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Abstract—A unified control software is typically designed and
tuned for structurally identical Dual Active Bridges (DABs)
based on worst-case hardware parameters. However, improving
dynamic behavior, efficiency and resource utilization requires
precise knowledge of each individual unit, since even identi-
cally built systems may exhibit different characteristics due to
component tolerances and varying operating conditions. This
necessitates either additional sensors or individual testing and
adaptation of each DAB’s control algorithm. To address this
limitation, this work presents an online parameter identification
method that estimates the leakage inductance with less than 2%
deviation without requiring extra sensors. Additionally, the iden-
tified inductance is used to adjust the control algorithm in real
time, thereby improving efficiency and enabling higher maximum
output power by relaxing conservative software constraints, while
ensuring operation within the safe operating area.

Index Terms—DC-DC power converters, Dual Active Bridge,
Parameter identification, Hardware utilization, Safe Operating
Area

I. INTRODUCTION

The Dual Active Bridge (DAB) is a promising galvanically
isolated DC-DC converter topology suitable for a wide range
of applications. As demonstrated in [1], for instance, future
systems are expected to be produced in high volumes to lever-
age economies of scale and reduce costs. However, large-scale
manufacturing introduces tolerances that lead to parameter
variations between production batches. In addition, operating
conditions such as temperature fluctuations and aging further
influence the parameters of the DAB over time.

The control of power transfer in a DAB directly depends
on the combined leakage inductance of the Medium-frequency
transformer (MFT) and its connections to the semiconductors.
To deal with these variations, which can reach up to +£20 % [2],
[3], while keeping development costs and complexity low,
a standardized control system is typically applied across all
similar designed DABs. Since individual testing and adjust-
ment of each module are impractical, the control algorithm
must be capable of handling worst-case parameter deviations.
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This requirement leads to a conservative controller design that
limits the utilization of the hardware’s full potential.

To overcome these limitations, online parameter identifica-
tion and adaptive control become essential for maintaining
and optimizing system performance. A major challenge in
identifying leakage inductance in high-power MV DABs is
the small inductance value and its interaction with the para-
sitic capacitances of the semiconductors during commutation.
Although online identification of leakage inductance in DABs
has been widely studied, most existing approaches have been
validated on low-power systems (< 2kW), where parasitic
effects are less significant. Several representative methods have
been proposed: [4] employs a recursive least-squares method
to estimate the equivalent local leakage inductance. In [2],
an adaptive deadbeat controller is introduced to identify both
the leakage inductance and the output capacitance. However,
its capacitance estimation depends on the inductance mis-
match. The authors of [5] propose a model predictive control
approach in which the leakage inductance is continuously
adapted, but this method relies on accurate knowledge of
the output capacitance of the DAB and neglects commutation
effects. A semi-online identification method is presented in [6],
which iteratively refines parameters by comparing measured
and simulated data, although only modeled parasitics can be
identified. Overall, these methods primarily aim to improve
voltage control dynamics rather than achieve comprehensive
system optimization.

This paper focuses on identifying the leakage inductance
and its influence on the operation of a 450kW DAB. The
key distinction in high-power DABs lies in the pronounced
non-linearity of their power transfer characteristics, as demon-
strated in [7]. Instead of relying on a locally linearized equiv-
alent inductance, the algorithm identifies the actual physical
leakage inductance. Accurate identification enables improved
control dynamics, better selection of modulation strategies,
and enhanced utilization of semiconductor devices while main-
taining their Safe Operating Area (SoA). These improvements



—;,\
L
T3
L |-
3

<
L
L |-
T3

P

|
|
-
=
()
N4

O

=
R

Il

I

UAC pj

[
=
[

L
3T
3T
L
3T

Current
PI-Controller

]s,mod‘ Is

Fig. 1: Idealized equivalent circuit of DAB with constant voltage load.
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Fig. 2: Control structure of the DAB with PI-controller and modulator.
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contribute to higher output power capability and increased
reliability.

