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Abstract— Transformers are key elements in high power
dc/dc converters such as the dual active bridge. Special attention
is required because the dc-to-dc technique operates with non-
sinusoidal voltages and currents. Therefore, iron and copper
losses differ when compared to standard ac (sinusoidal)
operation and sinus based design rules are no more suitable. The
working principle of a dual active bridge (DAB3) relies on a
particular value of leakage inductance to control the power flow.
This inductance can be realized by the sole leakage inductance
of the transformer or by connecting an additional choke
inductance. The present paper shows the results obtained using
an evolutionary strategy applied to design a transformer. The
algorithm is adjusted to the particular conditions of the
converter such as the flux density waveform (DAB3). The
integration of the inductance can be performed by the design
strategy and the design is compared to the external choke
inductance solution. At this stage of work, the overall test bench
setup is verified using simulations.

Keywords— transformers, medium-frequency, evolutionary
strategy, magnetic measurements, electric circuit simulation, dual
active bridge, high power dc/dc converter

I. INTRODUCTION

Medium-frequency transformers are used in high-power
dc/dc  converters when galvanic insulation between
transformer input and output is required. The design of such
transformers is different from the common high-power grid
transformers as well as to the ones in small power dc/dc
converters. Classical design rules from literature are not
applicable, because the conditions inside the converter are
away from sinusoidal operation. In a dual active bridge, non-
sinusoidal excitation effects on the core and the winding are
to be considered. The resulting influences need to be known
during the designing process. The main effects depend on the
applied materials and the occurring changes in any of them
should feedback to a modified converter operating point and
an adapted component design. On the one hand, a transformer
design is possible by scaling rules [1, 2] or by modification of
common designs rules [3]. In this case, the design process
strongly depends on the experience of the engineer and
optimization concerning a particular application is difficult
[4]. On the other hand, numerical search algorithms such as
design of experiments, particle swarm or evolutionary
strategies can evaluate large regions of design parameter
combinations. The high number of design variables such as
geometric dimensions, number of turns as well as the used
materials can be formulated as an optimization problem to
evaluate various regions of possible designs [5-9].
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In this paper, an evolutionary design strategy is discussed to
include the non-sinusoidal conditions during the transformer
design process. Pareto-optimal designs are chosen with
integrated and external inductance. The advantages and
disadvantages of increased leakage are evaluated. The
contributions of this paper are:

*  Draft of the test bench including the requirements
on the transformer. (Section 2)

. Transformer model. (Section 3)
. Evolutionary strategy. (Section 4)

. Pareto Front and evidence of the proposed design by
simulation of load case. (Section 5)

II. CONVERTER TEST BENCH DESIGN

The three-phase dual active bridge [10] is capable of large
power transfer and it benefits from reduced switching
operations and soft-switching capabilities. One experimental
transformer design with 200 kVA is in focus to establish a
bidirectional power flow between two 600 V dc-links. The
specifications are listed in TABLE 1. Fig. 1 shows the
topology, the transformer and the inductance in a schematic
view. In this converter, a six-step voltage waveform is applied
to the transformer. The power flow is controlled by a phase
shift between primary and secondary side. The switching
frequency of the semiconductors equals the fundamental
frequency of the transformer. This reduces the switching
operations and losses compared to PWM techniques and the
converter can work at increased frequencies, allowing much
smaller, lighter and cheaper electromagnetic components.

is,dc

three phase

transformer

N

Fig. 1. Dual active bridge topology with transformer.




TABLE L SPECIFICATIONS.
Variable Value Description
\ 200 kVA Apparent power
P, 150 kW Active power
Vi.de 600 V Dc link voltage
Vide 600 V Dc link voltage
C 1 mF Dc link capacitances

The switching frequency of the converter is chosen as a
degree of freedom in the design and should be determined
after studying the efficiency and the resulting transformer
designs. The main idea of this paper is to design one
transformer for the described test bench setup with respect to
optimal working point for the studied core material.

III. THREE-PHASE TRANSFORMER MODEL

A three-limb stacked core layout made of 0.18 mm thick
High Permeability Grain Oriented Electrical Steel (GOES)
with aluminum foil windings is studied. The increased
frequency is meant to achieve volume reduction but the
impact on consequent increased specific losses of the core
material has to be considered. The choice of dimensions and
parameters is a multi-component problem and depends on
overall efficiency, frequency and required total active mass.

