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ABSTRACT This paper investigates the efficiency improvements achieved by using a Variable Inductor
(VD) in a Dual Active Bridge (DAB) converter for battery charging applications. The introduction of the VI
adds a degree of freedom to conventional Phase-Shift Modulation (PSM), which extends the soft-switching
range under light-load conditions and reduces reactive power under high load conditions. However, an
optimal combination of power transfer inductance (Lpag) and phase-shift (PS) exists that yields maximum
efficiency for each output power (F,), and conversion ratio d. To validate this, a 600 W DAB converter
prototype was experimentally developed. The efficiency results obtained from a sweep of Lpag and PS
were compared against those of a fixed-inductance DAB (FI-DAB). The experimental results demonstrate
the superior performance of the proposed VI-DAB converter under both high and low load conditions.

KEYWORDS Circulating Energy, Phase-shift, Variable Inductor, Efficiency, DAB.

I. INTRODUCTION

The Dual-Active-Bridge (DAB) converter, originally pro-
posed in [[1]], is widely implemented in applications requiring
high power density, galvanic isolation, and bidirectional
power transfer. Owing to its bidirectional capability, the DAB
converter is extensively used in systems integrating battery
energy storage (BESS) [2]], including uninterruptible power
supplies (UPS) [3]], DC microgrids [4], ultra-fast electric
vehicle (EV) charging stations [5], and vehicle-to-grid (V2G)
applications [6].

Single-Phase-Shift (SPS) modulation [7] is the most
widely adopted strategy for controlling DAB converters,
owing to its simplicity and relatively high efficiency in
practical implementations. It regulates power flow by ad-
justing the phase shift (PS) between the voltages of the
two full-bridges. However, relying solely on PS as a con-
trol variable introduces limitations, especially under wide
load variations and when the voltage conversion ratio
(d) deviates from unity. In such scenarios, the converter
loses Zero-Voltage Switching (ZVS) under light-load con-
ditions. Conversely, at high-load conditions and for d #
1, significant circulating currents—analogous to reactive
power—Ilead to increased conduction losses in power devices
and elevated copper losses in the transformer windings
(8]

To address these limitations, several approaches have been
proposed that introduce additional degrees of freedom in
the DAB converter. Among them, modulation strategies are
the most widely reported, including Dual-Phase-Shift (DPS)
[Ol, Triple-Phase-Shift (TPS) [10]], and Extended-Phase-Shift
(EPS) [11]. These approaches rely on the coordinated adjust-
ment of multiple control variables, such as the duty cycles
of the primary and secondary bridges and the PS, in order
to improve efficiency. However, their performance strongly
depends on the identification of optimal control parameter
combinations.

Although modulation approaches do not require additional
hardware, they significantly increase system complexity. This
is mainly due to the multiple switching modes involved,
which require piecewise mathematical models and com-
plicate both control design and the analytical evaluation
of performance metrics such as RMS current and reactive
power [12]-[14]. Furthermore, the presence of multiple
control variables leads to a multi-dimensional optimization
problem, whose real-time implementation can be challenging
for conventional microcontrollers. In practice, this often
requires precomputed look-up tables (LUTs) or advanced
optimization and control techniques, such as Particle Swarm
Optimization (PSO) [12]], Karush—-Kuhn-Tucker (KKT) con-
ditions [15]], Model Predictive Control (MPC) [16], [17],

Eletrénica de Poténcia, Rio de Janeiro, v. 31, €202622, 2026. 1


https://orcid.org/0000-0001-6123-5258
https://orcid.org/0000-0001-8418-1985
http://doi.org/10.18618/REP.e202622
https://orcid.org/0009-0006-8692-7406
https://orcid.org/0000-0002-7775-8069
https://orcid.org/0000-0003-3766-8357
https://orcid.org/0000-0002-3771-2306
https://orcid.org/0000-0003-2734-9272
https://orcid.org/0000-0003-0634-5790
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.18618/REP.e202622&domain=pdf&date_stamp=2026-06-26

Marques et al.: Efficiency Optimization of a Dual Active Bridge Converter with a Variable Inductor for Battery Charging Applications

and Model Reference Adaptive Control (MRAC) [ 18], which
increase computational burden and implementation com-
plexity. Other approaches include topological modifications,
such as alternative switch arrangements, the incorporation
of reactive components [[19]], variable transformers [20], and
variable switching frequency techniques [21]].

In contrast, the use of a magnetically controlled Variable
Inductor (VI), first introduced in a Dual-Active-Half-Bridge
(DAHB) converter for solid-state transformer (SST) applica-
tions [22f], and later extended to full-bridge DAB converters
[23], provides an additional physical degree of freedom. A
VI is an electromagnetic device whose inductance can be
dynamically adjusted by injecting a small DC current (ipjas)
into auxiliary windings in the magnetic core.

