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Gaurav R. Kalra , Student Member, IEEE, Baljit S. Riar, and Duleepa J. Thrimawithana, Senior Member, IEEE

Abstract—Due to its inherent safety, robustness, and high effi-
ciency, inductive power transfer (IPT) technology is highly suitable
for the implementation of wireless electric vehicle (EV) chargers.
In addition, IPT-based EV chargers can provide consistent vehicle-
to-grid services, opportunistic charging, and in-motion/dynamic
charging. However, designing such systems to adhere to applica-
ble standards, while ensuring constant power transfer, and high
efficiency, remains a challenge. For example, to meet the require-
ments outlined by SAE J2954, a wireless charger should tolerate a
coupling change from 10% to 30% and a battery voltage variation
from 280 to 420 V. A boost active bridge (BAB) converter presented
in previous work was shown as a suitable solution; however, this
system utilized two additional dc inductors. As such, this article
presents a BAB converter, which integrates the current splitting
functionality previously achieved using two dc inductors into a Dou-
ble D magnetic coupler. This achieves a reduction in the magnetic
volume of approximately 70%. Analysis of the proposed converter
together with detailed design guidelines to maximize power transfer
efficiency for a system designed to meet the SAEJ2954 specifications
is also presented. Experimentally obtained efficiencies from a 7-kW
prototype system showed minimal variation over the full range of
loading conditions, ranging between 94.2% and 92%.

Index Terms—Electric vehicle charger, inductive power transfer
(IPT), wireless power transfer, zero voltage switching.

NOMENCLATURE

IBAB Secondary Integrated Boost Active Bridge con-
verter.

Lpt and Lst Primary and secondary magnetic coupler self-
inductance.

Lpi and Lsi Primary and secondaryLCCL/LCL input induc-
tor self-inductance.

Cp and Cs Primary and secondaryLCCL/LCL parallel tun-
ing capacitance.

Cpt Primary LCCL series tuning capacitance.
Ls Secondary side dc inductor.
M Mutual inductance between the primary and sec-

ondary magnetic couplers.
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k Coupling factor between the primary and sec-
ondary magnetic couplers.

γ Secondary magnetic coupler detuning factor.
Vp and Vs Primary dc-link voltage and EV battery voltage.
Vpi and Vsi Ouput voltages of the primary and secondary con-

verter, respectively.
φp Primary side phase shift modulation in rad.
Ds secondary side duty-cycle modulation in %.
ωsw Primary and secondary converter switching fre-

quency in rads−1.
Ipt and Ist Current flowing through the primary and sec-

ondary magnetic couplers, respectively.
Isi Current sourced by each leg of the IBAB con-

verter.
Isidm Differential-mode component of Isi and is com-

posed of a real and a reactive component IsiR and
IsiX , respectively.

Isicm Common-mode component of Isi and is com-
posed of a dc and an ac component IsicmDC and
ΔIsicm_pk, respectively.

Ih Harmonic component of Isi.
Is Current flowing through the dc inductor Ls.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) has fast become the pre-
ferred wireless power transfer technology to deliver high lev-

els of power (≤50 kW) over short distances (≤400 mm) [1]–[3].
This preference is highlighted by the rapid uptake of the IPT
technology in automotive, consumer, medical, and industrial
applications, such as charging mobile devices, powering auto-
mated guided vehicles (AGVs) and charging electric vehicles
(EVs) [4]–[6]. Among these applications, EV charging is re-
garded as one the most disruptive applications of IPT technology.
IPT-based EV chargers provide significant benefits over their
wired counterparts while being just as efficient [7]–[10]. These
not only include the inherent advantages of safety and con-
venience, but also the facilitation of consistent vehicle-to-grid
(V2G) services, opportunistic charging, and in-motion/dynamic
charging [11]–[14]. These benefits have the potential to aid the
uptake of EVs around the globe and therefore help transition to
a more environmentally sustainable transportation sector.

A typical IPT-based EV charging system consists of a grid-
tied converter, which derives a steady dc-link voltage, Vp, from
a single or three-phase grid connection. As shown in Fig. 1,
Vp feeds the primary IPT inverter, which drives the primary
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Fig. 1. Conceptual block diagram of an IPT-based EV charging system.

magnetic coupler through a compensation network with a high-
frequency voltage/current excitation. A part of the magnetic flux
generated by the primary magnetic coupler induces a voltage
across the secondary magnetic coupler, which in turn feeds the
EV battery through a secondary compensation network and a
secondary IPT converter.

One of the most challenging aspect of the design of an
IPT-based EV charging system is ensuring a constant level of
power transfer and a high power transfer efficiency while adher-
ing to alignment and output voltage specifications highlighted
in the applicable standards, such as SAE J2954 [15] or IEC
61980 [16], that are currently being developed. For example,
recently published SAE J2954 recommended practices for a
WPT2 power-class charger defines an input power from the
utility grid of 7.7 kW, i.e., an output power of approximately
7 kW when a 90% grid to battery efficiency is assumed. The
defined charging region encompasses +/−75 mm in the direction
parallel to the movement of the vehicle (X), +/− 100 mm in
the perpendicular direction (Y), and +/− 100 mm of variation
in vehicle height (Z). For a system employing Double D (DD)
magnetic couplers [17] recommended in SAE J2954, when the
secondary coupler is furthest from the primary coupler, k drops
to about 10%, while they are closest to each other k is about 30%.
SAE J2954 also defines that the wireless EV charger should be
capable of delivering up to rated power when the EV battery is
fully depleted (280 V) as well as close to full charge (420 V).

