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and Pavol Bauer , Senior Member, IEEE

Abstract—In a dual active bridge converter, the split series
inductance configuration with finite magnetizing inductance can
provide an additional degree of freedom to optimize the converter’s
performance. However, this magnetic configuration results in three
separate magnetic structures, which increases the volume and
footprint. To address this issue, this article proposes a four-winding
integrated magnetic structure comprising decoupled primary in-
ductance, secondary inductance, and a transformer capable of in-
dependent tuning. The fluxes produced by primary and secondary
inductors within the integrated structure consistently oppose in
the middle leg of the inductor core, resulting in reduced losses and
a smaller volume. A design methodology based on an analytical
model has also been developed to systematize the design process. A
sensitivity analysis is performed using the finite element method to
verify the decoupling operation. An 11 kW, 775 V/450 V prototype
is implemented, and the integrated magnetic structure is compared
with its discrete implementation under steady-state thermal con-
ditions at different ambient temperatures. A volume reduction of
12.1% and magnetic loss reduction of 4.5% is achieved, while the
converter efficiency remains higher or comparable to that of the
discrete implementation across the entire operating range.

Index Terms—Dual active bridge (DAB), integrated inductor
transformer, integrated magnetics, reluctance modeling, split
inductor.

I. INTRODUCTION

W ITH the growing trend towards transportation electrifi-
cation, power converters are expected to be compact,

efficient, and cost-effective [1]. The size and weight of power
converters are largely governed by magnetics, making them
a critical bottleneck in achieving high efficiency and power
density [2]. This has necessitated advancements in magnetic
design, such as integrating inductor and transformer function-
alities within a single magnetic structure, thereby facilitating
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miniaturization. The integrated magnetic structures often do not
provide greater design flexibility due to the magnetic coupling
and interdependent nature of their inductances. This lack of
flexibility can result in suboptimal design and operation of power
converters.

The Dual Active Bridge (DAB) converter is one of the
standard topologies used in the dc-dc stage of an Electric Vehicle
(EV) charger [1]. The series inductor controls the power transfer
between the input and output full bridges in the DAB converter.
Splitting the series inductor between the primary and secondary
sides of the transformer influences the impedance seen by both
the full-bridges. These split inductances, together with the mag-
netizing inductance, affect the key performance characteristics
of the DAB power converter, such as RMS current, peak current,
and zero voltage switching (ZVS) range [3], [4]. Furthermore,
the magnetizing current in the split inductance configuration is
supplied by both the bridges [5], directly influencing the core
loss characteristics of the transformer. Therefore, an integrated
magnetic structure with a split inductor configuration for the
DAB converter can provide greater design flexibility if the
individual series inductances can be tuned without affecting
the magnetizing inductance. In the literature, several integrated
magnetic structures have been proposed that allow integration
of series inductance along with transformer functionality. These
methods can be broadly classified into two categories: Method–
1: Utilizing the leakage inductance as series inductance [6], [7],
[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18]; and
Method–2: Separate transformer and inductor windings wound
on the same core structure [19], [20], [21], [22], [23], [24].

In the first method, leakage inductance is created by reduc-
ing transformer winding coupling or by providing a separate
leakage flux path within the core. In [6], [7], [8], the leakage
inductor is created by spacing primary and secondary windings.
In this method, an accurate distance is required between the
windings to store the leakage energy; the value of inductance is
limited due to inter-winding spacing constraints. Similarly, [9]
achieves the required leakage inductance using PCB windings
on a three-leg core, integrating three transformers and an ac
inductor to reduce component count and losses. In [10], the
transformer’s primary and secondary windings were put in sec-
tions to introduce leakage flux in air. In this sectional winding
method, it is demonstrated that the winding losses increase with
a higher leakage inductance value. In [11], a leakage layer made
of high-permeability material was used between the primary
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and secondary windings. The thickness and position of the
layer are adjusted to obtain the desired leakage inductance.
However, this high-permeability material can lead to insulation
breakdown and poses difficulty in construction. In [8], [12],
and [13], primary and secondary were separately wound on
the outer legs of the transformer core, and the middle leg with
the air gap was used as a leakage flux path. Similarly, in [14],
the thickness and relative permeability of a magnetic shunt
located between the primary and secondary windings were used
to tune the leakage inductance. Both air gaps in the middle
leg and shunt methods allow for the accurate tuning of the
leakage inductance. However, integrating large values of leakage
inductance reduces both the magnetizing inductance and the
coupling between the transformer’s windings. To overcome the
reduction in magnetizing inductance and improve transformer
coupling, [15] proposed the core structure, which has primary
and secondary asymmetric windings on both the outer legs of the
transformer. The middle leg with the air gap carries the leakage
flux. However, this method has a complex winding arrangement,
which produces higher losses than the discrete structure due to
increased ac winding resistance. A similar magnetic integration
method using an asymmetric winding was employed in [16] for a
three-phase LLC converter, which integrates the functionality of
six inductors and six transformers, taking advantage of flux can-
cellation. In [17], the authors presented a split-UI core integrated
structure for a dual-transformer DAB converter, which adopts a
design concept similar to the asymmetric winding integration ap-
proach. This configuration effectively reduces ac winding losses
by leveraging the split-core structure. Furthermore, in [18],
the authors integrated an inductor, transformer, and leakage
inductor into a single magnetic structure for a current-fed DAB
converter, using an approach similar to asymmetric winding
integration. A comparison between the asymmetric winding
magnetic integration method with separated outer legs and the
sectional winding method is presented in [10]. It is observed that
for higher values of series inductance, the asymmetric method
proves more beneficial than the sectional method. However,
in the asymmetric winding integration method, introducing an
air gap in the outer leg to control magnetizing inductance can
reduce leakage inductance due to the shared magnetic reluctance
path.

