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Abstract—In this paper, an online self-adapting and self-
optimizing algorithm for increased efficiency of a high power
Dual Active Bridge (DAB) in Triple Phase Shift buck and boost
operation is presented. The algorithm estimates internal losses
and performs iterative optimization steps during operation in the
direction of the steepest descent, without requiring additional
high-precision voltage or current sensors. Due to the working
principle of the algorithm it is ensured that only operation
points with lower losses are chosen for the next optimization
step. Experimental results demonstrate that switching angles
derived from precalculated Circular Current Injection method or
Triangular Current Mode modulation can be further improved
to reduce losses. A loss reduction of approximately 20 % can be
achieved using a 450 kW medium voltage DAB testbench.

Index Terms—Optimization, Energy efficiency, DC-DC power
converters, Dual Active Bridge, Triple Phase Shift

I. INTRODUCTION

In order to improve the efficiency of a Dual Active Bridge
(DAB) in buck and boost operation, two main loss mechanisms
are investigated in literature. The conduction losses caused by
the root mean square (RMS) current and the resistive part
of the AC circuit, as well as the switching losses of the
semiconductors. Closed-form equations aimed at improving
the modulation scheme to minimize RMS current and thereby
reduce conduction losses are presented in [1]. In contrast, other
approaches rely on analytical, numerical, and measurement-
based methods to derive optimized Triple Phase Shift (TPS)
switching patterns that enable zero voltage switching (ZVS)
of the semiconductors, thereby reducing switching losses [2]-
[7]. A closed-form solution for ZVS modulation was proposed
in [8]. More recent works also consider additional effects,
such as adapting the switching current based on the nonlinear,
voltage-dependent output capacitance [9], accepting higher
RMS and peak currents to ensure ZVS [10], or treating
the switching frequency as an additional Degree of Freedom
(DoF) [11] to extend the ZVS area. In [12], [13] detailed
and rigorous mathematical models of the DAB including the
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transformer winding and core losses are derived and optimized
to get the optimal switching angles.

All of the improved TPS modulation techniques with opti-
mized switching angles have in common, that higher AC RMS
currents and therefore higher conduction losses are accepted to
ensure ZVS for each turn-on transition of the semiconductors.

However, all of these approaches either rely on datasheet
values, additional measurements of the existing hardware, or
precise mathematical models of the DAB. Aging, temperature
effects during operation, and manufacturing deviations are
difficult to consider during the life cycle of the system.
Nevertheless, the aforementioned aspects significantly impact
system behavior, resulting in non-optimal outcomes for offline-
optimized methods. In [14], an algorithm was presented that
modifies the switching angles of the semiconductors online to
improve efficiency based on theoretically derived ZVS and
minimum RMS trajectories. The feedback loop for finding
the operation point (OP) with maximum efficiency along the
algorithm’s predefined trajectories is closed using an external
power meter (PM).

In this paper, the idea of online optimization is extended to
be less restrictive and more applicable to a wider range of uses.
Both constraints, achieving ZVS and minimizing RMS current,
are relaxed in favor of the overarching objective: minimizing
total losses at the requested OP with Triangular Current Mode
(TCM) modulation. To further enhance usability, the proposed
method does not require an external PM but instead relies
entirely on existing sensor data from the DAB. The proposed
algorithm builds on the concept of circular current injection
(CCI), originally introduced in [15]. Unlike the approach in
[15], the circular currents are not derived from datasheet values
but are optimized online. Therefore, the method is referred to
as Online Optimized Circular Current Injection (OOCCI).

II. TOPOLOGY

Fig. 1 illustrates the ideal equivalent circuit of a DAB. The
DC link voltages are denoted by U,, and the corresponding



T;\
L
T3
L |-
3

<
L
L |-
T3

P

Y
Il
|
.
=
)
N\

H,’\('_pj i/\(‘
i .S
L

m

IFT
IFT
IFT

éép}

Fig. 1: Idealized equivalent circuit of DAB with constant voltage load.