The most straightforward approach to cater to such an exten-
sive range of operating conditions is to employ a full-bridge with
phase-shift control as the primary IPT converter and a simple
full-wave diode rectifier as the secondary converter [3], [8]–[10],
[18]. In the case of an LCL/LCCL primary compensation
network, the full-bridge is typically operated at its maximum
phase-shift at the lowest k to minimize switching losses and
deliver rated power to a fully depleted battery. However, the
system will invariably suffer from increased losses when oper-
ating conditions change as the full-bridge needs to be controlled
to regulate the power flow leading to hard switching [19]. Fur-
thermore, since Volt–Amperes (VA) in the secondary magnetic
coupler cannot be directly controlled, the system will operate at
suboptimal ac–ac efficiencies under most conditions.

The efficiency of an IPT system over a wide load range
can be enhanced by the use of tunable matching networks
(TMNs). However, since the TMNs are typically composed of an
electronically controlled reactance; and require complex control
algorithms, the component count and cost is high [20].

To allow for direct control of the VA in the secondary magnetic
coupler and therefore allow the system to operate under maxi-
mum ac–ac efficiency conditions, boost or buck type secondary
side controllers have been proposed [21]–[24]. Secondary side

regulation reduces the stress on the primary full-bridge converter
and extends its soft-switching range. However, hard-switching
and high-current stresses on the secondary side converter lead to
significantly reduced efficiencies when the secondary magnetic
coupler is required to operate under low VAs, i.e., at high
coupling positions and high battery voltages.

Interleaved versions of these converters have also been pro-
posed to reduce current stresses [25], similar to the recom-
mended architecture for a WPT2 power-class system in SAE
J2954. Nevertheless, hard-switching remains a significant defi-
ciency. High efficiency over a wide load range was achieved us-
ing dual-side control in [26], where a full-bridge was employed
on the primary side and an active rectifier on the secondary.
However, since the system was designed to transfer 3 kW when
operating with a 400 V dc-link and a switching frequency of
35 kHz, the impact of hard-switching and conduction losses on
the system efficiency was minimal. Thus, a significant reduction
in efficiency as well as an increase in thermal management
requirements would be expected when operating at a SAE J2954
compliant switching frequency of 85 kHz and a power level of
7 kW.

To address the shortcomings above, a wireless EV charger that
employs synchronized boost active bridge (BAB) converters on
both the primary and secondary sides was proposed in [27]. A
BAB can generate an ac voltage, which is either higher or lower
than the supply voltage, thus enabling improved control flexi-
bility and reduced current stresses. The system proposed in [27]
can also achieve ZVS or ZCS over a wide range of operating
conditions. As such, the BAB-based IPT system achieved almost
constant efficiency between 500 W to 3.5 kW at a fixed coupling
position and battery voltage, but at the cost of two additional dc
inductors in each converter. These additional components are
especially problematic on the secondary side as the available
space is severely constrained.

This article proposes the use of a DD secondary magnetic
coupler together with a single dc inductor to replace the two dc
inductors found in a BAB and thus reduce its cost and the size.
The current splitting functionality previously achieved using the
two dc inductors is now integrated into the DD coupler itself.
Although a single dc inductor is still required, the ripple-current
is largely reduced as only the common-mode voltage is applied
across it. Therefore, the magnetic volume required by the dc
inductor of the proposed secondary BAB, which is referred to
as an integrated BAB (IBAB) in this article, will be about 70%
lower in comparison to a traditional BAB.

This article aims to provide a comprehensive analysis of
the proposed secondary BAB converter together with detailed
design guidelines to maximize power-transfer efficiency for a
system designed to meet the SAE J2954 WPT2 power-class
specifications. Section II of this article describes the configu-
ration and control scheme of the proposed BAB-based wireless
EV charging system, followed by a description of the magnetic
couplers utilized in Section III. Section IV provides a detailed
mathematical model of the system, as well as design equations
required to size passive components. The mathematical model
is extended to predict conduction losses and the soft-switching
conditions in Section V. Using these improved models, system,
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Fig. 2. Schematic of the proposed system utilizing an IBAB as the secondary converter.

Fig. 3. Output voltage of the primary full-bridge utilizing phase shift control
at (a) φp = π, (b) φp = 2π/3, and (c) φp = π/4.

and control parameters are determined to achieve maximum
power transfer efficiencies under each operating condition. To
verify the developed models and validate the viability of the
proposed EV charging system, a 7-kW prototype system is
developed and experimental waveforms and efficiencies are
captured over the full operating range defined by the SAE J2954
standard.

