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Abstract—In the area of power electronics there is a general

. " L High Vol
trend to higher power densities and efficiency. In order to SiESJFSTage
continue this trend new devices, which enable high switching Switch

frequencies at higher power levels or show reduced losses at
moderate switching frequencies are required.

High voltage switches based on a series connection of SiC
JFETs and one MOSFET in cascode connection meet these
demands. For investigating the performance of the SiC based
switch and its influence on the power density/efficiency a dual
active bridge, which could transfer 25 kW bidirectionally between
a 5kV and a 700V dc bus at a switching frequency of 50 kHz,
is presented in this paper.

There, especially the design of the high voltage/high frequency
transformer and the switching as well as the static behaviour
of the SiC switch is investigated in detail by simulations and
experimental results in this paper.
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Figure 2: 25kW (5kV/700V), 50kHz DAB DC-DC converter based
In the area of power electronic converter systems there is a on high voltage SiC JFETs.

general trend to higher power densities and higher effigienc

which is driven by cost reduction, an increased functidpali  For reducing the volume of converter systems high operating
saving resources and in some applications by the limité@quencies are required in order to decrease the volunteeof t
weight/space requirements (e.g. automotive, aircrafth passive components. Due to the limitations of the available
distributed energy systems, for example, efforts are masgemiconductors the high operating frequency leads, eslpeci
to replace the bulky line frequency transformers by higat higher power levels, to high switching losses. Therefore
frequency (HF) transformers combined with power electsnithe operating frequency usually decreases with increasing
[1]. Also in future autonomous drilling robots, which couldpower/voltage level (cfFig. 1).

replace traditional drilling methods by a high voltage (HV) In order to avoid the derating of the switching frequency at
cable and an electrically driven drilling head, costs anovab higher power levels and utilise the decreasing volume of the
all space/volume plays a decisive role. In this applicatian passive components, new devices, which combine high block-
high dc voltage feed via a flexible cable to the drilling heaghg voltage and fast switching operation, are required. hHig
is converted by a dual active bridge (DAB - cFig. 2) to voltage JFETs based on SiC material offer these advantages
a lower voltage, which supplies the inverter for the drdlin [2] because of the material characteristic of SiC. Furthoeem

I. INTRODUCTION

motor. the high blocking voltage allows a high dc voltage for power
o transfer which reduces ohmic losses in case of the autonr®mou
— = *  sic - drilling robot and increases efficiency of the distributee gy
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Figure 1: Common converter operating frequency versus output
power with conventional semiconductors. The star marks the op- Output currentlout,rms _ 48.2A

erating point of the DAB bﬁsed on SiC-JFET devices presented in Taple |: Specification of the presented DAB dc-dc converter.
this paper.
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Figure 3: A SiC JFET cascode consists of five SiC JFETs, a low- . =

voltage Si MOSFET and four gate diodes. Figure 4: Measurement of the IGBT turn-off energy losses @350V
with the three level converter prototype.
which are connected in series/cascade for increasing tiog-bl
ing voltage, a DAB converter (SkV to 700V, galvanicallyg a). Therefore, the power which these devices could temsf
isolated) has been designed. There, cascaded SiC JFEdSelatively limited and the output power of the prototype
which operate at a switching frequency of 50kHz at a powgy 25kw. In order to use the SiC devices as a replacement
level of 25 kW, are used on the primary side. On the secondag¢ |GBTs, SiCED/Infineon plans to commercialise devices
side a three level structure is applied, which allows the uggth a reduced blocking voltage of 1200V and a current
of fast 600V IGBT devices. In the following sections thgating of 5A. These JFETs offer on resistances in the area
switching behaviour of the SiC cascade and the design of th€0.360) ...0.400. In case of 1.2kV devices the cascade
HF 5kV transformer will be discussed in detail. must be extended by one more SiC-JFET in order to increase
The operating principle of the three level topology, théhe plocking voltage capability of the switch.