In the second magnetic integration method, separate inductors
and transformer windings are wound on a single core structure.
Fluxes produced by these windings share and utilize the same
core. In [19], inductor windings are wound on both the outer legs,
and transformer primary and secondary windings are wound on
the middle; there are no gaps in the core. This design creates a
series inductance on the primary side and is controlled by the
number of turns. In this design, there is limited energy storage
and a risk of core saturation due to the absence of an air gap.
In addition, it showcases the conditional coupling between the
inductor and transformer flux. In [20], a similar method was pro-
posed with the air gap in both the outer legs; in this case, leakage
flux path flows exclusively through the outer legs and cancels
out in the middle leg, providing better decoupling. However, the
air gap introduced in the mutual flux path reduced magnetizing
inductance. In [21], a custom matrix core structure was used,

and the secondary side winding was physically extended around
the gapped core leg to create the series inductor on the secondary
side. This design decouples the inductor and transformer fluxes,
but showcases the current distribution problem and poor space
utilization of the inductor core leg. Similarly, in [22], the primary
winding is extended around a gapped leg to create the inductor
on the primary side of the matrix transformer; however, this
structure features a complex PCB winding with a fractional turn
connection for current sharing. In [23], an integrated magnetic
structure was proposed for a DAB converter, which consisted
of two I-cores with air gaps connected to the UU-core on the
side. The inductor windings are wound on both I-cores, and
transformer windings on the UU core. This structure creates a
split inductor, but the decoupling of the transformer and inductor
flux is achieved if both the split inductors produce the same
magnitude of flux, and therefore, the primary and secondary
side inductors cannot be tuned independently. Additionally, this
design requires precise alignment of I cores, and it utilizes
two different core materials, resulting in a complex design.
In [24], both primary and secondary transformer windings were
wound around the inductor leg, which was separated from the
transformer leg by the distributed air gap. This design results
in a series inductor on both primary and secondary sides, but
the inductor fluxes are coupled due to the overlapping of their
respective windings.

From the abovementioned literature survey, it has been found
that with the first method [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], the leakage inductance (Le)
appears on both the primary and secondary sides, but cannot
be tuned independently. Additionally, in [6], [7], [8], [9], [10],
[11], [12], [13], [14], the introduction ofLe reduces magnetizing
inductance (Lm) and transformer coupling. Even though the
asymmetric windings integration method [10], [15], [16], [17],
[18] shows no reduction inLm, the control ofLm by introducing
an air gap in the outer leg affects Le as they are coupled. In
the second integration method, the integrated series inductor
(L) entirely appears on either side of the transformer [19],
[20], [21], [22]. In case if series inductance is split between
primary inductance (L1) and secondary inductance (L2) [23],
[24], it is not possible to independently tune them due to flux
coupling between the inductor flux (φind) and transformer flux
(φtx). In this context, this work proposes a 4-Winding Integrated
Inductor Transformer (4W-ILX) structure for the DAB con-
verter, which has the following key contributions, compared to
the state-of-the-art integrated magnetic designs, as presented in
Table I.

1) The proposed 4W-ILX magnetic structure allows inte-
gration and independent tuning of the L1, L2, and Lm.
The design guarantees weak coupling between L1 and L2

inductor fluxes and φtx. In addition, the coupling between
the transformer winding always remains high.

2) The proposed 4W-ILX magnetic structure reduces vol-
ume and total losses while maintaining (or improving)
converter efficiency in a wide operating range compared
to the discrete split inductance and transformer structure.

3) The design methodology for 4W-ILX is also developed
using an analytical model derived from the simplified
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TABLE I
COMPARISON OF ILX STRUCTURE AGAINST OTHER STATE-OF-THE-ART

Fig. 1. DAB converter with SL and POL magnetic configuration.

reluctance representation. This model is used to determine
the number of turns and air-gap length required to achieve
the desired value of L1 and L2. The proposed design is
subsequently validated through Finite Element Method
(FEM) simulations.

The rest of this article is organized as follows. Section II
describes the system overview and problem formulation.
Section III explains the construction and flux distribution of
the 4W-ILX structure. Section IV presents the analytical model
based on reluctance. Section V shows the design methodology
and sensitivity analysis using FEM. Section VI presents the de-
veloped experimental setup, and measured electrical parameters
of 4W-ILX and the discrete structure as well as their performance
under identical thermal conditions and operating points. Finally,
Section VII concludes this article.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

This section analyzes the effect of split inductance (SL) and
primary only inductance (POL) magnetic configurations on the
DAB converter’s performance. In Fig. 1, switches S1 to S8 gen-
erate phase-shifted excitation voltages for the selected magnetic
configuration. Cdc1 are Cdc2 are dc-bus capacitors, whereas Cb1

and Cb2 are dc-blocking capacitors. Vg and Vo are the input
and the output voltages, respectively. In the SL configuration,
L1 is the primary side inductance, L′

2 is the secondary side

inductance referred to the primary, and Lm is the magnetizing
inductance. Whereas, in the POL configuration,L is the primary
side inductance with a value equivalent to L1 + L′

2, and the
transformer turns ratio is given by n. Due to the finite value of
Lm, the primary side current Ip and secondary side current Is
are functions of inductor ratios γ and β, respectively, as defined
as follows:

γ =
Lm

L1 + L′
2

and, β =
L′
2

L1
. (1)

For the POL configuration, L1 + L′
2 is substituted as L in

γ, and β is zero. Moreover, during switching instants DTs

2 and
Ts

2 , the primary side current I1p and I2p and secondary side
current I1s and I2s, respectively, can be calculated using (2)–(5)
as follows:

I1p = K

[
γ(1 + β)[2D + (M − 1)] + β(2D − 1)

γ(1 + β)2 + β

]
(2)

I2p = K

[
γ(1 + β) + β +Mγ(1 + β)(2D − 1)

γ(1 + β)2 + β

]
(3)

I1s =
K

n

[
γ(1 + β)(2D − 1) +M [γ(1 + β) + 1]

γ(1 + β)2 + β

]
(4)

I2s =
K

n

[
M [γ(1 + β) + 1](2D − 1) + γ(1 + β)

γ(1 + β)2 + β

]
. (5)

In (2)–(5), M is (Vo/nVg), representing the voltage ratio, Ts

is the switching cycle time, and D is the duty ratio. Here, D
denotes the phase shift between the primary and secondary side
full bridges (Φ) and can be expressed as Φ

Ts/2
. For SL and

POL configurations, the constant K is equal to TsVg

4L1
and TsVg

4L ,
respectively. The peak current and RMS current of the primary
and secondary sides of the DAB transformer are derived using
(2)–(5).