II. CONVERTER FUNCTIONAL DESCRIPTION

The proposed IPT system is shown in Fig. 2, where the
primary side consists of a standard full-bridge converter whose
output feeds an LCCL compensated DD magnetic coupler,
Lpt [28]. The input voltage to the primary converter, which is
typically derived from a single- or three-phase grid connection
is modeled, as an ideal voltage source, Vp. Fig. 3 shows the
output voltage of the primary full-bridge converter vpi, which
can be regulated by adjusting the phase shift between the two
bridge legs φp [19]. The secondary side utilizes a novel IBAB
converter, which drives a center-tapped DD magnetic coupler,
Lst, through an LCL compensation network. The center-tap
of Lst is connected to the EV battery, which is modeled as an
ideal voltage source Vs, through a dc inductor, Ls. Similar to a
BAB, the IBAB converter is constructed using two half-bridge
converters. Half-bridge converter “a,” Bsa, is made up from
switch pair SsaT and SsaB , while half-bridge converter “b,”
Bsb, is made up from switch pair SsbT and SsbB . The dc-bus

Fig. 4. Voltages produced the IBAB utilizing the proposed switching scheme
at (a) 50%, (b) 60% and (c) 40% duty-cycles.

capacitors Csa and Csb are connected across the dc sides of Bsa

andBsb, respectively. The outputs ofBsa andBsb are connected
to the positive and negative terminals of the LCL compensation
network, respectively.

As illustrated by Fig. 4, Bsa and Bsb are both switched
in a complementary manner with duty-cycles Dsa and Dsb,
respectively, and with a fixed 1800 phase difference between
them. Thus, this arrangement forms an interleaved, bidirectional
buck–boost converter between Vs and Csa; as well as Vs and
Csb. By applying the volt-second rule to the inductive impedance
network betweenVs and the dc-bus capacitors, the voltagesVCsa

and VCsb can be related to Dsa and Dsb as

DsaVCsa = DsbVCsb = Vs. (1)
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Accordingly, operating a half-bridge at a duty-cycle of 50% will
result in approximately double the battery voltage across the dc-
bus capacitors. Reducing or increasing the duty-cycles results in
a higher or lower voltage, respectively, across the corresponding
half-bridge converter, as shown by Fig. 4.

This circuit arrangement also creates a quasi-full-bridge con-
verter whose output is vsi and is defined by the voltage difference
between vsa and vsb. Accordingly, using (1), the average of vsi
over one switching period can be expressed as

〈vsi〉 = 〈vsa〉 − 〈vsb〉
= DsaVCsa −DsbVCsb = 0. (2)

Thus, unlike a traditional full-bridge converter vsi produced by
the IBAB presents a zero dc-bias, even when Dsa and Dsb

are not equal. As such, the LCL compensation network can
be directly driven by the IBAB, eliminating the need for the
dc-blocking capacitor typically found in a full-bridge driven
system. Moreover, it is this feature that allows for the integration
of the current splitting functionality into the DD coupler itself,
as there is a path for the dc current through the LCL network.
Typically, in order to produce a symmetric vsi to drive the LCL
network, Bsa and Bsb are operated with equal duty-cycles, i.e.,
Dsa = Dsb = Ds.

As shown by Fig. 4, the magnitude of vsi is controlled using
Ds, but through two different mechanisms. First, as discussed
earlier and given by (1), Ds controls the voltages across the
dc-bus capacitors and therefore the amplitude of vsi. Second,
due to voltage cancellation, Ds simultaneously controls αs, i.e.,
the duration of the 0 V level associated with vsi. αs can be
derived in radians as

αs = π |1− 2Ds| . (3)

Overall, the combination of these two mechanisms enables the
IBAB to control the magnitude of vsi with considerably reduced
control effort, which in turn enables a greater ZVS region. The
proposed IBAB-based system is analyzed further with detailed
mathematical models in Section III.

III. MATHEMATICAL MODEL

As shown by Fig. 4, the proposed IBAB converter produces a
differential-mode output, vsi = vsa − vsb, and a common-mode
output, vcm = 0.5(vsa + vsb). In order to simplify the following
analysis, each output and their respective equivalent circuits can
be analyzed independently.

Due to the high-order, low-pass nature of LCCL-LCL net-
work, the majority of the power is delivered at the fundamental
switching frequency, ωsw = 2πfsw. Therefore, the power trans-
fer is modeled using a fundamental-frequency, phasor-domain
approximation. However, to analyze soft-switching conditions,
this analysis is extended to include the impact of harmonics
produced by the IBAB.

As discussed in Section IV, the inductance of an SAE-J2954
compliant primary magnetic coupler remains relatively constant
throughout the operating region. Thus, the following analysis is
further simplified by developing a model that only captures the
secondary side detuning effects.

Fig. 5. Equivalent phasor domain representation of the compensation net-
works.