The dpips shifts the magnetic operating point along the
nonlinear region of the B—H curve, enabling dynamic adjust-
ment of the power transfer inductance (Lpap) as a function
of 4pas. This allows the extension of the ZVS range under
light-load conditions and the reduction of circulating reactive
power at high load. As a result, the transfer inductance can
be continuously adapted to the operating conditions without
increasing system complexity. In this context, the proposed
approach preserves the simplicity of the mathematical anal-
ysis associated with conventional PS modulation. Moreover,
from a control perspective, PI controllers can be used to
control the inductance, which are widely recognized for
their simplicity, robustness, and ease of implementation, as
demonstrated in previous works [23], [22]

Beyond efficiency improvements, the ability to modify
the transfer inductance enables a partial linearization of the
converter transfer function, facilitating control design and
enhancing dynamic performance [23]. In addition, induc-
tance modulation can extend the maximum power transfer
capability as the PS approaches its operational limits [23]].
Since the inductance directly affects the converter plant,
the authors in [23] propose an inductance compensation
loop operating in conjunction with the PS. Their results
demonstrate a significant improvement in dynamic response
when comparing load-step transients using only PS control
versus the combined PS and VI approach. Furthermore,
the use of a VI mitigates the fundamental design trade-off
associated with Lpag in conventional DAB converters, as
discussed in [24].

However, the existing literature lacks studies addressing
the application of VI in DAB converters for battery charging,
particularly for efficiency optimization through the combined
adjustment of PS and inductance. Previous works [22], [23]
mainly focus on SST applications and evaluate the efficiency
influence of a single control parameter, which limits the
identification of globally optimal operating conditions. In
contrast, this work proposes a dual-parameter experimental
optimization strategy based on a combined sweep of Lpap
and PS for each operating point along the battery charging
trajectory.

Unlike applications with a static DC bus, battery charging
imposes a specific load trajectory defined by the Constant
Current—Constant Voltage (CC-CV) profile, in which the
output voltage (V4 and output power (F,) vary simulta-
neously during the charging process.

For a fair performance assessment, the proposed approach
is compared with a conventional DAB employing a fixed
inductance (FI-DAB), ensuring that efficiency gains are not
biased by intrinsic losses associated with VI structures.

Finally, the effectiveness of the proposed approach is eval-
uated using the Time-Weighted Overall Efficiency (9:ota1),
which accounts for the entire charging cycle of the BESS.
This figure of merit allows the performance improvement to
be quantified in a practical scenario, extending the analysis
beyond isolated operating points.

A preliminary version of this work was presented in [25].
This paper extends and revises that work by providing
additional technical contributions. The main extensions are
summarized as follows: (i) restriction of the application
scope to battery energy storage systems (BESS); (ii) a de-
tailed design methodology for the VI, including a nonlinear
magnetic model to guide its design; (iii) improved inductance
measurement accuracy through the inclusion of additional
measurements based on the first-harmonic approach, as dis-
cussed in [260]; (iv) a time-weighted efficiency analysis over
the complete charging cycle; and (v) additional experimental
results and analyses, particularly under light-load conditions.

The remaining paper is organized as follows. Section II
presents the principles of operation of the converter and the
main equations of DAB converter. Section III introduces the
VI and the magnetic circuit analysis. Section IV discusses
the design of the converter, including the FI and VI, the
variation of PS, as well as the tests conducted in the BESS
to determine the converter load range. Section V outlines
the experimental setup and the methodology for extracting
the optimized points of the PS and Lpsp employing the
prototype developed in the laboratory. Section VI presents
the conclusions of the work.

Il. DAB CONVERTER TOPOLOGY

The DAB converter topology comprises two full-bridge
converters interconnected by an inductor (Lpap) and a high-
frequency transformer, Fig. [T}
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FIGURE 1. DAB converter with a fixed inductor realizes the interface
between the DC BUS and the BESS.
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In SPS modulation, the power flow is controlled by the
PS (¢) between the voltages of two full-bridge converters.
The power flow of SPS is expressed as

VinVou®

or . ven (1~ BL)

where Vi, is the input DC bus voltage, Vi, is the out-
put voltage (BESS voltage), L is the total inductance,
which is the sum of the auxiliary inductance Lpag and the
transformer’s leakage inductance, n is the transformer turns
ratio, respectively. f; is the switching frequency. Equation
clarifies the I and ¢ dependence for power transfer.