Fig. 2 shows the comparison of normalized RMS and peak
current of DAB converter with SL and POL configurations for
γ of 15 and unity turns ratio. Ibase is the ratio of the DAB
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Fig. 2. Comparison between SL configuration (β = 1) and POL configura-
tions for γ = 15 and n = 1. (a) Normalized peak current. (b) Normalized RMS
current.

Fig. 3. (a) ZVS boundaries of leading and lagging bridges for both SL (β= 1)
and POL configurationγ= 5. (b) Normalized volt-seconds across magnetization
inductor for different values of β at Φ = π/2.

converter’s rated output power Po to the maximum output
voltage Vo−max and is used to normalize the current values.
It is observed that the SL configuration results in lower peak
current and RMS current values for high voltage ratios M for
both the primary and secondary sides, indicating lower current
stress and lower conduction losses for the high voltage operating
region. Whereas, for lower values of M , the peak and RMS
current values are higher in both the primary and secondary sides
for the SL configuration compared to the POL configuration.
This difference in the peak and RMS current between the two
magnetic configurations increases with lower values of γ.

SL configuration also influences the ZVS boundary and volt-
seconds applied across the magnetizing inductance, as shown in
Fig. 3. ZVS boundaries for both SL and POL configurations are
compared in Fig. 3(a) for γ of 5, and for the SL configuration,
particularly β of unity. Finite magnetizing inductance influences
the ZVS boundaries of full bridges. For the POL configuration,
only the ZVS boundary of the leading bridge is extended, and
for the SL configuration, the ZVS boundaries of both the leading
and lagging bridges are extended. The ZVS boundary conditions
for Lm close to infinity are shown for reference. The reduction
in γ leads to a greater extension of the ZVS boundaries in both
configurations.

The volt-seconds across the magnetizing inductance dictate
the maximum flux density and therefore influence the core
losses. Fig. 3(b) shows the normalized volt-seconds applied
during the positive half cycle across magnetizing inductance
λLm

for different values of β. The normalized λLm
value of

unity indicates the volt-seconds at maximum output voltage
Vo−max. It is observed that for the POL configuration where β is
zero, the output voltage Vo dictates the volt-seconds across the

Fig. 4. 4W-ILX construction. (a) Exploded view. (b) 2-D view with a sense
of winding and flux orientation.

magnetizing inductance and therefore reaches unity for a high
value of M . Whereas, for the SL configuration, the volt-seconds
across the magnetizing inductance is a function of the Vg, Vo,
β, and phase shift angle Φ. For the maximum Φ of π/2, and β
of unity, maximum reduction in λLm

can be observed.
From the above analysis, it can be concluded that the SL con-

figuration allows for a higher degree of freedom in optimizing
the performance parameters of the DAB converter by enabling
independent tuning of L1, L2, and Lm values. However, in
integrated magnetic structures reported in the state-of-the-art,
incorporating series inductance (L orL1,L2) reducesLm, or it is
not possible to tune L1 and L2 independently. Conversely, using
a discrete transformer with separate primary and secondary sides
inductors guarantees decoupled tuning but results in increased
volume and component count. To overcome this limitation, this
work investigates whether it is possible to achieve independent
tuning of L1, L2, and Lm in the integrated magnetic structure
while achieving reduced volume and maintaining or improving
converter efficiency compared to a discrete implementation.

III. OPERATION OF 4W-ILX STRUCTURE FOR DUAL ACTIVE

BRIDGE CONVERTER

The constructed 4W-ILX structure is shown in Fig. 4(a); it
consists of an E-core with a gap on both the outer legs placed
on top of the EE-core. EE-core middle leg can consist of an
optional air gap, if control over Lm value is desired. E-core
comprises primary and secondary inductor windings wound sep-
arately on each outer leg, and EE-core incorporates transformer
windings, wound concentrically on the middle leg. Fig. 4(b)
shows individual inductor and transformer sections of the core.
Both the inductors and the transformer share the top yoke of
the EE core. Winding-1 and winding-3 are connected in series
and carry the primary side current Ip. Meanwhile, winding-2
and winding-4 are connected in series and carry the secondary
side current Is. Winding-1 and winding-4 are wound clockwise,
generating flux φ1 and φ4 in the downward orientation for the
shown current polarity, whereas winding-2 and winding-3 are
wound anticlockwise, generating flux φ2 and φ3 in the upward
orientation for the shown current polarity. N1 to N4 are turns
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Fig. 5. 4W-ILX parameters: γ = 26.34, β = 1, n= 0.5 and lg−tx = 0 (Lm not controlled). (a) Dominant decoupled flux path for scenario-1. (b) 2-D FEM flux
density and flux direction result for scenario-1 at 450 V, 11 kW operating point. (c) Dominant decoupled flux path for scenario-2. (d) 2-D FEM flux density and
flux direction result for scenario-2 at 450 V, 11 kW operating point. (e) Qualitative DAB converter current waveforms at the switching instant and flux waveforms
in Region-1, Region-2, and Region-3.

of the winding-1 to winding-4, respectively. φLp
and φLs

are
the primary and secondary inductor fluxes equivalent to φ1 and
φ2, respectively. Likewise, φtx is transformer flux equivalent to
(φ3 − φ4). Air gap lg−p and lg−s on primary and secondary side
of inductor E-core decouples φtx fromφLp

andφLs
. In addition,

the middle leg of the E-core acts as the lowest reluctance return
path for φLp

and φLs
, minimizing the mutual coupling between

them. The transformer section air gap is labeled lg−tx.

