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A Multidimensional Design for Dual Active
Bridge Converters in Low-Voltage DC Systems

Hang Ren
Yanbo Wang
Pingyang Sun

Abstract—The dual-active-bridge (DAB) converter serves
as a crucial galvanic isolating solution to provide dc grid-
forming for dc elements in low-voltage direct-current (LVdc)
systems. Key performance metrics such as efficiency, cur-
rent stress, power density, and cost of DAB converter are
chiefly subject to the optimal design of magnetic compo-
nents and modulation strategies. However, existing DAB
converter designs yield compromised solutions that opti-
mize a limited subset of these metrics. This article develops
a comprehensive analytical framework to characterize DAB
converter operation across three key dimensions: 1) zero-
voltage switching (ZVS) range; 2) power rating utilization;
and 3) reactive power. To achieve a well-balanced design, a
holistic optimization methodology is proposed, integrating
multiobjective particle swarm optimization (MOPSO) with
triple phase-shift control. By optimally selecting the trans-
former turns ratio and product of switching frequency and
series inductance, the proposed MOPSO approach can col-
lectively or selectively improve these performance aspects,
enabling tailored DAB converter designs to meet diverse
performance objectives. Experimental validation on a 1-kW
DAB converter prototype demonstrates enhanced ZVS ca-
pability, improved utilization of converter rating, reduced
reactive power, and achieves a peak efficiency over 95.9 %.

Index Terms—Design optimization, dual-active-bridge
(DAB) converter, phase-shift control, zero voltage switching
(ZVS).
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I. INTRODUCTION

OW-VOLTAGE direct-current systems (LVdc) add critical

capabilities to efficiently handle ever-growing volumes of
distributed and renewable power. The dual active bridge (DAB)
converter, as a widely used isolated dc/dc converter, is charac-
terized by attractive features that include bidirectional power
flow, wide voltage operating range, zero voltage switching
(ZVS), and galvanic isolation [1]. In small-scale LVdc distribu-
tion networks, such as residential dc microgrids, nanogrids, and
telecom or data center power trunks [2], [3], the DAB converter
interfaces active front-end converters to the common dc bus, as
shown in Fig. 1(a). In this configuration, each DAB converter
regulates bus voltage and facilitates active power transfer to
achieve dc grid-forming of interconnected elements [4]. By
embedding a predefined voltage—power droop control, DAB
converters operate locally within the allowable voltage ranges
to share load and maintain bus voltage [5]. These applica-
tions drive the need for DAB converters design. Ensuring these
converters performance across the full loads and wide voltage
ranges is pivotal for improving the sustainability, resiliency, and
long-term cost-effectiveness of LVdc systems.

The performance of a DAB converter is determined by three
key dimensions: 1) ZVS range [6]; 2) power rating utilization
[7]; and 3) internal reactive power [8], as given in Fig. 1(b).
However, the relationships among these key dimensions are
mutually coupled and against each other in check. For exam-
ple, a smaller coefficient K y;, defined as the product of series
inductance L and switching frequency f, facilitates higher
power transfer capability and lower reactive power by mini-
mizing the required phase shift (PS) [8]. However, this comes
at the compromise of reduced power rating utilization and
higher capital costs. Therefore, optimized DAB converter per-
formance is required through the parametrization of precisely
engineered magnetic components and advanced phase-shift
modulation strategies.

Optimal parameter design for DAB converter is driven by
objective-specific considerations. Rodriguez et al. [9] examine
the trade-off between expanding the ZVS range and minimizing
reactive power. By adjusting the switching frequency and series
inductance, it achieves either 100% ZVS or improved efficiency
at full load. However, this single-objective optimization may not
yield a well-balanced design that simultaneously accounts for
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Fig. 1. (a) DAB converter serves as dc grid-forming in LVdc systems.
(b) Relationship between design parameters and performance metrics.

power rating utilization and overall system cost. To overcome
this limitation, Carvalho et al. [5] propose an effective unified
coefficient that combines series inductance and switching fre-
quency to optimize both the ZVS range and reactive power.
This design limits the maximum PS angle to 13°, allowing
room for further enhancement in power rating utilization of the
DAB converter. Consequently, the power rating of active and
passive components, including power switches, transformers,
and capacitors, can be accordingly reduced to meet the reduced
power rating, lowering overall capital costs. Recently proposed
DAB converter optimization strategies are often tailored to
specific applications. For instance, Das and Basu [10] employ
triple phase-shift (TPS) modulation to minimize inductor rms
current while maintaining full soft-switching. However, this
method is tailored to high-ratio voltage conversion conditions
[11]. Zhang et al. [12] optimally select magnetic components to
minimize current stress under a wide output voltage range but
assumes a fixed output current, limiting its general applicability.
Therefore, developing a comprehensive analytical model that
characterizes and optimizes all key DAB converter performance
dimensions is essential for DAB converter design.

Advanced phase-shift modulation techniques, such as dual
phase-shift, extended phase-shift, and TPS, can enhance the
performance of DAB converters when the magnetic compo-
nents are predetermined. For instance, Yang et al. [13] employ
a Karush-Kuhn-Tucker algorithm-based TPS modulation, en-
abling ZVS for all power switches across the full load range.
To add critical flexibility, Mou et al. [14] propose a five-degree-
of-freedom modulation strategy to reduce current stress and
expand the ZVS range. However, determining an optimal PS
scheme requires calculations across nine modulation schemes,
resulting in significant computational complexity. Artificial
intelligence-based approaches, such as neural networks (NN)

and deep reinforcement learning (DRL), provide promising
solutions to reduce computational complexity. For example, Li
et al. [15] use an NN with the PSO algorithm to establish a
direct mapping between PS angles and inductor current, further
minimizing current stress. Additionally, Tang et al. [16] applied
DRL to select optimal TPS modes, reducing computational
efforts and power switch losses. Despite these advancements,
Al-driven modulation strategies do not fundamentally alter the
original DAB converter design. These methods often overlook
the critical impact of transformer turns ratio and inductance
across the full load range. It is essential to have a holistic
design approach that integrates both advanced modulation and
optimized magnetic components to maximize power density
and capacity utilization, ultimately leading to a more efficient
and well-balanced DAB converter.