P,

6]

A. ZVS boundaries

The voltage conversion ratio (d) plays a crucial role in the

performance of the DAB converter, as it directly affects the

ZVS boundaries and the circulating currents. This ratio is

expressed as

n‘/out
V. 2

From (@), it can be observed that d depends on both V4,
and V. In this study, Vj, is considered constant, while V5
varies during the BESS charging and discharging processes.
Achieving a (d = 1) is desirable from the perspective of ZVS
and also for reducing the circulating reactive energy in the
converter [24]. However, maintaining d = 1 is challenging
in BESS applications.

The parameter n directly influences the ZVS boundaries.
Therefore, several studies in the literature have addressed the
optimization of this design parameter [0], [24]], [27]. In this
work, n was selected as 8:1, considering the nominal voltage
of the BESS (24 V). Under these nominal conditions, the
design aims to achieve d =~ 1.

In practical implementations, however, non-idealities, such
parasitic capacitances, leakage and magnetizing inductances,
and dead-time effects—further impact the ZVS regions.
Recent research has therefore proposed refined modeling
approaches to accurately define these boundaries in BESS
applications [5]], [6]. Based on the established design, the
ZVS analysis is conducted using (3) and (4) expressions,
which offer a more straightforward representation of ZVS
boundaries. Additionally, from a general perspective, these
boundaries depend on the BESS load profile, which vary for
different battery technologies and charging conditions.

In addition to the d, achieving ZVS in the converter
switches requires that the inductor current be sufficient to
discharge the intrinsic capacitances of the switches during
the commutation intervals.

By analyzing the converter operating stages and the in-
ductor current behavior, equations can be derived to establish
the PS required for ZVS in both primary (¢,) and secondary
(¢y) switches. The ZVS boundaries can be expressed as

d:

m(d—1)

3
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FIGURE 2. With a fixed inductor, the BESS load profile (in red) crosses
the ZVS boundaries and the converter loses ZVS near the end of charge.

o,y = "= @
The ZVS boundaries of the DAB converter are illustrated
in Fig. The red line represents the simulation results
of the DAB operating along the battery charging trajectory
using a FI with Ly = 42.8 pH under PS modulation. This
inductance value, along with all other simulated parameters,
corresponds to those used in the experimental setup, includ-
ing the leakage inductance of the high-frequency transformer.
It can be observed that, under ideal conditions with a unity
voltage conversion ratio (d = 1), the converter achieves ZVS
over the entire PS range (¢). However, increasing ¢ leads to
higher circulating reactive power within the converter.

By analyzing Fig. [2] it can be observed that as the BESS
approaches a state of charge (SOC) close to 100%, the con-
verter reaches hard-switching conditions for the primary-side
switches. This is a critical condition, since the primary side
operates at the high-voltage level. By employing the VI, it
becomes possible to adjust the ¢ trajectory so that it remains
within the ZVS boundaries at low load conditions, while
allowing operation with low PS at higher loads, thereby
reducing the circulating reactive energy in the converter.

lll. DAB DESIGN

This section presents the operating principle and design
methodology of the VI, including the magnetic circuit analy-
sis and the extraction of the battery load profile. The design
of the conventional FI is first introduced, followed by the
proposed VI. The VI performs the same role as the FI while
using the same core size, but enables inductance variation
through controlled core saturation, allowing improved oper-
ation over a wide load range.

A. VI Principle of Operation and Magnetic Circuit
Analysis

Different implementation structures for variable inductors
are explored in the literature, including the triple-E struc-
ture [28], the quadruple-E structure [29], and toroidal core
structures [30]. In this work, the double-E configuration is
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adopted, as it is the most widely used and well-understood
topology in the literature [31]—[33].

In this core structure, the main windings are placed on
the central magnetic leg, with the number of turns denoted
by Ngc. The auxiliary control windings are located on the
external legs and have a number of turns denoted by Ng..
These control windings are connected in series with opposite
polarity in order to cancel out the AC voltages induced by
the central leg.

By injecting a DC bias current ipj,s into the auxiliary
windings, a unidirectional magnetic flux is established that
links the main winding. This DC flux shifts the magnetic
operating point of the core into its nonlinear region, thereby
modifying the effective permeability of the magnetic material
and, consequently, varying the inductance observed in the
main winding [34].

