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In this paper two bi-directional DC-DC converters for a 1MW next-generation BTB system of a distribution
system, as it is applied in Japan, are presented and compared with respect to design, efficiency and power
density. One DC-DC converter applies commercially available Si-devices and the other one high voltage SiC
switch, which consists of a SiC JFET cascode (MOSFET+1 JFET) in series with five SiC JFETs.

In the comparison also the high frequency, high voltage transformer, which ensures galvanic isolation and
which is a core element of the DC-DC converter, is examined in detail by analytic calculations and FEM
simulations.

For validating the analytical considerations a 20kW SiC DC-DC converter has been designed in detail.
Measurement results for the switching and conduction losses have been acquired from the SiC and also for a
Si system for calculating the losses of the scaled 1MW system.

Keywords: Next-generation BTB system, High voltage HF DC-DC converter, SiC JFET cascode, High voltage HF
transformer

1. Introduction

Generally, the power generation with renewable en-
ergy sources is a discontinuous process and in most of
the cases depending on the environment. Feeding in the
produced energy into a distribution system influences
the overall energy flow. Therefore, it is a challenge to
control and keep the energy stabilised. Figure 1 shows
a Japanese 6.6kV power distribution system having two
feeders from a transformer.

Today, each distribution system in Japan has radial
feeders, forming no loop. If the distributed power gen-
erators are installed concentrated on one of the feeders
(feeder 2 in figure 1), regulating voltage on both feeders
within an acceptable range becomes difficult.

Back-to-Back (BTB) systems, also known as loop con-
trollers, have been investigated to solve the problem of
power flow balancing. The dotted lines in figure 1 show
where the BTB system would be installed and in figure
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Fig. 1. A 6.6kV distribution system in Japan hav-
ing two feeders.

2 a circuit configuration is shown which is presented in
[1]. The line-frequency (50Hz or 60Hz) transformers in
figure 2 play an important role in stepping down/up the
voltage and in ensuring galvanic isolation between the
two feeders. Especially, galvanic isolation is desirable
to prevent a zero-sequence current circulating between
the two feeders. However, one 6.6kV, 1MW transformer
weighs approximately 3,000kg to 4,000kg, and may be
too heavy to be mounted on an electric pole. Actu-
ally, the solution with the transformers results in a large
volume and occupy a big part of the conversion sys-
tem. Furthermore, the costs are quite high due to ris-
ing prices for raw materials. As a consequence, a new
topology is under investigation substituting the two line-
frequency transformers. The present BTB system with
two three-phase, line frequency transformers will be re-
placed by the next-generation BTB system given in fig-
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Fig. 2. The present BTB system for the 6.6kV
power distribution system.

ure 3. There it is shown, that a BTB system in the
next-generation consists of a number of converter cells
which in each case consists of a rectifier/inverter stage
and a DC-DC converter. The galvanic isolation of the
proposed BTB system is guaranteed by a high frequency
(HF) transformer. Due to the high operating frequency
the volume and the weight of the passive components
is reduced very much compared to the line-frequency
transformers.

For the design of the full bridge converter different
device technologies can be used: on the one hand a real-
isation with Si IGBT devices [2] and on the other hand
with SiC JFET components provided by SiCED [3]. In
the following a galvanic isolated BTB system with SiC
will be designed, according the specification parameters
given in table 1 and compared with the Si system of [2].

In section 2 the operation principle of the next-
generation BTB system solution is summarised shortly.
The following section 3 focuses on the DC-DC converter
with SiC JFET cascodes. There, the converter specifica-
tions, the dual active bridge (DAB) as well as the high
voltage (HV) SiC switch are explained. In section 4
experimental results of the SiC JFET cascode and the
design of the HV-HF transformer based on analytic cal-
culations and FEM simulations are presented. Further-
more, a 3D-model of the proposed DC-DC converter is
shown. Section 5 summarises the performance of the Si
IGBT system presented in [2]. Thereafter, the possible
solutions for a next-generation BTB system – Si IGBT
and SiC JFET cascode – are compared for a 1MW sys-
tem in section 6 and finally conclusions are drawn in
section 7.

2. Next-Generation Medium Voltage BTB
System

The next-generation BTB system (figure 3) consists
of a rectifier/inverter stage and as the core circuit a
bi-directional, galvanic isolated DC-DC converter, as
shown in figure 4 (Si IGBT) or figure 5 (SiC JFET
cascode), is applied.