AC voltages at the transformer terminals by uac ., where
x € {p,s}. The index ’p’ refers to the primary side and ’s’ to
the secondary side of the DAB. The input and output currents
are labeled as I, while the AC current on the transformer’s
secondary side is denoted by iac,s. The AC leakage inductance
is L, and the transformer’s turn ratio is represented by n;.

The following equations (1)—(3) are used for an ideal DAB
to achieve minimum RMS current in the AC circuit with low
power buck and boost operation for the desired output current
I7. This operating mode, referred to as TCM modulation, is
based on the results presented in [16]. The outer phase shift
¢ € [—m, +] between the fundamental components of the AC
voltages uac,p and uac,s is generated by the two full-bridges.
It is determined by the output current setpoint I, the DC
link voltages, the leakage inductance L., and the switching
frequency fs, as described in (1). The phase shift within each
full-bridge is denoted by J,, where 6, = O corresponds to
maximum RMS voltage and d,, = 7 corresponds to zero output
voltage. The resulting ideal voltage and current waveforms
for TCM modulation during buck operation with positive
output current I > 0 A and power flow Ps=Us- I >0W
are illustrated in Fig. 2.
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III. LOSSES AND PARASITICS

Parasitic effects have a significant impact on the perfor-
mance and efficiency of the DAB. While some can be modeled
and compensated using nominal datasheet parameters, their
actual values often deviate due to manufacturing tolerances,
temperature variations, and operating conditions. These addi-
tional deviations are difficult to predict yet must be considered
alongside the parasitic elements themselves to ensure robust
and optimized system operation.
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Fig. 2: Ideal current and voltage waveforms with TCM modulation to
achieve minimum RMS current for buck operation with positive output power
(ntUp > Us, Ps > 0W).

A. DAB losses

During the operation of a power electronic system, several
predictable effects contribute to the overall power loss. For a
DAB in particular, the total power loss can be expressed as
the sum of four components, as shown in (4). The conduction
losses Peon, given by (5), result from the AC current Izc
flowing through the total series AC resistance R of the semi-
conductors, transformer windings, and connecting conductors,
including their interfaces. Switching losses Pk, defined in (6),
occur during the turn-on and turn-off transitions of the eight
semiconductors. Iron losses Py, described by (7), originate
in the transformer core and are caused by eddy currents and
magnetic hysteresis effects based on material constants [17],
[18]. These three components typically represent the dominant
contributions to the total power loss [9] and can be estimated
using datasheet parameters and empirical data, supplementary
measurements, and analytical models. For instance, a detailed
analysis of (5)-(7) for improved switching angles of the DAB
to minimize the loss function is done in [13].

However, the fourth component of (4), denoted as the
additional loss term P,q44, is not explicitly considered in the
optimization. This term is difficult to quantify and cannot
be clearly assigned to a single physical mechanism. In this
work, it represents all deviations from the expected losses
caused by model inaccuracies, unmodeled parasitic effects that
lead to different voltage and current waveforms, and measure-
ment uncertainties. The key contribution of this paper is to
inherently include these additional parasitic or deviating loss
effects, detailed in the following section, in the optimization
process.

]Dloss = Pcon + Psw + -Piron + Padd (4)

Peon = R - Iic (&)
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B. Additional parasitic effects

Offline calculations and optimizations are inherently prone
to inaccuracies, as they rely on expected datasheet parameters
and presumably correctly measured values of the test setup.
However, several factors cause deviations of the real hardware
from the mathematically modeled system in software.

1) Resistive effects: The copper resistance of the AC circuit
is temperature dependent and increases by approximately 25 %
for a temperature rise of AT = 65K. In addition, the on-
state resistance of the semiconductors rps on can increase by
up to 120 % over the full temperature range [19], [20]. Both
effects directly influence the conduction losses but also cause a
superimposed exponential decay of the transformer AC current
iac. This change in the current waveform in turn affects the
switching losses.

