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Abstract— This paper details the design, implementation, and
experimental verification of a minimum weight input series
output parallel structured dual active bridge (DAB) converter for
an airborne wind turbine system. The main power components of
the DAB converter, particularly the bridge circuits, the actively
cooled high-frequency transformer and inductor, and the cooling
system, which largely contribute to the total system weight, are
designed and realized based on multiobjective considerations,
i.e., with respect to weight and efficiency. Furthermore, the
design includes all necessary considerations to realize a fully
functional prototype, i.e., it also considers the auxiliary supply,
the control for a stable operation of the system, which also
comprises an input filter, over the specified operating range, and
the start-up and shut down procedures. These considerations
show the complex interactions of the various system parts and
reveal that a comprehensive conceptualization is necessary to
arrive at a reliable minimum weight design. Experimental results
validate the proposed design procedure for a realized lightweight
DAB hardware prototype with a rated power of 6.25 kW. The
prototype weighs 1.46 kg, i.e., features a power-to-weight ratio
of 4.28 kW/ kg (1.94 kW/ lb), and achieves a maximum full-load
efficiency of 97.5%.

Index Terms— Aerospace electronics, airborne wind
turbine (AWT), dc–dc power converters, power electronics,
renewable energy, wind power generation.

I. INTRODUCTION

INCREASING consumption of electric energy,
environmental issues, and limited availability of fossil

fuels have led to a multitude of developments related to
the generation of electricity from renewable energy sources.
One innovative system in this context is the airborne wind
turbine (AWT) detailed in [1], which generates electricity from
high-altitude winds. High-altitude winds are known to be more
stable and faster than the winds close to the ground level and
thus enable a more reliable and effective generation of electric
energy [1], [2]. The considered AWT is a flying wing with
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Fig. 1. Electrical system of the AWT. Four bidirectional dc–dc converters
link eight voltage source rectifiers to a power transmission tether (≈1 km).
The ground station, i.e., a bidirectional dc–ac converter, connects the tether
to the three-phase grid. Four single converter cells form a bidirectional
dc–dc converter with a dc port voltage V2 of up to 8 kV.

air-powered on-board power generators and is tied to
the ground with an approximately 1-km-long tether. The
tether, a combination of fiber and cable, provides both
the required mechanical strength and the electrical link
to the ground station [1]–[4], which is connected to the
medium-voltage (MV) grid.

The greatest challenge with respect to the realization of
the electric system of the considered AWT, with a total
maximum input power of 100 kW, is to achieve a lightweight
tether [1]–[4], lightweight generators [1], [5]–[10], and power
converters [1], [11]–[27]. From related investigations detailed
in [1], the electrical system shown in Fig. 1 emerges, which
uses low-voltage (LV) generators and inverters, operated from
a dc bus voltage ranging from 650–750 V, dc–dc converters
that convert the LV dc bus voltage into a high tether voltage
of up to 8 kV, the tether itself, and the ground station.
The AWT system considers four identical dc–dc converters for
safety reasons. With the proposed electrical system structure,
a failure of any on-board power conversion system component
will result at most in the loss of two propulsion systems.

2168-6777 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I

SPECIFICATIONS FOR THE AWT DC–DC TRANSMISSION SYSTEM

Fig. 2. Modified DAB converter topology used to realize a single cell of
the bidirectional dc–dc converter. The rated output power is 6.25 kW, the
maximum MV side port voltage is 2 kV, and the maximum allowed weight
is 1.65 kg.

In the case of a system malfunction, six propellers provide
sufficient propulsion to safely land the AWT for maintenance.
Furthermore, each dc–dc converter is composed of four single
converter cells that are arranged in an input series output
parallel (ISOP) structure, i.e., the cells are connected in
parallel on the LV side and in series on the high-voltage side
in order to reduce the maximum tether side port voltage of
each converter cell to 2 kV. The complete electrical system
needs to allow for bidirectional energy transfer at rated power
in order to enable the start-up of the AWT. These and further
considerations presented in [1] yield the specifications for the
dc–dc transmission system summarized in Table I. Each
converter cell is essentially a dual active bridge (DAB)
converter with a full-bridge (FB) circuit on the LV side (dc port
voltage V1), a high-frequency (HF) transformer and inductor,
and a neutral point clamped (NPC) circuit on the high-voltage
side [dc port voltage V2,i (Fig. 2)].

A literature research on lightweight power electronic
converters reveals current publications to focus on the
following three main topics:

1) Semiconductors: Highly efficient power converters, and
converters operated at high temperatures [1], [12]–[16].
The high-efficiency/temperature operation reduces the
system weight predominately by reducing the cooling
system requirements.

2) Lightweight Magnetic Components: Multiphysics
modeling and design optimization of transformers and
inductors in reference to the geometric optimization,
magnetic material properties, medium/HF operation,
and high-voltage isolation stress analysis [18]–[24].

3) Cooling Systems: Optimizations that yield cooling
systems, which feature minimal weight for a required
thermal resistance [25]–[27].

However, so far, no fully functional design of a lightweight
converter system that includes a comprehensive description

of all relevant interactions of different converter components
and further aspects has been presented. No experimental
verification of the achievable performance in terms of a
power-to-weight ratio in kW/ kg (or kW/ lb) for a 2 kV/ 700 V
isolated bidirectional dc–dc converter exists to the best of our
knowledge. Because the weight of a fully functional power
electronics converter provides the only meaningful measure,
any weight-optimized converter must also include, besides its
main functionality, the auxiliary supply, considerations on the
analysis of stability of the control over the specified operating
range, which involves the considerations on the input filter
design. Furthermore, e.g., the size and the weight of capacitor
Cdc (see Fig. 2) depend on the design of the control and
associated delay time, which in turn depend on the hardware
implementation of the control circuitry.

This paper presents a comprehensive overall design
method for the realization of a weight-optimized 2 kV/ 700 V
DAB converter and, in order to include most recent find-
ings, it revisits and refines the corresponding contents
in [1], [16], and [27]. In this context, the design procedures for
the remaining converter components that are required for the
converter operation and the integration into the final electrical
AWT system, e.g., gate drivers, digital control, filters, and
auxiliary power supplies, are thoroughly explained.

The weight optimization of a power converter involves not
only the weights of the power components themselves but
also the components’ dissipated losses, since the weight of
the cooling system increases with increasing losses and may
substantially contribute to the total converter weight. For this
reason, the presented weight-optimized design is performed
as multiobjective optimization and takes, besides the actual
components’ weights, the losses of the converter components
and the associated weight of the optimized cooling system into
account. The task of minimizing the weight of the complete
DAB converter system is split into the subtasks listed as
follows:

1) selection of a suitable switching frequency that allows
for a lightweight converter realization;

2) efficient operation of the DAB and the calculation of
corresponding turns ratio n and inductance L
in Section II-A;

3) selection of the most suitable power semiconductors
(see Section II-B);

4) analytical multiobjective optimization of the DAB trans-
former and inductor in Section II-C;

5) weight optimization of the cooling system
in Section II-D;

6) realization of filter networks (Section II-E);
7) implementation of the control circuitry: consideration of

aspects related to the converter weight (Section III);
8) lightweight auxiliary power supplies (Section IV-A).

The switching frequency denotes a key design parameter:
at very low switching frequencies, heavy passive components
result, and at very high switching frequencies, high switching
losses, core losses, and HF losses result. In this paper, it has
been assumed that the sensitivity of the final converter weight
with respect to the switching frequency is relatively low for a
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switching frequency close to the optimal switching frequency,
i.e., a flat optimum. For this reason, the complete AWT sys-
tem has initially been optimized for six different switch-
ing frequencies ( fs = 50 kHz, 80 kHz, 100 kHz, 125 kHz,
160 kHz, and 200 kHz), using simplified models and practice-
oriented assumptions; the obtained results suggest a switching
frequency of approximately 100 kHz. With the determined
switching frequency, the remaining items 2)–8) of the list
can be processed in the given sequence in order to optimize
the DAB converter with respect to minimum weight. Finally,
Section V presents the experimental results demonstrating
the achieved performance of 4.28 kW/ kg (1.94 kW/ lb) of a
prototype system, and this paper concludes with an outlook
in Section VI.

II. MINIMUM WEIGHT POWER CONVERTER

This section details the design or the selection of power
components suitable for a lightweight power converter,
i.e., power semiconductors, HF transformer and inductor, and
the components of the filter networks. Prior to this, however,
the converter’s turns ratio, n, and HF inductance, L, need
to be determined in order to allow for the calculation of all
operating-point-dependent voltage and current waveforms the
DAB converter is subject to.

A. Optimal Converter Operation, Optimal n and L

The investigated DAB converter is operated most efficiently
at V1/n ≈ V2,i/2 with the conventional phase shift modula-
tion (CPM) scheme [28]. Thus, the turns ratio of the DAB
transformer is

n = V1

V2,i/2
= 750 V

1 kV
= 0.75. (1)

The CPM scheme needs to be slightly modified, since the
MV side NPC converter requires a minimum freewheeling
time of 250 ns in order to ensure an equal distribution of the
blocking voltages across the switches T5, . . . , T8 [16]. With
this, the voltage and the current waveforms shown in Fig. 3(a)
result, i.e., a maximum duty cycle of the NPC converter of
D2 = (0.5 − 250 ns · fs) = 0.475 results. The corresponding
maximum allowable DAB inductance, L, for a maximum duty
cycle of the NPC converter and the specified rated power is
determined with

L = min(V1V2,i )

4n fs
Pi,max
ηexp

[
ϕmax

π

(
1 − ϕ2

max

π2

)
−

(
1

2
− D2

)2
]

= 107 µH (2)

calculated for Pi,max = 6.25 kW, a conservative value of
the expected efficiency,1 ηexp = 95%, and the maximum
steady-state phase angle ϕmax = π/4 (in order to maintain
a good controllability at low output power, typically

1For a more accurate estimation of the expected efficiency, it needs to be
part of the converter optimization, i.e., ηexp is a result of each particular
converter design. However, a relatively small impact of a minor change
of ηexp, e.g., from 95%–97.5%, on the final losses and total weight is expected
and, therefore, ηexp = 95% is maintained throughout the whole converter
design procedure. The conservative value of 95% is selected in order to take
a slight safety margin for the required cooling system into account.