II. TOPOLOGY AND MODULATION

Fig. 1 illustrates the ideal equivalent circuit of a DAB. The
DC link voltages are denoted by U,, and the corresponding
AC voltages at the transformer terminals by wuac, ., where
x € {p,s} refers to the primary and secondary side of the
DAB, respectively. The input and output currents are labeled
as I, while the AC current on the transformer’s secondary side
is denoted by iac . The transformer’s leakage inductance is
represented by L, and its turn ratio by n. Fig. 2 shows the
control structure of the DAB with the setpoint current I, the
PI-controller and its output variable I mod.

A. SPS Modulation

While operating the DAB at unity gain voltage ratio
(nUp, ~ Us) and high output power, Single Phase Shift
(SPS) modulation is typically employed. When applying SPS
modulation the power transfer characteristic of an ideal DAB
can be described with (1), as first presented in [8]. The control
variable ( represents the phase shift between the fundamental
components of the AC voltages uac,p and uac,s generated by
the two full-bridges. The variable f;,, represents the switching
frequency of the DAB.

UoUs
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B. TCM Modulation

If the DAB is operated with lower power and buck
(nUp > Us) or boost (n U, < Us) mode, typically Triangular
Current Mode (TCM) modulation, as presented in [9], is
applied. With TCM modulation three Degrees of Freedom

(DoF), the phase shift ¢ between the full-bridges, and 4, and
ds as the phase shift within each full-bridge, are used to shape
the current waveform in the AC path to a triangular shaped
current. This ensures minimum RMS current and therefore
minimal conduction losses [10]. The transmitted power is
calculated with (2). The resulting additional phase shifts are
then calculated as shown in (3) and (4).
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III. PROPOSED ALGORITHM

The online identification of the DAB’s leakage inductance
is based on comparing the idealized current transfer char-
acteristic with actual operating behavior for positive and
negative currents that exceed the threshold current I jgent,min
during SPS modulation. This minimum identification current
I ident,min 18 calculated according to expected parasitic effects
of the system such as the leakage inductance variations,
commutation capacitances of the MOSFETs and non-linear
control variables. These deviations between the ideal and the
actual transfer characteristic provide information about the
mismatch between the initially assumed and the actual leakage
inductance. The implemented value of L, g, is automatically
updated accordingly, causing the controller, modulator, and
operating limits to adjust to the new parameter. The overall
identification process is illustrated in Fig. 3.

A. Mathematical derivation of the identification process

Equations (5) and (6) are both derived from the same ide-
alized power transfer characteristic given in (1). The resulting
output current /5 of a DAB can be calculated using (5), where
all variables are representing the actual physical quantities of
the converter. Additional parasitic effects, such as the commu-
tation process, analyzed in [11], [12] and equivalent system
resistances that affect the output current, are summarized in
the error term e.

U
I(9) = gy 2 wlm = lol) + e 5)

In contrast, (6) is used by the modulator to determine the phase
shift angle ¢ from the modulator current setpoint I 0q. The
only difference between both equations is the value of the
leakage inductance. While (5) uses the actual inductance L,
the modulator applies the software-defined value L g, which
may deviate from the true physical value, i.e., Ly # Lo gyw-
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Fig. 3: Flowchart of the AC leakage inductance parameter identification.

As a result, the modulator current setpoint and the actual
output current of the DAB differ, ie., Iy # Ismoq. This
deviation can be used to derive a mathematical relationship.
By applying the substitutions from (7) and (8), and inserting
©(Is moa) from (6) into (5), the expression in (9) is obtained,
assuming all other parameters are correctly defined.
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Equation (9) shows that the output current I is proportional
to the modulator setpoint I 4, scaled by the ratio of the
implemented (L, sw) to the actual leakage inductance (L),
plus an error term e. If the output current magnitude exceeds
the threshold current |I5| > I ident,min, Parasitic influences in

the transfer function (TF) and therefore ¢ become negligible
[7], [13]. With this assumption, the ratio gse., Which represents
the secant gradient of the TF for high-power operation points
(OPs), can be calculated with (10). To identify the leakage
inductance that best approximates the real value (Ly ~ L,),
(9) can be rearranged into (11).