A. Flux Distribution in 4W-ILX

The presence of finite magnetizing inductance alters the mag-
nitude of current Ip and Is at the switching instants, as described
in Section II and shown in Fig. 5(e). This results in a change
of magnitude of fluxes φ3 and φ4 leading to scenario-1 and
scenario-2, as described as follows:

Ip < nIs −→ φ3 < φ4 −→ scenario-1

Ip > nIs −→ φ3 > φ4 −→ scenario-2. (6)

Fig. 5 shows 4W-ILX structure dominant flux paths, flux
interactions in the shared core region, and corresponding 2-D
magnetostatic FEM simulation results for the 450 V Vo and
11 kW Po case. 4W-ILX parameters are γ = 26.34, β = 1, and
n = 0.5. Note that the lg−tx is considered as zero for the FEM
simulation. It can be observed that during scenario-1, which
occurs at switching instant DTs

2 , the magnitude of nI1s domi-
nates, and φtx flows in downward orientation. Conversely, for
scenario-2, which occurs at Ts

2 , magnitude of I2p dominates and
φtx flows in upwards orientation. This change in the orientation
of φtx in one switching cycle leads to flux opposing and flux
adding conditions in different regions of the 4W-ILX core.

Fig. 5(a) and (c) shows the dominant decoupled flux paths for
scenario-1 and scenario-2, respectively. It can be observed that
in Region-1, whereφLp

andφLs
are dominant, the flux opposing

condition occurs in both scenarios. However, in Region-2 and
Region-3, the flux opposing and adding conditions between φLp

and φtx, and between φLs
and φtx, depend on the orientation

of φtx. During scenario-1, in Region-2 fluxes φLs
and φtx

opposes and in Region-3, fluxes φLp
and φtx adds. Likewise, for
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Fig. 6. (a) 4W-ILX core length dimensions. (b) 4W-ILX detailed reluctance
model.

scenario-2, in Region-2 fluxesφLs
andφtx adds and in Region-3

fluxes φLp
and φtx opposes. Fig. 5(b) and (d) shows the flux

density plot using a 2-D FEM simulation of a 4W-ILX structure.
As seen from these plots, the flux density in Region-3 is higher
for scenario-1, whereas the flux density of Region-2 is higher
in the case of scenario-2. In both scenarios, the flux density of
Region 1 is always lowest. This observation from the flux density
plot supports the dominant flux distribution in these regions. To
further see the effect of all the fluxes in the shared core regions,
Fig. 5(e) shows the qualitative characteristics of these fluxes
at the switching instant. The flux waveforms demonstrate that
the effective flux φeff1 in Region-1, which is the sum of all the
fluxes, is considerably reduced at both the switching instants.
In Region-2, the effective flux φeff2 has lower magnitude at
instant DTs

2 compared toφtx and higher magnitude at instant Ts

2 .
Whereas, in Region-3, the effective flux φeff3 has slightly higher
magnitude at instant DTs

2 compared toφtx, and conversely lower
magnitude at instant Ts

2 . The effective fluxes φeff2 and φeff3
do not significantly reduce the peak-to-peak magnitude of φtx

in their respective regions, and their contribution to reducing
the overall core losses is minimal. The effective flux φeff1 in
Region-1 consistently experiences opposing flux contributions
and helps in the reduction of the core losses.

IV. ANALYTICAL MODELING OF 4W-ILX STRUCTURE

The objective of analytical modeling is to estimate the self-
and mutual inductances of a 4W-ILX that can be further used to
derive DAB design parameters like effective current scaling ratio
ne, series inductances L1 and L2, and magnetizing inductance
Lm. Fig. 6 shows the detailed reluctance model of 4W-ILX
and the dimensions of the cores. Modeling the reluctance of
the shared core region, particularly at the junction, is chal-
lenging because the flux splits into two paths, and its mean
path length and cross-sectional area can change significantly
with operating conditions. Therefore, to simplify the proposed
reluctance model, two assumptions are made: (1) a constant core
permeability, μr, is used when deriving the inductances, and (2)
the shared-core segment is modeled using idealized geometric
dimensions. The approximate reluctances in the shared core

TABLE II
RELUCTANCES AND CROSS-SECTIONAL AREAS OF CORE SEGMENTS

IN 4W-ILX

Fig. 7. (a) Simplified reluctance model and flux direction. (b) Method to obtain
the inductance matrix.

region are given by Rh, Rp,Rs, and Rhc, as shown in Fig. 6(b).
These assumptions introduce a finite error but enable quick
estimation of the key parameters. The air gap reluctances Rg−p,
Rg−s, and Rg−tx are obtained using the 3-D air gap reluctance
calculation method described in [25]. All the other reluctances
are defined in Table II.

A. Inductance Matrix of 4W-ILX Structure

Fig. 7 shows the simplified reluctance model and method to
obtain the inductance matrix. The simplified reluctance model
is derived by summing the reluctances in each branch of the
detailed reluctance model. In Fig. 7(a) branches are labeled ‘a ′

to ‘h ′. The fluxes in these branches are denoted as ‘φa’ through
“φh”. The orientation of the individual fluxes in each branch
is also shown for the given current polarity; for instance, φa1

is the downward flowing (↓) flux in branch-a, generated by
winding-1. The first step is to determine the flux contribution of
each winding by applying a unit magnetomotive force (MMF)
source one at a time and solving four magnetic circuit equations.
Once all the fluxes in each branch of the reluctance network
model are determined for all the windings, the permeance of the
space occupied by all these fluxes is obtained by dividing these
fluxes by a unit MMF source. These permeances are then used
to calculate the inductance matrix, as shown in (7). Where L1
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Fig. 8. Two-port coupled inductor model of the 4W-ILX structure.

and L2 are the same as defined in Section II, and L3 and L4 are
the self-inductance of the 4W-ILX transformer section primary
and secondary windings, respectively.

Once the inductor matrix is obtained, the two-port coupled
inductor model is constructed by using an inductor for the self-
inductance term and dependent voltage sources for the coupling
term, as shown in Fig. 8. This two-port coupled inductor model
is used to determine the essential design parameters of the DAB
converter

L =

⎡
⎢⎢⎢⎣

L1 M12 M13 M14

M21 L2 M23 M24

M31 M32 L3 M34

M41 M42 M43 L4

⎤
⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎣

N2
1Pa1 N1N2Pa2 N1N3Pa3 N1N4Pa4

N2N1Pc1 N2
2Pc2 N2N3Pc3 N2N4Pc4

N3N1Pg1 N3N2Pg2 N2
3Pg3 N3N4Pg4

N4N1Pg1 N4N2Pg2 N4N3Pg3 N2
4Pg4

⎤
⎥⎥⎥⎦ .