Fig. 3. (a) Voltage and current waveforms calculated for a single
DAB converter (V1 = 700 V, V2,i = 1.9 kV, Pi = 6.25 kW/ηexp,
ηexp = 95%, n = 0.75, L = 107 µH, and fs = 100 kHz); the NPC converter
on the MV side requires a freewheeling time of 250 ns. (b) Power transfer
characteristics of the DAB (see [28]), V1/V2,i = 0.375 = constant; maximum
power transfer is achieved for ϕ = ±π/2. Dashed line: rms inductor current
IL (ϕ) at the nominal operation.

TABLE II

TRANSFORMER, CAPACITOR, AND SEMICONDUCTOR CURRENTS

OF A SINGLE DAB CONVERTER MODULE WITH

Pi = 6.25 kW/ηexp AND ηexp = 95% [1]

ϕmax ∈ [π/4, π/3]). With known values of n and L, the
characteristic converter currents can be calculated using the
methods presented in [28]. These currents are summarized
in Table II.

B. Power Semiconductors

SiC power semiconductors are considered to be most
suitable with respect to low losses and, subsequently, low
weights of the heat sinks required for active cooling. For
the MV side NPC converter, normally ON SiC JFETs in a
TO-247 package with breakdown voltages of 1700 V and
low ON-state resistances of 150 m� at 125 °C are selected.
Each SiC JFET is connected in series to a LV p-channel Si
MOSFET (FDMS6681Z, RDS,ON = 3.2 m�), and a gate driver
especially dedicated to SiC JFETs operates both devices (here
Infineon’s 1EDI30J12CP EiceDriver is used), to gain normally
OFF properties. The LV side FB converter employs SiC JFETs
with breakdown voltages of 1200 V and ON-state resistances
of 100 m� at 125 °C. Again, one LV p-channel Si MOSFET
(FDMS6681Z, RDS,ON = 3.2 m�) is connected
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in series to each JFET, and the 1EDI30J12CP EiceDriver is
used.2

1) Considered Weight: The weight attributed to the power
semiconductors is equal to the sum of the weights of
the eight JFETs, p-channel MOSFETs, and gate drivers,
and the belonging PCB. This weight does not include the
cooling systems’ weights, which are separately considered
in Section II-D.

The total weight of all JFETs and p-channel MOSFETs
is msemi = 48.8 g, and the PCB and connector’s weight
is 49 g. The total weight of all gate drivers is mdrv = 24 g.
This includes eight 1EDI30J12CP EiceDriver devices, the
connected SMD resistors and capacitors, and the corre-
sponding part of the PCB with an estimated total surface
of 500 mm2 (for the two layer PCB with a height of 1.6 mm,
an average density of 2.24 g/cm3 is assumed).

2) Conduction and Switching Losses: For the optimization
of the cooling system, presented in Section II-D, the losses
generated by the converter’s semiconductors need to be known.
The considered loss model accounts for conduction and
switching losses.

The conduction losses are calculated based on the ON-state
channel resistance at an assumed junction temperature
of 125 °C (see [29])

PT1,2,3,4,cond = 4 · RDS,ON,I I 2
T1,2,3,4,rms = 4 · RDS,ON,I

I 2
ac1,rms

2
(3)

PT5,6,7,8,cond = 4 · RDS,ON,II I 2
T5,6,7,8,rms = 4 · RDS,ON,II

I 2
L ,rms

2
(4)

with RDS,ON,I = 100 m� and RDS,ON,II = 150 m�.
In the realized converter prototype, each previously used

cascode circuit of a JFET and an n-channel MOSFET
(see [16]) is replaced by a series connection of a JFET and
a p-channel MOSFET in order to reduce the effective output
capacitance of each power switch and to achieve a further
reduction of the switching losses. Dedicated gate drivers
featuring direct drive technology (1EDI30J12CP manufactured
by Infineon) ensure normally OFF properties of the power
switches. The corresponding switching losses have been mea-
sured according to [16] (double pulse measurement) on the
final converter PCB in order to account for the implications of
parasitic components, e.g., the inductance of the commutation
loop. The JFETs are thermally connected to a heat plate
to enable switching loss measurements at different junction
temperatures (Tj = 25 °C and 125 °C are considered).
Different switching operations result for the half-bridge (HB)
and the NPC converters, due to structural differences of these
circuits. In this context, the reader is kindly referred to [1],

2No competitive SiC MOSFETs have been available at the time when
the design of the investigated converter has started. Meanwhile, competitive
1200 V MOSFETs are available. Thus, the SiC JFETs of the LV side FB
could be replaced by SiC MOSFETs (e.g., C2M0025120D manufactured by
CREE), which would lower the losses at full load by approximately 20 W
and increase the full-load efficiency by 0.3%. Thus, some further weight
reduction is feasible with SiC MOSFETs, since the series-connected
LV p-channel MOSFETs are not required. The lower losses, furthermore,
would allow a slight reduction of the weight of the heat sink.

Fig. 4. Measured SiC JFET switching energies with the (1EDI30J12CP) and
external gate resistances {ROFF , RON } = {1 �, 2.6 �} being used. (a) Infineon
IJW120R070T1 1.2 kV/70 m� in an HB configuration. (b) Infineon sample
1.7 kV/100 m� in an NPC configuration. (c) and (d) Circuit diagrams used
to measure the switching energies in (a) and (b), respectively.

which thoroughly discusses the respective details. In summary,
the switching losses of a HB converter, shown in Fig. 4(a),
thus only depend on the instantaneous port voltage, V1, and
output current, iHB. The switching losses of the NPC converter
[Fig. 4(b)] additionally depend on the previous states of the
switches T5–T8: for the NPC converter, different switching
losses result if vNPC switches from ±V2,i to zero [edge with
label I in Fig. 4(d)] or if vNPC switches from zero to ±V2,i

(Edge II).
Fig. 4(a) shows the switching losses measured for the

FB converter at V1 = 650 V and 750 V and Tj = 25 °C
and 125 °C. For positive currents iHB, the condition for
ZVS is, theoretically, fulfilled and for negative currents
iHB hard switching occurs. According to these results,
low switching losses of less than 10 µJ can be achieved
for 1 A < iHB < 8 A.

Fig. 4(b) shows the results obtained for the NPC converter.
Similar switching losses are measured for the HB and the
NPC converter if the switching operation labeled I in Fig. 4(d)
is present. For 2 A < iNPC < 10 A, increased switching losses
result for Edge II, due to residual turn-ON losses [1].

In Fig. 4(a) and (b), there is a rapid increase in the switching
energies when the current is approaching zero. For currents
0 < iHB < 1 A and 0 < iNPC < 2 A, the semiconductor’s
effective output capacitances are incompletely charged or
discharged during the dead-time intervals, i.e., residual



642 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 04, NO. 2, JUNE 2016

Fig. 5. (a) Considered configuration of the actively cooled HF transformer
and inductor (from [1]). (b) Cross section cut through the realized transformer
windings showing the HF litz wires being embedded in the epoxy resin, which
is used for the isolation; the turns ratio is n = NLV/NMV = 21/28, both the
HF litz are 200 × 71 µm. The magnified image in the bottom-right corner
enables a detailed view on the embedded HF litz wire.

drain-to-source voltages remain for the switches that are turned
ON after the dead-time intervals elapsed and, as a consequence,
hard switching operations with turn ON losses result [30].

The switching losses generated by the switches T1 . . . T4
and T5 . . . T8 are calculated with

PT1,2,3,4,sw = 2 fs[Esw(V1, iHB1,Tj ) + Esw(V1, iHB2, Tj )] (5)

PT5,6,7,8,sw = 2 fs[Esw,I (V2,i , iNPC1, Tj )

+ Esw,II(V2,i , iNPC2, Tj )] (6)

respectively; iHB1, iHB2, iNPC1, and iNPC2 denote the
instantaneous switch currents at switching, i.e., iHB1 denotes
the current switched by T1 and T2, iHB2 is the current
switched by T3 and T4, iNPC1 is the current switched by
T5 and T6, and iNPC2 is the current switched by T7 and T8
[see Figs. 2 and 4(c) and (d)]. The switching energies are,
in the case of negative slopes of the voltages vHB and vNPC,
evaluated for currents iHB and iNPC flowing in the directions
defined in Fig. 4(c) and (d), respectively. The switching
energies for positive and negative voltage slopes are equal,
since in the steady-state operation, only the signs of the
bridges’ output voltages and currents change during the second
half of the switching period.

C. Optimization of the DAB Transformer and Inductor

The optimization of the DAB transformer and inductor is
based on the configuration shown in Fig. 5(a), where both
the transformer and the inductor employ ferrite E-cores; the
selected configuration realizes active cooling by means of the
depicted copper plates and heat pipes, which conduct copper
and core losses to a heat sink. The theoretical optimization
is conducted in [1], and the obtained results are used for
realization; Table III lists the design parameters of the finally
implemented DAB transformer and inductor. Compared with
the previously obtained optimization results presented in [1],
HF litz wires with increased numbers of strands are used
in order to lower the maximum hot-spot temperatures of the
LV and the MV side windings. The hot spots are located in

TABLE III

PARAMETERS OF THE DAB TRANSFORMER AND INDUCTOR

the windings’ end turns, where the selected active cooling
setup is least effective. Furthermore, the formerly suggested
insulation material, Teflon, has been replaced by epoxy resin
in order to eliminate the creepage path between the adjacent
transformer windings and between the windings and the core.
The MV side winding is surrounded with 2-mm-thick epoxy
resin and is considered to withstand dc voltages of more
than 10 kV [31]–[34]. Fig. 5(b) shows a cross-sectional
view through the LV and the MV side transformer windings,
embedded in epoxy resin, and reveals that the enlarged HF
litz wires could still be situated into the available space.
The weight of the realized DAB transformer and inductor,
including the copper plates, and the heat pipes is 522 g.

D. Minimum Weight Cooling System

The DAB converter requires a cooling system with three
separate heat sinks to dissipate the heat generated by the JFETs
of the NPC and the FB converters and to actively cool the
HF transformer and inductor. Due to the ISOP structure of the
dc–dc converter system (see Fig. 1), voltages up to 4.75 kV
are present between the LV and the MV sides of the first
and the fourth DAB converters. Therefore, the galvanic iso-
lation between the MV side heat sink and all LV side
components, including the heat sink used to cool the
HF transformer and inductor, of which the core is referred
to the potential of the minus port of the LV side, needs to
be designed accordingly. Furthermore, the heat sink used for
the switches of the FB converter is thermally isolated from
the heat sink used to cool the magnetic components, because
these heat sinks are operated on different temperatures.3

The design of the cooling system is based on the previously
calculated maximum losses given in [16],4 which are

Ploss,FB = 57 W, Ploss,NPC = 50 W, Ploss,mag = 80 W.