Is,mod,max - I&mod,min

(10)

Jsec =

Is,max - Is,min

(an

The current Paifs (Is,mod,max’ Is,max) and (Is,mod,min’ Is,min)
required to evaluate (10) are tracked during regular operation
at high-power OPs, either through an error storage system [13]
or a superimposed value-tracking mechanism.

In typical implementations, a closed-loop controller, such
as a PI-controller, continuously adjusts I o4 to minimize the
deviation between the actual and the desired output current,
ie., Ismod 7 Is = I7. The setpoint I} is either defined by
the application or actively modified to initiate an identification
cycle. Although this superimposed controller affects I 04, it
does not interfere with the inductance identification process,
as the recorded current pairs remain valid.

L, ~ Z/U = Jsec * La,sw

B. Adaption of operation limits

As shown in (1) and (2), the maximum output power
Py max of the DAB is directly influenced by the leakage
inductance. When the maximum permissible AC peak current
i Ac 1s defined based on the switching current limits of the
semiconductors, both the output power and the switching angle
(o must be constrained according to the operating voltages and
the expected leakage inductance. This is done according to
(12) for SPS modulation and (13) for TCM modulation [14].
Consequently, accurately estimating the leakage inductance
improves the precision of these limits. This either increases the
maximum transmittable power and utilization if the leakage
inductance is underestimated, or reduces the maximum output
power if the leakage inductance is overestimated, ensuring
operation within the SoA.

In operating regions where both modulation schemes are
feasible, the choice between them and their respective lim-
itations also affect power losses. Hence, the efficiency gain
achieved through optimal modulation scheme selection de-
pends directly on the accuracy of the identified leakage in-
ductance.

nyUp

PSPS,AC,maX =
'I’LtUpUS 1— (m for ntUp > U,

. o (12)
8fsng 1— (m> for ntUp < Uy

fowloida | U,  for nyU, > Us
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InUp — Us| | Us for n U, < Us
(13)
Fig. 4 illustrates the absolute increase in software limited
maximum output power when ensuring SoA-compliant op-
eration according to [14]. It shows the achievable power
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inductance L, is 10.0 uH instead of an expected Lo sw = 9.0uH. The
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Fig. 5: Relative increase in software limited maximum possible
output power, if the actual leakage inductance Lo is 10.0 uH instead of an
expected Ly sw = 9.0 puH (= +11.1 %). The black circle marks the nominal
OP.

Ps, max
max

difference APs max = Psmax(10.0uH) — Py 12 (9.0uH) for
the DAB described in Section IV, when the actual leakage
inductance is L, = 10.0uH and the deviation from the ini-
tially assumed value of L, 4, = 9.0 uH is correctly identified.
The corresponding relative increase is presented in Fig. 5. The
black circle in both figures marks the nominal OP. When
the DAB operates with a voltage gain close to unity, thus
using SPS modulation, no improvement in maximum output
power is achieved, since the power is then limited not by the
leakage inductance but by maximum power losses. Conversely,
if the actual leakage inductance is smaller than expected,
the maximum output power must be reduced accordingly to
maintain safe operation.