The design of double-E core variable inductors is exten-
sively discussed in [32] [34], [33] [35]. Fig. b) illustrates
the equivalent magnetic circuit of the variable inductor, as
proposed by the authors in [34]. In this model, Ry, repre-
sents the constant reluctance of the air gap, while R., R;, and
R, denote the reluctances of the central, left, and right mag-
netic paths, respectively. These are functions of the magnetic
permeability (u) of the core material. Unlike conventional
magnetic materials, where the permeability may vary only
under high current or temperature levels that drive the core
into saturation, in variable magnetic devices, the permeability
changes continuously according to the operating point along
the B—H curve. This behavior is a direct consequence of the
ibias applied to the auxiliary windings. The voltage sources
in the equivalent circuit represent the magnetomotive forces
generated by the auxiliary windings (N - I, and Ny - ), as
well as by the main winding (Ng. - I,.).

The inductance of the main winding can be expressed as

— )
R.+ R, + 2’
S e

Each reluctance path R, depends on the differential perme-
ability and can be modeled as

var

l
= (©)
praite(Hz) po Az
The number of turns in the auxiliary windings can be defined
as

R,

H (paair) lext

—_— (7N
Ibias

where pugir 1S the material’s permeability behavior as a

function of magnetic field intensity H,, l.,: is the external

magnetic path length, and A, is the core’s path cross-

sectional area.

N, =

B. Characterization of the BESS Charging Load Profile

To characterize the load range processed by the DAB
converter during battery charging, an experimental proce-
dure was conducted using an industrial cyclic battery tester

(b)

FIGURE 3. Variable inductor based on double E-core structure. (a).
Equivalent Reluctance circuit (b).

(model IDCLT 100A30V) manufactured by iDevices. The
procedure followed the battery manufacturer’s recommended
charging method, which adopts the CC-CV profile.

The BESS consists of 12 lead-acid cells, each rated at 2 V
and 250 Ah (EnerSys®), connected in series to form a 24 V
bus. The charging process was carried out under a constant
current of 21 A until Vg, reached 28.8 V, marking the
transition to the CV stage. In this stage, the charging current
naturally decreases, and the charging process is completed
when the current reaches the end-of-charge threshold, as
depicted in Fig.

It is also important to emphasize that, upon completion
of the charging process, lead-acid batteries are maintained
under float charging conditions for extended periods in order
to compensate the self-discharge. Under these conditions,
the use of a FI-DAB leads to operation with low PS values.
Low PS reduces the energy available for resonant transitions,
which compromises the achievement of ZVS in the converter.
Furthermore, operation at very low PS values degrades
controllability, as the dead-time becomes significant relative
to the PS. This aspect is further discussed in the experimental
validation section.

__30F 9
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<26} 11
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FIGURE 4. Experimental battery load profile.
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C. Fldesign

Based on the extracted BESS load profile, the power range
from 100 W to 600 W defines the design constraints for
the FI-DAB as the energy transfer element. The FI is
designed considering the maximum power transfer condition
of 600 W. To determine the required inductance, a nominal
phase shift ¢,, is fixed as a design parameter, and L, is
obtained from defining a ¢ = ¢,, with ¢,, = 27°.

The selection of ¢,, in the range of 20°-30° is commonly
adopted in the literature as a design guideline to reduce
circulating reactive energy under high-load conditions [24]],
[27]]. In this context, ¢,, must be fixed to enable the determi-
nation of the inductance. Lower values of ¢,, are preferable
to ensure efficient operation at 600 W, as they reduce the
circulating current.

Conversely, increasing ¢,, leads to a higher L. While
this benefits light-load operation by enabling larger PS val-
ues, thereby expanding the ZVS boundaries and improving
efficiency, it becomes detrimental at high power levels. In
such cases, the required PS becomes large, increasing the
circulation of reactive energy.

The design parameters of FI are detailed in Table [I]
resulting in a Ly of 42.8 puH with Lpagr at 35 pH.
Employing an AeAw methodology, the physical inductor is
made of double E ferrite core (E30/14/15, IP12R material).
The inductor was designed using the A, A,, methodology and
implemented with a double E ferrite core (E30/14/15, IP12R
material). Inductance measurement was carried out using a
high-precision LCR meter Keysight E4980A 20 Hz - 1 MHz.
Fig. [f] illustrates the FI in the DAB converter prototipe.

TABLE 1. Design parameters of the DAB converter.