specifications and the modulation method of the DAB are o,y the secondary side a three level topology has been

br?efly presented _inSection_II. The_re, also the o_perating chosen so that fast 600V IGBTs (or Superjunction MOS-
principle of the SiC JF_ET_|s explamed. The design of th?ETs), which are appropriate for operating at 50kHz and
HF-HV transformer, which is an important component of thgigher power levels, can be used. With the chosen output
converter system, is discussedSectionlll. Thereafter, the yojtage of 700V, the operating voltage is 350V, what allows
static and the dynamic behaviour as well as the stabilisatighe ysage of 600V devices. At full load the RMS current
of the SiC JFET cascade is discussed based on experimegialhe secondary side is 48.2A. Therefore, APT40GP60B
results inSectionIV. The performance of the complete DAB|GBTs with a blocking voltage of 600V and a current rating
bridge is presented iBectionV. of 77 A@110°C have been selected.

Il. 5KV - 700V DUAL ACTIVE BRIDGE For the antiparallel IGBT diodes as well as for the three
level diodes, 600V/62 A@110C DSEI120 devices are used.

-The.DAB converter, shqwn n F.|g. 2 with the Spec'flcat'Onl'here, separate diodes have been used since the losses in the
given in Table I, has a primary side voltage of 5kV and a

secondary side voltage of 700V, which is used as dc li q(nhpara}llel d|0(_jes are relatively h'.gh during power tfan;
. . - . om primary side to secondary side. The separate diodes
voltage for the inverter drive. For galvanic isolation a H

. . offer a much lower thermal resistance from junction to case
transformer consisting of E80 cores made of N87 material is ) . . . . :

. compared to diodes, which are combined in one housing with
used (cf. section IlI).

Due to the high primary voltage SiC JFETS in a casco&ge IGBT, sinc-e the IGBTs are usually desjgned for normal
connection with a MOSFET, as shown Fig. 3, are used. Inverter operation. There, the diodes are utilised lower.
The switch consists of a low voltage (55V) MOSFET for
controlling the switch and five series connected/cascaded
JFETSs, with a blocking voltage of 1.5kV each, for blocking
the 5kV dc voltage. The cascode connection of the MOSFET 2801
and the JFETSs results in a normally off behaviour of the dwitc
although the JFETs are normally on devices. The on/off state
of the whole switch simply is controlled via the gate voltage SRR S O Lo\ ' Current - .
of the low voltage MOSFET and no special gate drivers are 40 L Voltage . /... S S
required. Further details on the SiC cascade are discussed i L i i :
Section IV. The fast turn on and off transients of the SiC 0 40 80 120 160 200
based cascade and the associated low switching lossesenabl Time [ ns ]
operation of the DAB at 50kHz. The current rating of th&igure 5: Turn-off waveforms of the APT40GP60B IGBTs utilised
SiC JFETs, which are available at the moment, is quite |0y three level converter at a voltage of 350V and a current of 62 A.
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Figure 6: DAB waveforms for phase-shift modulation at=5kV, 60 mm
V2=700V andPo.. =25 kW. At the bottom the semiconductors, Whlcr]:igure 7: 3D-model of the 5kV, 50kHz transformer made of five

conduct in the respective interval, are shown. parallel EE80/38/20 cores with a possible winding arrangement.
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The three level prototype (cfFig. 4) is realised on two with the loss model presented in [3], which is based on data

boards, a power board and a gate drive/measurement bo%h et values. There, the lowest overall losses and a compact

The overall design of the DAB and also the loss dIStrIbum&esign resulted with five parallel EE80/38/20 cores made of

are presented in Section V. _ N87 material (cf. Fig. 7). With this design the flux density

In Elg. 5 the turn off losses for the nominal voltage of 350\{31mplitudeB at nominal power is 160mT and the primary
are given. There, the losses at (25 have been measure inding consists of 79 and the secondary of 11 turns. For the
and as could be seen, these correspond very well to the Io%

. in the d h Theref he | data f X A ing, litz wire is used in order to limit the losses due to
given in the data sheet. Therefore, the loss data for a pmctgy;, 4, proximity effect. The losses have been calculbjed

temperature of 125C has been taken from the data S‘heegl'nalytical equations for litz wire [4] in order to minimisket