Fig. 6 shows the equivalent thermal networks for
all three cooling systems. The thermal networks
shown in Fig. 6(a) and (b) consider one heat source
per JFET, the corresponding junction-to-case thermal
resistances, Rth, j-c, the thermal resistances of the isolating
thermal interfaces, Rth,c-hs, and the thermal resistances

3In the case of a common heat sink for the LV side FB converter and the
magnetic components, the LV side semiconductors would heat up the magnetic
components additionally.

4The revision of the switching loss measurements, using the direct drive
technology, presented in Section II-B has been carried out with the final
converter setup, which already required the fully functional cooling system.
For this reason, the achieved reduction of the switching losses was unknown
at the time the cooling system was designed.
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Fig. 6. Thermal networks of the three cooling systems. (a) LV side
semiconductors. (b) MV side semiconductors. (c) Transformer and inductor.

of the heat sinks themselves. For reliability, the junction
temperatures are limited to 120 °C. With this, the thermal
resistances shown in Fig. 6, and the losses listed in [16], the
worst case base plate temperatures of the heat sinks required
for the FB and the NPC converters are

ϑhs,max,FB = 120 °C − 14.25 W × 0.94 K/W = 106 °C (7)

ϑhs,max,NPC = 120 °C − 12.5 W × 0.94 K/W = 108 °C (8)

respectively. With a maximum allowed operating ambient
temperature of ϑamb,max = 40 °C, the thermal resistance
required for the two heat sinks is calculated according to

Rth,S-a,max,FB = ϑhs,max,FB − ϑamb,max

4 × 14.25 W
= 1.17 K/W (9)

Rth,S-a,max,NPC = ϑhs,max,NPC − ϑamb,max

4 × 12.5 W
= 1.37 K/W. (10)

A similar calculation is conducted for the heat sink used to
cool the HF transformer and inductor, which leads to the
corresponding base plate temperature and the required thermal
resistance of the heat sink

ϑhs,max,mag = 77 °C (11)

Rth,S-a,max,tr+ind = ϑhs,max,mag − ϑamb,max

80 W
= 0.46 K/W. (12)

In the quest for achieving a minimum weight
DAB converter, different heat sink configurations have
been investigated, and the configuration shown in Fig. 7,
which employs four heat sink halves, has been identified to be
most suitable with respect to minimum weight. Two heat sink
halves are used to cool the HF transformer and inductor (due to
the comparably low value of Rth,S-a,max,tr+ind, i.e., a relatively
high cooling capability is required) and the remaining two
halves cool the HB and the NPC converters, respectively.
The heat sink used to cool the magnetic components
requires a base plate size of Ahs,tr+in = 40 mm × 80 mm
to accommodate all heat pipes and ferrite cores. The same
base plate size is used for the remaining two heat sink halves
in order to allow for a simplified construction of the
DAB converter and to allow for sufficiently large

Fig. 7. CAD model of the final cooling system configuration. Heat pipes
from the transformer and inductor connect to the heat sinks on both sides.
Thermal and electrical insulation separates the heat sinks for the LV and the
MV side semiconductors from the heat sinks cooling the transformer and
inductor.

Fig. 8. Minimum cooling system weights, calculated with the optimization
algorithm detailed in [27], for different base plates to ambient thermal
resistances of the different cooling system halves, i.e., mcs = mheat sink halve+
(mfan + mduct + miso)/2. Only the 40 mm × 40 mm fans in Table IV are
considered.

distances between adjacent JFETs due to voltage isolation
requirements.

Fig. 8 shows the minimum cooling system weights,
calculated with the optimization algorithm detailed in [27],
for different base plates to ambient thermal resistances of the
different cooling system halves, i.e., mcs = mheat sink halve +
(mfan + mduct + miso)/2; this optimization considers the fans
listed in Table IV. Because the airflows through the heat sinks
are coupled, only symmetric heat sink geometries are
considered, i.e., the heat sinks cooled by one fan feature the
same pressure drop characteristics. The properties of the result-
ing minimum weight cooling systems are listed in Table V.
The total weight of the cooling system is

mcs,total = mcs,FB + mcs,tr+ind + mcs,NPC

= (75 + 2 × 75 + 75) g = 300 g. (13)
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TABLE IV

40 mm × 40 mm AXIAL FANS CONSIDERED IN THE OPTIMIZATION

TABLE V

COOLING SYSTEM PROPERTIES THAT FEATURE SYMMETRIC

HEAT SINKS FOR ALL THREE COOLING SYSTEMS

E. Design of the Filter Networks

The dc–dc converter is part of a generator/drive system,
i.e., power electronic converters are connected to both sides.
The DAB converter, therefore, is not required to fulfill specific
conducted electromagnetic compatibility standards. Still, filter
networks are needed in order to allow for proper converter
operation and to enable the DAB converter cells to be
embedded in the ISOP structure, as shown in Fig. 1.5 Fig. 2
shows the employed filter networks and the following list
motivates the need for the different filter components.

1) The capacitors Cf1, C2a, and C2b are part of the converter
topology, provide low inductive commutation loops, and
stabilize the supply voltages of the bridges.

2) The network formed with Lf1a, Lf1b, and Rf1b enables
the straightforward paralleling of different DAB con-
verter cells on the LV sides (Lf1b and Rf1b introduce
damping at the resonance frequency). For this reason,
the LV side port currents of each converter cell, iLf, as
shown in Fig. 2, are separately measured and controlled
(see Section III).

3) The capacitor Cdc is used for energy storage. In the
ISOP configuration, shown in Fig. 1, a single capacitor
is used for four DAB converter cells together. The
capacitance of this single dc capacitor then is equal to
four times the dc capacitance of a single cell. In the

5On the MV side, four 25 kW DAB converter systems, each composed
of four single DAB converter cells, are operated in parallel. Therefore,
each 25 kW DAB converter system requires a decoupling inductance with
a damping network (see the LV side filter network, as shown in Fig. 2) at
the corresponding MV side dc port. For each of these networks, a weight
of 70 g is estimated, which is less than the additionally allowed weight
of 400 g (see Section V-A).

TABLE VI

LV FILTER COMPONENTS OF THE DAB

case of stand-alone testing of a single cell, e.g., for
the purpose of verifying the operability and the achieved
efficiency of a single cell (which is the case in
this paper), Cdc is populated on the PCB of a single
DAB converter cell.

The emphasis of the filter design is to achieve reliable
converter operation, and no analytical weight optimization is
carried out, because of the relatively little contributions of
the weights of both filters to the total weight of a single
DAB converter cell, i.e., total weights of 93 g and 59 g and
relative weight contributions of 6% and 4% result for the
MV and the LV side filters, respectively. For this reason and
for better readability of the work at hand, the conducted filter
design is presented in the Appendix. Table VI lists the weights
of the employed LV filter component.

III. CONTROL: CONCEPT AND IMPLEMENTATION

At this point, all main power components have been
designed or selected. A fully operational DAB converter,
however, requires additional circuitries for digital control and
auxiliary power supplies, which also add to the total weight.
Section III-A details the concept employed for the digital con-
trol of four DAB converter cells operated in the ISOP structure.
Due to the required galvanic isolation, additional circuit
components, i.e., optical transmitters, receivers, and fibers, are
needed to establish digital signaling paths between the LV and
the MV sides. Section III-B details the implemented circuit,
which requires solely six such signal paths in order to achieve
low weight. For better readability of this paper, the design of
the digital controllers is given in Appendix C.

A. Concept

The ground station controls the voltage applied to the tether
at the ground V ′

2 (see Fig. 1), which defines the voltage at the
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Fig. 9. Master and slave control block diagram of the dc–dc converter with
a feedforward of the instantaneous power requirements of the motor inverters
PVSI1 and PVSI2.

MV side dc port of the DAB converter system according to
the discussion presented in Appendix A. The DAB can adjust
the tether current, since the ground station adapts to the actual
tether current. Thus, at the MV dc port, the DAB converter
system is free to control the actual operating power by means
of current control. This property, in combination with the
bidirectional power capability, renders the DAB converter
system to be the ideal component regarding the stabilization
of the LV side dc voltage, V1.

Fig. 9 shows the block diagram for the control of one DAB
converter system (out of four), which consists of four series
connected DAB converter cells and features a total power
of 25 kW. The following list summarizes the functionalities
of the different blocks.

1) The power management unit determines the set values
for the current controllers of all DAB converter cells in
order to control the LV side dc bus voltage, V1. The
calculation of the reference current, ILf,ref, in addition,
includes the dc port currents of both motor inverters in
order to reduce the required energy buffering capability
of Cdc + Cf1 (see Appendix B).

2) A master and slave control strategy is chosen to balance
the output voltages of all four DAB converter cells: the
master module controls the input voltage V1, and the
slave modules ensure an equal distribution of the output
voltage V2,i = V2,ref = (1/4)V2. The master module
provides the reference value V2,ref to the slave modules
as reference, such that each slave module can adjust its
own transferred power, in order to balance the series
connected dc links.

3) The current control loop of each converter cell is realized
on the LV side and according to [35].

B. Implementation

Fig. 10 shows the block diagram of the implemented
digital control hardware. Each converter cell incorporates

Fig. 10. Schematic of the control hardware implementated on each
DAB converter cell.

a microcontroller (TMS320F28335), which handles the
communication between the connected converter cells and the
LV side FPGA, monitors currents and voltages, implements
the digital control, and calculates the switching times t1, t2,
and t3 for minimum transformer rms current according
to [28]. The FPGA on the LV side (LFXP2-5E-5TN144C)
runs a state machine that generates the gate signals for
the LV side FB converter and determines the current state
of the MV side NPC converter, which is 0, 1, 2, or 3
(for vac2 = −V2,i , 0, V2,i , or to turn all switches OFF

due to a fault on the LV side, respectively). The state
of the NPC converter is transferred to a second FPGA
located at the MV side (LCMXO2-640HC-4TG100I) by
means of two optical fibers (2 bits). This second FPGA
generates the gate signals for the HV side NPC converter.
The control of both the HB and the NPC converters
considers the dead-time intervals with durations
of 120 ns.

The proposed implementation requires two further optical
communication lines between the LV and MV sides, to
transmit the value of the actual port voltage, V2,i , using an
RS232 protocol with a baud rate of 2.5 MBd and to signalize a
fault because of an instantaneous overcurrent.6 Finally, a daisy
chain connection of all four series connected DAB converter
cells is achieved with another two optical communication
lines. These are needed for an initial synchronization of all
four NPC converters and to quickly signalize a fault condition
between the different converter cells.