(7)

The effective current scaling ratio ne given in (8) is used to
determine primary and secondary current magnitudes, includ-
ing the effect of coupling terms in 4W-ILX. It is derived by
short-circuiting the secondary side of the transformer section,
applying the KVL to the secondary side loop, and then taking
current ratios. ne is equivalent to physical turns ratio n when the
coupling terms k41 and k42 are zero and k43 is unity

ne =
Ip
Is

=
L4 +M42

M43 +M41
. (8)

The magnetizing inductance of the 4W-ILX is determined by
considering the secondary of the transformer section open (Is =
0), and calculating the total inductance at the primary of the
transformer section. The magnetizing inductance Lm is given
by (9). The value of mutual inductance M31 is expected to be
very low compared to L2, and is verified further in Section V-C

Lm = L3 +M31. (9)

The primary and secondary side series inductances are given
by (10) and (11), respectively. They are obtained by adding the
self-inductance and mutual inductance terms in their respective
inductor section. The contribution of the mutual inductor term
is negligible, and the value of the series inductance depends

TABLE III
DAB CONVERTER SPECIFICATION

primarily on the self-inductance term, as shown further in
Section V-C

Lp = L1 +
M12

ne
+M13 − M14

ne
(10)

Ls = L2 +M21ne −M23ne +M24. (11)

V. DESIGN METHOD OF 4W-ILX STRUCTURE FOR DAB
CONVERTER

The analytical design method and air gap sensitivity analysis
for the 4W-ILX structure are given in this section. Table III shows
the design specifications of the DAB converter and 4W-ILX
structure.

A. Transformer Core and Winding Selection

The value of theLm parameter is not specified and expected to
be high; therefore, the transformer design is based on a gapless
EE core, where the value of lg−tx is set to zero. In a 4W-ILX
structure, the shared core regions, Region-2 and Region-3, carry
both transformer and inductor fluxes. Therefore, the maximum
flux density in the shared core region Bm,shared becomes a crit-
ical limiting factor for designing the 4W-ILX. The transformer
EE-core is sized based on the area product approach, and the
maximum flux density value of Bm,Tx is used in this method.
Bm,Tx is derived by scaling down Bm,shared to incorporate the
design margin when both the transformer and inductor fluxes
add in the shared region. Bm,Tx is calculated using (12), where
δ is % reduction. In this work, a conservative design parameter
of δ = 10% is used

Bm,Tx ≤ Bm,shared

1 + δ
. (12)

For the given parameters like volt-amp VA rating, operating
frequency fs, maximum current density Jm, window packaging
factor kw, and a calculated Bm,Tx, the area product Ap is given
as follows:

Ap =
VA

2fskwJmBm,Tx
. (13)
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Fig. 9. (a) Parametric sweep for L1. (b) Parametric sweep for L2. (c) Shared
core flux density Bm,shared value for the selected combinations of primary and
secondary air gaps and turns.

An appropriate EE-core size having an area product greater
than the calculated Ap is chosen for the transformer section.
Litz wire windings are used on primary and secondary, and
the number of strands ns and strand diameter ds are selected
based on the maximum current density Jm and the skin depth
criteria. The number of turns is selected based on the Vo−max

as a conservative assumption, since the design targets a high
Lm. Turns N3 and N4 are calculated using (14), where Ac is
the cross-sectional area of the core. The maximum number of
turns is limited by the window area of the EE-core, the window
packaging factor kw, and the Litz wire’s cross-section area Alitz

N3 =
Vo−max

4AcBm,Txfs
N4 = N3/n. (14)

Based on the above equations and the given design param-
eters, 4 parallel E70-33-32 cores are selected for the 4W-ILX
transformer section, and the number of turns N3 and N4 are
calculated as 8 and 4, respectively.

B. Inductor Air Gap and Turns

The inductor section consists of an E-core of the same di-
mensions as that of the transformer core, so that their legs align
vertically when stacked. The self-inductances L1 and L2 can
be tuned by varying their respective air gaps lg−p and lg−s, as
well as the winding turns N1 and N2. The selection of air gap
length and turns depends on the expected inductance value and
Bm,shared. Since the fluxes of both the primary and secondary
inductors are decoupled, the selection of air gap length and
turns for each inductor can be done independently to match the
expected inductance value, as shown in Fig. 9(a) and (b). The
analytical model is used for a parametric sweep. The maximum
number of turns is based on the window area of the inductor
E-core, kw, and Alitz . The air gap is varied in steps of 0.5 mm,
and the maximum air gap length of 6 mm is considered. The
air gap and turns combinations that yield the self-inductance

TABLE IV
4W-ILX DESIGN OUTCOMES

value in the range of ±10% are selected. While carrying out a
parametric sweep for L1, the lg−s is set to a constant minimum
length of 0.5 mm and vice versa.

These selected combinations of air gap and turns for both L1

and L2 inductors are then qualified by evaluating their shared
core flux density Bshared using an analytical model at the worst-
case operating point, in this case with the excitation currents
at Vo of 450 V and Po of 11 kW. Fig. 9(c) shows the selected
combination of primary and secondary air gap and turns, and
their respective Bshared values. All the selected combinations
qualify as their resulting shared core flux density is below the
givenBm,shared value. Among these combinations, the one chosen
for this design consists of lg−p and lg−s of 2 mm, and N1 and
N2 of 6 and 3, respectively. This combination meets the shared
core flux density and inductance criteria, as well as requires a
minimum number of turns for both the primary and secondary
inductors. Table IV summarizes the design outcomes for 4W-
ILX.

C. Air Gap Sensitivity Analysis for 4W-ILX Structure

The air gap sensitivity analysis is performed using FEM
simulation to validate that Lm, Lp, and Ls can be tuned in-
dependently. This analysis also shows the coupling effect on
these parameters, as highlighted in (9), (10), and (11).