The cascaded converter cells form a single-phase part
of the BTB system where each converter cell consists
of a DC-DC converter. The DC-link voltage in each

Table 1. Design requirements of the BTB system.

Input Voltage 6.6kV

Output Voltage 6.6kV

Rated Power 1MW

Current THD 5%

Each Harmonic <3%

First Converter Cell

6.6kV 6.6kVCircuit

in

figures

4, 5

Second Converter Cell

N-th Converter Cell

Fig. 3. A 6.6kV BTB system in the next
generation.

converter cell depends on the number of cascade con-
nections N . Hence, waveform levels, AC input voltages
and DC-link voltages per converter cell are calculated,
for a different number N of converter cells, and sum-
marised in table 2.

The analysed Si IGBT system consists of six converter
cells in each phase (N=6), what results in a DC-link
voltage of 1.02kV in each cell, allowing to use 1.7kV
IGBTs available at a lower cost than higher voltage
Si devices. The application of several converter cells
and phase shifted unipolar sinusoidal PWM of the rec-
tifier/inverter stage, where the triangular carrier signal
in one converter cell is phase shifted by π/N from each
other, results in a multilevel waveform of the line-to-
neutral voltage. Therefore, the equivalent switching fre-
quency is 2Nfc, where fc is the carrier frequency. As
a result, the voltage waveform has (2N+1) levels with
the switching frequency of 2Nfc. Thus, the carrier fre-
quency of the PWM converters can be as low as 4kHz
by six converter cells in each phase.

Table 2. Voltage and waveform levels depending
on the number N of converter cells of a next-gen-
eration BTB system.

N Waveform AC Input DC Link

1 3 Level 3,811V 6.10kV

2 5 Level 1,905V 3.48kV

3 7 Level 1,270V 2.03kV

4 9 Level 952V 1.52kV

5 11 Level 752V 1.22kV

6 13 Level 635V 1.02kV

7 15 Level 544V 870V

8 17 Level 476V 762V

9 19 Level 423V 677V

VDC,1 VDC,2

L/2

PDC

L/2

vT1 vT2
i1

Bridge 1 Bridge 2
Csnub

1 : 1
10kHz

Fig. 4. A bi-directional isolated DC-DC converter.
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Fig. 5. SiC high voltage DC-DC converter.

The application of SiC JFET cascode devices for the
DC-DC converter offer a HV blocking capability and
thus only one converter cell (N=1) is required. Ac-
cordingly, a smaller number of power devices is utilised.
While in the Si IGBT based design (N=6) the number of
power devices is 288, for the SiC JFET cascode system
48 semiconductor devices are used. Due to the lower
number of converter cells, in the SiC system a higher
carrier frequency is needed.

3. Operation Principle of the SiC HV-HF-
Converter

The proposed HV and HF DAB converter with SiC
JFET cascode, replacing the conventional BTB system
with the two line-frequency transformers, is shown in
figure 5.

The specification of the SiC DAB converter is given
in table 3. The design requirements for the distribu-
tion system given at a line-to-line voltage VAC of 6.6kV
(table 1), a DC-link voltage VDC of 6.1kV (with 13%
safety margin, table 2) is resulting. One goal of the next-
generation BTB system is reduction in terms of size,
especially of the passive components. A high switch-
ing frequency will result in smaller magnetic compo-
nents/transformer but the HF losses increase consider-
able. For that reason the switching frequency of 50kHz
is chosen to limit HF losses. Consideration of power con-
trollability and a dynamical margin of continuous cur-
rent flowing a rated power of 20kW is designed for the
DAB. For transferring a bigger amount of power, devices
must be connected in parallel to increase the continuous
current capability. Furthermore, the transformer turns
ratio is fixed because of the equal voltage level on both
side of the distribution system.

3.1 Dual Active Bridge As modulation method
the common phase shift operation is chosen for the
DAB. The low computation complexity of the phase shift
method, the simplicity of the circuit and the reduced
power losses due to zero voltage switching (ZVS) are the
main reasons for the wide application of this method.
Characteristic of the DAB principle is the power trans-

Table 3. Specification of DC-DC converter.