The total weight of the digital control circuitry (includ-
ing PCB, optical transmitters, receivers, and fibers) is 133 g
(for one DAB converter cell), the total weight the optical
transmitters, receivers, and fibers is 24.6 g.

IV. AUXILIARY POWER SUPPLIES AND START-UP

Two auxiliary power supplies, situated at the LV and
the MV sides, respectively, provide power to the belonging
control, measurement, and gate driver circuits. Section IV-A
details the design and the implementation of these auxiliary
power supplies, which are based on a resonant L LC converter
topology, achieve low switching losses (ZVS), high switching

6Two protection circuits compare the absolute values of the transformer
currents on the LV and the MV sides, |iac,1| and |iL ,1|, to maximum set
values. The respective FPGA signals a fault in the case of an instantaneous
overcurrent situation, which turns OFF the DAB converter system within less
than one microsecond.
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Fig. 11. Equivalent circuit of the proposed two-stage MV auxiliary supply,
implemented for each DAB converter cell. A transformer connected to a split
dc link and a HB, which is operated with constant duty cycles and provides
an approximately constant voltage conversion ratio, Vaux ≈ V2,i/57.4.
The second stage regulates the required auxiliary voltages using LV buck
converters.

frequencies, and low weight. Section IV-B, finally, outlines the
start-up of auxiliary and main power converters and presents
the corresponding timing diagram.

A. Auxiliary Power Supplies

Each DAB converter cell employs two auxiliary power
supplies, to separately provide power to all MV side and all
LV side system components.

1) The MV side auxiliary power supply provides power to:
a) MV side gate drives;
b) MV side control and measurement circuitry.

2) The LV side auxiliary power supply provides power to:
a) LV side gate drives;
b) LV side control and measurement circuitry;
c) cooling system fans.

Both auxiliary power supplies are equipped with start-up
circuitries and feature self-supply capabilities, according
to [37].

1) MV Side: The MV side auxiliary supply provides three
output voltages (12, 5, and 3.3 V) from an input voltage of
up to 2 kV. The total required output power is 3 W. From
an initial investigation of different topologies [37], [38], the
integrated L LC resonant converter topology shown in Fig. 11,
which is a modified version of the converter presented in [37],
has been identified to allow for a low weight realization,
due to negligible switching losses (ZVS), a single magnetic
component (Lσ and Lμ are integrated into the transformer),
a reduced primary side transformer voltage of ±(1/2)V2,i , and
the need for only two MOSFETs and two gate drivers.

The realized L LC resonant converter essentially realizes a
constant voltage transfer ratio, i.e., the output voltage changes
proportional to the input voltage. Thus, three output side
buck converters are connected in series to the L LC converter,
according to Fig. 11, to provide stable output voltages. The
HB is operated with fixed duty cycles, dead-time intervals,
and frequency. Fig. 12 shows transformer voltage and current
waveforms and the corresponding gate signals attained from
an electric circuit simulation of the final MV side auxiliary
power supply (see Table VIII).

A high switching frequency is desired in order to achieve
a low transformer weight. The selected converter topology
features ZVS properties and, thus, negligible switching
losses can be achieved if MOSFETs are used [Si-MOSFETs
are readily available for blocking voltages up to 4.5 kV
(see Table VII)]. A HB circuit realized with MOSFETs,
however, only achieves very low switching losses if the
input current of the resonant network, i1, shown in Fig. 11,

Fig. 12. Transformer voltage and current waveforms of the designed
L LC converter with the HB being operated with fixed duty cycles,
dead-time intervals, and frequency at (a) primary side and (b) secondary side
of the transformer for V2,i = 2 kV and Paux = 3 W.

completely charges and discharges the MOSFETs’ parasitic
capacitances during the dead-time interval Tdead [39], which
requires a minimum charge QZVS,min

QZVS,min(V2,i) =
∫ V2,i

0
Coss(vHB) + Coss(V2,i − vHB) dvHB

+
∫ V2,i

0
CTr,1

(
V2,i

2
− vHB

)

+ CPCB

(
V2,i

2
− vHB

)
dvHB. (14)

Thus, the input current i1 of the resonant network needs to
provide enough charge QZVS during the dead-time interval

QZVS =
∫ Tdead

0
i1(t) dt

=
∫ Tdead

0

N2

k N1
i2(t) + iμ(t) dt ≥ QZVS,min. (15)

The auxiliary power converter is designed, such that
ZVS is maintained even if no load is presented. For this reason,
the magnetizing inductance of the HF transformer is
appropriately designed and facilitates ZVS by means of the
magnetizing current, iμ(t), independent of the load condition.
Furthermore

iμ(t) ≈ i1(t) (16)

is assumed, since initial design results reveal that the
magnetizing currents needed to achieve ZVS at the targeted
high switching frequency are, for all three MOSFETs listed
in Table VII, considerably higher than the currents needed
to provide the output power. In addition, a comparably long
relative duration of the dead-time interval of

Tdead = 1

6

1

fs
(17)

provides sufficient time for the resonant voltage transition to
complete, in particular with regard to the estimation of the
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TABLE VII

CHARACTERISTIC VALUES DETERMINED FOR THREE DIFFERENT

Si-MOSFETs WITH MAXIMUM DRAIN SOURCE

VOLTAGES OF 4.5 kV

Fig. 13. Voltage waveform at rated input voltage of V2,i = 2 kV and
Paux = 3 W. The smooth transitions of the auxiliary transformer voltage
waveform show that the ZVS conditions are fulfilled.

maximum feasible switching frequency, which is estimated in
the following.

Due to the long relative dead time (17), the waveform of the
transformer magnetizing current, iμ(t), is approximated with
a sinusoidal waveform (see Fig. 12)

iμ(t) ≈ Iμ,peak sin (2π fst). (18)

With this and (15), the charge QZVS can be calculated

QZVS =
∫ 1/(12 fs)

−1/(12 fs)
Iμ,peak cos (2π fst) dt = Iμ,peak

2π fs
. (19)

Subsequently, under the assumption that QZVS = QZVS,min
and with (16)–(18), the conduction losses of the MOSFETs

PT,loss = Rds,ON I 2
T,rms = Rds,ON I 2

μ,peak
4π − 3

√
3

24π
(20)

can be calculated, which are limited to

PT ,loss, max = Tj − Tamb

Rth, j-c + Rth,c-a
≈ 80 °C

60 K/W
≈ 1.3 W (21)

per MOSFET, since passive cooling without additional heat
sink is considered [40]. The maximum switching frequency
is obtained from (19) and (20), by eliminating Iμ,peak, for
QZVS = QZVS,min

fs ≤
√

6PT ,loss,max

π(4π − 3
√

3)

1√
Rds,ON QZVS,min

. (22)

Table VII summarizes the characteristic values for three
Si-MOSFETs with blocking voltages of 4.5 kV and for
CTr,1 = 2 pF and CPCB = 3 pF. Based on this result, the

Fig. 14. (a) MV side auxiliary transformer with four E 13/7/4 N87 core
pairs next to a one cent (Euro) coin. (b) 3-D printed bobbin, with 180 turns
of 0.1-mm-diameter and 7 turns of 0.45-mm-diameter enameled copper wire.
(c) Schematic of the chosen winding topology, which features a low primary
winding capacitance CTr,1 [41].

switch IXTA02N450HV is selected. However, a reduced final
switching frequency of fs = 200 kHz, well below the calcu-
lated theoretical maximum frequency of fs,max = 345 kHz is
selected, since (22) is an approximation and neglects turn OFF

losses and conduction losses due to the load current.
According to (19) and (20), the peak value of the

magnetizing current is bounded to

2π fs QZVS,min < Iμ,peak <

√
24π

4π − 3
√

3

PT ,loss,max

Rds,ON

55 mA < Iμ,peak < 94 mA (23)

which requires a transformer primary inductance of

L1 = Lσ + Lμ = V2,i/2

Iμ,peak

1

2π fs
∈ [8.45 mH, 14.5 mH]. (24)

In order to adjust the primary inductance independent of
the number of primary turns and yield a great number of
degrees of freedom, stacked E-core transformer designs with
an air gap in the magnetic path are considered. The winding
topology is chosen, such that a small parasitic primary winding
capacitance results [41]. Fig. 13 shows the implemented
MV auxiliary transformer and a schematic of the winding
topology.

For a given core cross-sectional area Ac, the number of
primary turns must be

N1 ≥ V2,i/2

4 fs Ac Bmax
(25)

with the maximum flux density Bmax = 150 mT for the
considered ferrite cores. In order to calculate the number
of secondary turns, the leakage inductance Lσ needs to be
estimated first to determine the transformer coupling

k =
√

Lμ

Lμ + Lσ
. (26)

The number of secondary turns is chosen, such that the
transformer output voltage does not exceed the maximum
tolerated auxiliary dc-link voltage Vaux,max = 36 V provided
to the auxiliary buck converters under no-load conditions
(see Fig. 11)

N2 = V2,i/2

k N1
· Vaux,max. (27)
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TABLE VIII

PARAMETERS OF THE EQUIVALENT CIRCUIT OF THE MV SIDE

AUXILIARY SUPPLY’S HF TRANSFORMER DEPICTED

IN FIGS. 14 AND 15

Fig. 15. Measured and simulated impedance of the MV auxiliary transformer
seen from the primary side terminals with secondary side open, Ztr,open, and
short-circuited, Ztr,short, terminals.

The leakage inductance is estimated as

Lσ ≈ μ0

⎛
⎜⎜⎝N2

1
2

3

dhw

ww︸ ︷︷ ︸
inside core

+ N2
1

π(ww + 2wc)
2

16hw︸ ︷︷ ︸
outside core

⎞
⎟⎟⎠ (28)

with the height hw and the width ww of the core’s winding
window, the width of the core center leg wc, and the depth of
the E-core stack d .

The chosen transformer consists of four E 13/7/4 N87 core
pairs, a 3-D printed bobbin, 180 turns of 0.1-mm diameter
and 7 turns of 0.45-mm diameter enameled copper wire. The
equivalent circuit parameters are listed in Table VIII. They
were obtained with a least squares fit of the transformer
model impedance and the impedances measured with the
Agilent 4294A precision impedance analyzer. Fig. 15 shows
the measured and simulated impedances of the MV auxiliary
transformer seen from the primary side terminals with the
secondary side terminals open- and short-circuited.

Fig. 14 shows that the chosen equivalent circuit (see Fig. 11)
models the transformer behavior well for frequencies
below 1 MHz.