Specifically, unlike previous single-objective optimization
studies that only considered individual performance such as
ZVS range, power rating utilization, or reactive power sepa-
rately, a comprehensive multidimensional design framework is
proposed in this article. The main works are highlighted as
follows.

1) A systematic multidimensional analytical framework is
proposed, which simultaneously considers ZVS, power
rating utilization, and reactive power to holistically en-
hance the DAB converter performance.

2) Formulation of a multiobjective optimization problem
solved through the multiobjective particle swarm opti-
mization (MOPSO) algorithm combined with TPS control
strategy, jointly optimizing the transformer turns ratio and
the product of series inductance and switching frequency.

3) Provision of a globally optimal, application-flexible de-
sign guideline adaptable to specific performance require-
ments, proven through comprehensive theoretical analysis
and experimental validation.

[I. DAB CONVERTER PARAMETRIZATION
A. DAB Converter Design Variables

In the design of DAB converter, the transformer turns ratio N,
the switching frequency f, and the equivalent series inductance
L are critical design variables that determine the DAB’s voltage
conversion gain, power capacity, and efficiency. As illustrated
in Fig. 2(a), the DAB converter transfers power between two
active bridges through a high-frequency transformer. The TPS
modulation is employed in this work, as its three independent
phase-shift variables provide enhanced flexibility in active and
reactive power transfer and it achieves a wider ZVS region
than SPS, DPS, and EPS. As shown in Fig. 2(b), D; and
D, are the internal PS angles within primary and secondary
bridges, respectively. D3 is the outer PS angle between two
active bridges.

The fundamental wave model is adopted in this article due
to its compact expressions for active and reactive power, which
directly reveal the impact of phase shift angles on converter per-
formance, rather than the time domain model’s piecewise linear
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Fig. 2. (a) Topology of DAB converter. (b) Waveform of TPS control. b

expression [8]. The active power transferred can be expressed

by
ANnVs cos n& cos n& sin (n.D3)
3w foL 2 2 }

-y
(1)

n=13,5,...
where V] and V), are the dc terminal voltages, and n represents
the order of fundamental and harmonic components. In the
work, the first three odd harmonics (n = 1, 3, 5) are used to
calculate for both active power and reactive power.

To simplify the analysis and improve design flexibility,
switching frequency fs and inductance L are combined into a
single coefficient K y;, which can be expressed in (2). Therefore,
the design variables are simplified to transformer turns ratio NV
and coefficient Ky;. This reduction from a three-dimensional
to a two-dimensional design space enhances computational ef-
ficiency. Once an optimal K y; is determined, designers remain
the flexibility to select specific f; and L values that satisfy prac-
tical constraints such as switching losses, EMI requirements, or
magnetic component sizing

Kp=f.L. 6)

B. Conventional DAB Converter Design in
LVdc Systems

In LVdc systems, the DAB converter supplies power P in
proportion to the variation range of the dc bus voltage V5,
following droop curves set by codes and standards. As specified
in [5], a DAB converter with a maximum power Py 40 =5
kW is designed to operate within an overvoltage of 540 V and an
undervoltage of 250 V in a 350 V rated LVdc system, as shown
in Fig. 3. Thus, the voltage ratio k of the DAB converter’s input
and output voltages is given by

I 41

 N-Va  N-mVy’
where the input voltage V), =700 V, V, =350 V, m repre-
sents the normalized output voltage V5. muyin = 250/350 and

k

m e [mmirn mmax] (3)

The coefficient Kjy; is determined based on the DAB
converter’s maximum transmission power, ensuring sufficient
power transfer at the minimum output voltage. Additionally, a
30% margin is typically incorporated to account for potential
overload conditions. Therefore, the conventional Ky; is de-
signed as given in

Mpin - N - V1 - Vo 250 x 2 x 700 x 350
Kpie=—¢" 1.3P) maw 8 % 350 x 1.3 x 5000 =673,

(&)

Ill. ANALYSIS ON DAB CONVERTERS’ KEY DIMENSIONS
A. ZVS Operation

The ZVS operation facilitates the improved efficiency of
DAB converters. The ZVS condition is fulfilled by modulating
the phase shift so that the inductor current reverses direction
and commutes through the body diode of the switch before
each switch TURN-ON, thereby discharging the device’s junction
capacitance and ensuring zero voltage across the switch at
TURN-ON [18]. The ZVS range in this article is analyzed using
PS modulation. Effects such as dead-time and parasitic junction
capacitance, which affect the exact boundary conditions, are not
considered in this work. Specifically, as shown in Fig. 4, when
t =11, the inductor current 77, flows through the body diode of
S, where it discharges the parallel capacitor of S| and charges
the parallel capacitor of S>. As a result, the voltage across .S;
drops to zero and S turns on at zero voltage; simultaneously,
S4 achieves ZVS TURN-ON at ¢t = ¢;. When t = t3, the inductor
current 7y, reverses to positive, enabling switches .S, and S5 to
achieve ZVS TURN-ON.

