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Abstract—Dual Active Bridge (DAB) converters have emerged
as a leading solution for industrial applications that require high
efficiency and bidirectional power transfer with isolation. The
Triple-Phase-Shift (TPS) modulation scheme enables flexibility
to enhance efficiency by choosing the operating point that
minimizes power losses. This paper presents a novel, simplified
methodology for reducing conduction losses in DAB converters
using polynomial-based techniques. The operation of the DAB
converter under TPS modulation is analyzed, and the correspond-
ing modeling equations are derived. The proposed optimization
method is described and validated through simulations in various
design scenarios. The results demonstrate the existence of a set
of three polynomials that effectively minimize the rms current
based on the load conditions and the voltage ratio. Preliminary
findings show that these polynomials will remain nearly constant
across different converter designs, provided the output-to-input
voltage ratio is the same.

Index Terms—Dual-Active-Bridge, Triple-Phase-Shift, Current
minimization, Polynomial.

I. INTRODUCTION

Introduced in the early 90s, the Dual Active Bridge (DAB)
converter, shown in Fig. 1, has become a well-known solution
for applications requiring high efficiency, high power density,
bidirectional power transfer, and galvanic isolation such as
DC microgrids, Energy Storage Systems and Solid State
Transformers [1]-[3].

Several modulation strategies have been developed to in-
crease the DAB converter’s performance possibilities. The
Triple Phase Shift (TPS) modulation method unifies all pre-
viously proposed symmetrical phase-shifted approaches, and
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Fig. 1. Simplified DAB converter scheme.

considers three degrees of freedom to operate the DAB con-
verter: internal phase-shift between the legs in the primary
bridge (D), and internal phase-shift in the secondary bridge
(D3), and a phase shift between the two differential signals
generated in the bridges (). Recent studies point-out that
asymmetrical and hybrid-symmetrical modulation schemes
widen the Zero Voltage Switching (ZVS) [4] at the cost of high
complexity to the analysis and the practical implementation.
Considering TPS as a good a compromise between flexibility
and complexity, researchers have focused on optimizing DAB
converter’s performance from multiple perspectives: widening
the soft-switching range, reducing backflow power, mini-
mizing circulating power, and decreasing peak and effective
(rms) current stresses [2], [5], [6]. The available optimization
methods can be fundamentally categorized as model-driven or
data-driven.

Generally, model-driven optimization methods aim to derive
closed-form solutions to adequately calculate the three control
variables of the TPS method (D;, D, and ¢). Proposals
usually involve complex equations that vary with the load
and voltages [3], [6]-[8]. The key advantage of model-driven
optimizations is the adaptability to specific scenarios.

However substantial prior knowledge is required which be-
comes increasingly complex in multi-objective optimizations
and may not always lead to a straightforward solution. This



complexity usually increases time and resources demand for
control implementation, and may discourage adopting complex
modulation schemes.

Unlike model-driven optimization, numerical methods do
not always require a mathematical description or prior knowl-
edge, making them appropriate for complex scenarios with
strong non-linear behavior, such as power conversion sys-
tems [2], [9]-[11]. This advantage has promote their adop-
tion in industrial applications. The most relevant data-driven
optimization approaches include meta-heuristics and Deep
Learning (DL) algorithms. Despite their potential, data-driven
methods has notable challenges as their effectiveness is heavily
dependent on the quality of the data collected and on the
training process. Also, the lack of mathematical models can
pose stability risks, making their generalization a key concern.

This work introduces a new optimization method to enhance
the DAB converter efficiency using polynomials to obtain
adequate TPS control parameters. The proposal combines
model-driven and data-driven approaches’ strengths as it feeds
model-obtained data to an Exhaustive Search Algorithm (ESA)
whose solutions are later automatically fitted into 3rd-grade
polynomials. The validity of the method is confirmed with
detailed numerical and time simulations. Results confirm the
proposal as a competitive, simpler alternative given the high
coherence with already published results.