DC-link Voltage 6.1kV

Switching Frequency 50kHz

Rated Power 20kW

Transformer Turns Ratio 1:1

Peak Inductance Current 7A

DC-link Voltage Ripple < 5%

fer from the active bridge on the input side via the gal-
vanic isolation (transformer) to the active bridge on the
output side. There, the amount of transferred power is
controlled by the phase shift angle φ [4],

P =
VDC,1VDC,2/n · φ · (π − φ)

2π2fSL
· · · · · · · · · · · · · (1)

and the leakage inductance L is used as energy storing
element. The variable n stands for the transformer turns
ratio and fS for the switching frequency.

The transferred power depends nonlinearly on the
phase shift angle φ between the voltages vT1 and vT2

and is limited by the switching frequency and the leak-
age inductance. The minimal phase shift angle and with
this the minimal controllable power step is given by the
clock frequency of the control board. Depending on the
nonlinear relation of power and phase shift angle, the
biggest gradient is with a phase shift angle of zero de-
gree. There, the maximal power step will appear re-
spective the minimal controllable power at this point.
With an increased phase shift angle, the power step will
decrease and the controllable power will be smaller.

In [5] the active and reactive power are shown as a
function of the phase shift angle. A high phase shift
value will increase significantly the reactive part of the
power and only a little bit the active power. Conse-
quently, the efficiency of the converter is reduced. A
small phase shift angle the control signal constrain the
controllability of the power steps. Therefore, an opera-
tion in the phase shift interval of [π

4 ,π
3 ] is favourable and

chosen for the considered DAB.
In order to verify the operation of the DAB topology

a simulation model was built for the specification given
in table 3. There, only a simplified equivalent circuit of
the HV SiC switch was used. An exact model, which de-
scribes static and dynamic behaviour of the HV switch
in more detail is under investigation. Figure 6 shows
the simulated transformer voltages vT1 and vT2 with the
inductor current iL, whereas the stray capacitance of the
transformer is considered.

3.2 High voltage SiC switch As a result of the
operation voltage, switches with a HV blocking capabil-
ity are required. Thus, SiC JFET cascode are chosen
because of the good material characteristics of SiC, as
the low on-state losses and high frequency operation.
Two different modules are applied: one contains four
SiC JFETs, two connected in series and two in parallel.
For controlling the switch additionally a low-voltage Si
MOSFET is connected to the lower JFETs (A, figure 7).
In the other module just two SiC JFETs are connected
in series and two in parallel (B, figure 7).

The structure of the SiC JFET die is designed with
a internal pn-junction from source to drain [6], which
is working as the freewheeling diode of the SiC JFET.
Thus, no external freewheeling diodes are required.

The gates of the JFETs are connected to additional
diodes for passive controlling the turn-on and turn-off
mechanism of each JFET. This diode is a low leakage
fast recovery epitaxial diode (FRED) and is included in
the SEMITOP package.
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Fig. 6. Simulated waveforms for the phase shift
mode at V1 = V2 = 6.1kV and POut = 20kW (fs =
50kHz, φ = π/3).

In order to achieve the required blocking voltage for
the DC-link input voltage, multiple modules must be
connected in series. Since the conventional JFET is a
normally-on device a low-voltage Si MOSFET is con-
nected in series to the JFETs. In the series connec-
tion the normally-off MOSFET allows a normally-off
behaviour of the cascode and a control of the series
switch by a standard gate drive circuit. Both mod-
ules are mounted in a SEMITOP package (figure 7)
by Semikron International [7]. The ratings of the JFET
are a blocking voltage VCES of 1500V and a continuous
drain current ID of 8A.

The basic concept of the SiC JFET cascode switch is
described in [8]. There, also the static blocking charac-
teristics and the dynamic switching behaviour are dis-
cussed. In the on-state of the SiC JFET cascode, a
positive gate voltage is applied to the MOSFET. Then,
the gate of the lower JFET in the A module is con-
nected to the source of the MOSFET and the JFET is
conducting. Also the other in series connected JFETs
are conducting due to its already mentioned normally-
on characteristics. For this case the JFETs work as a
resistor connected in series to the on-resistance of the
MOSFET.