A. Soft magnetic material

Metrological characterization of GOES was performed
with dedicated measurement instruments. A single-sheet-
tester (SST) from Brockhaus Measurement Systems is
equipped with a 120 x 120 mm specimen. The magnetic field
is applied along the easy magnetization axis (Rolling
Direction) of the sample and the magnetic polarization along
that same axis is assessed. Measurements with controlled
DAB3 conditions were performed based on the principle
described by the international standard IEC 60404-3 [11]. The
measured permeability values and the iron losses are used in
the design process.

B. Geometry of core and windings

The magnetic core complexity (geometry and nonlinear
magnetic properties) is translated by segmenting the various
elements into a reluctance network. Look-up tables provide
the magnetic permeability u as a function of frequency f'and
magnetic flux density B. A rectangular core shape is
considered and the cross sectional area is chosen as constant
for the total core. An air gap is included in the magnetic
resistance of each transformer limb. The structures of the core
joints were not modeled in detail. The algorithm adjusts the
continuous parameter of length /, width w and depth d of each
reluctance R:
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The total reluctance per phase 4, B or C results from series
and parallel connection of the reluctance network in Fig. 2.

R

yoke Ryokc
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Fig. 2. Three leg transformer equivalent reluctance circuit.

The conductors are aluminum foil windings with elliptic
cylinder shapes. Aluminum is chosen to reduce weight and to
decrease eddy current winding losses. The width of each coil
is calculated by the number of turns N and the insulation
layers. The 2D partial view in Fig. 3 shows the geometric
variables, which are adjusted by the algorithm. The
parameters are listed in TABLE II. The material properties are
listed in TABLE III.
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Fig. 3. Core-type transformer. Dimensions and clearances
between the components. 2D partial view.

C. Leakage inductance

Analytical calculation of the leakage inductance (2)
includes the Rogowski factor [12] (Kr < 1). The geometry of
the windings and the gap is considered in the mean diameters
Dy, Dy and D, The parameters wywi, ww2 and d, are the
thicknesses of each component.
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This formula corrects the presence of a vertical gap between
core and windings dg.p,v by adjusting the length of the leakage
flux lines [13]. Theoretically, high number of turns N or
increased radial winding dimensions yields to higher leakage.
This approach will be used to increase the internal leakage
inductance in case of high internal leakage designs.

TABLE II. INPUT PARAMETERS AND RANGE OF VALUES.

set of design parameters range of values
Wiimb limb and yoke width 10 mm < Wi, < 200 mm
Limb limb length 50 mm < limp, < 1.75m
Aimb limb and yoke depth 15 mm < djimp < 250 mm
Rgoit foil height hon <1.5m
Ni=N, number of turns 1<N<200
dy winding gap 5Smm<d,
dgapv vertical clearance 5 mm <dgp,
dgapcw core clearance 5 mm < dgpcw
gapww clearance between phases 5 mm < dggp v,

D. Core losses

The iron loss formula [14] developed for Non Grain
Oriented Electrical Steel is based on semi-physical parameters
and was adjusted to fit GOES properties. It is used to evaluate
the material characteristics and to describe the measured iron
losses. A fitting process, based on quasi static and high
frequency measurements, determines the parameters. The
parameters correspond to the hysteresis, eddy current, excess
and nonlinear loss components of the studied GOES.

E. Winding losses

Foil conductor resistances are approximated according to
Dowels equations [15]. The classical Rpc resistance is
calculated and adjusted with the ac-to-dc resistance increase
factor Fr. Since the geometry of the core is calculated at first,
the linear solved magnetizing current is added to the winding
losses. The harmonic contents of the load current were
simulated in advance [16] and the losses Py, are calculated for
primary and secondary side using fast Fourier transform
(FFT):

Pw:FyRDcz[iz (3)

F. Temperature

The temperatures occur because of resulting losses and the
heat dissipation is considered on core and winding surfaces. A
heat flux Q is resulting from the generated losses and the rise
of temperature AT must not exceed the insulation limits (4) of
each component. Temperature Class 250 as defined in [17] is
considered by air-forced convective heat transfer coefficients
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h. The optimized designs required a sufficient amount of
surface for core and windings to dissipate the internal heat.
The geometries and corresponding surfaces 4 are represented
using thermal resistances networks [18] for the studied
materials and cooling method:

O=hAAT . 4)
TABLE III GENERAL MATERIAL PROPERTIES.
tGoEs 0.18 mm GOES nominal thickness
Pre 7650 kg/m? GOES conventional density
PAl 2800 kg/m* Winding material density
o 0.004308 1/K I]I“;rgr)glature coefficient of winding

IV. EVOLUTIONARY STRATEGY

The design and optimization, subject to weight and losses,
is performed for a three-phase transformer by applying a
meta-heuristic evolutionary strategy [19] matching the
specifications. The resulting designs vary in active mass m or
in generated losses P. The resulting mass and losses are used
for the multi-objective optimization strategy (8). With this
approach a Pareto-Front is generated which consists of
different designs. A mixed-integer approach is used to include
the continuous parameter solution space such as the length and
width of core dimensions as well as integer problems such as
the number of primary and secondary turns. Each design
represents a vector of input parameters:

hoON' L.

i i
W, d  foil

T
window ““gap,c,w _f;,[ ]
Based on this parameter set of the ith member of the
population, the objective function is evaluated:

ARl

During the strategy, designs are generated and their
geometry and losses is calculated. The implemented
constraints C serve as a feedback to the algorithm.

- 1 &
C:E;Ci

For example, the winding area cannot exceed half the
available window area and the device temperature should not
exceed the temperature limit. If an individual does not pass a
particular constrain, ¢; (7) will be less than one and the
optimization function will return a negative value linear to the
number the particular constraint.

O ¥E)

limb **limb

(6)

A. Constraints
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TABLE IV. CONSTRAINTS.

limits

AT <250°C

design results

Temperature limit

Window width B+ W g - i S e
Foil height hioit + 2 dgapy < himb
Flux density 0.1 T<B<20T

Linin < Lo < Linax

Leakage inductance

B. Optimization function

For the multi-objective problem, the optimization function
is:

ele-1)[1 1], e<1
f= 1 17T _ . (®)
HRI

m P
This approach allows multiple constraints in the design
algorithm and the total mass and total losses of a valid design

are minimized in the global process of maximizing the
optimization function.

V. RESULTS

A. Pareto-Front with minimized leakage

The Pareto fronts are shown in Fig. 4 (a) for designs with
an excitation frequency of /=500 Hz, 1000 Hz and 2000 Hz.
For each frequency, multiple designs can be considered. The
multi-objective Pareto Front lists devices with minimized loss
and mass. A comparison of the studied excitation frequencies
shows that a frequency of f=1000 Hz results in the most
compacts designs with the lowest losses. Due to the
specifications, an excitation of f=500 Hz as well as
f=2000 Hz results in having designs with larger active mass
in case of the same assumed losses or in higher losses in case
of the same active mass.
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As a result, high excitation frequencies can be used to
reduce the active mass and to increase the efficiency.
However, the cooling system must be designed and adapted to
dissipate the generated losses.

In Fig. 4 (b), the peak flux density of each design is shown.
The GOES material has a high permeability (some ten
thousands) up to approximately B = 1.9 T. In order to build a
compact design and to involve the core material at its best, a
high flux density is preferred. This reduces the required cross
sectional core area and the active mass. At f=500 Hz, the
range of flux density is up to B =2.0 T, at /= 1000 Hz up to
B=1.5Tand at f=2000 Hz up to B = 0.75 T with a state of
the art cooling system dissipating the generated losses. These
values of flux density can be increased in case of better
cooling concepts and by choosing a different power and
voltage level. In order to build a compact transformer and to
utilize the high permeability soft magnetic material, a
frequency of f=1000 Hz is chosen as a compromise. The
combination of frequency and a high flux density of B=1.5T
will reduce the core weight. A prototype is planned based on
this design. The high permeability and low thickness of the
used GOES grade will result in low magnetizing currents.

B. Pareto-Front with increased leakage inductance

The required inductance (9) depends on the specifications
such as voltage level ¥V, pc, nominal active power P, and the
electrical frequency f of the dual active bridge. According to
[20], the size of the leakage inductance depends on the
nominal phase shift ¢ . The phase shift is set to ¢ = 30°:

2
L, =o.27-£7—” . )
2z fP 36
The losses of all designs in Fig. 5 (a) are increased compared
to Fig. 4 (a). Due to the additional design condition, the
evolutionary strategy generates modified designs. The
number of turns and the distance between the windings is
increased to reach the required leakage, which results in
higher conductor losses and increased active mass. The
designs have a larger winding-window and increased core
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Fig. 4. Transformer design with minimal leakage for different frequencies f. Calculations over 1500 generations with a population of 300.
Conductor and iron losses versus active mass (Pareto front) (a) and flux density distribution of the proposed designs (b).
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Fig. 5. Transformer design with high leakge L, for different frequencies f. Calculations over 1500 generations with a population of 300.
Conductor and iron losses versus active mass (Pareto front) (a) and flux density distribution of the proposed designs (b).

dimensions. The required leakage inductance decreases with
increasing frequency (10). Therefore, the =500 Hz designs
require more leakage flux to operate in a dual active bridge
and the target value for the designs is Lo s00 v, = 249 pH. The
designs at f = 1000 Hz require a leakage inductance of
Lo, 0001, = 124 pH and the f =2000 Hz designs require
Ls2000m, = 62 pH. Compared to the reference designs in
Fig. 4 (a), the ones with internal leakage show increased
losses as well as increased active mass. This is due to the
additional number of turns and the increased coil volumes.

In the case of higher frequencies, the required leakage
inductance (9) is smaller. Theoretically, the requested leakage
could be realized at high frequency designs as internal leakage
inductance. As a result, the designs require minimum 20 %
more active mass and the losses are increased by approx.
15 %. In Fig. 5 (b), the magnetic flux density of each design
is shown for the considered specifications and cooling system.
Two designs are compared in TABLE V: One f= 1000 Hz
design with minimized leakage Fig. 6 (a) — in this case the
necessary leakage inductance is provided by an external air
choke inductance — and one design with the required internal
leakage Fig. 6 (b). As a result, the design with increased
leakage has an increased number of turns to fit the targeted

F%

(@)

leakage value. This results in higher winding resistance
(copper losses) and increased total mass. The core area has
been adjusted to keep the same voltage level at the same peak
flux density of B = 1.5 T. To conclude, the system with
external choke inductance shows the better efficiency for
transformers designed with the chosen GOES material.

TABLE V. DESIGN SUMMARY.

Design proposals. Minimal and high leakage.
Ls Leakage inductance 30.2 pH 123.4 pH
f Electrical frequency 1000 Hz 1000 Hz
A Cross sectional core area 18.4 cm? 14.3 cm?
B Flux density 15T 15T
N Number of turns 24 32
P, Winding losses 1873 W 3154 W
Ps Core losses 1288 W 1143 W
Pigw  IGBT losses 1870 W 1870 W
m Transformer mass 36.4 kg 46.8 kg

Fig. 6. 3D geometries. Compact 1000 Hz designs. Minimized leakage (a) and increased leakage (b). The design with increased leakage results in more losses
and active mass.
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Fig. 7. The core flux density simulation in phase A. To transmit nominal
power, the secondary winding voltage V; 4 is applied with a phase shift
of ¢ = 30° with respect to the primary winding voltage V}, a.

In Fig.7 the simulated flux density is shown for the design
with external choke inductance on the primary side to fulfil
the working principle of the dual active bridge. The choke
inductance results in an different phase shift between flux
density B and primary voltage V;, 4 compared to the phase shift
between flux density B and secondary voltage Vs a.

VI. CONCLUSIONS

A multi-objective evolutionary strategy was used to evaluate
medium-frequency transformer designs. The increase of
frequency has an impact on the occurring specific losses.
Therefore, a thermal model was implemented to study the
resulting winding and core temperatures. In this study, the
high magnetic saturation and high permeability of the material
resulted in compact medium frequency transformers with low
magnetizing currents. The ability of the used GOES grade to
be magnetized at high induction level combined to reduced
thickness (0.18 mm) of the studied GOES material resulted in
reduced eddy current core losses for the chosen working
induction level. The measured properties of the material were
employed in an evolutionary strategy to design a transformer
to the given specifications. A f = 1000 Hz design with
B=1.5T was compared between solutions with external or
integrated leakage inductance. The higher the frequency the
lower is the required leakage. In case of integrated leakage
inductance, the number of turns and the distance between the
windings are increased to reach the targeted leakage value.
This resulted in minimum 15% more losses and minimum
20% more active mass of the device compared to an external
leakage inductance. Due to this, we focus on an additional
choke inductance solution to benefit from the material
performance at high induction levels. In a next step of this
study, we will focus on building the transformer based on the
discussed f= 1000 Hz and B = 1.5 T design.
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