Measurements of these losses as well as the loss dismb“%nding losses (cf. Table Ill). Based on these calculations
for different modulations schemes, which utilise the tHezel a litz wire with a strand diameter of 0.1mm (skin depth

structure, wil k?e presented in fuiure paper. , of 50kHz is 0.3mm) has been chosen. The resulting cross
The conduction losses are 34 W for the switches and 164¥(¥ctions for the two windings are given in Table Ii

for the antiparallel diodes in case the power is transfefinau

primary to secondary side. The high losses in the antigrall _ Turns | Strands| External diameter| Cross section
diodes are caused due to the operation mode Kifj. 6), Primary | 79 175 | 1.83mm/0.1mm| 138mn?
where the secondary side converter mainly operates afigecti _Secondary| 11 | 1260 | 5.12mm/0.1mm| 9.90mn?

Due to phase shift modulation, all switches operate und@able II: Specification of the transformer windings made of litz wire.
ZVS conditions and do not cause turn on losses. The power

flow is controlled by the phase shift angbe which is designed  The arrangement of the windings is significantly influenced
to be in the range ofr/4...7/3]. In Fig. 6 the simulated and the insulation requirements due to the high operating
waveforms of the DAB, operating in phase shift mode, and th@ltage — cf. Fig. 7. In order to avoid creepage distances in
conducting semiconductors for the corresponding inteofal the bobbin it is advantageously manufactured as singleepiec
the input and output stage are shown. There, it is assumed thgere, POM-material [5], which has a dielectric strength of
the three level converter is operated like a two level caver 40kvimm could be used, but the mechanical properties of this
i.e. the two switches building one three level branch ar@gbv material impede a bobbin design with thin walts (mm).
switched at the same time. Therefore, epoxy, which shows good mechanical and elec-
tric characteristics with severdV/mm dielectric strength, is
utilised in the prototype. An alternative would be to use
Besides the cascaded SiC JFETs, the 5kV transformssiective laser sintering (rapid prototyping), which addlows
operating at 50kHz is an essential component of the DABe manufacturing of a single piece bobbing.
with respect to efficiency and power density. The voltage andBesides the bobbin also the litz wires have high breakdown
current waveforms of the transformer, which determine thaltage, since the isolation is made of 3 layers mylar. This
design, are fixed by the phase-shift operation of the coewertallows to omit a separate layer insulation. In order to reduc
There, a phase-shift angle af/3 is chosen for transferring the voltage between successive layers and also the parasiti
the power of 25kW. A higher phase shift value would ineapacitance of the transformer, the high voltage winding is
crease significantly the reactive power and consequendly ttivided in three chambers. The turns in the chambers are
efficiency of the converter is reduced. wound in conventional manner (forth-back-fart). The
Based on the resulting waveforms different core materialeduced layer voltage is also important for operation ah hig
(ferrite, iron powder, nanocrystalline) have been comghareswitching frequency and higlv/dt-values. The fast edges

I11. 5 KV HIGH FREQUENCY TRANSFORMER
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Figure 8: 5kV/50kHz transformer prototype with a leakage in-
ductance ofL, = 2.02mH and distribution of the magnetic field order to investigate the filed distribution in detail. Thakage

between the primary and secondary winding. inductance calculated with the FEM simulation is 2.03 mH and

) ) corresponds well with the analytically calculated (2.0 naifyl
of the voltage, presented in Section 1V, could lead to a NYso the measured values (2.02 mH).

uniform \_/olt_age distribufcion between the single turnséay The dimensions and the remaining specifications of the HV
of one winding and to higher turn voltages at the ends of ﬂf'%nsformer are summarised in Table Il
winding during highdv/dt. This effect will be presented in '

detail in a future paper. Material N87

For proper operation of the DAB the series inductance _Core 5 x E80/38/20
between the primary H-bridge and the secondary one must T?J':Ee:;r':gzr 155mm XYZ(_)Em X 76mm
be not too small. In the considered converter design a series Bower KW
inductance of 2.2mH (referred to the primary) is required, Core losses|  (100°C) 26W
which is integrated as the leakage inductance of the trans- HF losses | (100°C) 34w
former. Therefore, the primary and secondary winding are Leakage inductance 2 2mH
separated. Specified max. flux density 160mT

For analytically estimating the leakage inductance of the Effective cross section 1950 mn?
transformer, it is assumed that tlig-field in the core is zero Effective volume 359000 mn

and that the field lines are orthogonal to the cqie—{ o).
With these assumptions a field distribution as showrrim
8 results for balanced magnetomotive forcég [; = No1lo).
The energy stored in this magnetic field is equal to the energy
(1/2LI?) stored in the leakage inductance.

