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Zero-Voltage-Switching Auxiliary Circuit for
Minimized Inductance Requirement in
Series-Resonant DC/DC Converter Systems

Jannik Schifer, Student Member, IEEE, and Johann W. Kolar, Fellow, IEEE

Abstract—For power electronic converter systems, the cost and
the size of the magnetic components are typically limiting factors
when it comes to overall production costs and power density. This
especially holds for soft-switching high-frequency applications,
where a resonant discharge of the output capacitances of the
semiconductors relies on sufficient amount of energy stored in
the main magnetic components, i.e. inductors or transformers,
yielding a substantial increase in their volumes. In this paper, an
alternative solution is introduced, where a small auxiliary circuit
is used to ensure soft-switching of the power transistors, whereby
the aforementioned volume of the main magnetic components
can be significantly reduced. The proposed auxiliary circuit
provides zero-voltage-switching conditions independent of the
applied voltages, the switching frequency and the output power
level, without significantly increasing the circuit complexity or
the control effort. The new concept is first analyzed based on
simple analytical calculations and circuit simulations, and is then
experimentally verified by means of hardware demonstrators
related to a 3.6kW 250...500V/250...500V series-resonant DC/DC
converter application. Finally, it is shown that the auxiliary circuit
can also be used to pre-charge the output capacitor of a converter
system, which allows to further reduce the size of the main
magnetic components.

Index Terms—soft-switching, auxiliary circuit, pre-charging
circuit.

I. INTRODUCTION

N recent years, the general trend towards greater electrifi-

cation in transportation gave rise to a substantial increase
in demand for electric vehicles (EVs). Consequently, due to
the enormous commercial potential in the automotive sector,
a competitive market evolved for all different kinds of power
electronic converter systems, which are finally employed in
EVs, such as e.g. battery chargers, DC/AC inverters and
isolated DC/DC step-down converters. Hence, each of these
converters needs to be optimized with respect to cost, power
density and efficiency in order to develop competitive prod-
ucts. Some of the most expensive and most bulky parts in
these converter systems are the magnetic components, i.e. the
inductors and the transformers, which is why the converter
systems should be designed in such a way, that the magnetic
components can be built using low-cost technologies and are
showing a low volume. Nowadays, PCB integration of the
windings of the magnetic components is considered to be the
most cost-effective solution, as the expensive wire-wrapping
process is omitted and huge current densities can be allowed.
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tory, Swiss Federal Institute of Technology, Zurich 8092, Switzerland (e-mail:
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Fig. 1. Topology of a conventional series-resonant converter (SRC)
with the main transformer 71, the series-resonant inductance L, and
two capacitive voltage dividers, which are used as resonant capac-
itors. Furthermore the grey-shaded components correspond to the
proposed additional zero-voltage-switching (ZVS) auxiliary circuit,
which comprises an active GaN half-bridge, a passive half-bridge
with SiC diodes, as well as a small auxiliary transformer 7% yx.

Unfortunately, it is extremely challenging to achieve large in-
ductance values with a reasonable efficiency in PCB-integrated
magnetics [1]-[3], which is why the inductance requirements
in such converter systems should be minimized. However,
the actual size of the magnetic components mainly depends
on two factors: The maximum output power of a considered
converter system and the amount of magnetic energy, which
needs to be stored temporarily. Especially the later has a
huge impact on the volume of the magnetic components and
highly depends on the selected topology and the switching
frequency, as a high switching frequency generally reduces
the amount of magnetic energy which needs to be stored
intermediately [4]. However, this unfortunately is not the only
aspect, as in high-frequency (HF) applications zero-voltage-
switching (ZVS) of the power switches is absolutely necessary
for an efficient converter operation, which needs to be ensured
by means of additional magnetic energy, stored in one of
the main magnetic components [5]. This additional energy,
in turn, increases the volume of the respective main magnetic
component, which is why a high switching frequency does
not necessarily result in smaller magnetic components [6],
[7]. In order to clarify this statement, the ZVS operation
of power switches is explained based on the simple series-
resonant converter (SRC) topology shown in Fig. 1. For
simplicity reasons, and without loss of generality, it is assumed
that the converter is operated as a so-called DC-transformer,
i.e. with unity voltage transfer ratio. Accordingly, a turns
ratio of n = 1 : 1 and a switching frequency close to the
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TABLE I. Specifications of a 3.6 kW DC-Transformer for Automo-
tive Applications.