Fig. 15 shows the measured ac voltage applied to the
transformer of the MV side auxiliary power supply and the
voltages across C2a and C2b at V2,i = 2 kV. The shown
smooth transitions of the auxiliary transformer voltage indicate
that zero voltage turn ON is achieved.7

7It is to be mentioned here that the input capacitance of the differential
voltage probe, which was used to measure the auxiliary transformer voltage,
adds ∼7 pF to CTr,1 and CPCB.

TABLE IX

SUMMARY OF THE MV AUXILIARY SUPPLY COMPONENTS

TABLE X

SUMMARY OF THE LV AUXILIARY SUPPLY COMPONENTS

The point of load (POL) buck converters shown in Fig. 11
are designed for an operating input voltage range of
Vaux ∈ [16 V, 36 V], which maps to a useful operating input
voltage range of the MV side auxiliary power supply of

V2,i ≈ 2
k N1

N2

Lσ + Lμ

Lμ
Vaux ∈ [1 kV, 2 kV]. (29)

The load dependence of Vaux is negligible, as long as

N2

k N1
i2(t) 	 iμ(t) (30)

i.e., Vaux is not load dependent in this paper. Table IX
summarizes all weights of the MV side auxiliary power supply
components.

2) LV: The same converter topologies and the same power
supply structures are selected for the LV and the MV auxiliary
power supplies (see Fig. 11). However, devices with a lower√

(Rds,ON)Qoss product are available for the LV side, due to
the lower input voltage requirements, V1 ∈ [650 V, 750 V],
and thus the design of the LV side supply is less challenging.
Table X summarizes all weights of the LV side auxiliary power
supply components.

B. Start-Up

The ground station provides initial power to the
AWT system and gradually increases the voltage V2 with a
maximum voltage slope of (dV/dt)max = 200 V/ms in order
to avoid over voltage at the MV port of the dc–dc converter
system. This initial power is used to successively start the
dc–dc converter system and the inverters, i.e., the connected
motor inverters are deactivated during this time interval,
to avoid any unnecessary load. With the AWT’s power system
being fully functional, the AWT system can be lifted from the
ground and rise to the operational altitude, where it transitions
into the generation trajectory, i.e., switches from the motor to
the generator mode of operation.

The following list summarizes how the dc–dc converter
system is started, and Fig. 16 shows the corresponding timing
diagram.
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Fig. 16. Timing diagram of the DAB start-up sequence.

Fig. 17. Equivalent circuit of the additional circuitry facil-
itating a smooth start-up of the system. The transient voltage
supressoion (TVS) diodes clamp the voltages across C2a and C2b
in order to protect the NPC dc-link capacitors and semiconductor switches.
The linear regulator, implemented as a series connection of bipolar
transistors, [42], provides the initial power and is turned OFF when the 15 V
buck converter provides its regulated output voltage.

1) V2,i/2 < 500 V (0 < t < t1 in Fig. 16): A linear
regulator, realized with 12 bipolar transistors
(FCX605TA) connected in series [42], supplies
the IRS27951 self-oscillating IC of the MV side
auxiliary power supply continuously. The converter
system is designed, such that the linear regulator does
not overheat for V2,i < 1 kV. Furthermore, unequal
voltages VC2a and VC2b result due to unequal currents
being drawn from C2a and C2b. TVS diodes with
clamping voltages of 1.2 kV (see Fig. 17) are used to
prevent critical over voltage situations.

2) 500 V < V2,i/2 < 650 V (t1 < t < t2 in Fig. 16):
Above 1 kV, the 15 V POL buck converter provides a
stable output voltage to the MV side auxiliary supply.
Thus, the auxiliary power supply operates in the self-
sustainable mode, and the linear regulator is turned OFF.
All three POL converters shown in Fig. 17 provide stable
output voltages.

3) V2,i/2 > 650 V (Start-Up Mode of the DAB Converter,
t2 < t < t3 in Figs. 1 and 2): The MV side NPC
converters are in active operation while the LV side FB
remains passive as a diode rectifier. The FPGAs located
at the DAB converters’ MV sides communicate with
each other to achieve a synchronous start at t = t2
and, thereafter, linearly increase the duty ratios D2 from
0 to 0.475 within 2 s. With this strategy, the LV side
dc-link voltage, V1, is built up at a limited maximum
tether rms current of 1 A.

4) V1 > 500 V (t4 < t in Fig. 16): All LV side auxiliary
power supplies and the complete circuitries needed for
the digital control are started up and self-sustaining. The
main microcontrollers initiate the respective DAB con-
verters in order to make them ready for closed-loop
control.

V. EXPERIMENTAL RESULTS

A. Hardware Prototype
Fig. 18 shows the Pareto-front determined for a single

DAB converter cell. Based on this Pareto-front, the design

Fig. 18. Pareto-front calculated for a single DAB converter cell; the
different dots depicted in this graph correspond to different designs of the
HF transformer and inductor presented in [1, Fig. 27]. The presented hardware
prototype is a realization of the rightmost design point, which leads to the
maximum feasible power to the weight ratio of 4.35 kW/ kg at a calculated
efficiency of 97.1%.

Fig. 19. 6.25 kW converter prototype. (top) Front view. (bottom) Rear view
without the LV side components. The total system weight is 1.46 kg. The
achieved power to the weight ratio is 4.28 kW/ kg, and the power density
is 5.15 kW/ dm3.

point which leads to the maximum power to the weight ratio
of 4.35 kW/ kg, at a calculated efficiency of 97.1%, has been
selected for the hardware implementation. The corresponding
realized converter prototype is shown in Fig. 19. The
total weight of this 6.25 kW converter system is 1.46 kg,
its power to weight ratio is 4.28 kW/ kg (1.94 kW/ lb),
and the power density is 5.15 kW/ dm3. This leaves a
margin of 100 g/cell, with respect to the specifications listed
in Table I, to facilitate the interconnections and eventually
required additional filter components (see Section II-E).
Fig. 20(a) and (b) shows the partitioning of the
DAB weight by function and materials, respectively.
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Fig. 20. Pie charts of the partitioning of the DAB weight by (a) function
and (b) materials. The total system weight is 1.46 kg.

Fig. 21. Measured voltage and current waveforms at nominal load.

According to Fig. 20(a), the total weight of transformer,
inductor, and cooling system is ∼60% of the total system
weight. This result confirms the strong impact of these
components’ weights on the total system weight and justifies
the selected optimization strategy. The DAB converter system,
however, also requires the remaining converter parts, of which
the weights of the remaining circuits add up to 29% and
structural elements, e.g., screws, add up to 11% of the total
weight.

According to Fig. 20(b), the transformer core and winding
account for 31% and 5% of the total system weight,
respectively. Furthermore, the weight needed for the trans-
former cooling system accounts for 14% of the total
weight.

B. Efficiency and Temperature Measurement

Fig. 21 shows the measured voltage and current waveforms
at nominal load, and Fig. 22 shows the measurement setup.
A series and parallel interconnection of four 600 V/10 A
dc power supplies (Xantrex XDC 600-10) provides sufficient

Fig. 22. Schematic of the measurement setup with four Xantrex XDC 600-10
dc-power supplies and a Yokogawa WT3000 precision power analyzer.

Fig. 23. Measured losses and efficiency of the DAB converter cell prototype.
All operating points feature the voltage conversion ratio V2,i = 2V1/n.

Fig. 24. Measured temperatures of the DAB converter cell prototype. The
temperatures are scaled to 40 °C ambient temperature. All operating points
feature the voltage conversion ratio V2,i = 2V1/n.

voltage and current to the LV side of the DAB converter.
The 1 mH inductor decouples the dc power supplies from
the DAB converter in order to prevent parasitic oscillations
between the output capacitors of the dc power supplies and
the LV side dc link. A Yokogawa WT3000 precision power
analyzer measures the dc input and output powers. The
DAB converter controls the output voltage to V2,i = 2V1/n.
An adjustable resistive load, attached to the positive and
negative terminals of the MV side dc link, is used to set
the requested output power. The converter has reached
thermal equilibrium in every single measurement point. Fig. 23
summarizes the obtained loss and the efficiency measure-
ment results. The converter achieves a maximum efficiency
of 97.5% at V1 = 700 V and P2,i = 5 kW.

Fig. 24 shows the measured temperature rises of the
four heat sink halves and the hot spots of the MV and
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the LV side transformer windings8 with respect to an ambient
air temperature of 40 °C. The temperature measure-
ments are carried out with k-type thermocouples and
Fluke 187 multimeters.

Fig. 24 shows the dependence of the loss allocation with
varying load P2. For the LV side FB, the losses are to be
attributed predominantly to conduction losses, while the
contribution of the ZVS losses are comparably small at the
switching frequency of 100 kHz. The measured ZVS losses
and the corresponding temperature rises are well below
the losses original estimated in [1]. This difference can
be attributed to the use of the dedicated JFET EiceDriver
1EDI30J12CP instead of a JFET n-channel MOSFET cascade
configuration, as in [16]. The same holds true for the
ZVS losses at the MV side NPC bridge leg. However, for
loads below P2 = 3 kW, the switching losses, due to residual
turn ON or partial ZVS losses of the NPC bridge leg,
are considerably larger than the losses at the rated power
of P2 = 6.25 kW. In this paper, the maximum temperature
rise of the MV side heat sink (at P2 = 1 kW and V2,i = 2 kV)
is ∼50 °C and significantly exceeds the allowed temperature
rise of 40 °C. However, with further control efforts, the losses
at low transferred powers can be reduced, e.g., through power
cycling strategies. This will be the subject of future work.
For the transformer and the inductor, the total losses approx-
imately double from P2 = 1 kW to full output power range
P2 = 6.25 kW, which shows an approximately even distribu-
tion between the core and the winding losses. For the magnetic
component, the measured MV winding hot-spot temperature
is most sensitive to the transferred power. This result is to be
expected and underlines the need for an active cooling system
that reduces the thermal resistance of the MV winding, which
is engulfed by a 2 mm layer of electric insulation.

The power consumption of the MV side auxiliary power
supply is ∼7 W, and the LV side auxiliary power supply
requires an input power of approximately 12 W, since it also
provides power to the two fans for the cooling system.

At the designed operating point, V1 = 650 V,
V2,i = 1733 V, and P2,i = 6.25 W, the calculated and the
measured efficiencies are 97.3% and 97%, respectively.