IV. SYSTEM SETUP

Fig. 6 illustrates the test bench configured as a back-to-
back (B2B) setup consisting of two DABs to test the proposed

Fig. 6: 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 Up 680 V-840 V
Secondary voltage Us 1300 V-2100 V

Maximum output current Is +250 A
Maximum AC current iAC 450 A

DAB switching and control frequency  fsw, feon 15kHz

FMF1200DXZ-24B
FMF750DC-66A

Semiconductors primary side
Semiconductors secondary side

Transformer winding ratio i 1:25
Leakage inductance Lo 9.0uH
Magnetizing inductance Ly 3.75 mH

method. Each DAB includes the complete power stage as well
as the associated measurement and control electronics. One
DAB controls the LV-side U,, while the other serves as the
device under test, in which the parameter identification and
controller adaption are implemented. This DAB controls the
output current Iy on the MV side and thus determines the
transmitted output power FP;. The voltage on the secondary
side is maintained by an external MV power supply.

The leakage inductance of the AC path, including the MFT
and the connection cables, is approximately L, ~ 9.0 uH, and
the magnetizing inductance is Ly =~ 3.75mH. Both values
were measured using a Power Choke Tester DPG10-1000B.
The relevant DAB parameters are summarized in Table I.

V. EXPERIMENTAL RESULTS

This chapter presents the results of the identification process
and the subsequent adaptation of the DAB. The physical
leakage inductance is assumed to be L, = 9.0 ul and remains
constant throughout the tests. The minimum identification
current of I ident,min = 175 A is calculated according to
datasheet values of the parasitic capacitances of the used
semiconductors [15], [16].

A. Detecting the Leakage Inductance

Fig. 7 shows the resulting transfer characteristics for positive
and negative currents. It can be seen that they approach a



TABLE II

Data tuples collected during the operation of the DAB with Up = 720V and
modified values of Ly sw and Us.

*: Measurement was conducted with Is max = 200 A.

Us Lo’,sw Is,rnod,max Is,mod,min -Z/a
1800V 7.0uH 288.5 A* —249.3A 8.86 uH
1800V 8.0uH 283.2 A —218.2A 8.91 uH
1800V 9.0uH 251.1A —190.9 A 8.84 uH
1800V  10.0uH 226.8 A —174.6 A 8.92uH
1800V  11.0uH 205.5 A —157.9A 8.88 uH
1764V 9.0uH 231.5A —215.5A 8.94uH
1782V 9.0uH 244.7 A —201.2A 8.92uH
1818V 9.0uH 261.5 A —183.5A 8.90 uH
1836 V 9.0 uH 268.5 A —175.3 A 8.88 uH

300
— — —-Ideal TF
200 - Logw = 7.0uH
Ly gw = 8.0ull
100 Losw = 9.0ul
Lysw = 10.0uH
Lysw = 11.0uH

=
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Fig. 7: Relationship between necessary modulator setpoint /g 1,04 and output
current Is of the investigated DAB with U, = 720V, Us = 1800V and
different software-implemented leakage inductances Ly sw.

constant gain for higher output currents I5. The collected data
tuples for high positive and negative output currents under
SPS modulation are summarized in Table II. To evaluate the
reliability of the detection process, both the secondary-side
DC link voltage Us and the implemented leakage inductance
Lo sw were varied.

All data tuples for positive currents were recorded at
Ismax = 225 A, except for the case with L, g, = 7.0uH,
where the current had to be limited to Is max = 200 A due
to data-type issues. For negative currents, the output current
was controlled to I min = —225 A. Substituting these tuples
into (11) yields the identified leakage inductance L., as
shown in the last column. The deviation between the identified
and measured inductances remains below 2 %, confirming the
accuracy of the proposed algorithm. In fact, it can even be
assumed that the actual leakage inductance in the operational
setup is 8.9 uH rather than 9.0 uH, as measured in the slightly
modified test configuration.