2) Transformer deviations: Manufacturing tolerances com-
bined with temperature-dependent variations of the trans-
former’s AC inductance L, can lead to deviations of more than
+20 % [21]-[23]. For highly utilized transformers, saturation
effects may additionally alter the effective AC inductance at
high current levels. Depending on the OP and the AC voltages
on both sides, the superimposed magnetizing current in the
transformer’s main inductance also affects the semiconductor
switching behavior. Moreover, additional losses may arise
from eddy currents in the transformer case or in nearby con-
ductive materials exposed to varying magnetic fields radiated
by the connection wires.

3) Deviations in the commutation capacitance: The equiva-
lent commutation capacitance C,q of the semiconductors, and
therefore the charge (Qoq required to achieve ZVS, depend
on the operating voltage [8], [19], [20]. However, since an
infinitely high resolution cannot be realized in the lookup table
(LUT), discretization errors are introduced when storing the
offline optimized switching angles across the entire voltage
operating range of the DAB.

4) Commutation effects of the semiconductors: The com-
mutation behavior of the semiconductors depends on the
drain current [19], [20] and varies with temperature due to
changes in transition times and threshold voltages [20], [24],
[25]. Additional timing mismatches between the primary and
secondary gate drivers further influence the effective inner
and outer switching angles, resulting in deviations from the
expected current and voltage waveforms.

5) Measurement errors: Inaccuracies in the measurement
system, particularly in the voltage and current sensing circuits,
can lead to errors when reading-out and applying the offline-
optimized switching angles during operation.

IV. CONCEPT

In this chapter, the principle of the self-adapting algorithm
for online loss minimization for TCM modulation is presented.
The concept is based on a systematic modification of the
DAB'’s switching angles, followed by a comparison of the
estimated power losses using measured DC system data. A
superimposed controller compensates for the angle variations
and ensures that the transmitted output current and power
remain at their desired values. In contrast to previous publi-
cations [1], [7]-[11], [15], the proposed self-adapting method
does not require additional measurements or offline-optimized,
highly accurate mathematical models. Moreover, it eliminates
the need for external measurement equipment, such as the PM
used in [14], to determine the expected point of maximum
efficiency. In general, the OOCCI algorithm does not explicitly
aim to minimize specific loss components, such as conduction
or turn-on losses, but rather the total power losses irrespective
of their origin.

A. Power loss estimation

To avoid the necessity for a precise external PM, inherently
available measured sensor data for voltage and current are
used to estimate (marked with ’~’) the power P, on both
sides of the DAB as shown in (8). Although the measured
values ("'m’ index) are subject to errors of offset, gain and non-
linearity, this method remains valid if the transfer function of
the measured values exhibits strict monotonic behavior. This
means, that a higher physical value has to have a higher digital
representation and vice versa. Additional inevitably superim-
posed measurement noise can also be neglected since digital
filters can be used during the optimization process of the
quasi-stationary OP. Without loss of generality only positive
output current and power are considered in the following.
Consequently, the relation |P,| > |Ps| holds.

p:r = U:c,m . Iz:,m (8)

The optimization objective is to minimize the estimated
power losses ]51055, which are obtained from the difference
between estimated input and output power, as expressed in
(9) while keeping the output current I at its setpoint value.

F)loss = Pp - Ps = Up,m . Ip,m - Us,m ' Is,rn (9)

B. Modification of switching angles

For the investigated operation of the DAB, both voltages
U, and U are assumed to be quasi-stationary and they are
regulated by external voltage sources, while the output current
I is directly controlled by the converter. Hence, reducing the
primary current I, also corresponds to minimizing Plogs and
therefore increasing the efficiency npag (U, Us, I5) at this OP.