C. Cost Decomposition

Besides the weight and the efficiency of the converter, the
cost is an important parameter for industry. For this reason,
a cost estimation based on the methods and the models
presented in [43] is performed. The results are summarized
in Fig. 25. The analysis yields material costs at a produc-
tion volume of more than 5′000 converters of approximately
350 C per DAB converter cell, i.e., 56 C/kW.

The contribution of the passive power components to the
total material cost is 8.2%, i.e., the filter components and
the transformer and the inductor; the contribution of the
DAB power semiconductors is 23.5%, i.e., JFETs, p-channel
MOSFET, SiC diodes, and protective TVS diodes; and the

8The winding hot spots are assumed to be in the middle of the inductor
end turns of the MV side winding and inside the end turns of the LV side
winding on the opposite side of the transformer.

Fig. 25. Cost decomposition of the DAB converter cell prototype.
The material costs at a production volume of more than 5000 converters
is ∼350 C per DAB converter cell, i.e., 56 C/kW. Housing and connectors
are not considered. Power passives consist of the filter components and
the transformer and inductor. The DAB power semiconductors consist
of the JFETs, p-channel MOSFETs, SiC diodes, and protective TVS diodes.
The cost estimation is based on the methods and models presented in [43].
A price of 7 C per JFET is assumed.

cooling system contributes with 6.1%, where the majority
of the costs are attributed to the two fans. According to
the result of this estimation, these power components add
up to 38% of the total cost. The remaining part, 62% of
the material cost, is attributed to ICs and electronics, which
enable the operation and the control of the converter. The
contribution of the gate driver components is 15.7% and
predominantly consists of the eight dedicated JFET EiceDriver
ICs and four MAX13256 transformer driver ICs utilized for
the isolated gate driver supplies. Fig. 25 further reveals that
the material cost for the MV auxiliary supply (12.9%) is
almost double the cost of the LV auxiliary supply (7.2%),
because of the more expensive high-voltage MOSFETs. The
remaining 26% cover all electronics required for the
measurements, the control, and the communication, includ-
ing the printed circuit boards (1.7%) and, with 14.9%,
the fiber optic transmitters and receivers (HFBR-1522Z and
HFBR-2522Z), which are required due to the high isolation
requirements of the converters ISOP structure, significantly
contribute to the cost of the electronics. The cost decomposi-
tion reveals that an optimization for minimum converter weight
minimizes the material cost of the passive components and
invests in power semiconductors, which feature minimal losses
and reduce the cooling system weight, regardless of the power
semiconductor cost.

VI. CONCLUSION AND OUTLOOK

A comprehensive conceptualization and the design of a
weight-optimized all-SiC 2 kV/ 700 V DAB for an AWT is
presented. Experimental results validate the calculated
converter performance: the realized converter prototype
achieves a power to weight ratio of 4.28 kW/ kg (calculated:
4.35 kW/ kg) at a weight of 1.46 kg and a power density
of 5.15 kW/ dm3; the efficiency is 97% (at V1 = 650 V
and Pout = 6.25 kW; calculated: 97.3%). The realized
DAB converter cell fulfills the required specifications
(see Table I) and hence confirms the feasibility of the
AWT electrical system structure proposed in [1].

The weight of the cooling system and the transformer and
inductor is ∼60% of the total system weight. This result
confirms the strong impact of the weights of these components
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on the total system weight and justifies the reason for the
weight optimization to focus on these components.

The switching losses are decreased (compared with [1])
through the evolution of the SiC technology, i.e., due to
the JFET direct drive technology. This and the fact that the
transformer core material accounts for 31% of the total system
weight suggest that a DAB operated at a higher switching
frequency may have the potential for a further weight
reduction.

The MV winding is the first component to reach its
thermal limit, in spite of the fact, that the transformer cooling
system accounts for 14% of the total system weight. Due
to this reason, different transformer topologies, which do not
engulf the winding with a large thermal insulation, may allow
for a further weight reduction. Respective investigations and
optimizations are subject to future work.

The presented comprehensive weight-optimized design of
the 6.25 kW DAB converter cell, used as part of a 25 kW
ISOP structured dc–dc converter, considers multiobjective
optimization and takes, besides the actual components weights,
the losses of the converter components and the associated
weight of the required optimized cooling system into account.
Furthermore, the weights of the additional circuitries required
for the converter operation and the integration into the final
electrical AWT system, i.e., gate drivers, digital control,
filters, and auxiliary power supplies, are also considered. The
converter design detailed in this paper, thus points out the
technological limits the DAB converter is subject to and is
not limited to the considered AWT application.

The weight optimization of components is of uttermost
importance for not only AWTs but for airborne applications in
general, since each additional kilogram of weight carried in an
aircraft increases the fuel consumption by 2900 liter kerosene
per year [44]. With respect to a power converter not only the
weight of the power components but also efficiency plays a
major role, since the weight of the converters cooling system
increases with increasing losses and, most often, substantially
contributes to the total converter weight; from practical
experience, it is estimated that 1 kW of losses involves 10 kg
of secondary cooling equipment [46]. For this reason, the
presented design procedure has to be seen in a more general
context as guideline for the realization of lightweight power
converters for airborne applications.

APPENDIX

DESIGN OF THE FILTER NETWORKS

The presented design approach employs the simplified
dynamic DAB converter model developed in [35] and the
networks connected to the LV and the MV sides. Fig. 26
shows the considered network, which consists of two current
sources to model the inner most part of the DAB converter,
a LV side C LC filter with damping network, and, on the
MV side, the equivalent sum of the MV filter capacitors, C2,
and the equivalent circuits of the tether and the ground station,
i.e., the rectifier/inverter system located on the ground, that
are relevant for a single DAB converter cell. For the ground
station, no weight limitation applies and, for this reason,
a sufficiently large dc-link capacitance C3 at the ground station

Fig. 26. Equivalent circuit of the AWT power electronic system [1], including
the simplified circuit model of the DAB presented in [35] (instead of the
assumed ideal transformer in [1]).

Fig. 27. Transient response of the MV side filter voltage V2,i to a step, in
the dc–dc converters transferred power, from −Pnom to Pnom for different
equivalent capacitances C2 = C2a/2. The ground station is assumed to be an
ideal voltage source. The MV side of the DAB is a controlled current source
[35] and the tether provides a damped inductance of 360 µH with a series
resistance of 9 � [1].

is assumed, which provides a stabilized dc voltage. Thus, in the
simplified network, shown in Fig. 26, the ground station is
replaced by a dc voltage source.

A. MV Side Filter

The MV side of the DAB converter system shown
in Fig. 26 is connected to the ground station by means of
the tether, which, in terms of simplified electrical properties,
is a 1-km-long cable with a series resistance of 9 � and
a series inductance of 360 µH.9 The network of Fig. 26
corresponds to a single DAB converter cell, and

L te = 360 µH and Rte = 9 � (31)

apply, since on the MV side, four DAB converter systems
are connected in parallel and each of the four converter
systems itself is composed of four DAB converter cells that are
connected in series (see Fig. 1). Based on these considerations
and with the given converter circuit shown in Fig. 2, the values
of the capacitances C2a = C2b denote the only possible degree
of freedom related to the design of the MV side filter.

Fig. 27 shows the transient response of the MV side filter
voltage V2,i due to the worst case stepwise change of the
MV side current source. The worst case is considered to

9Wave propagation effects are not considered in this paper, since the
critical frequency related to wave propagation effects calculated for this cable
is >100 kHz. Thus, the critical frequency is considerably greater than the
bandwidth of the closed current control loop, which is <10 kHz, and the
corresponding maximum achievable excitation frequency.
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be present if the ground station generates the maximum
voltage, V ′

2 = 8 kV (or, when referring to a single DAB
converter, V ′

2,i = 2 kV), since any transient voltage change
may lead to over voltage situations at the MV dc ports of the
DAB converters. Furthermore, the maximum possible current
change is considered, which, for V ′

2 = V2,i,max, gives a
stepwise change from −Pnom/V2,i,max to Pnom/V2,i,max. From
the results shown in Fig. 27, a capacitance value C2 = 3 µF is
selected, which, in combination with L te gives a characteristic
impedance of

Z0 =
√

L te

C2
= 11 � > Rte = 9 � (32)

and a sufficiently damped voltage response results. With this,
a maximum instantaneous absolute voltage overshoot
(transient + static over voltage) of 64 V results, which can
be easily handled by all MV side power components that are
subject to this over voltage condition.

Due to the required capacitor rms current of 5 A and the
capacitor voltage of up to 1 kV, only film capacitors have
been considered for C2a and C2b. Each capacitor is imple-
mented with two B32774D1305K 3 µF/1300 V/4 A capacitors
operated in parallel in order to achieve the C2a = C2b = 6 µF.

B. LV Side Filter

According to Appendix C, the worst case dynamic situation
is present if the inverters perform a stepwise change of the
output current with maximum possible amplitude, e.g., from
motor mode at rated power to generator mode at rated power,
while the operating mode of the DAB converter system
remains unchanged, e.g., the DAB converter system continues
to provide energy to the motor inverters at rated power.
In this case, a superordinate on-board power management
unit coordinates the energy flow, i.e., immediately tells the
DAB converter system to change the direction of energy flow.
Depending on the realization of this power management unit,
however, a certain time delay may occur, which is the time
between the instant a transient change at an inverter port occurs
until the connected DAB converter system adapts to the new
situation. In the meantime, the dc capacitors need to buffer
the energy, whereas V1 may not exceed a maximum voltage
of V1,max = 810 V in order to protect the power electronic
switches of the DAB converters and the motor inverters. With
a digitally controlled system, a time delay of Tdelay = 50 µs
is assumed to be reasonable. Thus, in the case of the worst
case dynamic situation, the maximum charge absorbed by the
sum of the capacitances Cdc + Cf1 is

�Q = Tdelay2Pi,max

V1,maxηexp
= 877 µC (33)

which yields the condition

Cdc + Cf1 >
�Q

�V1,trans
= 877 µC

810 V − 750 V
= 14.6 µF (34)

for Cdc + Cf1. Since Cf1 is subject to high rms currents
(see Table II), it is implemented with suitable film capacitors.
The considered converter prototype operates two 2 µF/1100 V

film capacitors (B32774D0205 manufactured by EPCOS)
in parallel. These film capacitors allow for a reasonable
steady-state voltage ripple, approximately determined with

�VCf1 ≤
√

2 max(IC1)

2π2 fsCf1
≈ 2 V. (35)

Aluminum electrolytic capacitors are selected for the
realization of Cdc, due to the better capacitance to weight
ratio compared with film capacitors and since Cdc is subject
to comparably low capacitor rms currents. Thus, for
a single DAB converter cell, Cdc is realized with two
UCYW6220MHD 22 µF/420 V capacitors in series. The
maximum allowable rms current is 2 × 285 mA = 570 mA
(factor 2 due to HF operation) for this capacitor
at 2 fs = 200 kHz.