Input Voltage Vbc_.1 250V..500V
Output Voltage Vpc—2 250V..500V
Output Power Pout 0OW...3.6 kW

resonant frequency fs is selected, such that the primary side
referred output voltage n - Vpc_o follows the input voltage
Vbc—1. This converter could e.g. be used as an isolation
stage between the high-voltage battery and a non-isolated
single-stage charger in an EV [8], according to the exemplary
specifications summarized in Tab. I. Consequently, there are
two possibilities to achieve ZVS of the power switches HB-
l.a and HB-1.b in this converter: Either the magnetic energy
stored in L, due to ij,,q is used to charge/discharge the Cigs
of the power switches [6], or the magnetizing inductance is
reduced and the resulting magnetizing current can be used
to guarantee ZVS of the power switches [7]. Hence, for both
methods, the power switches can be turned on with discharged
output capacitors, whereby the voltage across the switches is
almost zero and the switching operation can be assumed to
be loss-less. Nevertheless, both of the aforementioned ZVS
methods have their benefits and drawbacks, which will be
discussed in the following.
In the first case, as the load current %1,,q is used for the ZVS
transition, the (Qoss of the power switches is transferred to
the secondary side as active power, which is why there are
hardly any additional conduction losses induced for achieving
ZVS. However, the required minimum peak current %, i at the
beginning of the ZVS transition highly depends on the mo-
mentary DC-link voltage Vpc_1, the employed series-resonant
inductance L, and the nonlinear Cygs behavior and/or type of
the employed power switches, as shown in Fig. 2a and b for an
exemplary super-junction silicon MOSFET with an extremely
non-linear Cygs(Vys), and an exemplary GaN HEMT with a
comparably flat Coss(Vgs) curve. For this reason, either large
inductance values L, have to be used, which are very difficult
to achieve in PCB-integrated magnetics, or ZVS can only be
achieved for the highest output power values, where sufficient
lload 1S available.

Alternatively, the magnetizing current can be used, which
ensures ZVS independent of the output power. However, the
magnetizing current is linearly increasing with the DC-link
voltage, and for high switching frequencies, where short dead
times tqeaq need to be achieved, large magnetizing currents
impk during the dead times are required (cf. Fig. 2¢ and
d). Besides potential fringing losses around the additional
air gap in the transformer core [9] (required for achieving
a sufficient magnetizing current), the magnetizing currents
yield significant additional conduction losses, as this current
results in reactive power, which circulates on the primary
side of the converter and does not contribute to the power
transfer to the output. Furthermore, this concept can only
be used efficiently in applications with a fixed switching
frequency, as otherwise, ZVS would only be achieved for
the lowest switching frequencies, since the amplitude of the
magnetizing current decreases inversely proportional to the
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Fig. 2. a) Numerically calculated required peak currents to guarantee
complete soft-switching of IPW60R018CFD7 silicon (Si) superjunc-
tion MOSFET: for three different series-resonant inductor values and
b) the same currents for GS66516B gallium nitride (GaN) switches.
¢) Numerically calculated required magnetizing current to guarantee
complete soft-switching within a certain dead time fgeaq for the Si
power transistor considered in a) and d) the same graphs for the GaN
switch of b).

switching frequency.

In order to overcome these limitations, different possible
alternatives have already been proposed in literature [10],
[11], where auxiliary circuits are used to guarantee ZVS of
the power semiconductors. However, most of the solutions
which are based on passive components suffer from exactly the
same issues as the approach, where the magnetizing current is
used for ZVS. Thus, the reactive power, which is circulating
in the auxiliary circuit, depends on the switching frequency
and the converter port voltage and can therefore not be
controlled. Consequently, significant conduction losses usually
arise in applications with widely varying port voltages and/or
switching frequencies. In contrast, most active ZVS auxiliary
circuits guarantee load independent ZVS conditions and some
of them can even operate with varying switching frequencies.
However, they struggle to ensure ZVS conditions for the power
switches in an efficient way, if a wide port voltage range needs
to be covered, as in principle, they are based on the same idea
as using the circulating magnetizing current in the transformer.
Thus, they generate a controllable triangular or trapezoidal
reactive current, which is used for charging/discharging the
Coss of the power switches. Furthermore, the active ZVS
auxiliary circuits are often bound to one specific converter
topology, as they rely on a certain way the main converter is
controlled.

Consequently, a ZVS concept would be desirable, which can
be operated with an arbitrary switching frequency, an arbitrary
port voltage, works independent of the output power, only
processes the absolutely necessary power to ensure ZVS,
and ensures perfectly synchronized primary- and secondary-
side switch-node voltages. The synchronization is important,
such that only minimal voltage time areas across the series-
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resonant inductor L, are applied, whereby this inductance can
be extremely small and, in addition, a fast dynamic response
of the DC-transformer is ensured. Fortunately, all this can
be achieved by introducing a small ZVS auxiliary circuit as
shown in Fig. 1, which comprises two additional small active
switches T.a and T.b, a small auxiliary transformer T,,x, as
well as two passive diodes D.a and D.b. Even though in this
paper, the auxiliary circuit is explained based on the simple
1:1 DC transformer example, it can of course also be applied
to converter systems with different topologies, different input
to output voltage ratios and unequal primary and secondary
side switches.