With the TPS modulation control, the operation range of
DAB converters is mapped into four modes by the boundary
conditions Py, P,(m) and P5(m). The derivation of TPS control
and the boundary conditions can be found [12], [13]. Fig. 5
illustrates four efficient operation modes of DAB converter,
including Mode D,,,<;, Mode D,,~;, Mode F, and Mode G.
The boundary conditions are given as

W
- NVy,

Py (6)
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Fig. 5. ZVS region of DAB converter with TPS modulation. range while ensures reasonable utilization and reactive power,
which are analyzed in the following sections.
N2V2 (Vim? — NVyym?
Py(m) = V2 ) 0
4ViKy . I
B. Power Rating Utilization
VE(NVyym — V; . e . .
Py(m) = - (NVapm ) 1)) The power rating utilization 7 is defined as the ratio of

4NV2belm

The droop curve in Fig. 3 can be integrated into Fig. 5, which
reveals that the curve falls within Mode D and Mode G. In Mode
D, all switches can achieve ZVS, while Mode F and Mode G
only support partial ZVS. However, the boundary conditions
and ZVS range can be shifted by adjusting the design variables
N and Ky;. Fig. 6 visualizes (6)-(8) to depict the variation
in ZVS range with different sets of N and Kj;. Compared
with the conventional design as shown in Fig. 6(a), when K
equals Ky, ., increasing the turns ratio IV shifts the ZVS region
to the left, making it more reasonable for high voltage ratio
applications. The proportion of the droop curve within Mode D,
which quantifies the ZVS operation range of DAB converters
is defined as R
R(N,Ky) = L 9
( ’ fl) N Mmax — Mmin ( )
where L in Fig. 6(a) represents the length of the droop curve
within the ZVS region as N = 1.0N., while (mmax — Mmin)
denotes the total operation range. As N varies from 0.8 N, to
1.1N,, R initially increases and then decreases, indicating that
the droop curve may not be fully covered. Fig. 6(b) depicts
the role of Ky, indicating that a higher Ky; facilitates a wide
ZVS range when N remains constant. It is worth noting that
N = N, serves as a critical requirement for achieving full ZVS
operation by increasing K y;. However, when NV # N, full ZVS
operation becomes unattainable, regardless of K ;. Therefore,
an optimal set of N and K'y; can maximize the ZVS operation

the DAB converter’s maximum expected active power output
Py maz inan LVdc system to its theoretical capacity Ppay. This
theoretical capacity represents the maximum continuous power
the DAB converter can deliver when operated at its full rating,
as given in (10). n is determined by (11)

mNV Vy,
Py = 21720 10
o (10)
P max 8P max K
n(N, Kp) = ~&mer _ 2" domar 21 (11)

Prax ViVabase mN’
Using conventional design parameters, the power rating uti-
lization is calculated as n = 76.92% at m = my;,. The LVdc
system requires a maximum power transfer when the dc voltage
reach the voltage limits. Therefore, evaluating power rating
utilization at the minimum output voltage is critical to ensure
sufficient power transfer capability of the DAB converter. Fig. 7
illustrates the relationship between 7 and both N and Ky
when the DAB converter operates over the maximum allowable
voltage variation in the LVdc system. As observed, 1 is directly
proportional to Ky; and inversely proportional to N. A 100%
power rating utilization is achieved when K = 1.3K; . at
m = 0.71, indicating that the DAB converter’s maximum active
power transfer capability precisely matches the LVdc system’s
power demand. This condition establishes 1.3 K ¢; .. as the upper
constrain for the DAB design; otherwise, the DAB may not be
able to continuously supply the maximum load.
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Fig. 7. Relationship between utilization  and N, K ;.

C. Reactive Power Analysis

The DAB converter operates under the PS control, which
inevitably induces a phase angle between the voltage and cur-
rent in the transformer. As a result, reactive power circulates
between the transformer’s magnetic field and the converter’s
reactive components, which is represented as follows:

D,
0= Z 4V; cos (n4h) {Vmos(n%)

33K
nelas,.. CTARf

— MmN Vopase COS (nl;z) cos (nDj3) } . (12)

To provide a comparative evaluation, reactive power is nor-
malized by P 4., according to [8]. Fig. 8 shows the curves of
normalized reactive power () varied with m for different NV and
Ky, when the DAB converter operates under the droop control.
As shown in Fig. 8(a), the curves of per unit (pu) reactive power
@ shift downward as N increases, indicating an improvement in
reducing reactive power. To further analyze the impact of N on
reactive power across the entire operating range (Mmin, Mmax)s
the average reactive power @,y is represented as

Mmax

Qavg - Z Q (m)/ (Pd_max (mmax - mmin)) .

M="Mmin

(13)

The results in Fig. 8(a) reveal that when Ky = Ky ., in-
creasing N consistently reduces ).y, demonstrating that a
higher transformer turns ratio minimizes reactive power. In
contrast, as shown in Fig. 8(b), an increase in Ky; results in
a higher ),y for N = N, suggesting that the adverse impact
of a larger K s; on reactive power. Therefore, Q. Serves as a
key metric for evaluating the combined impact of N and K ;
over the entire operating range.

The analysis reveals an inherent trade-off: increasing N re-
duces reactive power but lowers power rating utilization, while
a higher Ky; expands the ZVS range and improves utilization
but increases reactive power. This conflict between NV and K g;
highlights the challenge of balancing key dimensions perfor-
mance in DAB converter design.

IV. PROPOSED DAB CONVERTER DESIGN METHOD

A. Design Problem Formulation

The analysis in Section III reveals the design of transformer
turns ratio /N and inductance-switching frequency product K f;
in DAB converters, which can be formulated as an optimization

Ki=K;. —e— 1.0N. —e— 12N, 14N,

—6— 0., = 0319
—6— Q4 = 0.193

é 0.5 Ouvg = 0.085
Ql
0 1 3 =
071 08 09 1 1.1 12 13 14 15
m
(@)
N=N, —e—10K;. —e— 12K, 13K,
1.5¢ [ | [
¢ —6— 0,4, = 0.319]_|
B 1g 4 —e— 0y, = 0.361
=05k | Oug = 0.405
Ql M__
0 |- Y
0.5 |

071 0.8 0.9 1 1.1 12 13 14 15
m
(b)

Fig. 8. Relationship between reactive power Q and N, Ky,. (a) Reac-
tive power @ with different N when Ky = Ky, .. (b) Reactive power @Q
with different K y; when N = N..

problem. This approach ensures an optimal balance among
three conflicting design objectives, expanding ZVS region, en-
hancing utilization, and minimizing reactive power. By opti-
mizing design variables N and Ky, and adopting the TPS
control, it can achieve the best possible trade-off among these
competing objectives.