Lf1a, Lf1b, and Rf1b limit the rms current that Cdc is
subject to. In this paper, ILf ≤ 250 mA, i.e., a current less
than one half of Cdc’s maximum allowable rms current,
is considered to be a useful assumption, since this leaves suffi-
cient remaining capacitor current capability for the connected
motor inverters and allows for comparably small and light-
weight components Lf1a, Lf1b, and Rf1b (see Table VI). In the
stopband of the filter, the ratio between ICf and ILf is approx-
imately determined with the fundamental frequency approach

ICdc

ICf
≈

∣∣∣∣ − j (2π2 fsCf1)
−1

j2π2 fs(Lf1a||Lf1b) + RCdc − j (2π2 fsCf1)−1

∣∣∣∣.
(36)

Note that the FB converter operates the filter at a fundamental
frequency of 2 fs. Furthermore, the dc capacitance is replaced
by its equivalent series resistance, due to 2π2 fsCdc 	 RCdc.
With (36)

Lf1a||Lf1b ≈ 4.5 µH (37)

applies in order to keep |ICdc/ICf1| below 250 mA/7 A. For
the filter, a maximum resonance rise of 1.5 dB is tolerated,
which, according to [36], yields

Lf1a = 10 µH, Lf1b = 8.2 µH, and Rf1b = 1.35 �.

(38)

C. Controller Design

The presented controller design is conducted in continuous
time and, for this reason, the bilinear transformation with
sampling interval T0

z → 2 + sT0

2 − sT0
and s → 2

T0

z − 1

z + 1
(39)

is used to approximately convert transfer functions between
the discrete and the continuous time domains [45].

According to the simplified dynamic model given in [35],
the DAB converter can be replaced by the two controlled
current sources and the respective filter networks, as shown
in Fig. 26. The modulator current Imod,1,i simultaneously con-
trols both the LV and the MV side, current sources ILF,i and I2,
the considered simplified dynamic DAB converter model, thus
disregards interactions between the LV and the MV sides. The
most influential component of the transfer function of the DAB
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converter without filter networks, GDAB,0 = ILF,i/Imod,1,i ,
identified in [35] is the time delay introduced by the digital
control system, Tc = 50 µs

GDAB,0(s) = ILF,i

Imod,1,i
= e−sTc (40)

and the total open-loop transfer function of a DAB converter
cell, Gi,ol(s), is

Gi,ol(s) = ILF,i

Imod,1,i
= ZCf1

ZLf1 + ZCf1
GDAB,0,

ZLf1 = sLf1a(Rf1b + sLf1b)

sLf1a + (Rf1b + sLf1b)
, and ZCf1 = 1

sCf1
.

(41)

The transfer functions of the Proportional Integral (PI)
controllers are [35]

Gc = Kp
z − (1 − Tc/Ti)

z − 1
z→s= Kp

(
1 − Tc

2Ti
+ 1

sTi

)
(42)

with gain Kp, integral time constant Ti, and controller update
period time Tc. The discrete time transfer function of a moving
average filter of filter order Ns is

Havg = 1

Ns

Ns−1∑
k=0

1

zk
z→s= 1

Ns

Ns−1∑
k=0

(
2 − sTs

2 + sTs

)k

(43)

with Ns = 8 and Ts = 1.25 µs is applicable in this paper.
Hence, the voltages V1 and V2,i and the filter currents ILF,i
are sampled and averaged eight times within each switching
period.

In order to achieve a high bandwidth of the current
controller, and because the transfer function Gi,ol is essentially
a second-order low-pass filter with a time delay, the current
controllers are designed with the optimum amount method
with a selected phase margin of ϕI = 60°. For this, the corner
frequency of the current controller’s transfer function, fi,I =
1/(2πTi,I), is set equal to the frequency, where Gi,ol shows
maximum resonant gain∣∣∣∣Gi,ol

(
j

2π

Ti,I

)∣∣∣∣ = max
∣∣Gi,ol

∣∣. (44)

The current controller gain Kp,I is adjusted to achieve a phase
margin of ϕI = 60 ° at the cross over frequency ωϕ,I of the
loop gain

Fol,I = Gc,IGi,ol Havg (45)

by solving

� [Fol,I(jωϕ,I)|Kp,I→1] != ϕI − π (46)

in order to determine ωϕ,I and, subsequently∣∣Fol,I(jωϕ,I)
∣∣ != 1 (47)

to determine Kp,I. The loop gain for the voltage controller
used to control V1 then becomes

Fol,V1 = Gc,V1Gcl,I Havg with Gcl,I = Fol,I

1 + Fol,I
(48)

Fig. 28. Bode plots of the plant’s transfer function Gi,ol , the open-loop gains
Fol,I, Fol,V1, and Fol,V2, and the closed-loop transfer functions Gcl,I, Gcl,V1,
and Gcl,V2.

TABLE XI

DC–DC CONVERTER CONTROL PARAMETERS

L

i.e., Gcl,I is the transfer function of the closed current
control loop. Fig. 28 shows all resulting open- and closed-loop
gains.

The voltage controller of V1 stabilizes the voltage of the
dc bus on the LV side and, for this purpose, alters the
reference current ILF,ref. This voltage controller is designed
with the symmetric optimum method [35], for a phase margin
of ϕV1 = 60 °. With this, the controller parameters
Kp,V1 = 44.1 mA/V and Tp,V1 = 5.83 ms result.

Finally, the voltage controllers for the MV side voltages of
the slave modules, V2,2, V2,3, and V2,4, need to be designed.
The MV side filter capacitors realize a capacitive voltage
divider, which enables voltage balancing in the case of
time varying output currents, i.e., ac currents. These voltage
controllers, therefore, need to compensate unbalancing due
to slowly varying output current deviations of the differ-
ent modules. For this reason, the respective closed-loop
bandwidths can be set to a comparably low value

ωϕ,V2 = ωϕ,V2,2 = ωϕ,V2,3 = ωϕ,V2,4 = ωϕ,V1/10 (49)

i.e., an order of magnitude below ωϕ,V1 is selected
(see Fig. 28), in order to avoid interactions between the
voltage controller used to stabilize V1 and the MV side
voltage controllers. The controllers are designed according
to the symmetric optimum method for a phase margin of
ϕV1 = 60 °. Table XI summarizes the resulting controller
parameters.



GAMMETER et al.: CONCEPTUALIZATION, DESIGN, AND EXPERIMENTAL VERIFICATION OF A WEIGHT-OPTIMIZED ALL-SiC 2 kV/700 V DAB 655

REFERENCES

[1] J. W. Kolar et al., “Conceptualization and multi-objective optimization
of the electric system of an airborne wind turbine,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 1, no. 2, pp. 73–103, Jun. 2013.

[2] J. Adhikary and S. K. Panda, “Generation and transmission of electrical
energy in high-altitude wind power generating system,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 3, no. 2, pp. 459–470, Jun. 2015,
doi: 10.1109/JESTPE.2015.2388702.

[3] E. Murtola, S. M. Neuhold, and P. Anliker, “Hyperelastic high voltage
conductor for electric drilling,” in Proc. 4th Int. Conf. CMOO, Oct. 2005,
pp. 1–11.

[4] S. M. Neuhold, “A hyper elastic conductor for bulk energy transfer in
the wall of spoolable tubes for electric deep drilling,” Ph.D. dissertation,
Dept. Swiss Federal Inst. Technol. Zurich, ETH Zürich, Zürich,
Switzerland, 2007.

[5] P. Ragot, M. Markovic, and Y. Perriard, “Optimization of electric motor
for a solar airplane application,” IEEE Trans. Ind. Appl., vol. 42, no. 4,
pp. 1053–1061, Jul./Aug. 2006.

[6] Y. Perriard, P. Ragot, and M. Markovic, “Brushless DC motor optimiza-
tion process—Choice between standard or straight tooth shape,” in Proc.
41st IEEE Ind. Appl. Soc. Annu. Meeting, Tampa, FL, USA, Oct. 2006,
pp. 1898–1904.

[7] P. Ragot, P. Germano, M. Markovic, and Y. Perriard, “Brushless DC
motor for a solar airplane application: Comparison between simulations
and measurements,” in Proc. IEEE Ind. Appl. Soc. Annu. Meeting,
Edmonton, AB, Canada, Oct. 2008, pp. 1–6.

[8] M. van der Geest, H. Polinder, J. A. Ferreira, and D. Zeilstra, “Opti-
mization and comparison of electrical machines using particle swarm
optimization,” in Proc. 20th IEEE Int. Conf. Elect. Mach. (ICEM),
Marseille, France, Sep. 2012, pp. 1380–1386.

[9] M. van der Geest, H. Polinder, J. A. Ferreira, and D. Zeilstra,
“Machine selection and initial design of an aerospace starter/generator,”
in Proc. IEEE Int. Electr. Mach. Drives Conf. (IEMDC), May 2013,
pp. 196–203.

[10] C. Gammeter, Y. Drapela, A. Tüysüz, and J. W. Kolar, “Weight opti-
mization of a machine for airborne wind turbines,” in Proc. 40th Annu.
Conf. IEEE Ind. Electron. Soc. (IECON), vol. 1. Dallas, TX, USA,
Oct./Nov. 2014, pp. 950–958.

[11] J. Adhikari, A. K. Rathore, and S. K. Panda, “Modular interleaved soft-
switching DC-DC converter for high-altitude wind energy application,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 2, no. 4, pp. 727–738,
Dec. 2014.

[12] S. Mounce, B. McPherson, R. Schupbach, and A. B. Lostetter, “Ultra-
lightweight, high efficiency SiC based power electronic converters for
extreme environments,” in Proc. IEEE Aerosp. Conf., Big Sky, MT, USA,
Mar. 2006, doi: 10.1109/AERO.2006.1655979.

[13] J. Millan, P. Godignon, X. Perpina, A. Perez-Tomas, and J. Rebollo,
“A survey of wide bandgap power semiconductor devices,” IEEE Trans.
Power Electron., vol. 29, no. 5, pp. 2155–2163, May 2014.

[14] B. Wrzecionko, D. Bortis, and J. W. Kolar, “A 120 °C ambient tem-
perature forced air-cooled normally-off SiC JFET automotive inverter
system,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2345–2358,
May 2014.