In Section II, the operating principle of the proposed aux-
iliary circuit is explained based on an exemplary switching
transition. Subsequently, the impact of different semiconductor
materials of the power switches on the performance of the
auxiliary circuit is investigated in detail. Furthermore, in
Section III, the arising losses in the proposed circuit are in-
vestigated based on simplified analytical calculations. Finally,
the performance of the ZVS auxiliary circuit is experimentally
verified in Section IV and the paper is concluded in Section
V.

II. ZVS AUXILIARY CIRCUIT OPERATION

In order to explain the general idea and the operation of
the proposed ZVS auxiliary circuit, an exemplary switching
transition of the converter, shown in Fig. 1, is investigated in
detail in the following section.

A. Exemplary ZVS Transition

Assuming an initial condition according to ¢; in Fig. 3b,
where the voltages vap_x, = € {1,2} across the switches are
equal to Vo, the Qoss stored in the Css of HB-1.a needs to be
transferred to the Cyss of HB-2.b, such that both, vgg_; and
vgp—2 drop to zero. Consequently, T.a needs to be turned on
in order to apply vgp_1 to the auxiliary transformer, whereby
the resulting voltage difference between the applied voltage on
the primary side of the transformer (v, = Vpc) and the voltage
on the secondary side of the transformer (vs = 0V) initiates
a current izyg through the leakage inductance Lzyg of the
auxiliary transformer. This current then starts to discharge the
Coss of HB-1.a and to charge the C,gs of HB-2.b, as desired.
It should be noticed, that the C\s5 of the power switches of the
primary and secondary side of the converter, together with the
leakage inductance Lzyg of the auxiliary transformer, form
a resonant circuit, whereby no active control is required and
the transfer of the (Quss from the primary to the secondary
side switches is inherently regulated by means of the circuit
design. Therefore, as soon as the complete (J.ss of HB.la
is transferred to the secondary side and thus, vgp_; and
izys drop to zero, the diode D.b would ideally start to block
and izys(t > t2) would remain zero. Unfortunately, like
every semiconductor device, the diode has a certain parasitic
capacitance Cyjoqe, Which needs to be charged in order to
build up the blocking voltage across the device. As a result,
a current ic diode 15 required for charging the Cgioqe of D.b
from OV to Vpc. At ¢ = t3, the voltage across D.b reaches
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Fig. 3. Simplified converter topology, which is used for investigating
the ZVS auxiliary circuit operation, where the capacitive voltage
dividers, the leakage inductance L., and the main transformer 7' are
not shown for the sake of clarity. a) Current and voltage waveforms
as well as the gate signals of the SRC and the ZVS auxiliary circuit
(cf. Fig. 1). b) Zoomed-in view of a single switching transition.

Vbe and i/zvs commutates from D.b to D.a. This current then
circulates in Lyzyg and, as the voltage on both sides of the
transformer is almost 0V, its magnitude drops only slowly.
As izys(t > t3) is not used for the ZVS transition and does
only contribute additional conduction losses to the auxiliary
circuit, diodes with minimum Clyjog. should be employed in
order to minimize the required ¢c diode-

However, at t = t3, the ZVS transition is theoretically
completed and the next ZVS transition can be initiated after
Tsw/2 by switching off T.a and turning on T.b.

B. Effect of Different Types of the Power Switches

In a real application, the aforementioned Lyzyvs — Cogs
resonant circuit is nonlinear, as the output capacitance Clgs
of semiconductors highly depends on the applied voltage and
the employed type of switch (cf. Fig. 4a). Consequently, the
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Fig. 4. a) Coss and the total capacitance Cio of a half-bridge for
IPW60RO018CFD7 Si superjunction MOSFETs [12] (cf. Fig. 2a and
¢) and GS66516B GaN switches [13] (cf. Fig. 2b and d). b) Peak
values of izys and the transition times 7, for a ZVS inductance
Lzvs of 3uH for both aforementioned switches. ¢) Voltage and
current waveforms during a switching transition for GaN (cl1) and
Si superjunction (c2) switches.

voltage-dependent effective capacitance Ciot(vsyw) Of a half-
bridge configuration can be calculated according to