In the blocking state the MOSFET gate is shorted to
the ground and the drain-source voltage of the MOS-
FET increases until the pinch-off voltage of the first
JFET is reached. Further increasing of the MOSFET’s

A

B

G  

S

D

B

A

B

Fig. 7. SiC JFET cascode mounted in a SEMI-
TOP package.

drain-source voltage is now blocked by the first JFET,
which is blocking the excess voltage, until the belong-
ing Diode between the gate of the upper and the lower
JFET reaches its avalanche blocking voltage. At this
point the avalanche current is flowing and the gate of
the second JFET drops down below its source potential.
The gate-source voltage of the second JFET is negative
and therefore in blocking state. For the next stages this
process is iterative until the DC-link voltage is blocked.

4. Design of DC-DC converter

In the following the design of the SiC DC-DC con-
verter for an output power of 20kW is presented. For
calculating the switching and conduction losses measure-
ment results for the SiC JFET are presented. Moreover,
the design of the high voltage transformer will be dis-
cussed in detail and a 3D model of the converter is pre-
sented.

4.1 Experimental Results For an application
in the distribution system with the specifications given
in table 1 the HV switch consists of two modules B and
one module A, resulting in a total blocking voltage of
9kV. There, a safety voltage margin is included for dy-
namic voltage balancing. In the following these three
series connected modules are denoted as one HV switch.

For determining the switching and conducting losses
an experimental setup as shown in figure 8 was built.
There, also a simplified schematic is given. On the high
voltage side the gate of the HV switch is connected to
the source so that it works as freewheeling diode. The
HV switch on the low voltage side is actively controlled
by a gate driver.

In a first step single pulses for testing the turn-off be-
haviour with an inductive load at different current am-
plitudes have been acquired. With the measured current
and voltage waveforms the ZVS turn-off losses of the
DAB converter can be calculated. In a next step double
pulse measurements will be performed in order to test
also the turn-on behaviour of the SiC JFET devices.

The gate drive circuit is designed with a small trans-
former, which could withstand the 6.1kV DC-link volt-
age, for the gate drive power supply. Furthermore, the
gate drive signal is transferred via fiber optic to the gate
driver, where the standard MOSFET driver IXDI409SI

L

+Vdc

Gate

Signal

cf. Figure 7

Gate Drive

Fan

Film
Capacitors

Ceramic
Capacitors

22mm

100mm

46mm

215mm
103mm

Fig. 8. Power loss measurement setup for the HV
switch with the corresponding simplified schematic.
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from IXYS is used. The gate-source voltage to turn the
HV switch on is +12V. For turning the MOSFET off a
negative gate-source voltage of -12V is used in order to
reduced the influence of induced noise.

In the test circuit (figure 8) the HV switch is on
the bottom side of the PCB between the film capacitors
mounted on a heat sink behind the fan. Additionally, to
the film capacitances ceramic capacitors are placed on
the top side close to the switches in order to minimise
the stray inductance and reduce voltage overshoot.

In figure 9 and figure 10 experimental results for the
switching behaviour with a DC-link voltage of 5kV and
a gate resistance of Roff = 10Ω for turning off and of
Ron = 0Ω for turning on are presented. The measure-
ments are made with high voltage probes from LeCroy
and trimmed, isolated current transformers.

The turn-on current waveform in figure 9 of the HV
switch shows a significant peak of capacitive current dur-
ing the falling edge of the voltage. This usually would
result in significant turn-on losses of the SiC JFET. In
the DAB, however, the switch is operated under ZVS
conditions what leads to negligible turn-on losses, since
the parasitic capacitances are dis-/charged by the load
current and the switches are turned on at zero voltage
[9, 10].

In figure 10 the turn-off characteristic is shown. There,
the current first decreases rapidly to half of the origi-
nal drain current, stays constant and then falls down
to zero. The total fall time of the current is approxi-
mately 80ns. The drain-source voltage VDS rises within
70ns. This current shape reflects a capacitive turn-off
behaviour (cf. figure 10).

The equivalent circuit during the ZVS turn-off is
shown in figure 11. During the period (A) the load cur-
rent flows through the low side HV switch. At turn-off,
the current splits up into two capacitive currents (B).
One is charging the lower capacitance which has a high
value at low drain-source voltage. With increasing volt-
age the capacitance is decreasing due to the spreading
space charge region. The second current is discharging
the capacitance of the upper switch, which is increasing
with increasing voltage. Finally, the load current flows
through the freewheeling diode of the upper HV switch
(C) and then in reverse direction through the n-channel
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Fig. 9. Turn-on characteristic of the SiC HV
switch: drain-source voltage and drain-source cur-
rent.

as soon as the upper switch is turned-on. Due to this
approximately capacitive turn-off behaviour (ZVS) the
turn-off and also the turn-on switching losses are negli-
gible.