The rest of the manuscript is organized as follows: Section II
revises the DAB converter operation with the TPS modulation
method and provides the model equations. Section III defines
the losses models. In Section IV the optimization problem and
methodology are described. The validation of the proposal
is provided in Section V while Section VI draws some
conclusions about the findings.

II. DAB CONVERTER OPERATION AND MODELING

In the DAB converter topology depicted in Fig. 1, labels S;
denote the MOSFETS, chosen as the switching power devices
in this application. Labels V3, I, V5 and Is define the DC
voltages and average currents of the full bridges 1 and 2,
respectively. The High-Frequency Transformer (HFT) (with
a turn-ratio of n = N5 /Np) allows isolated power transfer,
while the series inductor, L, conforms the power transfer. The
magnetization inductance L, is included as it affects the soft-
switching operation.

The TPS modulation method gives three degrees of freedom
to operate the DAB converter: Dy, D, and ¢. The parameters
D, and D, are normalized over half the switching period
leading to a range of 0 < D, < 1. Notice that D; ratio is
represented in the pulse-width of the first bridge voltage wave-
form vy, and similarly, D> in the pulse-width of the second
bridge voltage waveform va2. In contrast, ¢ is normalized to
the entire switching period, T'. The three control parameters
shape the inductor voltage and, consequently, the current i,
profile, determining the the power transfer characteristics.

Each different ¢;, profile is called here Mode. Applying
the TPS modulation method, seven Modes are found for each
direction of the power transfer [12]. However, only four Modes
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Fig. 2. Useful operating Modes of the DAB converter with TPS modulation.
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are interesting for the DAB converter analysis, as they require
lower rms current to deliver the same power than others [13].
Fig. 2 summarizes the interesting Modes for forward transmis-
sion and boost operation: Mode 1, Modes 2 and 2b, and Mode
3b. Each Mode presents different equations to determine the
inductance current ¢z, at the switching instants (1LH, 1HL,
2LH and 2H L), the rms inductor current 47, ,.,,s, the average
input and output currents, /; and I2, and the transferred power.
Table I provides the main analytical equations. The switching
instant expressions depending on the control parameters are:

ILH = (T/4)(1 — Dy)

1HL = (T/4)(1+ D)
2LH = (T/4)(2p +1 — Dy) (1)
2HL = (T/4)(2¢ + 1+ D»)

The analysis and the methodology described in the next
sections are similar for boost/buck modes in forward/backward
operations. Only the boost operation is discussed in this work,
as it presents the worst case for the inductor design.

III. POWER LOSS MODEL

This section summarizes the loss models of the DAB
converter and the assumptions made. The conduction losses
P.ond, switching losses Ps,,, and the core losses P, are
taken into account to calculate P, to evaluate the efficiency:

Ptot = Pcond + Psw + Pcore (2)

A. Conduction Losses

Conduction losses comprise two terms: transistors’ conduc-
tion loss P.,pq,¢, and magnetics’ conduction loss FPrond,uw-

The term P4 assumes that the conduction losses of
the four transistors in each bridge are equal. Its calculation
requires the value of the squared rms current in every Mode
for the transistors involved %, 5; and information about the
on-resistance at the operation temperature of the MOSFETs in
both bridges.

2 2
Peondt = 4irys 51 Bps,s1+ 445,555  Bps.ss (3)