The energy stored in the magnetic field could be calculatedThe basic concept of the SiC JFET cascode switch is

Table Ill: Parameters of the 5kV, 50 kHz transformer.

IV. SIC JFETCASCADE
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described in [6]. There, also the static blocking charasties
and the dynamic switching behaviour are discussed based on
experimental and simulationXESSIS — ISETM) results.

Evaluating the above equation for the magnetic field disti0 the on-state of the SiC JFET cascade, the MOSFET is
bution of the prototype and equating this to the energy dtortirned on by a positive gate voltage. Therefore, the gatheof t
in the leakage inductance results in

bottom JFETJ; (cf. Fig. 3) is connected to the source of the
MOSFET and the JFET is conducting since it is a normally

L, = Molﬂ(%?lel +haNPy | mI3N3 +23[22N2281 on device. Also the second JFER is conducting because
! 3 30 its gate is shorted by JFEJ,. The same is true in analog
(hz;; 52) (=21, N1y + INo)? + (= I, Ny + 12N2)2)>. (2) mManner for the othgr series connected JFETSs. _In the on state
1 of the cascaded switch the JFETs work as a resistor connected
with in series to the on-resistance of the MOSFET.
l, Average winding length For turning the cascaded switch off, first the MOSFET is
I Length of the winding window turned off and the drain-source voltage of the MOSFET rises
h;  Width of the chambers until the pinch-off voltage of JFET is reached. Then, JFET
s;  Distance between the chambers/windings J1 turns off and blocks the rising drain source voltage until
N;  Number of windings in the corresponding chamber the avalanche voltage of diodB; is reached. Due to the

RMS current

There, it is assumed thab=h3 and s,=s3.
Besides the analytic calculations also 3D-FEM simulationis reached. This sequential turn off continues with the next
with MAXWELL 7™ (cf Fig. 9) have been performed, inJFETs until the dc voltage is reached.

avalanche of diodd); the potential of the gate of JFET,
does not rise any more. Since the source of JFETontinues
to rise JFET.J; also turns off as soon as the pinch-off voltage



- T through the diodes is required [6]. In order to guaranteg thi
E” NN leakage current independently of the JFET gate parameters,
A g os f resistors are connected between the gate and the source of th
Gate Driver S o / upper JFETs as shown Ifig. 13.
Ceramic " oage vy In order to investigate the influence of the gate-source

Capacitors
o

Film
Capacitors

resistors on the distribution of the leakage currents durin
off state, a PSpice model of the cascade (dfig. 12)

has been implemented. This is based on the PSpice SiC
JFET model from SiCED [7] (preliminary beta-version). Due
to numerical problems only two JFETs in series with a

low-voltage MOSFET could be simulated, but the operating

principle could be derived with this circuit.

Figure 10: Test bench consisting of a half bridge with two switches . . .

consisting of a MOSFET and five cascaded JFETSs for experimentalBased Sl ’these- S|muI§t|9ns '.t COUld_ be Conqluded that the

investigation of the switching behaviour up to 5kV. On the righ@ate currentic(t) is negligible in static operation and the

hand side the avalanche behaviour of the voltage balancing diodesusrent from the source to the gate is mainly defined by the
shown. resistance value. This could be seen in Fig. 12 where the

. . o . . . currentigq(t) for different gate resistors is depicted. The
In order to investigate the switching behaviour in detail, a isG(t) 9 P

. . . . oltage across the resistor in the off-state is approxilpate
half bridge with two switches consisting of a MOSFET anéefined by the pinch off voltage of the JFET, which varies

five cascaded JFETs connected to an inductor has been bé{ hificantly &15V. .. ~30V) with the available JFETs, what

(cf. Fig. 10). There, a standard gate driver is used to d_rlve tr|1 2ds to largely varying leakage currents. In order to avoid

MOSFET. The gate signal is transferred via fibre optics arm.

