or 90 kHz:
The operating points resulting from the two switching fre-
quencies of the voltage doubler mode are summarized in
Fig. 10, where the BPPs alignments in Fig. 7 have been
considered. At the aligned position, the operating points from
the two switching frequencies are similar. However, when
the misalignment occurs, the phase angle of the primary
currents ¢(I;) and ¢(I») is lower when operating at 79 kHz
than at 90 kHz. This translates into less circulating reactive
current, lower switching losses of the H-bridge inverters,
lower required Vi,, and consequently, higher 74c.(.qc.. Note
that the sharp decreases in ngc.to.dc correspond to transitions
into hard-switching operating areas. In addition, it must be

considered that the Vj, required from the operation at 90 kHz
could be up to 600 V. Since this is considerably higher
than the maximum voltage achievable from the PFC rectifier,
an extra voltage boost stage would be required to supply the
H-bridge inverters adding cost and complexity. These results
confirm that operating the V/I-D converter at 79 kHz is
advantageous in the voltage doubler mode.

2) Voltage Doubler Mode Operating at 79 kHz and Current
Doubler Mode Operating at 90 kHz: The operating points
resulting from both the voltage doubler and the current doubler
modes are shown in Fig. 11. According to ¢ (/) and ¢ (1), the
misalignment of the receiving BPP in the x-direction pushes
one primary current into the capacitive region leading to the
hard-switching of the respective H-bridge inverter. Those oper-
ating points have been marked with red-shaded areas. At the
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Fig. 11. Analysis from the analytical model of the proposed V/I-D converter of the absolute value and phase angle of I; and I, the absolute value

of I3 and Iy, the ngc-t0-dc. and the required Vi, depending on the misalignment in the x-, y-, and z-direction. The misalignment is performed only with
respect to one axis at a time. The results suppose that the output power of 7.2 kW is delivered when the V /I-D converter operates as either voltage doubler
(Vour = 800 V, 79 kHz) or current doubler (Vo = 400 V, 90 kHz). The red-shaded areas denote the operating regions in which the hard-switching of the
H-bridge inverter occurs. The blue-shaded areas indicate whether the required Vi, is out of the available range from the grid-connected PFC rectifier.

same time, the other primary current becomes more inductive,
causing higher turn-off losses. In addition, during the current
doubler mode, the current stress in the two primary and the two
secondary circuits would be unbalanced. This asymmetrical
behavior is due to the opposite trend of the diagonal cross-
coupling M4 and M,3 with respect to the misalignment in the
x-direction shown in Fig. 7. As a result, the 14c to-dc could drop
by up to 2% from the aligned case, which is still reasonable.
Nevertheless, the MOSFETs of the inverting stages must be
equipped with a suitable thermal management system to be
able to withstand the additional power losses introduced by
the hard-switching operating points. It must also be noted
that the required Vi, would still be within the available range
from the grid-connected PFC rectifier. These results make
the proposed V/I-D converter with BPPs more suitable for
applications with a moderate misalignment profile in the

x-direction. This is generally the case of EV static wireless
charging since the BPPs misalignment would be constrained
by the lateral size of the parking spot.

Moreover, Fig. 11 shows that the proposed V/I-D converter
with BPPs has good misalignment tolerance with respect to
the y-direction since the ZVS turn-on would still be pre-
served. However, beyond a certain extent of misalignment,
the required Vj, is lower than the minimum available (360 V)
from the PFC rectifier. This occurs in the operating points
marked with the blue-shaded areas in Fig. 11, which corre-
spond to y > 8.8 cm for the voltage doubler mode, while
the range y > 9.6 cm holds for the current doubler mode.
In those operating points, lower input voltage values can be
achieved by phase shifting the H-bridge inverter resulting in
a lower fundamental component of Vjp and Vcp. For the
considered misalignment, the 14c.t.gc Would drop by up to 2%
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Fig. 12.  Control scheme of the proposed V/I-D converter with BPPs in
Fig. 1, before the start of the power transfer and during the power transfer.
In the prototype of Fig. 9, the operation of the PFC rectifier is modeled by
the input dc power supply.

since the same output power is reached with higher primary
currents.