A. Power Transfer Model

First, the differential-mode output produced by the IBAB
is considered in order to develop a model for power transfer.
The phasor-domain equivalent circuit used for this analysis is
illustrated in Fig. 5. Here, the secondary magnetic coupler is
modeled as a lumped inductor, Lst, which has a value equal
to LstA + LstB + 2Ms. Similarly, the input inductor used in
the secondary LCL compensation network is modeled as Lsi,
with a value of LsiA + LsiB + 2Msi. The effective mutual
inductance, M , between Lpt and Lst in Fig. 5 can be calculated
asMpsA +MpsB . The primary and the secondary compensation
networks are only tuned at a specific position of the secondary
coupler within the operating region specified by SAE J2954. At
this position, the self-inductance of the secondary coupler can
be regarded as L

′
st and therefore

ω2
sw =

1

LpiCp
=

1

(Lpt − 1/ω2
swCpt)Cp

=
1

LsiCs
=

1

L
′
stCs

.

(4)
The self-inductance of the secondary coupler at an arbitrary
position within the operating region is expressed as Lst = L

′
stγ

to account for the detuning effects.
The output voltages of the primary full-bridge converter and

the secondary IBAB vpi and vsi, respectively, are modeled by
their fundamental-frequency components, and are given as

Vpi = Vp
2
√
2

π
sin

(
φp

2

)
(5)

Vsi = Vs
2
√
2

Dsπ
cos

(αs

2

)
∠θ (6)

where θ represents the phase-delay between Vpi and Vsi, and is
fixed at 90◦ to maximize power transfer [11], [29].

The primary and secondary magnetic coupler currents can be
calculated as

Ipt =
Vpi

jωswLpi
and Ist =

Vsi

jωswLsi
. (7)

The resulting voltages induced on each magnetic coupler can
therefore be given as

Vpr = jωswMIst and Vsr = jωswMIpt (8)

where M = k
√

LptLst. Applying the Norton transformation,
the voltage induced across the secondary coupler in Fig. 5, can
be represented as a current source Isr, as shown in Fig. 6, where
Zsr is given by

Zsr =
jωswL

′
stγ

1− γ
. (9)



12720 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 12, DECEMBER 2020

Fig. 6. Norton equivalent secondary compensation circuit.

Fig. 7. Common-mode equivalent circuit configuration.

Whenγ �= 1,Zsr has a finite impedance and thus the differential-
mode component of Isi, Isidm, is composed of two orthogonal
components. The component of Isidm that is in phase with Vsi

is IsiR, and the orthogonal component is IsiX , i.e., |Isidm|2 =
I2siR + I2siX . Using Fig. 6, IsiR is derived as

IsiR =
MIpt
L

′
stγ

. (10)

IsiX , which is given below, does not contribute to the real
power delivered, but it increases the VA rating of the secondary
converter

IsiX =
Vsi

jωsw

(
Lsi +

L
′
stγ

1−γ

) . (11)

Therefore, the power delivered to the EV battery can be derived
as

Pout =
8VpVsM

ωswLpiL
′
stDsπ2

sin

(
φp

2

)
cos

(αs

2

)
. (12)

Accordingly, when designing a power-flow controller either φp

or Ds, or a combination of both can be utilized. However, φp

andDs directly impact the ac–ac efficiency of the system as well
as the switching and conduction losses. Therefore, in order to
maximize the efficiency, it is crucial to operate at a preferable
combination of φp and Ds at each position of the secondary
coupler as discussed in the following sections.

B. Common-Mode Output Analysis

Analysis of the common-mode output of the IBAB converter
allows the development of models which can be used to size the
dc inductor and to understand its impact on the device losses.
Fig. 7 shows the common-mode equivalent circuit of the IBAB
converter used in the secondary side. Is represents the common-
mode current sourced by the common-mode voltage source Vcm,
which flows through the secondary LCL network and the dc
inductorLs. Is is composed of a dc current responsible for power

delivery, IsDC, and a ripple component at twice the switching
frequency, ΔIs_pk. IsDC is equal to Pout/Vs, while ΔIs_pk is
dependent on the equivalent common-mode inductance Lcm.
Assuming LstA = LstB , Lcm can be approximated based on
Fig. 7 as

Lcm =
LstA −Ms

2
+ Ls. (13)

Since it is likely that Ls 	 LstA−Ms

2 , Lcm can be approximated
as Ls. Based on this assumption, ΔIs_pk can be given as

ΔIs_pk =

{
Vs(1−2Ds)

4fswLs
Ds ≤ 0.5

Vs(1−Ds)(1−2Ds)
DsfswLs

Ds > 0.5.
(14)

Thus, using (14), Ls can be determined for a desired peak ripple
to average current ratio Δs = ΔIs_pk/IsDC.

Equations (13) and (14) also highlight some key advantages
of the proposed IBAB. First, the dv/dt applied across the
dc inductor is much lower than if it was placed across the
differential-mode voltage, as is the case with a standard BAB.
Thus, a physically smaller inductor can be used for the same
amount of ripple current. Moreover, when operating with a
duty-cycle of 50% the ripple current is approximately zero.
Second, if the secondary magnetic coupler has sufficient leakage
inductance between the two D-shaped windings, the requirement
for the dc inductor can be eliminated, while still maintaining a
low common-mode ripple current.