Fig. 10(a) shows the variation of lg−p, by keeping lg−s as
2 mm and lg−tx as 0 mm. It can be observed that the value of
L1 varies significantly with the lg−p, but the variation in L2

is negligible; this is also verified as the values of k12, k21 are
close to zero. The variation in lg−p leads to a small increment
in the value of Lm around 2.8% and converges to L3 as the air
gap increases. Compared to other leakage inductance integration
methods, where Lm decreases with higher values of leakage
inductances [6], [7], [8], [9], [10], [11], [12], [13], [14], in 4W-
ILX, Lm value slightly increases with the higher values of L1.
The coupling between transformer windings k34, k43 remains
substantially high, independent of L1 value, indicating lower

Authorized licensed use limited to: TU Delft Library. Downloaded on March 30,2026 at 06:35:34 UTC from IEEE Xplore.  Restrictions apply. 



SHINDE et al.: FOUR-WINDING INTEGRATED INDUCTOR TRANSFORMER STRUCTURE FOR DAB CONVERTER 10105

Fig. 10. Effect of air–gap variation on Lm, Lp, Ls, and coupling coefficients of 4W-ILX. (a) lg−p is varied while lg−s = 2 mm and lg−tx = 0 mm. (b) lg−s is
varied while lg−p = 2 mm and lg−tx = 0 mm. (c) lg−tx is varied while lg−p = 2 mm and lg−s = 2 mm.

leakage fluxes. In addition to this, it can be observed that the
difference between L1 and Lp as well as the difference between
L2 and Ls is negligible due to a very small coupling effect.
Moreover, a similar sensitivity analysis is performed by varying
lg−s, while keeping the value of lg−p as 2 mm and lg−tx as 0 mm,
as shown in Fig. 10(b). The value of L2 varies substantially
with the lg−s, and there is a negligible change in the value of
L1. In this case, the Lm variation with lg−s is even smaller,
around 0.37%. The coupling between transformer windings is
not affected by the integration of L2 as the values of k34, k43 are
close to unity. Finally, Fig. 10(c) shows, the variation in lg−tx by
keeping value of both lg−p and lg−s as 2 mm, to demonstrate that
the value of Lm can also be controlled and can be intentionally
lowered by increasing the lg−tx parameter. It is also observed
that the value of L1 and L2 does not vary with lg−tx, but the
value ofLm substantially decreases. This ensures thatLm can be
controlled without influencing L1 and L2, which is not possible
in the asymmetric windings integration method [10], [15], [16].
The coupling between the transformer primary and secondary
windings k34, k43 is slightly lowered due to increased leakage
flux caused by higher air-gap fringing.

It is important to note that the finite air gap length for lg−p

and lg−s is required in 4W-ILX to enable precise control of
inductance value and allow the inductor to operate at high
values of current without saturation, whereas air-gap length
lg−tx is optional. The difference between the analytically ob-
tained and FEM based self-inductance values, L1 and L2, is
within 10%, whereas for L3, it is higher than 10% due to the
assumption made in the reluctance-based 4W-ILX modelling in
Section IV; the corresponding FEM-derived values are listed in
Table IV.

Fig. 11. (a) 4W-ILX structure. (b) Discrete inductors and transformer struc-
tures.

VI. EXPERIMENTAL RESULTS

This section presents the experimental evaluation of the pro-
posed 4W-ILX structure in terms of its physical, electrical,
and thermal performance metrics. Furthermore, it provides a
comparative assessment on the same metrics against a discrete
implementation, comprising separate primary and secondary
inductors and a transformer, to quantify the reduction in mag-
netic volume while maintaining or improving DAB converter
efficiency.

A. Physical Construction and Electrical Characteristics of
Both Magnetic Structures

Fig. 11 shows the physical construction of 4W-ILX and the
discrete structures used in the experimental comparison with the
identical electrical values. The discrete magnetic implementa-
tion comprises separate U-I cores for primary and secondary
side inductors. Both discrete inductors consist of the same air
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TABLE V
EXPERIMENTALLY MEASURED ELECTRICAL PARAMETERS AND INSULATION

CLASSES OF MAGNETIC STRUCTURES

gap length as the 4W-ILX inductors to ensure a fair comparison.
The total volume of primary and secondary U-cores used in
the discrete inductor matches the volume of the E-cores used
in the inductor section of 4W-ILX. The additional I-cores are
required in the discrete inductor structures to complete the
magnetic circuit, which increases their overall core volume. The
discrete transformer constructed using the EE-cores has the same
volume as that of the 4W-ILX transformer section. The number
of turns, Litz wire specifications, and winding arrangement used
in the discrete inductors and the transformer are identical to the
4W-ILX structure, as listed in Table IV.

The electrical parameters of 4W-ILX and discrete structures
are measured using a KEYSIGHT E4990 A impedance analyzer
and are listed in Table V. The measured self-inductances of both
structures are within a 5% margin. The mutual inductance of
4W-ILX, obtained from the measurements, shows a weak cou-
pling between the primary and secondary side inductor windings
k12, k21= 0.0116. Likewise, the mutual inductances between
both the inductor windings and the transformer windings also
indicate weak coupling. k13, k31= 0.0123 and k14, k41= 0.0146
for primary inductor winding and transformer windings. Sim-
ilarly, k23, k32= 0.0135 and k24, k42= 0.0137 for secondary
inductor winding and transformer windings. Whereas, the cou-
pling between the 4W-ILX transformer’s primary and secondary
winding remains high k34, k43 = 0.9988. These measurements
validate the FEM based analysis shown in Section V-C. The
leakage inductance of both structures has a similar value, and
therefore, their effect on power transfer and losses is considered
equal.

Fig. 12. Electrical connection schematic for measurements.

Fig. 13. Layout of the experiment setup.

The physical construction of the proposed 4W-ILX structure
shows that the total volume reduction of 12.1% and the total
weight reduction of 9.4% are achieved compared to a discrete
structure. The volume calculation is done based on the bounded
box around the magnetic structures, which includes the core,
winding window area, windings, and bobbin. The insulation
class of the materials used in both magnetic structures is listed
in Table V. These classes define the permissible temperature
limits, and maintaining operating temperature within these limits
ensures long-term reliability.

B. Experimental Setup

This section presents the experimental setup and comparative
performance of the 4W-ILX structure and discrete structures
under identical electrical and thermal conditions. Figs. 12 and
13 show the electrical connections and actual layout of the
experiment setup, respectively. A DAB converter with a 4W-ILX
structure equivalent to a split inductance configuration is shown.
The input voltageVg and output voltageVo of the DAB converter
are controlled using dc power supplies.