Parameter Value Symbol
Input Voltage 200 V Vi
Output Voltage 23 V-288V Vout
Nominal Output Power 600 W Py
Switching Frequency 100 kHz Fy
Transformation Ratio 1:8 n
Output Capacitance 200 puF Co
Transformer Leakage Inductance 7.8 uH Lk
E ferrite core
Core Type (FI and VI) (E30/14/15, IP12R material) -
FI Inductance 35 uH LpABF
FI Turns 7 Ngp
VI Range 15 - 300 MH LDABV
VI Turns 16 Ny
VI Auxiliary Winding Turns 30 Naux
FI DC Resistance 55.18 mQ2 Rycr
FI AC Resistance 102.56 mf2 RycF
VI DC Resistance 61.57 mQ2 Ryevi
VI AC Resistance 863.71 mQ2 Racvi

D. VI design
The maximum inductance of the VI, L,.x, is defined based
on the minimum output power condition (P, = 100 W) at

Vour = 28.8 V. Under these conditions, a relatively large
PS is required to provide sufficient reactive energy to ensure
ZVS. For P, = 100 W, a PS of ¢ = 27° guarantees ZVS for
the primary switches, according to (3). By substituting ¢ =
27° and the parameters from Table [T]into (I, the maximum
inductance is obtained as Ly.x = 300 puH at 4y = 0.

Conversely, to achieve maximum output power while
reducing circulating reactive energy, a lower PS is required,
which in turn requires a smaller inductance value. Therefore,
the minimum inductance (Lp;,) is defined at the maximum
excursion of the B-H curve, corresponding to the peak
control current of i, = 1.5 A. Under this condition and
applying (3, the VI inductance is reduced to 15 pH. When
considering the additional contribution of the transformer
leakage inductance (L;,), the total effective series inductance
becomes 22.8 pH. This results in a theoretical ¢ = 14°,
which minimizes circulating reactive energy while maintain-
ing feasible operating conditions for the converter.

With the inductance range, the magnetic design is carried
out. The number of turns of the auxiliary winding (V)
is determined from considering the maximum control
current (ipips = 1.5 A). The number of turns in the main
winding is obtained from (E]), resulting in N,. = 16 turns.

The VI is implemented using the same core size and
magnetic material as the FI to ensure a fair efficiency
comparison. The inductor is constructed using Litz wire
(AWG 30) with 23 parallel strands.

Finally, the inductance profile is experimentally character-
ized using a Keysight E4980A LCR meter (20 Hz - 1 MHz)
Fig. [7| (a) shows the measured inductance as a function of
bias-

IV. EXPERIMENTAL RESULTS

The experimental setup, illustrated in Fig. [5} comprises a
programmable DC electronic load (Keysight 2380-500-30)
configured in constant voltage mode to emulate the BESS
voltage. The efficiency measurements were performed using
a high-accuracy power analyzer (Yokogawa WT1800E). The
input DAB converter DC bus is sourced by a Keysight 6812B
DC power supply, while an auxiliary DC source provides
the ipiys and energizes the motherboard circuitry. Signal
acquisition and FFT analysis for inductance characterization
were conducted using a Tektronix MSO 46 oscilloscope.

A DAB converter prototype was developed based on the
parameters specified in Table [I] as shown in Fig. [f] The
power stage consists of two full-bridge modules imple-
mented on independent Printed Circuit Boards (PCBs). The
primary bridge utilizes IPP220N25NF MOSFETSs, whereas
the secondary side employs IPBO42N10N3F devices. Both
stages are interconnected through a high-frequency trans-
former and the inductance (VI or FI). The switch control
stage is implemented via a Texas Instruments F28379D
C2000 Digital Signal Processor (DSP), interfacing with the
power stage through eight VO3120 gate drivers.
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Current
Amplifier

DC Power Supply

FIGURE 5. Experimental SETUP.

A. Inductance Characterization Based on Fundamental
Harmonic

In order to improve the accuracy when tracing the inductance
curve Lpapy as a function of iy, a simplification based
on the RMS value of the fundamental harmonic component
of the measured inductor voltage and current is applied, as
described in [26]. The impedance calculation is given by

Xy, Vi

/4
Lpagy = — = — /

o I L . 2T f57
since the RMS amplitude of the fundamental harmonic com-

ponent of the voltage and current waveforms is measured,
() can be rewritten as

®)

Xt

V;'ms 1
Lpapy = — = :

Ims  27fs

where V}, denotes the RMS amplitude of the fundamental
harmonic component of the inductor voltage, and I, refers to
the RMS amplitude of the corresponding current component.

Fig. |Z| (a) shows, in blue, gray, and orange, the measure-
ments obtained for three different output voltages. The data
were obtained through harmonic analysis. By analyzing the
figure, it can be observed that the variation among the curves
for different output voltages is relatively small. However, a
noticeable difference can be observed when comparing these
results with the inductance values measured using the LCR
meter, particularly for i5;,5 values close to zero.

This difference occurs due the LCR meter performs the
measurement by injecting small sinusoidal signals, whereas
in practical operation the DAB converter produces square-
wave voltages containing significant harmonic components.