As an example, the minimum required inductance of Ls can
be calculated as a function of the maximum allowable Δs when
Ds_min ≤ 0.5 as per

Ls =
V 2
s_min(1− 2Ds_min)

4PoutfswΔs
. (15)

Now, consider a traditional BAB converter which uses two
separate dc inductors Lsa and Lsb, to connect each half-bridge
to the EV battery as in [27]. The minimum required inductance
for this system can also be calculated as a function of Δs as per

Lsa = Lsb =
V 2
s_min (1−Ds_min)

PoutfswΔs
. (16)

Since the volume of an inductor is proportional to the peak
energy stored by it, the reduction in magnetic volume achieved
by the IBAB topology in comparison to the BAB topology can
be expressed by combining (15)–(17) as

κ =
LsÎ2s

2Lsa
ˆI2Lsa

=
(1− 2Ds_min)

2 (1−Ds_min)
. (17)

As such, a system designed to operate at a minimum duty-cycle
of 30% would require 70% lower magnetic volume if using the
IBAB topology as opposed to a traditional BAB topology.

Due to the symmetrical circuit arrangement, Is is divided
equally between each leg of the IBAB. Thus, the common-mode
component of current through each leg of the IBAB is defined
as Isicm = Is/2. Furthermore, the dc and ripple components
of Isicm can be given as IsicmDC = IsDC/2 and ΔIsicm_pk =
ΔIspk/2, respectively.
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Fig. 8. Switching device conduction loss when Pout = 7 kW of the (a)
primary full-bridge as a function of φp when Vp = 450 V. (b) Secondary IBAB
as a function of Ds when Vs = 420 V.

Isicm also flows through Lst and Lsi, which can be seen as
the main drawback of an IBAB converter. However, as discussed
above, Isicm is mainly dc. And since the dc resistances of Lst

and Lsi are significantly smaller than their ac resistances [30],
the additional conduction loss due to Isicm can be neglected.
Furthermore, since LsiA and LsiB are tightly coupled, there is
almost zero net flux produced in the core due to the common-
mode current. Thus, as is the case with a traditional BAB, the
magnetic losses inLsi are only attributed to the differential mode
current flowing through it. Similarly, due to the construction
of the DD coupler, the mutual-flux generated by Isicm flowing
through each D-shaped winding also negate each other.

C. Conduction Loss Analysis

Assuming that the conduction loss associated with the primary
full-bridge is mainly due to the fundamental component of Ipi,
it can be approximated as

Pconp = 2I2piRds(on) = 2

(
Pout

Vpi

)2

Rds(on) (18)

where Rds(on) is the ON resistance of the switching device.
Assuming that IsiR and IsicmDC dominate the conduction loss
associated with the secondary IBAB, it can be approximated as

Pcons = 2
[
I2siR + I2sicmDC

]
Rds(on)

= 2

[(
Pout

Vsi

)2

+

(
Pout

2Vs

)2
]
Rds(on). (19)

As k or Vs vary, either φp, Ds or both need to adjusted to
maintain a constant output power level. According to (18) and
(19), adjusting either of these control parameter will have an
impact on device conduction losses. Using (18), Fig. 8(a) shows
Pconp as a function of φp when Pout = 7 kW and Vp = 450 V.
On the other hand, as per (19), Fig. 8(b) showsPcons as a function
of Ds when Pout = 7 kW and Vs = 420 V. As apparent, when

both sides are using the same device (Rds = 38 mΩ), the con-
duction losses on the IBAB converter are lower for all operating
condition. Furthermore, the rate of increase of power loss due to
modulation is much lower for the IBAB converter in comparison
to the primary full-bridge. For example, as illustrated by Fig. 8,
modulating the full-bridge to reduceVpi by 25% results in a 73%
increase in Pconp, while modulating the IBAB to reduce Vsi by
25% only results in a 40% increase in Pcons. Since both these
options in effect achieve the same outcome, it is advantageous
to use the IBAB to handle bulk of the power regulation, while
maintaining φp close to 180◦ on the primary side.

D. ZVS and Operating Regions

Since Dsa and Dsb are equal, if Bsa achieves ZVS turn-ON

for both switches, so will Bsb. As such, the following analysis
investigates the switching characteristics of Bsa to obtain the
ZVS switching range of the IBAB converter.

The fundamental condition required to achieve a ZVS turn-ON

is the complete discharge/charge of the intrinsic energy stored
by the switching devices during the dead time. Therefore, the
load current must provide sufficient energy and flow into the
mid-point of a bridge-leg to achieve a ZVS turn-ON of the top
switch. Similarly, the load current should flow out of the bridge-
leg for the bottom switch to achieve ZVS turn-ON [31]. Typically,
SiC MOSFETs widely used in IPT systems have minimal output
capacitance and the time taken to discharge/charge the intrinsic
energy stored by the devices is negligible. Therefore, the ZVS
condition for SsaT of Bsa is defined as Ion ≤ 0, whereas ZVS
condition forSsaB is defined as Ioff ≥ 0. As illustrated by Fig. 9,
Ion and Ioff represent the currents at the instance of commutation
of SsaT and SsaB , respectively, where

Ion = isi

(
1−Ds

2fsw

)
and Ioff = isi

(
1 +Ds

2fsw

)
(20)

where, as shown by Fig. 2, isi is IBAB output current and
includes both differential-mode and common-mode contribu-
tions. Ion and Ioff can be evaluated accurately, using a complex
mathematical model of isi and solving it numerically [27].
However, such a complex approach abstracts the key factors
contributing to ZVS. Thus, a simplified model is developed by
decomposing isi into its components that contribute to ZVS
turn-ON and analyzing the impact of each component separately.