Similar phase shift control of the H-bridge inverters is
required for a certain extent of misalignment in the z-direction,
which ranges are z > 1.9 cm for the current doubler mode and
z > 2.5 cm for the voltage doubler mode. This is due to the
relatively high sensitivity of the main mutual inductances M3
and M,4 with respect to the misalignment in the z-direction.
In this case, the ZVS turn-on of the inverters would be
preserved in most operating points. In addition, the 7gc.to-de
could drop by up to 4% since the same output power is reached
with higher primary currents.

C. Detailed Control Scheme for the V/I-D Converter
With BPPs

The power transfer control scheme of the V/I-D converter
is summarized in Fig. 12.

Before the start of the power transfer, the voltage doubler or
current doubler operating mode is selected based on the EV
battery’s nominal voltage. For instance, the voltage doubler
mode is suitable for batteries with 800-V nominal voltage.
In this case, the H-bridge inverters are controlled to operate
in phase with a 50% duty cycle at the switching frequency
of 79 kHz. On the other hand, the current doubler mode
is suitable for batteries with 400 V nominal voltage. The
H-bridge inverters are controlled to operate 180° out of phase
with a 50% duty cycle at the switching frequency of 90 kHz.
The operating conditions of the H-bridge inverters are set only
once before the power transfer start since the EV’s battery
class to be charged would be the same for the whole charging
cycle.

During the power transfer, the dc input voltage Vi, is set
according to the load conditions to match the target output
power P} set by the charging cycle. The grid-connected PFC
rectifier could implement this input voltage regulation. It is
assumed that the information on the battery and the operating
load is given by the wireless communication required from
the IPT system for several features such as guided positioning,
pairing, and safety.
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V. EXPERIMENTAL RESULTS
Based on the analysis of the operating points executed in
Fig. 11, the proposed V/I-D converter in Fig. 9 has been
tested with aligned and misaligned BPPs.

A. Measured Efficiency and Circuit Waveforms

Fig. 13 shows the measured 7gc.t0.q4c and the applied Vi,
for the entire constant current (CC) charging profile at differ-
ent alignment conditions of the coupled BPPs. The V/I-D
converter operates in the current doubler mode at 90 kHz
delivering an output current of 18 A while the output voltage
varies from 300 to 400 V. On the other hand, the V/I-D
converter operates in the voltage doubler mode at 79 kHz
delivering an output current of 9 A while the output voltage
varies from 600 to 800 V. These measurements prove the that
proposed V/I-D converter is suitable for a wide range of
battery voltages which do not have to be restricted necessarily
to either 400 or 800 V.

The highest ngc.1o-dc has been measured at aligned BPPs. For
instance, at the rated power, the operation in the current dou-
bler reached 96.34% efficiency, while 96.53% was measured
during the voltage doubler mode. The difference in efficiency
between the two modes is mainly because two more diodes are
conducting in the current doubler mode. This high efficiency
is because the primary currents have the lowest amplitude
while delivering the rated output power. In addition, they have
the minimum inductive behavior ensuring the ZVS turn-on of
the H-bridges inverter with low turn-off losses and minimum
circulating reactive current. These properties can be observed
in Fig. 14, where it is also clear that the operation in the two
modes is, to some extent, symmetrical, resembling the ideal
operation of the V/I-D converter.

When the misalignment occurs, lower values of ngc.to-dc
are measured since the required Vj, to reach the same rated
output power is generally reduced, translating into higher
primary currents and, consequently, greater conduction losses.
Moreover, larger asymmetries in the waveforms of the pri-
mary and secondary circuits can be noticed. For example,
Fig. 15(a) and (b) show that, as expected from Fig. 11, the
misalignment in the x-direction leads to a considerable differ-
ence in the phase angle of the two primary currents because
of which one H-bridge is barely achieving the ZVS turn-on.
Moreover, an asymmetry in the amplitude of the secondary
currents can also be observed during the current doubler mode
in Fig. 15(a). Overall, most of the measured nq..¢,.qc are greater
than 95.4% which makes the proposed V/I-D converter
employing BPPs promising for EV wireless charging. The
minimum 74c.0.dc Of 94.83% has been measured during the
voltage doubler mode at y = +8.5 cm. This is mainly due to
the considerable circulating primary currents and the relatively
high turn-off current point of the H-bridge inverters, which,
as shown in Fig. 15(c) and (d), is roughly double than in the
respective current doubler mode.