Finally, the waveform measurements used for the cal-
culations are illustrated in Fig. [§] (a), corresponding to
ibias = 0 A, and in Fig. |§|(b), corresponding to ip;qs = 1 A).

€))

_ Motherboard

HF :
Transformer

Gate Drivers |~ Gate Drivers

FIGURE 6. DAB converter experimental prototype.
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FIGURE 7. Inductance Lpagy as a function of ip;,s (a). Effect of inductance
variation on power transfer of DAB converter (b).

B. Impact of inductance variation on power transfer

The reduction in inductance leads to an increase in the output
power of the DAB converter. To illustrate this behavior,
Fig. |Z| (a) presents the inductance curve Lpagy as a function
of 4pias, While Fig. El (b) shows the P, versus iy, for ¢ = 35°.

C. Experimental methodology for tracking efficiency
points of FI-DAB

The experimental efficiency results of the FI-DAB were
obtained by sweeping P, from 15 W to 600 W, across
three different output voltages: 23 V (d = 0.85), 25 V
(d = 1), and 28.8 V (d = 1.15), using only PS as the
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FIGURE 8. Experimental waveforms for first harmonic approximation: (@) CH1 - Vprim; CH2 - Vsec; CH3 - i1, p; CH4 - Vipag. ipias = 05 (D) ipias =1 A.

control variable. Fig. [9] (b) illustrates the efficiency map of
the FI-DAB, where measured data is represented by white
points. The efficiency heatmap was generated by applying a
cubic fitting tool to interpolate experimental data, providing
a comprehensive overview of the converter’s performance
across a wide operational range. This analysis quantifies
the impact of load variations and voltage fluctuations on
the efficiency of a traditional converter with fixed induc-
tance. Consequently, it establishes a baseline to evaluate the
efficiency enhancement achieved by the VI at equivalent
operating points. Furthermore, the battery charging profile
introduced in Fig. [ is superimposed on the efficiency map
in Fig. 9] to provide a clearer graphical representation of the
d and P, trajectory during a typical charging cycle.

D. Experimental method for tracking optimized efficiency
points of VI-DAB

In the VI-DAB configuration, various combinations of
Lpapy and ¢ can satisfy a specific P,. To identify the optimal
Lpapy and ¢ pairs that achieve the target P, and d with
maximum efficiency, a manual sweep of iy;,s Was performed
in 0.1 A increments. During this process, ¢ was adjusted
to maintain the desired P,, while d was kept constant by
the electronic DC load. Consequently, the efficiency was
measured across these operating points to identify the peak
efficiency.

In the proposed methodology, the ipi,s iS SWept across a
variable range determined by the load conditions. For high-
power levels, a decreasing ipiys SWeep is applied, whereas an
increasing sweep is used for low-power levels. The sweep
range is constrained by practical operating limits: at high
loads, the sweep terminates when efficiency decreases at
¢ > 30°; at low loads, the process is interrupted as the ¢
approaches 5° to ensure a feasible modulation range. These
optimal operating points are indicated by the white markers
in Fig. ] (a).

This experimental characterization was conducted using
the same P, and d values as the FI-DAB analysis. The
remaining regions of the efficiency map were interpolated
using the same cubic method employed for the FI-DAB.

E. Efficiency Comparative Analysis: Case Study
Discussion
To characterize the optimal combinations of Lpagy and ¢,
and to evaluate the high-efficiency operating points exper-
imentally obtained with the VI, three representative case
studies were analyzed. These cases correspond to key op-
erating conditions along the battery charging profile and are
highlighted with the corresponding numbers in Fig. [0

The analyzed cases are defined as follows:

e Case 1 (Initial Charging Stage):P, = 500 W and
Vout = 25 V (d = 1), representing the initial high-
power charging stage.

e Case 2 (Maximum Power Stress): P, = 600 W and
Vout = 28.8 V (d = 1.15), identifying the converter’s
performance at its upper power and voltage limits.

e Case 3 (End-of-Charge / ZVS loss): P, = 100 W and
Vout = 28.8 V (d = 1.15), a light-load condition where
traditional FI-DAB loses ZVS.

In addition, for direct comparison, Fig. [I0] presents the
efficiency difference Az between the VI-DAB and FI-DAB.
Positive values of An indicate efficiency gains with the VI-
DAB, whereas negative values represent efficiency degrada-
tion compared to the FI-DAB. This figure will be further
discussed in conjunction with the selected case studies.