First, consider just the fundamental component isiR and the
dc component IsicmDC. The combination of these two compo-
nents at the tuned position is illustrated in Fig. 9(b) for various
duty-cycles. As evident, due to IsicmDC, isiR has a positive bias,
which facilitates ZVS turn-ON of SsaB under most conditions.
Since, under most conditions Ion ≥ 0, SsaT does not achieve
ZVS turn-ON. If only considering isiR and IsicmDC, it is evident
that reducing Ds below 50% helps SsaT to operate closer to the
ZVS boundary.

The above analysis can be extended by considering the switch-
ing harmonic frequencies present in isidm. At these harmonic
frequencies, the impedance of Cs approaches zero, thus the
impedance seen by Vsi can be approximated as ωswLsi. Accord-
ingly, as shown in Fig. 9(c), the peak ripple current generated
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Fig. 9. Pictorial representation of the harmonic approximation method used
to predict Ion and Ioff.

can be given as

ΔIh =
Vs (π − αs)

2ωswDsLsi
. (21)

This expression contains the contribution of both the funda-
mental as well as the harmonic components of Vsi. However,
the above approximation is only valid for harmonic frequencies
of Vsi, and therefore the contribution of the fundamental com-
ponent needs to be subtracted from (21). The contribution of
the fundamental component of Vsi in ΔIh, which is shown by
Fig. 9(c), is given as

Ih1 =
Vsi

ωswLsi
. (22)

Using (10), (12), and (20)–(22), Ion is approximated as

Ion = isi_approx

(
1−Ds

2fsw

)
=

√
2IsiR cos

(
1−Ds

2fsw

)
. . .

. . .+
√
2Ih1 sin

(
1−Ds

2fsw

)
+ IsicmDC −ΔIh. (23)

To verify this approximation, in Fig. 9(d), the resulting time-
domain waveform, isi_approx, is plotted alongside one produced
using the complex mathematical model in [27], isi_model. For a

Fig. 10. Ion and Po as a function of Ds normalized to their maximum values.

system with specifications listed in Table II, both waveforms
present excellent correlation, thus verifying the approximation.
The accuracy of this approximation can be further improved by
also modeling the impact of IsiX and ΔIsicm_pk. However, the
magnitudes of IsiX and ΔIsicm_pk are significantly lower than
magnitudes of the three components analyzed above. Further-
more, typically the secondary LCL compensation network is
designed such that γ < 1, and therefore both IsiX andΔIsicm_pk

will provide a minor improvement in the ZVS turn-ON range.
Using (23) the ZVS turn-ON conditions can be approximated.

As an example, consider the system with specifications listed
in Table II, which is designed to deliver maximum power when
φp = π and Ds = 30%. Fig. 10 shows the normalized Ion and
Po of this system for φp = π as well as φp = 0.5π. When Ds

is increased above 55% to regulate Po to 60% of the rated
value or lower, SsaT will lose ZVS turn-ON. This is due to
two reasons: First, as evident from Fig. 9(b), increasing the
duty-cycle increases the contribution of IsiR in Ion. Second,
as evident from Fig. 9(c), increasing the duty-cycle reduces the
magnitude of Vsi and therefore the contribution of ΔIh in Ion.
Both these factors result in Ion moving further away from the
ZVS turn-ON boundary. In order to increase the ZVS turn-ON

range,φp can be used together withDs to regulatePo. As evident
from Fig. 10, if φp is reduced to 0.5π, the ZVS range can be
increased. This is because lowering φp only reduces IsiR and
does not impact ΔIh.

Meeting ZVS turn-ON conditions for a switch in a bridge-leg
helps the complementary switch achieve soft turn-OFF. The loss
incurred during a soft turn-OFF depends on the output capaci-
tance of the switches, the load current, snubber circuitry, and the
printed circuit board layout. However, the soft turn-OFF loss is
significantly lower than hard-switching losses.

IV. SELECTION OF CONTROL PARAMETERS

In order to highlight the benefits offered by the IBAB as a
secondary side converter, a prototype system, which complies
with the SAE J2954 WPT2/Z2 specifications was developed. As
shown by Fig. 11, DD magnetic couplers were utilized on both
the primary and secondary sides. Table I lists the experimen-
tal magnetic parameters for various location of the secondary
coupler within the operating region specified by the standard.
The origin of the coordinate system used in Table I is at the center
of the primary magnetic coupler as shown in Fig. 11(a). While, as
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Fig. 11. Physical construction of the (a) primary and (b) secondary magnetic
couplers.