The losses are measured using a YOKOGAWA WT5000
precision power analyzer. The magnetic structure’s input voltage
Vgm and current Ip are measured by channel-3. Whereas the
output voltage Vom and current Is of the magnetic structure
are measured by paralleling channel-4 and channel-5. This par-
allel arrangement is done to avoid exceeding the current limit
of the power analyzer. For each comparative test, the output
voltage Vo and the output power Po of the power converter
are maintained at constant values. Additionally, the ambient
temperature is maintained with the help of the environmental

Authorized licensed use limited to: TU Delft Library. Downloaded on March 30,2026 at 06:35:34 UTC from IEEE Xplore.  Restrictions apply. 



SHINDE et al.: FOUR-WINDING INTEGRATED INDUCTOR TRANSFORMER STRUCTURE FOR DAB CONVERTER 10107

Fig. 14. WT5000 power analyzer data at 450 V, 11 kW, and 25 ◦C test
condition. (a) 4W-ILX structure. (b) Discrete structures.

Fig. 15. Overlay of WT5000 captured input (I3) and output (I4, I5) excitation
current of magnetic structures.

test chamber ARS0220 throughout the test for fair comparison.
Both 4W-ILX and discrete structures are tested at different
ambient temperatures (i.e., 25◦C, 16◦C, and 4◦C). The power
loss measurements using a power analyzer are made when the
magnetic structures attain a steady-state temperature to ensure
stable core and winding loss measurements.

C. Comparative Test Measurements

The comparative test at rated high voltage and high power
conditions (450 V, 11 kW) is presented in detail in this sec-
tion. This operating point shows the worst-case thermal and
electrical stress condition, making it critical to evaluate the
loss characteristics of the 4W-ILX and discrete magnetic struc-
tures. The ambient temperature of 25◦C is maintained by the
thermal chamber during continuous operation. Fig. 14 presents
the WT5000 power analyzer data for loss evaluation. Based on
Fig. 14, the power loss dissipation of 4W-ILX, Ploss,4W -ILX is
144.30 W, and the power loss dissipation of the discrete structure,
Ploss,Disc is 151.10 W at steady state thermal conditions. This
represents about 4.5% (6.8 W) reduction in losses using the
proposed 4W-ILX structure while achieving the total volume
reduction of 12.1%. The absolute power loss values measured
using WT5000 include a tolerance error. However, since the
magnetic loss differences ΔPloss,mag between 4W-ILX and
the discrete structure are small under identical test conditions,
the measurement tolerances are assumed to be similar for both
cases and do not significantly affect the relative comparison.
To demonstrate that the excitation currents are nearly identical,
Fig. 15 shows an overlay of input and output currents for 4W-ILX
and the discrete structures, taken from the WT5000 power
analyzer during individual tests. Furthermore, the core and

Fig. 16. Thermocouple data at 450 V, 11 kW, and 25◦C test condition.
(a) 4W-ILX structure. (b) Discrete structures.

Fig. 17. Infrared thermal image at 450 V, 11 kW, and 25�C test condition
(ε = 0.95, 0.3 m). (a) 4W-ILX structure. (b) Discrete structures.

winding temperatures of both 4W-ILX and discrete structures
are measured using the thermocouples to identify hot spots and
the thermal equilibrium state of each magnetic structure. The
thermocouples are mounted on the center leg of the core and in
the center region of the winding to measure the worst-case core
and winding temperatures. The thermocouple measured data
from Fig. 16 reveal that 4W-ILX has an overall higher tempera-
ture profile than discrete structures. The temperature difference
between the 4W-ILX and discrete component is 21.6 ◦C for the
transformer core, 19.5 ◦C for the secondary inductor core, and
11.4 ◦C for the primary inductor core, with the 4W-ILX being
hotter in all cases. This elevated temperature profile is primarily
due to the flux-adding condition in the shared core Region-3
and Region-2 during scenario-1 and scenario-2, respectively, as
shown in Fig. 5(b) and (d). The higher flux density in these
regions results in localized losses and hotspots. Moreover, due
to its vertical stack cores and reduced volume, 4W-ILX has a
lower surface area for convection cooling, resulting in a higher
average temperature. Despite this temperature rise, the 4W-ILX
remains within insulation class limits during its operation.

To visualize the temperature distribution across the 4W-ILX
and the discrete core structures, an infrared thermal imaging
camera, FLIR C5, is used. Fig. 17 shows the steady-state thermal
images of both magnetic structures captured inside the thermal
chamber. From Fig. 17(a), it is observed that the hotspot in the
shared core region between the inductor section and the trans-
former section is visible, with a maximum surface temperature of
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TABLE VI
COMPARATIVE TEST RESULTS

Fig. 18. Snapshot of power analyzer measuring the DAB converter efficiency
at 450 V, 11 kW, and 25 ◦C test conditions. (a) 4W-ILX structure. (b) Discrete
structures.

around 77.8 ◦C. This location of the hotspot is consistent with the
thermocouple measurement, as shown in Fig. 16. In addition, the
thermal coupling between the inductor and transformer sections
of the 4W-ILX core results in temperature redistribution. This
lowers the internal temperature gradient between the hottest and
coolest regions of the core. In contrast, the discrete structure,
though operating at a lower maximum temperature, shows a
higher temperature gradient between the individual components
as they dissipate heat independently.

Furthermore, the overall DAB converter efficiency is evalu-
ated using a YOKOGAWA WT500 power analyzer by measur-
ing the converter’s input and output port power levels, P1 and
P2, respectively, to study the impact of the 4W-ILX structure
with respect to discrete structures. Fig. 18 shows the image
of the measured power and efficiency for both 4W-ILX and
the discrete magnetic structures. It can be observed that the
output voltage and power are maintained at a similar level for
both magnetic structures, ensuring a fair comparison. A slightly
higher output power in 4W-ILX is due to the limited resolution
of the duty cycle control. Under steady-state thermal conditions,
the converter level losses are 314 W for the 4W-ILX config-
uration (Pconv,4W -ILX ) and 320 W for the discrete configu-
ration (Pconv,Disc), resulting in converter level loss difference
(ΔPconv) of 6 W. This result aligns and validates the comparative
magnetic power loss measurements using the WT5000 precision
power analyzer.