There, the interlocking delay time must be larger than
the rise time of the drain-source voltage in order to guar-
antee soft switching. In the considered case with a volt-
age of 5kV a interlocking time of at least 80ns results
(depending on the load current and the ZVS range).
For a constant load current this time will increase with
higher DC-link voltages, since the parasitic capacitances
must be dis-/charged by the load current.

In figure 12 the drain-source voltages for different
load currents are shown at turn-off. There, the on time
of the HV switch and the load was the same for all DC-
link voltages. Since the parasitic capacitances of the
JFETs and the load must be dis/-charged by the load
current, the dv/dt increases with increasing load cur-
rent. This results in a decreasing rise times of the HV
switch voltage for increasing load current. At a DC-
link voltage of 5kV the dv/dt is approximately 60kV/µs
for turn on and 70kV/µs for turn off (ILoad = 5A,
Roff = 10Ω/Ron = 0Ω).

During the switching tests several voltage balancing
diodes (FRED) of the integrated modules have been de-
stroyed. This was caused due to excessive avalanche
energies during the turn-off of the JFETs at rising volt-
ages. Therefore, a discrete setup with a Si-MOSFET,
SiC JFETs and Si-balancing diodes has been designed
as shown in figure 13. Due to limitations of the current
voltage source, measurements could be just performed
up to 5kV, but the switching behaviour will be investi-
gated at higher voltages with a new power supply in a
future paper.

Besides the switching losses also the conduction losses
are required for calculating the overall system losses.
Therefore, the on-resistance RDS,on of the HV switch
has been measured. The value is approximately 1.35Ω
at 25◦C, which results in 18.7W conduction losses in
forward direction per HV switch at 50kHz and a contin-
uous load current of 4A. For higher temperatures this
value must be multiplied by (Tj/298)1.6, where Tj is the
absolute junction temperature.

In the reverse direction the current first flows through

6.0

4.0

2.0

0

V
o

lt
ag

e 
[ 

k
V

 ]

C
u

rr
en

t 
[ 

A
 ]

6

0

4

2

0 35 70 105 140 175

Time [ ns ]

CurrentVoltage

Fig. 10. Turn-off characteristic of the SiC HV
switch: drain-source voltage and drain-source
current.
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Fig. 11. Current flow during turn-off: A) HV
switch is in on-state. B) Charge/discharge of ca-
pacitors. C) High side diode is conducting.

the antiparallel diodes of the MOSFET and of the
JFETs. The forward voltage of the intrinsic antipar-
allel JFET diodes is in the range of 4V at a current
of 4A. This would lead to relatively large conduction
losses during the freewheeling period. However, as soon
as the MOSFET and the JFETs are turned on the cur-
rent could also flow in reverse direction through the n-
channel of the MOSFET/JFETs which has a resistance
in the range of 1.35Ω what results in much lower reverse
conduction losses. These are 3.7W per HV switch for
conducting MOSFET/JFETs and 0.39W for the short
period where the freewheeling diodes are conducting.

4.2 High Voltage - High Frequency Trans-
former In the next-generation BTB system the line-
frequency transformer should be replaced by a HV trans-
former operating at HF. Each DC-DC converter in the
BTB system uses one transformer which also ensures the
galvanic isolation between the input and output stage.
The HV-HF transformer is one of the core elements in
DAB operation considering power transfer and efficiency
of the whole DC-DC converter. The phase shift opera-
tion mode of the DAB defines the requirements of the
transformer, which will be designed in the following for
an output power of 20kW and a phase shift angle be-
tween π

4 and π
3 . Due to the HF operation ferrite mate-

rial must be used for the core and the HF losses in the
windings must be considered.
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Fig. 12. HV SiC switch turn-off behaviour for dif-
ferent load currents.

Fan

Heat sink

SiC JFETs

Diode
MOSFET

Fig. 13. High-voltage SiC switch built with dis-
crete components.

For calculating the core losses Van den Bossche’s [11]
loss model of ferrites cores, considering non-sinusoidal
waveforms, is used and compared to the losses result-
ing with the conventional Steinmetz equation and with
also the modified Steinmetz equation [12]. The values
of the loss models do not differ significantly and for the
considered design the worst case value is used.