All considered operating points in Fig. 13 use a value of Vj,
that the grid-connected PFC rectifier could provide. Moreover,
the measured circuit waveforms in both Figs. 14 and 15 show
that the ZVS turn-on is guaranteed. These results agree with
the ones expected from the analytical analysis in Fig. 11.
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Fig. 13. Measured dc-to-dc efficiency ngc-to-dc and used input voltage Vi, depending on Vi during the CC charging mode. Measurements are performed with
the coupled BPPs in the aligned and the misaligned condition in the y-direction while the V /I-D converter operates as (a) current doubler and (b) voltage
doubler. Measurements were performed with misaligned BPPs in either the x- or z-direction, while the V/I-D converter operates as (c) current doubler and

(d) voltage doubler. Note that the misalignment is performed only with respect to one axis at a time.

fenttuon 5 ) st n
R Y i
ot T 5

et
R

0
e S
1 Bkl

Ry 19 it " L
gl i o - R
T Y

v, Ch2:i Ch3:v,, i, [ChS:v, Ch6:v_ Ch7:i, Ch8:i, v, Ch2:i, Ch3:y,, i, [ChS:v, Ch6:v_ Ch7:i, Ch8:i,

500 V/div 10 A/div. - 500 V/div 10 A/div. - 200 V/div. 500 V/div 5 A/div 5 A/div 500 V/div 10 A/div - 500 V/div 10 A/div 200 V/div 500 V/div 5 A/div 5 A/div
V, =400V I =18A V. =800V I =9A 4 v, =400V I =18A Y V.=800V I =9A I

e g v S =+13cm B
7N il 7S e il
LN N e N
— el = et —
/| [Ch6
g el el e
/ Y[ 1 gy i
| \ ) HEN N
5 us/div i \/ X/ \V/ i

(a)

Fig. 14. Measured circuit waveforms at the nominal Vo, and rated Poy
when the V/I-D converter operates with aligned BPPs as (a) current doubler
(Vour = 400 V) and (b) voltage doubler (Vo = 800 V).

B. Example of a CC-CV Charging Profile

Fig. 13 summarizes the measured 7nqc.gc and the applied
Vin focusing on the CC charging profile of the EV battery
since that operating mode would take place for the majority
of the charging process for the rated output power level of
7.2 kW. However, the complete charging profile consisting
of the CC succeeded by the constant voltage (CV) scheme
can be realized by regulating the input voltage through the
grid-connected PFC rectifier as shown in Fig. 12 or by the
phase shift control of the H-bridge inverters.

Fig. 16 shows an example of the CC-CV charging profile
realized with the proposed V/I-D converter with aligned
BPPs. The measured 1gc.0-qc increases during the CC charging
mode, while it would drop slightly during the CV mode, where
it is still higher than 96.2% for the considered operating points.
All in all, Fig. 16 clearly shows that the V/I-D converter
is a universal solution for efficiently charging EV batteries
belonging to different voltage classes at the same power.

C. Performance Comparison With Other Research Works
The performance of the proposed V/I-D converter has been
compared to the research works in Table VI to highlight the
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Fig. 15. Measured circuit waveforms at the nominal Vo and rated Poy when
the V/I-D converter operates with misaligned BPPs as (a), (c), and (e) current
doubler (Vour = 400 V) and (b), (d), and (f) voltage doubler (Vour = 800 V).
The misalignment is (a) and (b) x = 1.3 cm, (¢) and (d) y = 8.5 cm, and
(e) and (f) z = 1.5 cm. The misalignment is performed only with respect to
one axis at a time.

contributions. It can be noticed that the V/I-D converter can
deliver the same output power, i.e., 7.2 kW, with nearly the
same efficiency for a wide battery range. The other remarkable
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TABLE VI
COMPARISON OF THE PROPOSED V/I-D CONVERTER WITH TYPICAL RESEARCH WORKS FROM THE LITERATURE