Table VI summarizes the magnetic and converter performance
over a wide range of operating voltages and output power levels
under different ambient temperatures. The 25◦C test represents

Fig. 19. Measured DAB converter efficiency at 450 V operation with 4W-
ILX and discrete structures for wide operating power at ambient temperature of
(a) 4 ◦C and (b) 25 ◦C.

the typical operating condition, while the additional tests at 16◦C
and 4◦C are conducted to compare the relative performance of
the structures. For both 450 V and 385 V output voltages, the
4W-ILX structure consistently achieves lower magnetic losses
and lower converter-level losses compared to the discrete con-
figuration. However, at 250 V, 7 kW, and ambient temperature of
25 ◦C, the measured ΔPloss,mag obtained using the WT5000 is
–0.59 W. This negative value arises from the very small absolute
losses and high reactive power in this operating region, both of
which increase the measurement uncertainty of the WT5000 an-
alyzer. Nevertheless, the converter level performance measured
using the WT500 confirms that the 4W-ILX structure maintains
higher efficiency than the discrete design.

In addition, Fig. 19(a) and (b) compares the DAB converter
efficiencies of the 4W-ILX and discrete structures at various
output power levels for 450 V output voltage, under controlled
ambient temperatures of 4 ◦C and 25 ◦C, respectively. The
results indicate that the 4W-ILX magnetic structure achieves
equal or higher efficiency across the evaluated power range for
both ambient temperatures.

D. Loss Breakdown of Proposed 4W-ILX and Comparison
With Discrete Structure

The loss breakdown of the DAB converter with proposed
4W-ILX and discrete structure at 450 V and 11 kW power is
shown in Fig. 20(a), and power losses in 4W-ILX at 450 V and
at different output power levels is shown Fig. 20(b). The core
and winding losses are computed using FEM-obtained B and
H field data and analytical loss models. Improved Generalized
Steinmetz Equation [26] is used for core loss calculations, and
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TABLE VII
COMPARISON OF PROPOSED 4W-ILX STRUCTURE WITH EXISTING INTEGRATED STRUCTURES IN DAB

Fig. 20. Analytical loss evaluation. (a) Converter level loss breakdown for
4W-ILX and discrete (Disc.) structures at 450 V, 11 kW. (b) 4W-ILX structure
core and winding losses at 450 V and at different output power levels.

the model proposed in [27] is used for calculating dc, skin effect,
and proximity losses of Litz wire windings. The loss evaluation
accounts for temperature-dependent core and winding parame-
ters. Furthermore, semiconductor switching loss and conduction
losses are evaluated using PLECS simulation.

E. Comparison of Proposed 4W-ILX With Existing Integrated
Structures in DAB Converters

Table VII compares the proposed 4W-ILX structure with
various state-of-the-art integrated magnetic designs reported in
the literature for DAB converters. This comparison is based on
several parameters, such as the specification of DAB, converter
efficiency at maximum output power (ηPo−max), converter peak
efficiency (ηpeak), output power and voltage at peak efficiency,
type of magnetic integration used, and ambient temperature at
which the test has been performed.

From Table VII, it can be seen that the design reported
in [13] employs an integrated transformer structure operating
at 100 kHz with a very low output power and voltage of 18.5 W
and 20 V, respectively, achieving ηPo−max of 91.70% at an
ambient temperature of 25◦ C. The work in [17] presents a
PCB-based dual transformer integration operating at 150 kHz
with ηpeak of 96.40% at 600 W of output power and 36 V
output voltage. In [9], a PCB-based integrated magnetic structure
operating at 1 MHz achieves ηpeak of 97.51% at an output
power and output voltage of 843 W and 50 V, respectively.
In [23], DAB with orthogonal decoupling integrated magnetics
achieves ηPo−max of 97.55% at 20 kHz switching frequency
and ηpeak of 98.60% at 1.8 kW output power and 400 V output

voltage. However, the ambient temperature for the designs in [9],
[17], and [23] has not been reported, making direct thermal
performance comparison difficult, since temperature strongly
influences magnetic losses and overall efficiency. In contrast,
the proposed 4W-ILX structure achieves ηPo-max of 97.23% at
an output power of 11 kW and 450 V output voltage, and ηpeak
of 97.81% at 7 kW and 385 V output voltage, operating at 50 kHz
under a controlled ambient temperature of 25◦C. Compared with
existing integration methods, the proposed 4W-ILX structure
offers a balanced trade-off among efficiency, power scalability,
and independent tuning of Lp, Ls, and Lm.

VII. CONCLUSION

In this article, a 4W-ILX magnetic structure has been proposed
for a DAB converter to minimize the volume of magnetics
while maintaining or improving the DAB converter efficiency
compared to its discrete magnetic structures. The proposed
magnetic structure integrates primary and secondary side series
inductances with transformer functionality, providing decoupled
operation and independent tuning. A design methodology based
on the analytical model, derived using the reluctance, has been
given for the 4W-ILX structure. Moreover, sensitivity analysis
is performed using FEM simulation to verify the decoupling
operation and is subsequently validated through experimental
measurements. The electrical and thermal performance of the
proposed 4W-ILX and the discrete magnetics structures have
been experimentally evaluated and compared for a wide op-
erating range under identical voltage, power, and temperature
conditions (i.e., 250–450 V, 5–11 kW, and different ambient
temperatures). The proposed 4W-ILX achieved a 12.1% reduc-
tion in volume and a total magnetic loss reduction of 4.5% at
a rated power of 11 kW, output voltage of 450 V, and typical
ambient temperature of 25 ◦C. In addition, the efficiency of the
DAB converter has been evaluated using both the 4W-ILX and
discrete structures across the full operating range. The results
have shown that the 4W-ILX has consistently maintained equal
or higher performance compared to the discrete structures. The
4W-ILX structure offers a higher degree of design freedom to
optimize DAB converter performance while reducing volume
and footprint, which can benefit EV applications. The future
work aims to reduce the hotspots by thermal modeling of 4W-
ILX and implementing a cooling strategy.
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