The optimization problem can be structured as follows:

min f(x)=[fi(z), f2(z), f3(x)]

N. K

=[(1 = R(x)), (1 =n (), Qavg (x)]  (14)
subject to
constraint 1: P(N, Ky;) = W > Py max
constraint 2: N € " i (15)

)
Mmax V2b  Mmin V2b

where f(z) is the objective function, f;(z)(i =1,2,3) repre-
sents the objectives of maximizing ZVS region R and utiliza-
tion 7, and minimizing reactive power Q. respectively. x is
[N, K ;] corresponding to the decision variables of optimiza-
tion problem. Constraint 1 ensures that the DAB converter can
achieve required power level at the minimum output voltage.
Constraint 2 restricts the transformer turns ratio based on the
criterion that the conversion voltage ratio remains close to
unity [17].

B. Optimization Algorithm for Designing DAB Converters

The MOPSO algorithm is well-suited for problems with a
relatively small number of decision variables and objectives,
offering fast convergence and ease of implementation [19],
[20]. Other algorithms, such as NSGA-II, are recognized for
their robustness and strong ability to maintain diversity along
the Pareto front, particularly in complex or high-dimensional
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search spaces [21]. Considering these factors and the scale
of our problem (two variables, three objectives), MOPSO
algorithm is selected for its computational efficiency and
reliable convergence.

As formulated in (14), the optimization problem involves two
decision variables, transformer turns ratio N and inductance-
switching frequency product K;, defining a two-dimensional
particle position space. The algorithm begins by initializing a
swarm of particles, where each particle represents a candidate
solution with specific values of N and K ;. Through iterative
position updates based on predefined update rules, the particles
navigate the solution space, progressively converging toward
optimal solutions that maximize the ZVS region and utilization
while minimizing reactive power.

The velocity of each particle is updated based on its historical
best position Pes; and the global best position Gpegt Of the
swarm. It can be expressed as

Uerl = wvf + Clrl(Plfest - sz) + CZTZ(Glgest - sz) (16)

where £ is iteration number, v¥, X is current velocity and po-
sition of particle 7, w is inertia weight, ¢; and ¢, are acceleration
constants. The new position of each particle is updated as

Xt = XF 4ok 17

The process of MOPSO algorithm for searching the optimal
solutions IV and K; is outlined as follows.

1) Initialization: The MOPSO parameters are initialized, and
random values for the decision variables N,K; are gen-
erated within the constraint (15).

2) Fitness Evaluation: Each particle’s fitness is evaluated
based on the objective functions (14), and both personal
best PF . and global best GF__, positions are updated.

3) Velocity and Position Update: Particle velocities vf“
and positions Xf“ are updated using the best-known
positions, driving particles iteratively toward the optimal
solutions.

4) Termination and Solution Storage: The algorithm con-
tinues until the maximum iteration limit is reached, at
which point the Pareto-optimal solutions for N and K;
are stored.

To prevent premature convergence and ensure sufficient ex-
ploration of the Pareto front, several strategies were incorpo-
rated in the MOPSO algorithm. An adaptive grid-based archive
management was used to maintain diversity, with solutions in
less-crowded grids [22]. The archive size was limited to 200
nondominated solutions, and a self-adaptive mutation mecha-
nism was introduced when repeated constraint violations oc-
curred [23]. In addition, the inertia weight was linearly de-
creased from 0.8 to 0.2 to balance global search and local
exploitation throughout the optimization process. The detailed
MOPSO hyperparameters are shown in Table [.

C. Proposed DAB Converters Design Guidelines

This article provides a holistic framework for optimizing
DAB converter design by adjusting the objective function in

TABLE |
HYPERPARAMETERS FOR MOPSO ALGORITHM

Hyperparameter Value
Population size 100
Maximum number of iterations 600
Inertia weight 0.8
End weight 0.2

Acceleration coefficients ¢y =cy = 1.495

0.8
22169
®)

Fig. 9. Optimization results for case 1. (a) Optimization objectives R, n
and Qavg. (b) Design variables N and K.

(14) to meet global or specific performance requirements. Ta-
ble II classifies the design objectives, trade-offs, and decision
variables into four categories. It should be noted that in the pur-
pose of comparing with existing design methods, the operating
range m is set between m = 0.914 (320 V/ 350 V) and m =
1.09 (380 V /350 V), and power transmission follows the droop
control curve in Fig. 3.

1) Case 1 - Global Optimization of R, n, and Q.. To achieve
a well-balanced DAB converter design, the design problem is
formulated in (14) with constraints defined in (15). By applying
the MOPSO algorithm, the optimization process will efficiently
explore the design space and identify the Pareto-optimal solu-
tions for N and Ky, ensuring an optimal trade-off among the
three objectives.