Based on these equations different ferrite materials
have been examined. There, it turned out that the N87
material from Epcos has the lowest core losses at the
specified switching frequency of 50kHz and a maximal
flux density of 150mT. The core selection results in four
UU93/152/30 cores, where the primary and secondary
winding are wounded around the middle leg as shown in
the 3D-Model (figure 16) of the 20kW DC-DC converter
system. For choosing the number of turns and also the
flux density in the core different designs have been com-
pared. There, it turned out that with 120 turns on the
primary and on the secondary winding the lowest over-
all losses occur. In this operating point also the core
and the HF losses in the windings are approximately
balanced.

For guaranteeing a high isolation voltage the distance
between the windings and also between the winding and
the core must be large enough and some high voltage
isolating material must be used for the bobbin. Fur-
thermore, the winding should be covered by an isolating
material at the outer side between the winding and the
core. The insulation of the wire itself must be capable
of withstanding at least voltage between the different
layers of the winding. These requirements significantly
influence the winding arrangement of the transformer.
In figure 14 a possible arrangement, which fulfils the
above mentioned requirements, is shown.

There, each winding is distributed into three cham-
bers in order to reduce the layer voltage and the para-

96mm

35mm

1mm 8mm

Core

PP PS S S

2mm

Fig. 14. Arrangement of the transformer windings.
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Fig. 15. Energy density in a cut plane through
the core determined by a 3D FEM simulation with
MaxwellTM of the specified transformer as shown
in figure 14.

sitic capacitance of the transformer [13]. This results in
a relatively low layer voltage, what is important for the
high frequency operation with high dv/dt-values. The
fast edges of the voltage leads to a non uniform voltage
distribution between the single turns of one winding and
to higher turn voltages at the ends of the winding dur-
ing high dv/dt. This is like charging a transmission line
with a voltage pulse where a wave travels along the line
until a uniform distribution is reached. This effect will
be examined in detail in a future paper.

Another advantage of the higher number of chambers
is an interleaving of the windings which could be used
for reducing the HF losses in the windings or to control
the leakage inductance of the transformer. In the con-
sidered case the two inner chambers are interleaved, i.e.
primary and secondary chamber are exchanged and a
sequence: primary - primary - secondary - primary - sec-
ondary - secondary chamber results (cf. figure 14). The
two chambers in the middle of the winding window have
less turns than the outer ones. Instead of 9 layers and 5
turns per layer, only 6 layers and 5 turns. With this ar-
rangement a leakage inductance of approximately 4mH –
calculated by 3D FEM simulations with MAXWELLTM

(cf. figure 15)– results. This inductance is required for
transferring the rated power of 20kW at the optimal
phase shift angle of π/3. Thus, no additional external
inductor is needed and the power density of the system
increases.

In conventional windings the layers are wound from
the left to the right and then back in the next layer (S-
or U-winding). There, the maximum voltage between
two consecutive layers is twice the layer voltage – in
the considered case maximal 500V . This relatively high
layer-to-layer voltage could be divided by two with a
Z-winding, where each layer is wound in the same di-
rection, i.e. for example all layers are wound from left
to right. In this case the wire must be returned to the
beginning of the layer outside the chamber in order to
avoid a crossing of all wires of the considered layer. In
order to guarantee a high isolating voltage also for the
returning wire also the middle leg of the core is sur-
rounded by an insulation. In table 4 the transformer
design characteristics are summarised.

Table 4. Characterization of the HV-HF transformer.

Material N87

Turn Number 120

Turn Ratio 1:1

Transferred Power 20kW

Core Losses (25◦C) 35W

(100◦C) 15W

HF Losses (25◦C) 24W

(100◦C) 30W

Leakage Inductance 3.4mH

Main Inductance 215mH

Magnetising Current 283mA

Specified max. Flux Density 150mT

Effective Cross Section 3360mm2

Effective Volume 1188cm3

For reducing the influence of skin- and proximity
effects litz wire with 315 strands/strand diameter of
0.071mm, a total external diameter of 2.01mm and
1.27mm2 cross section is used.

4.3 Rectifier/Inverter Besides the DC-DC con-
verter also single phase PWM converters in the input
(rectifier) and output (inverter) stage of the BTB sys-
tem are required. There, also the HV SiC cascodes is ap-
plied as switching device in order to reduce the switching
losses and the number of series connected stages. The se-
lection of the switching frequency is a trade-off between
switching/HF-/capacitor losses and the size of the in-
put/output inductance. With the relatively low switch-
ing losses of the SiC cascode a switching frequency of
50kHz is achievable what results in small passive com-
ponents.