. . . . easurements presented here.
closely to the JFETs are applied besides the film capacitors. P

For a well defined static and dynamic behaviour of the BY inserting the resistor a kind of control loop is initiated
SiC HV switch an avalanche rated gate diode, with stablé case the leakage current through the resistor decresises,
avalanche voltage, is essential. In the prototype fastvergo the JFET would like to turn off a bit more, the current through
rectifier diodes from STMicroelectronics are used, whiabvsh the resistor decreases. Consequently, also the voltagesacr
a stable avalanche behaviour at 1.3kV (cf Fig. 10). In od#te resistor decreases. This results in a lower gate-source
to reduce the voltage stress of the 1.5kV JFETs to low¥pltage, what turns the JFET a little bit on, so that through t
values, diodes with an avalanche voltage~ofl.1kV would JFET asmall current flows. Since the lower JFET/MOSFET is
be required. Unfortunately, such devices were not availabl Off this current only could flow via the resistor to the vokag
the moment. balancing diode. Due to the increases current, also the gate

source voltage increases, so that the JFET turns a little bit
A. Satic behaviour off. This control mechanism leads to a stable leakage curren

As explained above the turn off and the voltage distributidf"ough the resistor and the diode, so that the voltagerehari
(cf. Fig. 11) of the cascaded switch is mainly determineB€tween the devices is stabilized by the avalanche voltage o
by the avalanche of diodeB, ... D,. For a controlled and the diode. This leakage current also flows through the upper

stable avalanche, i.e. for a controlled static behavialige JFET, what results in small off-state losses.
distribution of the cascaded JFETSs, a certain leakage murre For a larger number of series connected devices the static
behaviour as shown iRig. 13 could be observed. There, the

6.0 ; ; ; : leakage current for the lower JFETs also flows via the upper
S e renV g 4 JFETSs, so that the current in the JFETs decreases from the
— 4.0+ ' ' : 4 upper to the lower one and the current in the voltage balgncin
v | diodes increases from the upper to the lower one. Again, the
> 30 current distribution is self stabilizing, via the pinch effltage
201 : : ; i and the resistors. The range of allowable pinch off voltage
;3 1.0 £ Ve variations as well as the best value for the resistor, which
N ' 10XV osrer™t guarantees a stable behaviour for all conditions and esult
; , : § the lowest off-state losses, is part of the ongoing reseanch
-1.0 o o' Y 35 70 will be presented in a future paper.

Time [ us ] With this leakage current distribution an operation coud b

Figure 11: Voltage distribution across the SiC JFET cascade cau§_€(§1ieVeda where the lowest d.iOde reache; its a_Va|anC|'mgm|t
by the avalanche voltage of the gate diodes. The measurementfigt and therefore the blocking voltage is built up from the
made with DA1855A amplifier from LeCroy. lower to the upper JFET.
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Figure 16: Turn off behaviour of the HV SiC JFET cascode at 5kV.

the single devices in the stacked switches. During switchin
process the inner potentials of the switches are changing
dynamically and are mainly defined by the capacitances of
the JFETs and diodes.

In case no additional means except for the mentioned gate-
source resistors are applied, oscillations in the gateesou
voltage of the low-voltage MOSFET occur (cf.Fig. 14).

The amplitude of the oscillations is increasing with incieg
dc link voltage what finally leads to an unstable operation of
the switch.

By inserting additional capacitors between the gate and the
source connection of the upper JFETS,(/4, J5) the oscilla-
tions could be significantly damped. Since the capacitaotes
the JFETs and diodes, which define the voltage distribution,
are relatively small a measurement of the voltage distcbut
with probes is difficult, since the capacitance of the probe
significantly influences the voltage distribution of the miles.
Therefore, further investigations of the dynamic behaweme
made with a PSpice model and will be presented in a future
paper.