Fig. 9 shows the optimized solutions of the proposed MOPSO
algorithm for DAB converter design. Fig. 9(a) shows all pos-
sible sets of R, n and Qaye. This three-dimensional plot il-
lustrates the trilemma among the three objectives. To better
understand Fig. 9(a), the color gradient [(x) indicates the Eu-
clidean distance of each solution from the origin, where the
lower values of [(x), closer to the point of (0, 0, 0), correspond
to solutions with a better balance among objectives. The I(z) is
expressed as

n . _ fbest
0= Yo e

i=1

(18)

where n is the number of objective functions. fibeSt represents
the ideal point corresponding to design objectives that is (0,
0, 0). forst is the farthest point from the ideal point. w; is
the weight for each objective, and it is defined by designer
to reflect different performance priorities. In this article, all
weights are set equally (w; = 1) to demonstrate global optimiza-
tion. The green star marks the optimal solution at R = 95.3 %,
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TABLE Il
DAB CONVERTER DESIGN CLASSIFICATION BASED ON DIFFERENT OBJECTIVES
Category - D.e.51gr? Objectives - Trade Off Problem Formulation — Design Variables  Constrains
ZVS Region(R)  Utilization(n)  Reactive Power(Qavg)

Case 1 o ) o D (14) N, K (15)

Case 2 R =100 % ° ° —o (23) Ky (15), (21)

Case 3 [} n=76.92 % [} —o (25) N, Ky (24)

Single objective

Case 4 \ \ ) optimization (26) N, Ky (15)
1N =79.2%, Qavg = 0.155 pu with the smallest [(z), indicating /45—~ "7 _15\ 1 .
the best trade-off. I( T os ‘

Fig. 9(b) shows the corresponding values of NV and Ky, for | 0.16 | W ’ {75
each solution, with the optimal point at (2.04, 9.01). This set of [ g LA : 0@ T
Pareto-optimal solutions provides a precise configuration of N : %l ' 111105 @. T
and K tI.lat.opt.imally balances t.he R,mn and Q.yg, leadingto |, 1 T 1 '
global optimization performance in DAB converters. ( 02 03 - = /J 6 T =

.. . . . - X X
2) Case 2 - Optimization of n and Qav; With R Fixed at 100%: ~ ~— — — — ~(Z)— ————— ’”(b)

To minimize switching losses and enhance DAB converter effi-
ciency, achieving full ZVS operation is crucial. As the previous
analysis in Fig. 6(a), full ZVS requires a conversion voltage
ratio of £ = 1, from which the transformer turns ratio can be
derived as follows:

Vi
N=—=2.
Vap
It is important to ensure that the droop curve remains fully
enclosed within the ZVS region to achieve the 100 % range
by adjusting K;, as shown in Fig. 5. Therefore, the boundary
conditions must lower than the droop curve

19)

maX(PZ(mmin)7 —Pli(mmax)) S Pd?ma:c- (20)

By substituting the expression of P (mmin) and P3(Mmax)
(7) and (8) into (20), the range of K; can be given in

Nz‘/zzb(‘/lmrznin_N%bm%in) ‘/IZ(N‘/memax_‘/l)
max s
4“/l Pd_maac 4N‘/2bmmaxpd_ma.t
(21

SKfl-

Taking parameters into constraints (15) and (21), the range
of design variable Ky; can be derived as

1.9342 < K < 8.6975. (22)

The above assumptions ensure a 100 % ZVS. Therefore, the
optimization problem is formulated as (23). Then, the MOPSO
algorithm is employed to identify the optimal value Ky,

I%?f (Kp)=[f(Kpn), (Kp)

=[(1=n(Ks1)), Qavg (Ky1)] -

Fig. 10 shows optimization results for K;. It can be seen
that the trade-off between objectives utilization and reactive
power is visualized in a two-dimensional plot, where the op-
timal solution is found with 7 = 69.1 % and Qave = 0.147 pu.
Meanwhile, the optimal solution for Ky; is found at 7.7, as
shown in Fig. 10(b).

(23)

Fig. 10. Optimization results for case 2. (a) Optimization objectives n
and Qavg. (b) Design variables K ;.

3) Case 3 - Optimization of R and Q.. With n Fixed at
76.92 %: Taking into account an overload margin of 30 % of the
DAB converter, 7 is set to 76.92 % according to (1 1). However,
operators can customize 7 based on specific requirements, such
as volume, economics, and power density. The constraint can
be derived through the utilization equation

8Pd7ma7; Kfl
Vvl VZbase mminN

where the transformer turns ratio N and inductance-switching
frequency product Ky; are selected as design variables. The
ZVS region R and reactive power (ay are selected as design
objectives. The optimization problem is structured as

]\Y,H}{I}L f(z)=[fi(z), ()]
=[(1-R(2)),Q(z)].

Fig. 11(a) presents the optimization results for R and Qg
with 77 =76.92 %. The Pareto-optimal solutions form a trade-
off curve, with the optimal point at R =94.5% and Qaygz =
0.151 pu. Fig. 11(b) exhibits the corresponding design vari-
ables, where the optimal values are N = 2.04 and Ky = 8.74.

4) Case 4 - Single objective optimization Qave: To reduce
reactive power, a single-objective optimization is applied to
minimize ()., Which is formulated as (26)

Q(x).

0 =176.92% = (24)

(25)

min f (=) (26)
This optimization should follow the two constraints in (15), and
the PSO algorithm is utilized to select the optimal values for NV
and K fl-

Fig. 12 presents the optimization results. It can be seen that
Qave reduces as I(x) is approaching the point (0, 0), reach-
ing an optimal value of @Q.vz = 0.096 pu. The corresponding
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TABLE Il
COMPARISON RESULTS OF DIFFERENT DESIGN METHODS
Optimization Objectives Design Method Design Variables Modulation ZVS Region R Utilization  Reactive Power Qavg ()
Increasing Ref. [9] N =2, Ky =10.19 SPS 100 % 91.4% 0.207 pu 1.239
the ZVS region R Proposed (case2) N =2, Ky =770 TPS 100 % 69.1 % 0.147 pu 1.058
Optimization of R and Qavg Conventional N=2 K¢ =862 TPS 100 % 76.92 % 0.167 pu 1.008
with  =76.92 % Proposed (case3) N =2.04, Ky =8.74 TPS 94.5% 76.92 % 0.151 pu 0.935
Minimize current stress and Ref. [5] N=2 Kp=3 SPS 100 % 26.9% 0.204 pu 0.921
reactive power Qavg Ref. [12] N =1.96, Ky =6.26 TPS 923% 573% 0.157 pu 0.709
Proposed (case4) N =2.18, Ky =7.28 TPS 71.4% 59.9% 0.096 pu 0.433
Optimization R, 7, Qavg Proposed (casel) N =2.04, Ky =9.01 TPS 953 % 792 % 0.155 pu 0.753