TABLE I
ANALYTICAL EXPRESSIONS OF THE INDUCTOR AND MAGNETIZING CURRENTS CURRENTS AND TRANSFERRED POWER

Inductor current Magnetizing current Power
. T (D2Va — Dy Vin) Z‘H(lLH):_DQTV2
ir(1LH) = iln 4Lun
- i (1HL)7_T(D2V2—D1V1H) iu(lHL): D2TV2
3 L - ALn Lyn Dy T Vi Vo
] DsTVe TVy (D2 —2 Dy TV 2Ln
S| ieom = 22TVe Vi (D2=2¢) ip(2LH) = — =222
4Ln 4L 4L,
; (2HL):TV1 (D2+2¢) DTV A DTV
L 4L 4Ln in )= 4L,n
DTV,
. T (D2 Vo — Dy Vin) 1LH) = —
iy (1LH) = T tu(1LH) AL, n
S s T Vs (D —2
S| iamny - DTV TVe (D —29) i) = 12 (D1 =2¢)
« 'L T4L 4Ln . 4Lyn T Vy Vo (=D1242 Dy Da+4 D1 o—D3?+4 Dy o—4 4?)
o DyTVya TVy (D2—2 Dy TV 16Ln
2| ip(2LH)= 2222 1 (D2=2¢) ip(2LH) = —=2= 2
S 4Ln 4L 4L,n
, T (DaVa— D1 Vin Dy TV
ir(2HL) = — ( I ) i (2HL) = 42L 2
un
L) — PiTVi TVa (D142¢-2) i, (L) = 12 (D1 +2¢ - 2)
ir(1 ) =— 1L ALn 4Lyn
o A DiTVi TVa (D1 —2¢) . _TVy (D1 -2¢)
= ip(1HL) = VA I iw(1HL) = Y TV Vo (D1272D1+D2272D2+4ap274<p+2)
2 —
S ) D2TVa TVi (D2 —2¢) ) D2 T Vs 8Ln
= wLH) = == - AL w(@LH) = =7
TV:i (Dst20—2) DsTV: o
) 1 2 ¥ — 2 2 . Dy T Vo
ip(2HL) = — - 2HL) =
4L 4Ln iu ) 4L,n

Although the waveforms of each transistor are different,
the rms current value is the same for all transistors within
a full bridge. Rms currents are obtained by integrating the
current of S; and S5 for the Modes of interest. Equation (4)
is an example of how 4,,,s g1 current is calculated in Mode
1. Current %,.,5,55 has the same structure but integrates 7s.

1 2LH
irms,Sl Model — T / (ZL(2LH))2dt
1LH

2HL 1HL
+/2 (iL(ZHL))2dt+/ (ip(LHL))?dt

LH 2HL
1LH+T/2
+ / (=i (1LH))?dt 4)
1HL

The sum of the conduction loss of both the inductor and
the HFT represents the term Fo,q,4:

Pcond,w = Pcond,L + Pcond,HFT (5)

being the conduction losses modeled as the multiplication of
the rms current by the £SR (Equivalent Series Resistance) of
the wire. In the case of the inductor L, the conduction loss is
calculated as:

Pcond,L = i?"ms,L . ESRL (6)

where the rms inductor current is calculated with (1) and Table
I, depending on the Mode. Calculating the rms current involves
partial integration and requires substituting the definition limits
with the appropriate information given in (1) and Table I.

The conduction loss model for the HFT includes both the
primary and secondary windings:

Peond HFT = iy, - ESRN1 + 17050 - ESRN2 - (T)
. 1 [Ty , 2
Bz = [ (i 0 =i () a ®)
nJo

The rms current in the secondary winding is calculated con-
sidering the magnetization current ,, and the turn ratio n.

The equivalent series resistance, SR, of the wires is
calculated with the number of turns N, the resistivity, p, the
total section of the wire, A,,, and the M LT (Mean Length per
Turn) data, usually provided by the manufacturer. As p varies
with temperature, application’s worst case is used.

ESR=(p-N-MLT)/A, 9)

B. Switching Losses

The switching losses of the DAB converter are estimated
with (10) applied to each transistor. On it 2 is the total gate
resistance, Qgs and di are the gate-to-source and gate-to-
drain charges, and V,4teqr 1s the Miller voltage.

Py = Pow, oN + Psw, OFF
Py, on = 0.5 (ton " Vs “ion) - f
ton = Ry (Qgs + di)/(Vqs — Vilateau) (10)
Pow, orr = 0.5 (togf - Vas - togf) - f
loff = Rg (Qgs + di)/vplat(zau




The values instant currents, i, and i,fs are equal — i, due
to waveform symmetry and are obtained using the information
in Table I and in Fig. 2.