To reduce the losses, the switching angles ¢ and ¢, can
be modified. This is done by adding offsets Ay and Ad,, as
shown in (10) and (11), respectively. These offsets represent
intended deviations from the ideal TCM modulation equations.
Exemplary modified voltage and current waveforms are shown
in Fig. 3. As explained in [15], changing ¢ and either d,, on
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Fig. 3: Current and voltage waveforms with modified TCM modulation
to achieve lower losses in buck operation with positive output power
(ntUp > Us, Ps > 0OW).

boost (n U, < Us) or ds in buck mode (nyU, > Us) allows
for adjusting the switching currents of the semiconductors
independently. This modification uses two of the three DoF
in shaping the current waveform. The third DoF is necessary
to control the output power.

' =p+Ap (10)

5% =6, + AG, (11)

C. Optimization process

To realize this optimization in a computationally efficient
manner, a steepest descent algorithm is employed to minimize
the estimated losses 151055. The algorithm iteratively adjusts
the switching angles by applying a modification vector to
the initial angles derived from TCM modulation, expressed as
Oék) = (Aph), Aé;k))T where & denotes the iteration index
of the optimization process. The procedure is illustrated in the
flowchart in Fig. 4 and detailed below.

1) Estimate the power losses ﬁoss(ﬂ(k)) at the initial switch-

ing angle modification vector 6’(()’3

2) Apply the variation vector m = m - & = (m,0)T to the

initial point. Estimate 151085(95’“>).

3) Apply a second, linearly independent

n=n-& = (0,n)T. Estimate ]51055(9(216)).

4) Approximate the local steepest descent direction p

variation

(k)

temp*

-Ploss ) -Ploss(e(k)) N
ptemp Z (k (k) *€q (12)
=1 04 — 60|
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Fig. 4: Flowchart of the steepest descent OOCCI optimization algorithm.

5) Vary a®) over the set of values a'®) = {0,1,..., amax}
until a local minimum of 151055(0;’“) is found along p(*:
g(k) g(k) + a®) . p*) (14)
6) Update the current best switching angle modification with
the o*(¥) that lead to the local minimum along p*) and
estimate ]51053(0(()k+1)).
7) If a**) > 0, increment k by 1 and go to step 2.
8) If |Im| < Muin and |n| < 1y, the algorithm terminates.
9) If the termination condition is not met, multiply the
variation vectors with the factor 0 < A < 1.
10) Increment k£ by 1 and return to step 2.

The parameters m, n, Mmin, Mmins ¥max and A used in the
algorithm represent tuning variables that require appropriate
configuration to ensure efficient convergence.

If the algorithm terminates, the resulting switching angle
modification vector Oékﬂ) leads to the estimated loss mini-
mum. As operating conditions such as temperature and output
power of the DAB vary continuously, the algorithm should be
executed repeatedly. Using the previously determined optimal
vector as the new initial guess improves convergence.



Fig. 5: Two 450 kW DABs configured in a B2B setup.

TABLE 1
Parameters of the MV DAB referred to the secondary side.
Parameter Symbol Value
Nominal output power Phom 450 kW
Primary voltage range Up 560V — 800V
Secondary voltage range Us,max 1400V — 2000V
Maximum output current Is,max +250 A
FPGA clock frequency frrPcaA 150 MHz
Switching and control frequency fsw 15kHz

FMF1200DXZ-24B

FMF750DC-66A
1:2.5
9.0 uH

Semiconductors primary side
Semiconductors secondary side
Transformer winding ratio ng
Leakage inductance Lo

V. TEST BENCH

Fig. 5 shows the test bench with a back-to-back (B2B) setup
using two DABs. Each DAB includes both the power stage and
its associated measurement and control electronics. The real-
time control algorithm, as explained in [26], is implemented
on an field-programmable gate array (FPGA) with a clock
frequency of frpga = 150 MHz. One DAB controls the LV
side voltage U,. The other DAB, which is the Device Under
Test (DUT), has OOCCI implemented. The tuning parameters
of the algorithm are set as follows: m = 16, n = 16, muyi, =
2, Nmin = 2, max = 6 and A = 0.5. The DUT controls the
output current I; on the MV side. This also determines the
transmitted output power FP;. The voltage on the secondary
side Us is controlled by a power supply. To validate the results,
a Gen7tA PM by HBM is used to measure the efficiency of
the DAB. In Table I the most relevant data of the DABs are
summarized.