7 N A :
95

[ 12\ 7 12
0.16

I (0.055, 0.151) : /

|

0,14 Lo * H

| o, | s

: 1 : (2.04,8.74) 1
0.12

L0 0.1 I 8353 2.1 22

U & S 5 N I(x)

(a) (b)
Fig. 11. Optimization results for case 3. (a) Optimization objectives R

and Qavg. (b) Design variables N and K.

Fig. 12. Optimization results for case 4. (a) Optimization objectives
Qavg. (b) Design variables N and Ky;.

design variables are identified as NV = 2.18 and Ky, = 7.28.
The clustering of the solutions demonstrates the effectiveness
of the PSO algorithm in attaining a precise configuration that
minimizes Qavg.

The proposed design framework includes ZVS capability,
power rating utilization, and reactive power as primary objec-
tives. The optimized transformer turns ratio /N and series induc-
tance L values thus obtained serve as fundamental guidelines.
Once these parameters are determined, the DAB converter can
be further fabricated at the component level, such as transformer
winding design, component selection, PCB layout, IC-driver
choice, realizing an optimal prototype. Therefore, the proposed
methodology is applicable to both low-power and high-power
applications by incorporating additional considerations.

D. Comparison With Existing Methods

Table 11 compares the proposed design method with existing
approaches across different optimization objectives.

To ensure 100 % ZVS region, Rodriguez et al. [9] designed
the series inductance and limits the maximum PS angle, result-
ing inn equals 91.4 % and @),y equals 0.207 pu. In contrast, the
proposed method (case 2) implements the MOPSO algorithm
to optimize K;, achieving full ZVS while reducing reactive
power by 28.9 %. Although this approach slightly reduces the
utilization of the power rating, the proposed method achieves
a lower value of Euclidean distance [(z) by 14.6 % which
demonstrates a more balanced trade-off and improved design.

To balance R and ()., under a fixed power rating utilization
n with a 30 % overload margin, case 3 yield design parame-
ters similar to those of the conventional approach. However,
it reduces reactive power by 9.6 % while slightly decreasing
the ZVS region. Additionally, the proposed method achieves a
7.2 % lower [(x) value, demonstrating its ability to effectively
balance these competing objectives.

To minimize reactive power and current stress, case 4
achieves the lowest reactive power Q,yvg = 0.096 pu. The meth-
ods in [5] and [12] do not account for variations in voltage con-
version ratio and load conditions, leading to relatively higher
reactive power. The [(z) value, representing the distance from
Qave = 0, confirms a better optimization capability of the pro-
posed method, achieving a value of I(z) of 52.9 % lower than
[5] and 38.9 % lower than [12].

For multi-objective optimization, Case 1 demonstrates better
overall performance. Thanks to the optimized parameters N
= 2.04 and Ky; = 9.01, and the TPS modulation, the DAB
converter achieves a well-balanced trade-off, with R =95.3 %,
1 =79.2%, and Qave = 0.155 pu. Although its individual per-
formance in three objectives is moderate, Case 1 achieves the
best overall evaluation with [(z) = 0.753, ensuring a highly
optimized design. In particular, it reduces the reactive power
by 24 % compared with [5] and 1.3% compared with [12],
respectively. These results highlight the effectiveness of the pro-
posed method in achieving high ZVS performance, improved
utilization, and minimal reactive power, making it a global
optimized solution for practical applications.

V. EXPERIMENTAL RESULTS

A. Validation of the Proposed Design Method

The above-mentioned four DAB design scenarios are vali-
dated on a 1 kW scale-down prototype, as shown in Fig. 13.
The experimental setup follows the droop control curve with
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Fig. 13. Experimental setup.

TABLE IV
SYSTEM CONFIGURATION AND DESIGN PARAMETERS

Primary Voltage V; 400 V Secondary Voltage V2, 200 V
Maximum power Py maz 1 kW Operation range m [0.91,1.09]
Switching frequency f 20 kHz  Power switch NGTBS50N120FL2WG

Case | N =2.04, K7, = 15.57, R = 93.6%, 11 = 83.8%, Qavg = 0.168 pu
Case 2 N =2, Ky =131, R = 100%, 11 = 75.3%, Qavg = 0.162 pu
Case 3 N =2.00, Ky = 14.44, R =92.3%,n = 76.9%, Qavg = 0.144 pu
Case d N =2.19, K7, = 12.01, R = 71.4%, 1 = 60.3%, Qavg = 0.095 pu

TABLE V
SPECIFICATIONS OF THE TRANSFORMERS AND INDUCTORS

Transformer Turns ratio Inductor Value
Case 1  Core: FT-3M N =2.04 (45/22) Core: T130-52 L =779 uH
Case 2 Nanocrystal N =2 (44/22) Toroid L =686 uH
Case 3 Size: 90 x 90 N =2.06(33/16)  Wire: AWG 16 L =722 pH
Case 4 %33 mm N =2.19 (46/21) L =600 uH

forward and backward power flow modes. The system config-
uration and design parameters are summarized in Table I'V has
four sets of transformers and inductors, corresponding to four
cases, are developed. The specifications of the transformers and
inductors are listed in Table V. The transformer adopts a P—
S—P interleaved winding structure, where the primary winding
is split into two 23-turn and halves symmetrically arranged
around the 21-turn secondary, as implemented in Case 4. This
arrangement enhances magnetic coupling and effectively re-
duces leakage inductance [24]. Additionally, nanocrystalline
core material is employed in this design, offering both low
magnetizing inductance and a high quality factor due to its high
permeability and low core losses [25].