1) Case 1

At experimental point 1, the converter operates at P, = 500
W and Vo = 25 V (d = 1). In the Fig @ an efficiency
gain of 2.18% is observed. This is primarily due to a
significant reduction in the PS from 33.9° (FI) to 15.6°
(VD), representing an 18.3 % reduction. In this case, the
use of the VI enables reduced reactive power circulation
by decreasing ¢. The inductance also decreases from 35 pH
(FI) to 18.56 uH (VI), contributing to reduced conduction
losses. Table [2] summarizes the sweep results for Case
Study 1, highlighting the operating points associated with
maximum efficiency. It is observed that the highest efficiency
(highlighted in bold) does not necessarily coincide with
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FIGURE 9. Efficiency maps. (a) VI (considering control winding losses); (b) FI.
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TABLE 2. Sweep results for Case Study 1: P, = 500 W and Vot = 25V
(d = 1). The highest efficiency point is highlighted in bold.

Loas (1H) [ibias (A) [ 6 )| 1 (%) [ Pa W)
VI-DAB Sweep
18.57 15 | 15.6 [93.394] 535.37
20.49 14 | 15993260 536.14
21.92 13 | 16.1|93.185 | 536.57
28.18 11 | 19.7 |93.537| 534.55
36.46 09 | 27392219 542.19
41.48 08 |63.0|86.885| 575.47
FI-DAB
3500 [ - [33.9]91.36 | 547.01

the minimum inductance value, since the increased 7p;qs
effort under certain conditions does not offset the additional
losses in the auxiliary winding. Furthermore, the maximum
efficiency is achieved at an operating point close to the
magnetic saturation region.

2) Case Study 2

At experimental point 2, the converter operates at P, = 600
W and Vo, = 28.8 V. In the Fig. [I0] a not efficiency
enhancement is observed, despite the lower ¢ employed. This

outcome suggests that the optimal operating point may lie
between the discrete iy, steps considered in the sweep, or
that increased core, and winding losses of VI counterbalance
the reduction in circulating currents.

Table [3] presents the sweep results for Case Study 2,
highlighting that the points of highest efficiency also occur
near the maximum saturation region.

TABLE 3. Sweep results for Case Study 2: P, = 600 W and Vot = 28.8V
(d = 1.15). The highest efficiency point is highlighted in bold.

Loa () [ ibias (A) [ 6 ) | 1 (%) [ Pn W)
VI-DAB Sweep
16.73 15 | 19.4 [88.027] 681.61
17.71 14 | 19.7 |88.075| 681.24
19.34 13 | 20.0 | 88.154 | 680.62
20.68 12 | 233 [87.963| 682.11
23.45 1.1 | 250 |87.398 | 686.52
26.61 10 | 30.0 | 85835 | 699.01
FI-DAB
3500 | - [390]8842] 67838

3) Case Study 3

At experimental point 3, the converter operates at 100 W
and Vo = 28.8 V (d = 1.15). In this condition, the FI-DAB
converter fails to achieve ZVS. This occurs because the ¢ =
5.6° is insufficient to provide the necessary reactive energy
to discharge the MOSFET output capacitances. In contrast,
at point 3, a sweep resulted in an efficiency improvement of
3.34 %, enabled by a higher PS of ¢ = 29°.

Table [] presents the sweep results for the case study. At
this operating point, an intermediate step (ipias = 0.05 A)
was employed to explicitly capture the maximum efficiency
between discrete points. It is also noted that a high ¢ under
these conditions restores ZVS operation.

Fig. [I0] shows that, for power levels below 100 W at
Vouw = 28.8 V (d = 1.15), significant efficiency gains
of approximately 8% are achieved. These improvements,
enabled by the VI, occur mainly under operating conditions
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TABLE 4. Sweep results for Case Study 3: P, = 100 W and Vot = 28.8V
(d = 1.15). The highest efficiency point is highlighted in bold.

Lpas (H) [ ivias () [ ¢ ) [ 1 (%) [ P (W)
VI-DAB Sweep
92.39 0.4 6.5 |75.570| 132.11
120.44 03 | 85 |76.612| 130.39
191.44 02 |17.0 |78.715| 126.98
273.54 0.1 |257|78980| 126.59
290.60 | 0.05 |30.0 |79.350| 125.96
313.71 0.0 40.0 | 78.300 | 127.71
FI-DAB
3500 [ - ] 56 [76000] 1316