[15] M. Schweizer and J. W. Kolar, “Design and implementation of a highly
efficient three-level T-type converter for low-voltage applications,” IEEE
Trans. Power Electron., vol. 28, no. 2, pp. 899–907, Feb. 2013.

[16] R. A. Friedemann, F. Krismer, and J. W. Kolar, “Design of a minimum
weight dual active bridge converter for an airborne wind turbine system,”
in Proc. 27th Appl. Power Electron. Conf. Expo. (APEC), Orlando, FL,
USA, Feb. 2012, pp. 509–516.

[17] D. Rothmund, G. Ortiz, T. Guillod, and J. W. Kolar, “10 kV SiC-based
isolated DC-DC converter for medium voltage-connected solid-state
transformers,” in Proc. 30th Appl. Power Electron. Conf. Expo. (APEC),
Charlotte, NC, USA, Mar. 2015, pp. 1096–1103.

[18] M. R. Islam, G. Lei, Y. Guo, and J. Zhu, “Optimal design of high-
frequency magnetic links for power converters used in grid-connected
renewable energy systems,” IEEE Trans. Magn., vol. 50, no. 11,
Nov. 2014, Art. ID 2006204.

[19] W. Water and J. Lu, “Shielding analysis of high-frequency coaxial
transformers used for electric vehicle on-board charging systems,” IEEE
Trans. Magn., vol. 49, no. 7, pp. 4005–4008, Jul. 2013.

[20] W. Wang, K. W. E. Cheng, K. Ding, and T. F. Chan, “A polymer-
bonded magnetic core for high-frequency converters,” IEEE Trans.
Magn., vol. 48, no. 11, pp. 4328–4331, Nov. 2012.

[21] R. A. Jabr, “Application of geometric programming to transformer
design,” IEEE Trans. Magn., vol. 41, no. 11, pp. 4261–4269, Nov. 2005.

[22] G. Ortiz, M. Leibl, J. W. Kolar, and O. Apeldoorn, “Medium frequency
transformers for solid-state-transformer applications—Design and exper-
imental verification,” in Proc. 10th IEEE Int. Conf. Power Electron.
Drive Syst. (PEDS), Kitakyushu, Japan, Apr. 2013, pp. 1285–1290.

[23] G. Ortiz, J. Biela, and J. W. Kolar, “Optimized design of medium
frequency transformers with high isolation requirements,” in Proc. 36th
Annu. Conf. IEEE Ind. Electron. Soc. (IECON), Phoenix, AZ, USA,
Nov. 2010, pp. 631–638.

[24] T. Guillod, J. E. Huber, G. Ortiz, A. De, C. M. Franck, and J. W. Kolar,
“Characterization of the voltage and electric field stresses in multi-
cell solid-state transformers,” in Proc. IEEE Energy Convers. Congr.
Expo. (ECCE), Pittsburgh, PA, USA, Sep. 2014, pp. 4726–4734.

[25] M. B. Dogruoz and M. Arik, “On the conduction and convection heat
transfer from lightweight advanced heat sinks,” IEEE Trans. Compon.
Packag. Technol., vol. 33, no. 2, pp. 424–431, Jun. 2010.

[26] P. Ning, F. Wang, and K. D. T. Ngo, “Forced-air cooling
system design under weight constraint for high-temperature
SiC converter,” IEEE Trans. Power Electron., vol. 29, no. 4,
pp. 1998–2007, Apr. 2014.

[27] C. Gammeter, F. Krismer, and J. W. Kolar, “Weight optimization of
a cooling system composed of fan and extruded fin heat sink,” IEEE
Trans. Ind. Appl., vol. 51, no. 1, pp. 509–520, Jan./Feb. 2015.

[28] F. Krismer and J. W. Kolar, “Closed form solution for minimum
conduction loss modulation of DAB converters,” IEEE Trans. Power
Electron., vol. 27, no. 1, pp. 174–188, Jan. 2012.

[29] F. Krismer and J. W. Kolar, “Accurate power loss model derivation of a
high-current dual active bridge converter for an automotive application,”
IEEE Trans. Ind. Electron., vol. 57, no. 3, pp. 881–891, Mar. 2010.

[30] J. Everts, F. Krismer, J. Van den Keybus, J. Driesen, and J. W. Kolar,
“Charge-based ZVS soft switching analysis of a single-stage dual
active bridge AC-DC converter,” in Proc. IEEE Energy Convers. Congr.
Expo. (ECCE), Denver, CO, USA, Sep. 2013, pp. 4820–4829.

[31] R. Kotte, E. Gockenbach, and H. Borsi, “About the breakdown and
partial discharge behavior of different heat-resistant cast resins,” in
Proc. 6th Int. Conf. Properties Appl. Dielectr. Mater., vol. 2. 2000,
pp. 583–586.

[32] A. Kaindl, L. Schön, R. Röckelein, and H. Borsi, “Influence of
processing parameters on electrical insulation properties for epoxy-resin
materials-an investigation by experiment and finite element analysis
simulation,” in Proc. Conf. Rec. IEEE Int. Symp. Elect. Insul., Apr. 2000,
pp. 48–51.

[33] M. Beyer, W. Boeck, K. Möller, and W. Zaengl, Hochspannungstechnik.
Berlin, Germany: Springer-Verlag, 1986.

[34] R. Schifani and V. Gagliardo, “Partial discharge patterns and aging
phenomena at different temperatures in filled and unfilled epoxy,
by a modified CIGRE setup, method I,” in Proc. IEEE 5th Int.
Conf. Conduction Breakdown Solid Dielectr. (ICSD), Jul. 1995,
pp. 329–333.

[35] F. Krismer and J. W. Kolar, “Accurate small-signal model for the digital
control of an automotive bidirectional dual active bridge,” IEEE Trans.
Power Electron., vol. 24, no. 12, pp. 2756–2768, Dec. 2009.

[36] R. W. Erickson, “Optimal single resistors damping of input filters,” in
Proc. 14th Appl. Power Electron. Conf. Expo. (APEC), vol. 2. Dallas,
TX, USA, Mar. 1999, pp. 1073–1079.

[37] K. H. Edelmoser, H. Ertl, and F. Zach, “A multi-cell switch-mode power-
supply concept featuring inherent input voltage balancing,” in Proc. 10th
WSEAS Int. Conf. Circuits, Syst., Commun. Comput. (CSCC), Athens,
Greece, Jul. 2006, pp. 201–206.

[38] M. Kasper, D. Bortis, and J. W. Kolar, “Novel high voltage conversion
ratio ‘Rainstick’ DC/DC converters,” in Proc. IEEE Energy Convers.
Congr. Expo. (ECCE), Denver, CO, USA, Sep. 2013, pp. 789–796.

[39] R. L. Steigerwald, “A review of soft-switching techniques in high
performance DC power supplies,” in Proc. IEEE 21st Int. Conf. Ind.
Electron., Control, Instrum. (IECON), vol. 1. Nov. 1995, pp. 1–7.

[40] STMicroelectronics. Data Sheet, STB20NM60-1—STP20NM60FP—
STB20NM60—STP20NM60—STW20NM60, Revision 12 1/18. [Online].
Available: http://www.st.com/, accessed Feb. 2015.

[41] L. Dalessandro, F. da Silveira Cavalcante, and J. W. Kolar, “Self-
capacitance of high-voltage transformers,” IEEE Trans. Power Electron.,
vol. 22, no. 5, pp. 2081–2092, Sep. 2007.

[42] H. Ertl, T. Wiesinger, and J. W. Kolar, “Active voltage balancing of
DC-link electrolytic capacitors,” IET Power Electron., vol. 1, no. 4,
pp. 488–496, Dec. 2008.

[43] R. Burkart and J. W. Kolar, “Component cost models for multi-objective
optimizations of switched-mode power converters,” in Proc. IEEE
Energy Convers. Congr. Expo. (ECCE), Denver, CO, USA, Sep. 2013,
pp. 2139–2146.



656 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 04, NO. 2, JUNE 2016

[44] C. Soutis, “Fibre reinforced composites in aircraft construction,” Progr.
Aerosp. Sci., vol. 41, no. 2, pp. 143–151, 2005.

[45] A. V. Oppenheim and R. W. Schafer, Discrete-Time Signal Processing,
3rd ed. Delhi, India: Pearson Higher Education, Aug. 2009.

[46] H. P. Feustel and J. Koszescha, “ECPE-roadmap 2025 automotive
& aerospace power electronics,” in Proc. ECPE Roadmap Workshop,
Munich, Germany, Mar. 2015.

Christoph Gammeter (S’13) received the
M.Sc. degree from the Swiss Federal Institute of
Technology (ETH) Zurich, Zürich, Switzerland,
in 2012, where he is currently pursuing the
Ph.D. degree with the Power Electronics Systems
Laboratory.

He is with ETH Zurich, where he is involved in
weight-optimized converters.

Florian Krismer (S’05–M’12) received the
M.Sc. degree from the Vienna University
of Technology, Vienna, Austria, in 2004, and
the Ph.D. degree from the Power Electronic
Systems Laboratory, Swiss Federal Institute of
Technology (ETH) Zurich, Zürich, Switzerland,
in 2011.

He is currently a Post-Doctoral Fellow with the
Power Electronic Systems Laboratory, ETH Zurich.
His current research interests include the analysis,
design, and optimization of high-current and

high-frequency power converters.

Johann W. Kolar (F’10) received the M.Sc. and
Ph.D. (summa cum laude) degrees from the Vienna
University of Technology, Vienna, Austria.

He is currently a Full Professor and the Head of
the Power Electronic Systems Laboratory with the
Swiss Federal Institute of Technology (ETH) Zurich,
Zürich, Switzerland. He has authored over 600 scien-
tific papers in international journals and conference
proceedings, and has filed over 100 patents. His
current research interests include ultracompact and
ultraefficient converter topologies, employing latest

power semiconductor technology, such as SiC and GaN, solid-state transform-
ers, power supplies on chip, and ultrahigh speed and bearingless motors.

Dr. Kolar has proposed numerous novel pulsewidth modulation converter
topologies, and modulation and control concepts, such as the Vienna Rectifier,
the Swiss Rectifier, and the Three-Phase AC-AC Sparse Matrix Converter. He
received nine IEEE TRANSACTIONS Prize Paper Awards, eight IEEE Con-
ference Prize Paper Awards, the SEMIKRON Innovation Award in 2014, and
the ETH Zurich Golden Owl Award 2011 for Excellence in Teaching.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