The required capacitance for a voltage ripple
vDC,link,pp of less than 5% of the DC-link voltage
VDC,link can be calculated [14] by

CDC,min =
P

VDC,link · ω · vDC,link,pp
, · · · · · · · · · (2)

where P is the nominal power and ω is the line-
frequency. For dimensioning the input/output inductor
a maximal admissible current ripple of 5% of the nom-
inal current amplitude IN,i is assumed. Therefore, a
minimal inductance L (cf. figure 5) of

L =
VDC,link

fS 8 · 5% IN,i
· · · · · · · · · · · · · · · · · · · · · · · · · · · (3)

is required, where fS again is the switching frequency.
With the specifications for the 20kW system in table

3 a capacitance value of 34.2µF and an input/output
inductance value of L = 41mH (cf. figure 3) results.

4.4 3D-Model of DAB converter In order to
achieve a small volume of the system a compact layout of
the DAB converter is required. Accordingly, an optimal
placement of the components is essential. A 3D-model
of the DC-DC converter is shown in figure 16 with an ap-
proximated power density of 1.9kW/dm3 and the power
per kilogram is 1.39kW/kg.

The DC-link capacitor is realised with electrolytic ca-
pacitor banks which consist of Epcos 450V/33µF capac-
itors. Between the two capacitor banks on the input and
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Fig. 16. 3D-model of the high voltage, high fre-
quency DC-DC converter featuring SiC JFET
cascode (removed isolating cover of transformer
winding).

output side of the DC-DC converter the full bridge with
four HV switches mounted on two heat sinks with fans
is located. The gate drive circuits of the SiC JFET cas-
codes including auxiliary supply are mounted in between
the upper and the lower heat sink. There, additionally
high voltage ceramic capacitors are placed close to the
modules for reducing the stray inductance. The control
circuit for the DC-DC converter and its supply could
be mounted below the transformer in a EMI protective
housing.

5. Losses of Si System

The comparative system with latest trench-gate Si IG-
BTs, evaluated in [2], operates with a switching fre-
quency of 20kHz, at a rated power of 10kW and with
a DC-link voltage of 350V. An experimental setup was
built and measurements results were presented. Based
on this the overall loss have been determined and a loss
analysis was performed.

The specified application is the same as for the SiC
system and is also based on the specification parame-
ters of table 1. A summary of the determined power
component losses and magnetic losses of the Si System
and also of the SiC system are given in table 5.

Table 5. Power losses based on measurements and
simulations of the Si IGBT system and the SiC
JFET system. (Inductor losses of the SiC-system
are included in the transformer losses, since the in-
ductance is realised by the leakage inductance of
the transformer.)

Si-IGBT (10kW) SiC-JFET (20kW)

Core Loss HF Loss Core Loss HF Loss

Transformer 20W 18W 35W 24W

Inductor 9W 10W - -

Switching Conduction Switching Conduction

Switch Losses 90W 189W ∼ 0W 90W

Total Losses 336W 149W

6. Comparison Si IGBT system - SiC
JFET system

In the previous section, the losses for the Si and the

SiC system have been evaluated based on measurement
results. There, it could be seen that the SiC material
shows a better performance in comparison to the con-
ventional Si material. In general, the achievable current
density, the operating temperature and the breakdown
voltage are higher and the switching and conduction
losses are lower. The drawback of the SiC material are
the limited current carrying capability (limited die size)
and the high price due to higher manufacturing costs for
the SiC wafers/processing costs at the moment.

With the results for the 10kW/20kW system, a system
with the specifications given in table 1 for a BTB system
of the distribution system in Japan at a rated power of
1MW could be designed. Therefore, the Si IGBT sys-
tem [2] and the SiC JFET cascode system are scaled up
to this power level and are compared with respect to
power losses, the performance and the efficiency in the
following. The differences between the two converter
systems are on the one hand the applied core materi-
als and on the other hand the semiconductor devices.
Due to the different semiconductor materials different
switching frequencies and voltage levels result. In ta-
ble 6 the parameters of the scaled systems, referred to
a transferred power of 1MW, are summarised.