TABLE I
MAGNETIC PARAMETERS

TABLE II
CIRCUIT PARAMETERS

shown by Fig. 11(b), the coordinates given as (X,Y,Z) in Table I
define the location of the center of the secondary magnetic
coupler with reference to the origin. As per the WPT2/Z2 test
stand, the prototype was designed to deliver rated power (7 kW)
for the full range of battery voltages, i.e., 280 to 420 V, and it
was assumed that the input dc-link voltage can be controlled
from 350 to 450 V using the grid-tied converter [15]. A full
list of system parameters and their equivalent series resistances
(ESRs) measured using an LCR meter are provided by Table II.

As discussed in the preceding section, the control parameters
φp and Ds were chosen to minimize the power loss while
regulating the output power to 7, 5, and 3 kW at each location
specified in Table I. In order to derive the control parameters,
the mathematical model presented in Section III was extended
to predict the losses associated with all the components. For
example, soft-switching turn-OFF loss and the hard-switching
loss of the converters were predicted using look-up tables that
were developed using SPICE models.

Consider the scenario where the IBAB is required to deliver
7 kW to the EV when the secondary coupler is at (75,100,200),
(0,0,167), or (0,0,145). Also, assume that the EV battery is at
420 V. When the secondary coupler is at (75,100,200) coupling
is the lowest (k = 0.11) while when at (0,0,145) coupling is
relatively high (k = 0.237). For each location of the secondary,
the ZVS turn-ON range for both converters as a function of φp

and Ds are illustrated by Fig. 12. Po is also shown as contour
lines of constant power. When operating at points encompassed
within the regions highlighted in Fig. 12, all four switches
of the corresponding converter achieve ZVS turn-ON. When
operating outside the highlighted region, two out of the four
switches of each converter achieve ZVS turn-ON. To further
understand how the losses change when moving along the 7 kW
contour line in Fig. 12, Fig. 13 shows the primary and secondary
magnetic coupler losses, PLpt and PLst, respectively, as well
as the primary and secondary converter losses, PSwp and PSws,
respectively.

When the secondary coupler is at (75,100,200), k is very small
and therefore the input dc-link voltage is controlled to be at
its highest voltage (450 V). As indicated by Figs. 12(a) and
13(a), under these conditions, both the primary and secondary
converters present a large ZVS turn-ON range and low switch
conduction losses due to the relatively high φp and low Ds

required to maintain an output power of 7 kW. On the other
hand, at this position, the losses in the magnetic couplers are at
their highest due to larger Ipt and Ist. Based on this analysis,
as highlighted in Fig. 13(a) by a dashed line, when operating
at (75,100,200), Ds has to be set to 56% to minimize the total
losses. This operating point is shown by point “A” in Fig. 12(a),
which indicates that all eight switches achieve ZVS turn-ON

under these conditions.
When the secondary coupler moves to (0,0,167), k increases

to 0.19 and therefore the input dc-link voltage is controlled
to be at its lowest voltage (350 V). However, Vpi and/or
Vsi should be reduced further by controlling φp and/or Ds

to maintain an output power of 7 kW. As discussed earlier,
and shown by Figs. 12(b) and 13(b), a reduction in Vpi not
only leads to excessive conduction losses on the primary con-
verter, but also results in hard-switching. Since the switch
conduction losses are relatively large, the operating point “A”
in Fig. 13 is chosen to achieve ZVS turn-ON for all primary
switches. This ensures the total loss per switch is kept within
its safe operating region. Due to the much lower conduc-
tion losses in the secondary switches, their power dissipation
is well within limits even when only two switches achieve
ZVS turn-ON.

As illustrated by Figs. 12(c) and 13(c), when the secondary
coupler is at (0,0,145) the magnetic coupler loss is low and the
overall loss is dominated by the converter losses. This is espe-
cially true if the full-bridge is required to reduce φp. However,
as with the previous case, due to the lower conduction losses
on the IBAB, Ds can be increased significantly to regulate the
power flow, while allowing the primary converter to maintain a
high φp.

The control parameters used to regulate the power transfer to
7 kW at each location of the secondary can be derived as per the
above analysis, which are tabulated in Table III. Similarly, the
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Fig. 12. Selected operating points for various power levels and ZVS turn ON range of the primary full-bridge and secondary IBAB converters as a function of
control parameters at locations (a) (75,100,200), (b) (0,0,167), and (c) (0,0,145).

Fig. 13. Primary and secondary magnetic coupler losses (PLpt and PLst) and switching device losses (PSwp and PSws) as a function of Ds for a constant
Pout = 7 kW at (a) (75,100,200), (b) (0,0,167), and (c) (0,0,145).

TABLE III
CONTROL PARAMETERS @ Pout = 7 kW

control parameters to be used when regulating the power transfer
to 5 and 3 kW, can be determined and are shown in Fig. 12.
As evident, the IBAB converter used in the secondary helps
to reduce the device stresses typically imposed on the primary
full-bridge and as such enhances the power transfer efficiency.