The analysis in this paper considers that a negative value
in (10) implies soft-switching in the evaluated transistor and
is taken as a loss of O Watts. The potential masking of
incomplete soft-switching is acknowledged, but assumed to
help the intended practical simplified proposal.

C. Core Loss

Core losses are determined by the sum of the core loss in
the inductor P.,.¢ ;, and in the transformer P.ore HFT.

The Modified Steinmetz Equation (MSE) approach [14] is
chosen to model the core loss of the magnetic components,
as the voltage waveform applied to the magnetics in the DAB
converter is not sinusoidal:

AB\"

Peore = Vol - f (Cm~ ot (2) )

2 T/ dug(t)\?
AB2772 N2AZ @ ) @ oan

NA /vgL t)dt

AB = max(B(t)) — min(B(t))

feq:

where Vol and A, are the effective volume and area of
the core respectively, and IV is the number of turns (of the
primary in the case of the HFT) of the component evaluated.
Manufacturers usually provide Steinmetz coefficients C,,, 3,
and «. Voltage v, is that applied to the evaluated component
winding (inductor’s or HFT’s primary).

IV. PROPOSED MINIMIZATION STRATEGY
A. Formulation of the minimization problem

Maximizing the efficiency of the DAB converter implies the
minimization of the power losses (2). Conduction losses are
usually a main concern of the DAB operation, so minimizaion
of the rms inductor current is a research priority. Deeply re-
lated to the current peak, rms current reduction also minimizes
core loss. [5], [7].

This work aims to improve the operation of the DAB by
defining the minimization problem specified in (12), where
m = Va/(nVy):

Obj.1 = min(iyms, 1, m)
Ob] 2= Hlil’l(PtOt(irm&L), m)
Constr. = P

12)

The first objective, Obj. 1, is to minimize the rms inductor
current for a given power P specification Constr. 1. In the
case that several values of the TPS control parameters obtain
the same rms inductor current, those with the lowest total loss
calculated with (2) will be selected according to Obj. 2

A new methodology is proposed to enhance the DAB
converter operation by choosing the TPS control parameters
fulfilling (12) with a closed-form equation, defining their

evolution over the power range for a given m. Fig. 3 shows
the flowchart of the proposed method. First, the reduced-order
model of the DAB converter with the TPS modulation is
combined with power loss models to construct a comprehen-
sive map of the operating points. Then, using an Exhaustive
Search Algorithm (ESA), the operating points for problem
minimization across the power range are identified offline, by
their control parameters (¢, D1, and Ds). Later, a polynomial
expression for each TPS control parameter is derived using an
automatic linearization algorithm.

B. Data generation and searching stage

Offline, for a designed DAB converter (transistors, inductor,
and HFT are known) and a given specification (V1, V5, and f),
all data of interest to evaluate the DAB performance over the
entire range of variation of the TPS parameters are calculated,
for the operating Modes of the converter shown in Fig. 2.
Later, an ESA is performed looking for the operation points
that minimize (12) over the power range. The points generated
conform the 7'1 trajectory of the control parameters.

Considering the design of the DAB; summarized in Table
IT for m = 2 the results found by the ESA are shown in Fig. 4
depicted in gray. At this point of the process, the results are not
linear and present abrupt variations depending on the precision
of the calculus and the sweep accuracy while generating the
searching map.

C. Automatic linearization of the TPS control parameters

The TPS control parameters found in the previous step are
processed using an automatic linear regression algorithm to
smooth the results. Linear regression method is chosen due
to its simplicity and widespread use as a suitable approach
for modeling the data. The algorithm progressively increases
the degree of the polynomial until it meets two criteria: an
R-squared value greater than 90%, and an increase in the
degree that does not improve the fit by more than 1%. The
dimensionless, independent variable in the fitting is named
here K, defined in (13) and considers constant V;:

K. = P Mpom
vp —

(13)

P?’LOTII, m

Fig. 4 shows the obtained linearized solution of the TPS
control parameters.

V. VALIDATION

This section provides validation of the proposed methodol-
ogy by testing it in a variety of contexts to show its potential.