A significant advantage of the SiC JFET switch is the
high blocking voltage what results in only one converter
cell per phase for a distribution system operating with
an AC line-to-line voltage of 6.6kV. In the Si system, ap-
plying commercial 1.7kV IGBTs, six in series connected
converter cells in each phase are required to adapt the
voltage to the blocking capability of the Si DC-DC con-
verter. The benefit of the larger amount of series con-
nected stages is, that the number of switching levels is
higher and therefore a smaller input/output inductance
of the inverter/rectifier stage is required.

To transfer a rated power of 1MW fifty 20kW SiC
DC-DC converters, as presented in this paper, must be
connected in parallel and none of them in series. Due
to the lower power rating of the Si DC-DC converters
this number must be doubled for a 1MW Si system and
because of the lower DC-link voltage (1.02kV) six Si
DC-DC converters are connected in series and also in
parallel per phase. Resulting is a large number of power
component devices in the Si system.

The conduction losses of the Si IGBT system are dom-
inated by the current flowing through the switch at

Table 6. Performance of the Si and SiC DC-DC
converters linear scaled for the 1MW systems. (Lσ

is the leakage inductance of the transformer.)

Si-IGBT SiC-JFET

Number of Converters 100 50

Switching Frequency 20kHz 50kHz

Conducting Losses 18.9kW 4.5kW

Switching Losses 9kW ∼ 0W

Transformer Core Losses 2kW 1.42kW (50◦C)

Transformer HF Losses 1.8kW 1.3kW (50◦C)

Inductor Core Losses 900W Integrated in Lσ

Inductor HF Losses 1kW Integrated in Lσ

Efficiency 97% 99%
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the nominal operating point of 10kW. With a voltage
drop of 5.9V and a RMS current of 32A, across two
IGBTs and two diodes, conduction losses of 189W, re-
spectively 18.9kW for the scaled 1MW system result. A
single HV SiC switch is operating at a rated current of
4A (corresponding to 200A in the 1MW system) what
leads to smaller conduction losses. With a measured
on-resistance of 1.4 Ω per HV switch 4.5kW conduction
losses results for the 1MW system.

Due to ZVS conditions in both systems the switching
losses could be reduced. The measured switching losses
in the Si system are 9kW, whereas the losses in the SiC
system can be neglected due to the fast switching of the
JFET and the relatively large output capacitance.

In the Si system Finemet FT-3M magnetic material is
used for the transformer and the ferrite material PC44
for the inductor. Especially, Finemet allows a high sat-
uration magnetic flux density of 1.2T at a temperature
of 100◦C and shows a small temperature dependence at
a range from 25◦C to 150◦C. In the SiC converter sys-
tem the material N87 from Epcos was applied. There,
an external inductor is not needed any more, because
the transformer was designed with the necessary leak-
age inductance to transfer the rated power. This solu-
tion allows a further reduction of the system volume and
weight and also the magnetic losses.

7. Conclusion

In this paper a bidirectional DC-DC converter based
on high voltage SiC JFETs for a 1MW next-generation
back-to-back system of a distribution system is pre-
sented and compared to a conventional Si system. For
validating the considerations a 20kW system operating
at a switching frequency of 50kHz with a DC-link volt-
age of 6.1kV has been examined in detail and scaled
up to 1MW. Based on a 3D CAD construction a power
density of 1.9kW/dm3 - 1.39kW/kg for the DC-DC con-
verter has been determined.

As integral part of the converter system also a
20kW/50kHz high voltage HF transformer with in-
creased leakage inductance for the dual active bridge has
been designed by analytical calculations and 3D FEM
simulations. The power density of the transformer is
5.9kW/dm3 and 2.7kW/kg.

For measuring the switching waveforms and the
switching losses a high voltage test system has been con-
structed. Due to the fast switching of the JFETs, the
relatively large output capacitance and the ZVS opera-
tion of the DAB the switching losses are approximately
negligible. With an on-resistance of 1.4Ω 90W conduc-
tion losses per 20kW DC-DC converter result. Due to
limitations of the current power supply the switching
losses have been measured only up to 5kV. Measure-
ments at higher voltages with a new supply will be pre-
sented in a future paper.

In the comparison of the scaled 1MW Si and SiC sys-
tems the good material characteristic of SiC and the re-
sulting high operating frequency lead to a compact and
low loss system with an efficiency of approximately 99%
in contrast to 97% of the Si system.
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