V. EXPERIMENTAL VALIDATION

In order to validate the viability of the proposed IBAB topol-
ogy and to verify the procedure used to determine the control
parameters, experimental voltage and current waveforms of the
WPT2/Z2 compliant system were captured at each location
specified in Table I.

Fig. 14 shows the constructed prototype system, where Ls is
an EK55246-341M-40AH powdered core inductor; Lpi and Lsi

Fig. 14. Photograph of the 7 kW prototype system.

are each wound using 4 mm Litz wire (Acu = 6.4 mm2) as two
tightly coupled windings (4 turns each) on a TDK N87 PM87/70
core with an air gap of approximately 5.8 and 4 mm, respectively.
The tuning capacitor banks used are made up of 100 nF ceramic
C5750C0G2J104J280KC capacitors. Note that the design and
construction of Lpi and Lsi could have been further optimized
to reduce the size and cost. However, since the design presented
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Fig. 15. Experimental and theoretical primary and secondary voltage and
current waveforms for the secondary magnetic coupler locations (a) (75,
100, 200), where k = 0.110, Pout = 7 kW, Vp = 450 V, Vs = 420 V, φp =
2.683, and Ds = 56.1%, (b) (0, 0, 167) where k = 0.198, Pout = 7 kW,
Vp = 350 V, Vs = 420 V, φp = 2.836, and Ds = 68.66%, and (c) (0, 0, 145)
where k = 0.237, Pout = 7 kW, Vp = 350 V, Vs = 420 V, φp = 2.786, and
Ds = 73.45%.

is a “proof of concept” system, this was considered to be out of
the scope of this article.

As an example, Fig. 15(a)–(c) shows the waveforms captured
from the prototype when working under the conditions and

Fig. 16. Experimentally obtained secondary magnetic coupler and dc inductor
currents whenPout = 7 kW for (a) worst case ripple current and (b)Ds = 50%.

Fig. 17. Experimental dc–dc efficiency of the prototype system for various
loading conditions.

control parameters highlighted by the 7-kW operating point
shown by Fig. 12(a)–(c), respectively. Experimental waveforms
are also overlaid with theoretical waveforms to validate the accu-
racy of the mathematical models used. Overall, the experimen-
tal waveforms present excellent correlation with the switching
conditions predicted in Section IV, thus not only verifying the
accuracy of the mathematical model used, but also the selection
of the various operating points.

In order to verify the reduced dc inductor ripple current and
minimum impact to the secondary side magnetic coupler current,
ILsta, ILstb, and Is were also captured experimentally and are
shown in Fig. 16. The dc inductor, Ls, has a dc-bias of approx-
imately 26 A as the prototype is delivering 7 kW to the output.
The inductor ripple current is largest when the coupling and the
EV battery voltage are at their lowest. Experimental waveforms
when operating under these conditions are shown in Fig. 16(a).
Using (14) and approximatingLcm asLs, the peak ripple current
can be calculated as 1.12 A, which correlates well with the
experimental results. When the secondary coupler is at (0,0,167)
andVs = 280 V,Ds is approximately 50%. As predicted by (14)
and depicted in Fig. 16(b), under these conditions, ΔIsicm_pk is
nearly 0. It is also apparent that the dc current splits equally
between the two windings of the secondary magnetic coupler,
which presents very low distortion.

As presented by Fig. 17, the proposed system achieves very
good dc–dc efficiency over the full coupling range and EV
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battery voltage range. The prototype maintains efficiency over
92% even when regulating the output power down to 3 kW
as required by the EV battery management system. The over-
all variation in efficiency is minimal, ranging from 92% to
94.2%. The best efficiency is achieved when the coupling is
approximately 0.2 since this position achieves a good balance
between the magnetic coupler losses and the converter losses.
The efficiency is lower when the coupling is low due to the
magnetic coupler losses that dominate the overall losses. On the
other hand, when the coupling is high, both φp and Ds need to
be modulated; thus converter losses tend to dominate, leading
to a reduction in efficiency.

VI. CONCLUSION

This article presented a novel BAB converter, which inte-
grated the current splitting functionality previously achieved us-
ing two dc inductors into a DD magnetic coupler. The advantages
of this converter, such as reduced conduction losses, a large ZVS
turn-ON range and a reduction in magnetic components were
discussed in detail. The proposed IBAB converter was utilized
as the secondary side converter for an SAE J2954 WPT2/Z2
compliant EV charging system to highlight its advantages. This
article also detailed the methodology used to select control
parameters for various positions of the secondary coupler within
the operating region specified by the standard. In order to vali-
date the presented models and verify the improved performance
of the proposed system, a 7-kW “proof of concept” prototype
was designed and built. The experimental results highlighted
how the IBAB converter relieved regulation stress from the
primary full-bridge converter and benefited the overall system
efficiency. The experimental system efficiency was between
94.2% and 92%, varying by just 1.7% when subjected to a
coupling change of +/− 43.5% (0.11 to 0.28) and the full
battery voltage variation specified by the SAE J2954 WPT2/Z2
standard.
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