Tx pad Rx pad Coils’ Coupling Switching Output QOutput Measured Control
Paper size size air gap factor £ frequency power voltage 7IDC-to-DC only at the
reference (mm?) (mm?) (mm) (p.u.) (kHz) (kW) V) (%) Tx circuit
[32] 72007 72007 125 0.20 84.6 0.3 71 96.80 X
[25] 522x258 522x258 150 0.18 85 0.6 100 91.00 v
[27] 450x450 450x450 150 0.36 85 3.1 354 91.29 v
[33] 600x600 600x600 150 0.3 95 6.5 N/A 95.30 v
280 94.00
4 2 44 167 2 7
[34] 625x638 0x380 6 0 85 420 94.20 X
[16] 272x278 272x278 40 04 100 7.2 48 94.02 v
[35] 600x800 600x800 200 0.33 79 7.7 450 96.00 v
[36] 650x640 370x290 140 0.31 85 7.7 280 o3 v
420 90
[9] 2x387x362  2x387x362 100 0.38 86.5 7.2 400 o711 v
800 97.52
. 90 400 96.34
Th 545x350 545x350 95 0.39 7.2 v
5 Paper * * 79 800 96.53

Tx = transmitter, also called primary.

Rx = receiver, also called secondary.

V. =400V, I =18A |__ /™| v =800V, I =9A
t out t ou.

ou " ow ou t

out

718V

out

3/4-V.

out

$ 965 [x % Kk % * *géééo 475
=, 96.4 450 ©
Q O >
2963 OooéQOOOO * Ol425 —_
© 921 O * 400 2
a *
£ 96.110 * 375
9 : * : *1350
time time
(a) (b)
Fig. 16. Measured ngc-to-dc and used Vi, during a typical battery charging

profile with the CC and the CV modes at aligned BPPs while the V/I-D
converter operates as (a) current doubler and (b) voltage doubler. These
results summarize that the V /I-D converter is a universal solution for charging
400- and 800-V EV batteries efficiently at the same power.

advantage is that the power transfer control is only performed
at the transmitting circuit, while the receiving circuit on board
the EV conveniently consists of passive devices. Moreover,
the measured dc-to-dc efficiency is higher than in the other
research works.

It must be noted that the measured peak efficiency at aligned
BPPs is lower than the one in [9] mainly because of the power
losses due to the eddy currents in the BPPs’ aluminum shield,
which was not used for the separated rectangular coils. In addi-
tion, the V/I-D converter with BPPs is significantly more
compact than the implementation with separated rectangular
coils, resulting in less required mounting space, which is a
great advantage from the industrial point of view.

VI. CONCLUSION

This article has proposed, analyzed, and experimentally
verified a novel universal solution for wireless charging of

EVs, which can efficiently provide the same power level to
both 400- and 800-V batteries without affecting the current
rating of the converter’s circuit components. The proposed
V/I-D converter uses series-compensated BPPs for both the
transmitting and the receiving circuits, of which each coil is
connected to a dedicated H-bridge. The power-flow control is
performed only at the source side, which simplifies the circuit
onboard the EV. The V/I-D converter has two operating
modes. The voltage doubler mode is suitable to charge 800-V
batteries, while the current doubler mode is suitable to charge
400 V one. The equivalent circuit of both operating modes has
been modeled analytically. Additionally, an extensive analysis
of the undesired cross-coupling between the two BPPs has
been performed to evaluate how it impacts the power transfer.
It has been found that it is preferable to design the coils’
overlap area such that the diagonal cross-coupling between
opposite BPPs is negligible. On the other hand, the effect of
the cross-coupling between the two coils in the same BPP can
be compensated by selecting the compensation capacitances.
The functionality of the converter has been tested experimen-
tally with a laboratory demonstrator at different coils’ align-
ments in the x-, y-, and z-directions, and for load conditions
typical of EV charging profiles. At 7.2 kW and with aligned
BPPs, the dc-to-dc efficiency of 96.34% and 96.53% has been
measured at 400 and 800 V, respectively. High efficiency and
the ZVS turn-on of the H-bridge inverters are maintained
throughout most operating conditions. The misalignment con-
cerning the lateral x-direction results in the most critical
operating conditions since it causes an unbalance between
the two diagonal mutual inductances, eventually leading to
the hard-switching of one H-bridge inverter. Nevertheless, the
power transfer efficiency is expected to be higher than 94% for
a misalignment in the x-direction up to 5 cm, typical of static
EV wireless charging. These measurements have considered
voltage ranges 300—400 V and 600-800 V, proving that the
proposed method applies to a wide range of battery voltages
and not only to 400 and 800 V ones.
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