In Fig. 15 andFig. 16, the turn on and the turn off
behaviour of the cascaded switch at a dc link voltage of 5kV
is shown. There, the gate-source resistors had a resistance
of 200 K2 and the capacitors were 15 pF. With the additional
resistors/capacitors a stable and very fast switchingdcbel

Figure 14: Additional resistors and capacitors guarantee a wglkhieved.

defined leakage current and damp oscillations in the gate-sourc

voltage (measured at a power supply voltage of 2kV).

B. Dynamic behaviour

As explained in the previous subsection the static behavioapidly and therefore the current/voltage waveforms areiya
is mainly determined by the leakage current distribution efetermined by the charging/discharging the drain-souece c

®The current waveform at turn on shows a capacitive peak
current at the beginning. At turn off a capacitive behaviour
of the current could be seen, since the JFETs turn of very
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Figure 17: \oltage waveforms during turn off for different load
currents and the “turn off* energy. This energy is stored in the
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In Fig. 17 the turn off losses, which are relevant for the onferone

phase shift operation of the DAB, are shown for different Figure 18: 3D-model of the DAB dc-dc converter.

current levels. There, it could be seen that the turn offg@ner

is approximately independent of the current. This is causedconsequently, 700 W total losses and an efficiency of 97 %
by the parasitic capacitances of the switch, which enabl8 Z\{ag|t.

conditions during turn off. On the left hand side of Fig. 17

voltage waveforms for different currents are shown. Thére, VI. SUMMARY

could be seen that thé /dt is only controlled by the current

and the parasitic capacitances. Therefore, the energyrsh WI(T th:;cpg%er a bidirectional 25 k\tN 50 ktHﬁ d“?' active
in Fig. 17 is the energy stored in the parasitic capacitots a ridge converter operating at a switching frequency
the turn off losses of the JFET are negligible. of 50 kHz with a power density of 48 is presented. Due

to the high input voltage on the primary side, which is 5KkV,
V. DESIGN OF THE CONVERTER SYSTEM high voltage series connected SiC JFETs are utilised in the
Based on the experimental results of the half bridge preenverter. On the secondary side a three level structuredbas
sented in the previous section a DAB converter has been 600V IGBTSs is used for the dc link voltage of 700 V. The
designed. A 3D CAD model is shown iRig. 18, where resulting designed efficiency is 97 % (=700 W total losses).
a special focus was put on a compact design with high powerBesides the construction of the converter system, especial
density. The design of the input and the output side is similahe design of the 5kV, 50kHz transformer is examined in
Both have a power board and a gate drive/measurement boatd. paper. Furthermore, the switching behaviour and the
The DC-DC converter capacitor bank is realised with ceramégatic voltage distribution of the series connected devise
capacitors, 500 V/560 nF/X7R, from Holystone on the powétivestigated in detail. With these devices the turn on amrd th
board. There are two 8080 mm fans for primary and turn off transient for an operation at 5kV is very fast (range
secondary side, which cool actively the heat sink. Behingf 40ns to 80ns). This results in very low switching losses of
these and covered by the gate driver board, the HV Hipp. 250W for operating at full output power.
transformer is located, so that the transformer is alswelgti
cooled. The digital signal processor controlling the shas REFERENCES
on the input side as well as on the output side is plac?cf 3. Biela, D. Aggeler, S. Inoue, H. Akagi, and J. W, KolarBi*
above the transformer. For protecting the control boarthfro™" gjrectional isolated dc-dc converter for next-generaiower distribution
disturbances caused by the transformer an additional EMI - comparison of converters using Si and SiC devices,” vol., ZX07,
PCC, Nagoya, Japan.
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losses summarised ifable IV. [3] K. Venkatachalam, C. R. Sullivan, T. Abdallah, and H. Tact®ccurate

Input stage| Output stage| Overall prediction of ferrite core loss with nonsinusoidal wavefierusing only

Conduction Switch 84W 33qW 118 W steinmetz parameters,” pp. 36 — 41, 2002, Computers in Powetr&the
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HF losses 25°C 28W 100°C 34W