in which the FI-DAB converter loses ZVS. As illustrated in
Fig. [T1] the use of the VI significantly improves the thermal
performance of the primary-side switches. When using the FI
(Fig. ﬂ;fl (a)), the ZVS condition is lost, causing the switches
to reach approximately 72.3 °C despite the relatively large
heatsink in the prototype. In contrast, the VI maintains ZVS
(Fig. ﬂ;fl (b)), lowering the maximum switch temperature to
56.4 °C. These measurements were obtained under thermal
equilibrium conditions using a Fluke Ti25 thermal imaging
camera. In contrast, for output voltages of 25 V (d = 1) and
23 V (d = 0.85) under light-load conditions (below 100 W),
a reduction in efficiency is observed with the VI, even when
employing a maximum-efficiency search strategy. However,
under nominal load conditions (600 W) at Vo, = 25 V, the
use of the VI results in significant efficiency improvements.
Additionally, operation of the FI-DAB at low power levels
requires reduced ¢, which degrades control linearity. Under
these conditions, the system becomes highly sensitive to
dead-time effects, a phenomenon widely referred to in the
literature as phase-drift. This sensitivity limits the effective
phase resolution, making stable converter operation more
challenging. This limitation is evidenced in Fig. [9] (b), where
operation at 25 W using the FI-DAB was not achievable due
to phase resolution constraints; consequently, the efficiency
difference at this operating point was not computed in
Fig. @ For instance, at P, = 15 W and Vg, = 25V,
the FI-DAB operates with a very small PS of ¢ = 1.39°.
In contrast, the VI-DAB achieves an optimal operating point
with ¢ ~ 8° and ipas = 0, highlighting its ability to maintain
improved controllability under the same power conditions.
In this context, the VI presents a key advantage: even at
operating points where efficiency is slightly lower, the use
of variable inductance enables operation with significantly
higher ¢ values for the same output power. This reduces the
system sensitivity to disturbances and substantially improves
control robustness and stability under light-load conditions.
The reduced efficiency observed in the VI-DAB converter
is primarily attributed to increased ohmic losses, stemming
from its structure with a higher number of windings. As
shown in Table [I] the AC resistance is significantly, from
102.56 mQ (FI) to 863 m{) (VI). Additional losses are

associated with additional energy in the auxiliary windings
and potential increases in core losses. This behavior is also
observed at V,, = 28.8 V for P, values of 300 W, 400 W,
and 500 W. Efficiency can be improved by optimizing the
VI design to reduce inductance excursion and winding resis-
tance. This also contributes to reduction of Lpagy near core
saturation, leading to smaller ¢ under high-load conditions.
During battery charging, however, the converter typically
operates for limited periods within these regions; therefore,
the corresponding operating time will be considered in the
next subsection.

F. Time-Weighted Overall Efficiency
To more accurately quantify the efficiency gains throughout
the battery charging process, the ideal approach would in-
volve continuous measurements of the converter’s efficiency
over the entire charging cycle. Based on such measurements,
the system’s overall energy efficiency could be determined
by calculating the ratio between the total energy delivered
to the load and the total energy drawn from the source.
Nevertheless, implementing this procedure in practice is
time-consuming, as the complete charging process of the bat-
teries is inherently slow. Due to this limitation, an alternative
methodology was adopted, based on regression fitting of the
experimental efficiency data obtained from the converter’s
efficiency maps. Using this fitted data, the time-weighted
overall efficiency was estimated, as described in @):

; I Po(t), dt
total — — o .
T Pa(t), dt

The total efficiency of the approaches is shown in Table

TABLE 5. Comparison of time-weighted total efficiencies.

(10)

Approach Efficiency (%) | Difference (%)
Fixed Inductance 88.09 —
Variable Inductance 89.53 1.44

V. CONCLUSION
This article presented an approach to optimize the efficiency
of a DAB converter using a VI for BESS applications.

25/05/2026

(b)

FIGURE 11. Infrared thermal image of the primary-side switches for the
operating point: Vout = 28.8V, P, = 50 W, and d = 1.15. (a) using FI
where ZVS is lost; and (b) using VI.
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A manual sweep was proposed to determine the optimal
operating conditions for maximum efficiency across different
power and voltage levels. The experimental results demon-
strated that optimizing the operating points via inductance
variation reduces both conduction and switching losses,
thereby improving converter efficiency, particularly under
extreme load conditions. Specifically, the VI-DAB achieved
a peak efficiency gain of 8% under light-load conditions
and 2.18% under high-load conditions compared to the FI-
DAB. Furthermore, when evaluating a complete charging
cycle using time-weighted efficiency, the VI-DAB approach
yielded an overall efficiency gain of 1.44%. Furthermore,
the VI-DAB improved PS resolution at light loads, ensuring
more robust and linear control compared to the FI-DAB.
For future work, the design of a VI with a small range
of excursion is suggested, aiming to optimize efficiency in
operating regions where the VI-DAB did not outperform the
FI-DAB.
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