VI. EXPERIMENTAL RESULTS

To evaluate the performance of OOCCI, power losses
were measured using a PM across a relevant region of
the (Ap, Ad,)-plane, specifically for —80 < Ay < 10 and
—120 < Adg < 10, with a step size of 5 in each direction.
These values represent clock cycles of the FPGA and therefore
time steps tppga = prlGA' Fig. 6 shows these reference
measurements as the colored background, along with the
experimental results obtained using OOCCI at an OP of
Up =720V, Us; = 1620V, and I, = 50 A. Since the converter
operates in buck mode with positive power, Adj, is set to zero,
while Adg is varied [15].

2 0] @ Inital OP: 3180W

o ———== Local gradient

>

o -20 ©  Optimization steps 3200 E
< O  Final OP: 2609W =
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Fig. 6: Optimization process with OOCCI at Up = 720V, Us = 1620 V and
Is = 50 A. Here, Ad, = Ads.
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Fig. 7: Efficiency curve with OOCCI, CCI and unmodified reference at
Up =720V, Us = 1620V and up to Ps = 162kW.

The online optimization process starts at the initial OP with
Ay = Ad, = 0, marked in black, corresponding to measured
power losses of Pioss = 3189 W. The subsequent optimization
steps are illustrated in orange. Although the algorithm relies
exclusively on internal sensor data, the final OP, highlighted
in white, achieves power losses of Pyss = 2609 W, which is
within 2% of the global optimum of P, = 2559 W, indi-
cated in green. The optimized OP therefore achieves a loss re-
duction of approximately 20 % compared to the initial OP cal-
culated with the TCM equations. Consequently, the efficiency
improves from Npap init = 96.2% to pap,0occ ~ 96.9 %.

In practice, the OP of the DAB varies with the application’s
power demand. However, if voltage and current change grad-
ually, for example during the charging cycle of an electric
vehicle (EV), the currently optimized modification vector
defined by Ay and Ad, can be used as the initial condition
for the next optimization cycle.

Fig. 7 shows the efficiency curves of OOCCI, CCI, and
the unmodified reference for U, = 720V and U; = 1620'V.
While the analytical CCI approach [15] consistently outper-
forms the reference, the proposed OOCCI achieves an even
higher efficiency across the entire operating range.



VII. CONCLUSION

This paper presented an easy-to-implement, self-adapting
online optimization algorithm for improving the efficiency of
DABs under real operating conditions. The proposed OOCCI
algorithm systematically adjusts the switching angles during
operation, relying solely on inherently available sensor data.
It does not require offline calculations, high-precision sensors,
or external measurement equipment.

By minimizing the total power losses rather than focus-
ing on individual loss components, the algorithm inherently
accounts for parasitic effects such as temperature-induced
resistance changes, transformer manufacturing tolerances, and
variations in semiconductor switching behavior. Experimental
results obtained from a 450 kW DAB test bench demonstrate
that the algorithm can reduce total losses by up to 20 %.

The resulting optimized OP is within 2% of the global
optimum identified through reference PM measurements, con-
firming the effectiveness of the proposed self-optimizing ap-
proach. Owing to its simplicity, robustness, and adaptability,
the method is well suited for implementation in practical con-
verter applications such as EV chargers and grid applications.

Future work will focus on extending the approach to other
DAB modulation strategies, evaluating its robustness against
measurement errors, and investigating its convergence behav-
ior from different initial operating conditions.
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