Fig. 14 presents the waveforms of Case 1 under four opera-
tion modes. As shown in Fig. 14(a), under forward power trans-
mission P = 100 W and m = 0.92, the DAB converter operates
in mode F with PS angle D; =16.9°, D, =6.1°, D3 =5.4°.
The inductor current closes to O as the voltage V},; steps to 400
V, satisfying the zero-current-switching (ZCS) operation condi-
tions. Fig. 14(b) demonstrates mode G under backward power
transmission at P =—-100 W and m = 1.08, also achieving ZCS.
Fig. 14(c) and (d) illustrates the operation mode D,,, ; with D,

T}

[ Mir7 Mode F, [’=100W, m=0.92 WL > Mode G, P=-100W, m=1.08

o 3= A Vi — s D=
| | D=16.9° | 15.4° .
o I It .

L Ih]

ﬁ b ‘1’z\=().1°E -:JJ ‘

) ] YR = : ] T e
(@) (b)

7, Mode D, 1, P<IkW, m=091" | | 7% Mode Dy, P=-1kW, m=1.09" |

% it D= 3 Vi Lia=45.2%0p Lo

’thjasm I)Z_I(QM%L

Vi D=49° ™ 57900
SRRk
©

Fig. 14. Experimental waveforms of the DAB converter for case 1. (a)
Mode F. (b) Mode G. (c) Mode D, <. (d) Mode Dy, ;.

= 0 and mode D,,~; with D; = 0, respectively. In each mode,
the polarity of the inductor current ensures the ZVS conditions
for all devices.

Fig. 15(al)—(cl) presents the waveforms of cases 2—4 under
forward power transmission conditions (P = 1 kW, m = 0.91).
It can be seen that the polarity of the inductor current in each
case satisfies the ZVS conditions, aligned with the mode D op-
eration (m < 1) with D, = 0. Although all four cases meet ZVS
conditions, their optimization objectives lead to distinct perfor-
mance characteristics. For example, case 1 exhibits the highest
peak value of the inductor current (ipeqr = 4.1 A), while case
4 achieves the smallest PS (D3 = 36.8°) to minimize reactive
power. Fig. 15(a2)—(d2) illustrates the waveforms under back-
ward power transmission conditions (P = —1 kW, m = 1.09).
The power switches can achieve ZVS TURN-ON, corresponding
to mode D operation D (m > 1) with D; =0. Case 2 and
case 3 emphasis on full ZVS operation and fixed utilization,
respectively. However, their optimization results yield similar
utilization levels, leading to comparable PS angles when the
DAB converter transmit the maximum power. The outer and
inner PS angles are D, =9.2°, D3 =39.2° for case 2 and
D, =12.1°, D3 =40.6° for case 3, respectively.

Fig. 16 compares the experimental and theoretical phase shift
angles and reactive power across ten test points for the four
cases. Case 4 achieves the smallest phase shift angle —30.9° to
36.8° and the lowest average reactive power Q.ve = 0.095 pu.
However, as shown in Table IV, it has the lowest utilization n =
60.3 %. Case 2 prioritizes the full ZVS operation while optimiz-
ing utilization and reactive power, leading to the utilization and
reactive power levels 77 =75.3% and Qayg = 0.162 pu com-
parable to Case 3 77 =76.9 % and Qayg = 0.144 pu. From the
global optimization perspective, case 1 achieves the best trade-
off, offering the highest utilization 1 = 83.8 % while moder-
ate ZVS range and reactive power, R =93.6% and Qavgz =
0.168 pu. The maximum deviation between the theoretical and
experimental PS angle D3 reaches 3.9° at m = 0.91 in case
1. These deviations could be attributed to circuit nonidealities
and additional losses. For example, as the transferred power
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Fig. 15.  Experimental waveforms of the DAB converter with cases 2—4.
(a1)—(c1) Forward power flow P = 1 kW, m = 0.91. (a2)—(c2) Backward
power flow P = —1 kW, m = 1.09.
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Fig. 16. Experimental curves of the phase shift angle and reactive
power for four cases. (a) The theoretical and experimental phase shift
angle Ds. (b) Reactive power of four cases.

rises, increased switching and copper losses leads to extra phase
lag compared with theoretical results. Furthermore, dead time
effects and output capacitance nonlinearity in the IGBTs affect
the actual commutation interval, resulting in the angle error
[26], [27].

Fig. 17 presents the experimental efficiency results for the
four cases. It can be observed that Case 4 achieves the highest
efficiency 7 =95.9 % under full load conditions. In contrast,
case 1 yields slightly lower efficiency n = 93.4 % at high loads,

Fig. 18. ZVS Achievement details in HB1. (a) Switch S. (b) switch S;.

while delivering the best overall balance (R = 93.6 %, n =
83.8 %, Qave = 0.168 pu). This reflects the inherent trade-off
in our multi-dimensional framework: case 1 sacrifices 2.5 %
of efficiency to gain over 22 % in ZVS range and 23.5 % in
power-rating utilization. The efficiency of case 2 and case 3 falls
between other cases, aligning with the previous reactive power
results and analysis. These findings validate the effectiveness
of the proposed design guideline.

B. ZVS and Dynamic Performance

Fig. 18 shows the ZVS TURN-ON process for two switches
(57 and Sy) in the high-voltage side of case 1. In Fig. 18(a), at
t =1, the polarity of the inductor current is negative, and the
collector emitter voltage Vo s4 of switch Sy starts to decrease
due to resonant commutation. Once the voltage drops to zero,
the gate-emitter voltage V, 4 turns positive and turns ON switch
Sy, thereby achieving the ZVS operation. A similar sequence
is observed in Fig. 18(b) for switch .S,, where Vo ¢ drops to
zero before V,,  rises, confirming successful ZVS.