First, the adaptability of the method to different specifi-
cations is tested with detailed numerical simulations. Table
II summarizes the specifications for three different DAB
converter designs chosen to emphasize the validity of the
proposed method and the consistency of the results.

The design DAB; is sized to have balanced the switching
and the conduction losses, while the other two designs (DAB,
and DAB;j) push further the conduction losses and the switch-
ing loss respectively. The inductance L is designed to ensure
that the maximum allowable power transfer is the maximum
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TABLE 11
SPECIFICATIONS OF THE DAB CONVERTER DESIGNS
Param. DAB, DAB, DAB3
Vi 200V 200V 200V
Vo [280 — 400] V/ 400V 400V
f 50kHz 50kHz 500 kH z
Prax 550 W 1100 kW 550 W
364 uH 181 uH 36.4 uH
P42/29 P42/29 | ETD34/17/11
L 3C95 3C95 3F'36
N =56 N = 56 N =48
140020.04 (z1) | 140020.04 (z1) | 1400x20.04 (z1)
36 mH 18 mH 3.6mH
E65/32/27 E65/32/27 PQ35/35
HFT 3C95 3C95 3F'36
n =064:64 n =64:64 n = 26: 26
140020.04 (1) | 140020.04 (z1) | 140020.04 (z1)
Transistor IMW65R107M1H

power P,,,, when the TPS control parameters are at their
maximum values (D; = Dy = 1, and ¢ = 0.5) which is a
common practice for a widened ZVS region [15].

Fig. 5 shows the results of the three different DAB designs,
where the curves corresponding to the TPS control parameters
obtained by the optimization problem are practically superim-
posed. As the power transfer depends on Vi, Vo, T and L as
shown in Table I, the expected rms current minimization will
remain the same if the relationship between these parameters
keeps the same. Therefore, once all the specification values
are settled, the resultant polynomials will only vary according
to m for a normalized power range.

For the designs studied, the solutions of the proposed

method produce a non-obvious conclusion: a 3rd-order poly-
nomial gets the expected rms current minimization fulfilling
the confidence criteria. The existence of polynomials providing
the required minimization implies an improvement over pre-
vious data-driven and model-driven works regarding control
simplicity, robustness, and computing consumption.

The proposed method is compared with [8] and [9], which
are acknowledged as good examples of model-driven and data-
driven methodologies, respectively. Fig. 6 shows the D; and
D, trajectories published in said references, with the proposed
solution superimposed. As shown, the proposal’s trajectories
are close to the solution in [8] along most of the power range,
as the data come in both cases from analytical modeling. In
contrast to [9], the proposal does not use experimental data
during the optimization process. As a result, the outcomes
differ, although the trajectories exhibit similar trends. Finally,
Fig. 7 shows the time simulation of the inductor current for
K, = 0.25 (marked with a dotted line in Fig. 6), comparing
the proposal with the referenced approaches. The results val-
idate the proposed method’s effectiveness in reducing power
losses in DAB converters, showing strong consistency with the
previously published approaches.

VI. CONCLUSION

A novel optimization method is proposed, combin-
ing model-driven and data-driven optimization approaches’
strengths, to achieve a simplified, linear solution for computing
TPS control parameters to minimize rms current in the series
inductor of the DAB converter. The proposed method uses
polynomial fitting of the TPS parameters trajectories previ-
ously obtained within analytical data points using ESA. The
obtained polynomials enable the required operation across the
power range and ensure smooth transitions between Modes
with minor error compared to purely analytical results.

Key insights from the designs used for validation highlight
that a 3rd-order polynomial is sufficient to meet confidence
requirements. Once the DAB design is defined, preliminary
results show the polynomial order and coefficients will remain
nearly constant across different converter designs, provided the
m ratio stays the same.

The findings imply a significant improvement over previous
works since the simplicity achieved offers enhanced control
robustness and low computational burden. Also, the proposal
reduces the time to achieve an optimized solution and simpli-
fies implementation, making it more accessible for practical
applications.
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