B. Adaption of the modulation scheme

The measured efficiency gain in the boundary area between
TCM and SPS is depicted in Fig. 8. The solid line, calculated
with the actual leakage inductance of L, = 9.0 uH, represents

200
—-—--Limit, L, s = 8.0uH 2.8 5,
N Limit, Ly g = 9.0uH 2
= \ imit. I 2.6 .5
=~ 150 \ — — - Limit, Ly = 10.0ul 0
g D R Limit, Ly = 11.0uH 9.4 ?5
€ 100 2.2 O
£ i =
a =]
- 2 =
= =10}
o
= 50} 1.8 E’
o Z
O
1.6 &
53|
0 " " " "
1750 1760 1770 1780 1790 1800

Output voltage U in V

Fig. 8: Measured efficiency gain in %pt. in the boundary area, if TCM is
used instead of SPS. The primary side voltage is set to Up = 720 V.

the physical limit of the output power for the given DAB with
TCM. Above this limit, TCM modulation becomes unusable
due to modulation constraints and must be replaced by another
scheme, e.g. SPS. Below the solid line, both modulation
schemes are applicable. However, in this operation area TCM
consistently outperforms SPS in terms of efficiency. The dash-
dotted, dashed and dotted lines correspond to calculated TCM
power limits for leakage inductances of 8.0 pH, 10.0uH and
11.0 uH, respectively.

Fig. 8 shows that if the leakage inductance is estimated
to be bigger than the actual value, the controller reaches
its calculated power limit earlier and prematurely switches
to the less efficient SPS modulation. Therefore, accurate
leakage inductance identification allows selecting the optimal
modulation scheme in this boundary area, thereby improving
efficiency by approximately 2%pt. In contrast, underestimating
the leakage inductance has no significant impact, as the
modulation scheme automatically changes from TCM to SPS
when the physical output power limit is reached.

C. Update of the Power Limits

To illustrate the impact of deviations between the expected
and actual leakage inductance on the achievable output power,
the DAB is operated at its controller limits using TCM at
Us ~ 1440 V. The maximum power at this OP is determined
by the permissible transformer peak current iAC

Fig. 9 shows the resulting AC current ¢ac s in the time-
domain during the positive current interval of the switching
period. For these measurements, the maximum allowable AC
current is set to i ac = 300 A, indicated by the red area.

Due to the limited performance of the secondary-side power
source, the voltage is not perfectly controlled to Us = 1400V,
but is superimposed by a ripple for the different OPs. Con-
sequently, the slopes of the AC currents differ slightly. Nev-
ertheless, the controller considers the measured instantaneous
voltages and calculates the operational limitations accordingly.
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Fig. 9: Measured transformer currents ipc,s with a maximum permissible
AC current iAQ,max = 300 A. Operation with TCM and Us = 1440 V.

If the expected leakage inductance is higher than the actual
inductance (dark green and dark blue lines), the AC peak
current exceeds the specified SoA of the system, reaching
up to iacs = 350A in this example. Conversely, if the
expected inductance is lower than the actual value (light green
and red lines), the controller prematurely limits the output
power, resulting in underutilization of the system. When the
leakage inductance is correctly identified and the expected
value is updated accordingly (light blue line), the AC peak
current remains within approximately +5% of the specified
transformer peak current i ac. This ensures operation within
the SoA while increasing hardware utilization.

VI. CONCLUSION

This paper presents an online methodology for identifying
the combined leakage inductance of the MFT and its connec-
tion wires, and for automatically updating the corresponding
software parameter in a DAB. The method compares the mod-
ulator current setpoints with the measured secondary currents
and applies a secant-gradient evaluation of the transfer char-
acteristic to estimate the deviation between the implemented
and the actual leakage inductance. Experimental validation
demonstrates that the identified inductance deviates by less
than 2 % from reference measurements obtained with special-
ized laboratory equipment.

Incorporating the accurately identified inductance into the
control and observer algorithm originally designed for worst-
case conditions enables improved control and more precise
estimation of transformer peak current. This ensures operating
in the SoA of the semiconductors, while improving hardware
utilization of the system. Moreover, precise parameter esti-
mation supports a better evaluation of modulation boundaries
resulting in an improved efficiency by up to 2 %pt. at specific
operating points.
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