In this case, the dynamic response test is conducted, where
the power transmission condition increases from P = 0.58 kW
to P = 1 kW. As shown in Fig. 19, it can be seen that the
phase shift angle D3 changed from 25.9° to 57.9° confirms
the increase in power transfer, while the converter reaches the
target power and stabilizes within 600 js. The inductor current
waveform shows negligible overshoot or undershoot during this
transition. These results demonstrate that the optimized param-
eters IV and Ky; ensure both optimized steady-state operation
and robust dynamic response under load variations.

Fig. 20 illustrates the experimental waveforms for case 1
under light load conditions. In Fig. 20(a), the DAB converter
operates in mode F to transmit 50 W at m = 0.95. Fig. 19(b)
shows the TURN-ON transition of Ss. At ¢t = t;, the inductor
current approaches to zero, while Vo g 4 starts to drop. After
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TABLE VI
COMPARATIVE ASSESSMENT OF DAB CONVERTER DESIGNS

Design R — . - . . Power
Ref Variables Optimization Objectives Modulation ~Prototype Voltage ZVS Range Utilization Reactive Power  Efficiency Density
(5] Ky ZIV“‘SPrr‘;V]Ze SPS 700V /350 V 100 % 26.5% 0.208 pu -+ +
[12] N,L Cu?rgﬁfn:é;g TPS 40V/40V 89.1% 59.5% 0.170pu . +
Proposed Kpy Minimize TPS 400V /200 V T1.4% 60.3 % 0.095 pu " o+
(cased) reactive power
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Fig. 19. Dynamic response experiment for case 1. (a) Overall transition. 0.91 093 095 0.97 0.9911.01 1.03 1.05 1.07 1.09
(b) Zoomed in view of the transition. n
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Fig.20. Experimental waveforms under light load conditions. (a) Oper-
ation conditions. (b) ZCS achievement in switch S;.

650 ns, the gate emitter voltage V; 4 increases while the induc-
tor current remains at ¢, = 0 A, confirming .S4 achieves ZCS
TURN-ON under light load conditions. These experiment results
across different load conditions demonstrate that the proposed
design achieves soft switching.

C. Comparison With Design Methods [5], [12]

The proposed design method (case 4) is compared with the
presented method [5], [12]. The transformer turns ratio and
series inductance designed by the method [5], [12] are N = 2,
L=240puH and N = 1.94, L = 520 uH, respectively. Fig. 21
compares the reactive power for proposed method and existing
methods. It can be seen that the reactive power curve of the pro-
posed method (case 4) is closer to curve @ = 0 compared with
the design methods [5], [12], and it achieves the lowest average
reactive power (Qave = 0.095 pu). By lowering reactive power,
the converter’s apparent power gets reduced, which directly de-
creases transformer’s rms current as given by (27). Furthermore,
this reduction in power losses rmlem contributes to improved
efficiency and reduced thermal stress

S = VhirmsIrms = \/ Z P72L + Z quz + Z znyén'

1=1,3,5,... n=1,3,5,... m#n=1,3,5,...
27

other methods.
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Fig. 22.  Experimental results comparison on: (a) the rms current; and
(b) the efficiency.

Fig. 22 presents the rms current and efficiency experiment
comparison. As shown in Fig. 22(a), the rms current of case 4
performs the lowest rms current (/s = 2.99 A, I = 2.90 A)
at m=0.91 and m = 1.09, which is consist with its mini-
mized reactive power in Fig. 21. The efficiency of case 4 in
Fig. 22(b) archives the highest efficiency under 100 % load
condition compared with methods [5], [12]. The rms current
and efficiency results demonstrate the effectiveness of the pro-
posed design method in minimizing the reactive power while
enhancing efficiency.

Table VI provides a comparative assessment of different
DAB converter designs. The method in [5] optimizes series
inductances to extend ZVS range, achieving 100 % ZVS op-
eration. However, it brings additional costs in utilization and
reactive power. In contrast, [12] optimizes the transformer turns
ratio N and inductance L using TPS modulation, improving
system utilization and efficiency. However, this method pro-
vides only a limited benefit in reducing reactive power (18.2 %).
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The proposed design (Case4) prioritizes reactive power mini-
mization through optimization of N and K;, reducing reactive
power to 0.095 pu and further enhancing efficiency. By lower-
ing reactive power, the converter’s apparent power requirement
is reduced, enabling smaller magnetic components and thus
higher power density.

V1. CONCLUSION

The dc grid-forming DAB converter is the key element in
future LVdc systems. This article characterizes DAB converters
across three critical design dimensions: ZVS operation, power
rating utilization, and reactive power optimization. An analyti-
cal framework and a multidimensional design method based on
MOPSO are proposed to optimize the transformer turns ratio NV
and inductance-switching frequency product K y;. Its adoption
not only signifies achieving a global and well-balanced DAB
design goals but also delivers tailored benefits from techno-
economic for operators to meet specific DAB requirements.
The benefits are analyzed and tested to achieve complete ZVS
operation (case 2), ensure power rating under fixed conditions
(case 3), and minimize reactive power (case 4). Theoretical
analysis and experimental results are well matched, which con-
firms the effectiveness of the proposed DAB design method in
LVdc applications.

Furthermore, this design framework could be extended to
medium-voltage, high-voltage and high-power applications, as
the core relationships among ZVS capability, converter utiliza-
tion, and reactive power remain valid at any voltage and power
level. It can be further enhanced by integrating advanced control
strategies, modular converter topologies, and expanded multi-
objective optimization models that capture both electrical per-
formance objectives and practical implementation constraints.
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