Ctot (/Usw) = Coss (Usw) + Cvoss(‘/dc - vsw)y (1)

and is shown in Fig. 4a for two 650V switches made of
either silicon (Si) or gallium nitride (GaN). Due to the more
linear behavior of the C. (and therefore Ci,;) of GaN
semiconductors, the voltage and current waveforms during
a ZVS transition of these switches are of sinusoidal shape
(cf. Fig. 4cl), whereas the waveforms for silicon switches
look more like a voltage step resulting in a triangular current
shape (cf. Fig. 4c2). This voltage step originates from the fact,
that the Cygs of silicon switches for low voltages is orders
of magnitude higher than for higher voltages. Hence, during
the first half of the ZVS transition, almost all of izyg flows
into the Cogs of the upper MOSFET in order to charge this
capacitance to a value of approximately 25 V. Thus, this Cogg
forms the first resonant circuit with Lzyg (cf. RC; in Fig.
4c2). As soon as vg, reaches approximately Vpc — 25V,
the Cogs of the upper switch drops significantly and, due to
the large current and the small C., the switch-node voltage
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Fig. 5. Voltage and current waveforms of the delayed ZVS transition
due to the load current 0.4 for a) GaN power switches and b) Si
superjunction power MOSFETs.

drops to vgy ~ 25V almost immediately. As the Cyg of the
lower MOSFET increases substantially for vg, < 25V, this
Coss now forms a second resonant tank with Lzvg (cf. RCy),
whereby vy, drops to 0V during the remaining Tt:/2.

The strong non-linearity of C},¢ has the advantage, that the
effective dead time 7i, of the circuit can hardly be seen
based on the switch-node voltage, and that even during the
dead time Ti,, the power flow through the main transformer
continues. However, the load current ¢j,,q during the ZVS
transition yields a charge imbalance in the auxiliary circuit,
as i1oaq On the primary side of the converter assists the ZVS
transition, whereas on the secondary side, i1,,q counteracts
izvs and therefore slightly delays the transition of the switch-
node voltage of the secondary side (cf. {gclay in Fig. 5). Due
to this delay, a large voltage time area 1, is applied across
the main inductor L,, which, depending on the inductance
of L,, has a large impact on ),,4. Consequently, T}, should
be chosen to be as short as possible for minimizing the L,
inductance requirement. However, in order to be able to predict
the impact of the length of the dead time 7,, not only on L,
but also on the performance and the efficiency of the ZVS
auxiliary circuit, the RMS values of the ZVS current izvsg
need to be known, which is why they are calculated in the
following section.

C. Simplified Analytical Calculations

In order to simplify the analysis of the ZVS auxiliary
circuit, a charge-equivalent effective capacitance of a half-
bridge configuration can be defined according to

1 Vbc

CeFf(VDC) = WC o C'oss(vsw) + COSS(VDC - Usw)dvsw~
(2)

Using this equivalent capacitance, the peak currents and the
transition times for both, sinusoidally shaped izvs (as e.g. for
GaN semiconductors) as well as triangular izvg (as e.g. for Si
superjunction MOSFETSs), can easily be calculated according
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The voltage-dependent izvs px and Ti, are shown in Fig.
4b for two exemplary 650V switches. As indicated in the
figure, the transition time varies only slightly for DC-link
voltages above 250 V and shows an almost linear dependency
on Vpc. Thus, for GaN switches, a constant dead time tgecaq
of the power switches can be used, which ideally is chosen
to be equal to the maximum expected transition time 7%,
(occurring at the minimum Vpc, as shown in Fig. 4b), as
T}, only marginally varies with V. For silicon superjunction
switches, the variation of 7i, with Vpc is more pronounced,
which is why the dead time % 4e.q iS again set to be equal to T3,
but this time it should be adapted to the momentary Vpc value
according to the linear dependency of T, on Vpc. However, as
the transition times 7, are completely independent of the load
current ij,,4 and the switching frequency fs, of the power
switches, the dead time tqeaq does not depend on 15,9 and fsy
either, which is why there is no need for any further control
of the auxiliary circuit. Hence, no matter how large the Clgg
of a certain semiconductor is, with an appropriately designed
auxiliary circuit and a dead time t4c,q selected according to
equation (5) or (6), the required ZVS can be ensured under
all operating conditions. Nevertheless, the capacitance of the
Coss has a major impact on the arising losses in the auxiliary
circuit, as will be explained in the following.

In terms of system operation, an as small as possible Ti,
and therefore Lyzyg would be desirable, in order to keep the
ZVS transition as short as possible. However, from a loss
perspective, a shorter transition time yields a higher harmonic
content of izyg and therefore significantly higher conduction

losses in all components of the ZVS auxiliary circuit (cf. Fig.
6), according to

8 Vpc:Cer

2. DY et 7
3 \ Ttr,Si : Tsw ( )

IrMs,si =

and
Voo - Cegr

9y
\V TtmGaN . Tsw

which have both been calculated based on the waveforms
shown in Fig. 6a and the equations (5) and (6). Thus, the
selection of Ti, yields a tradeoff between the overall system
performance and the efficiency of the ZVS auxiliary circuit.
In the following section, the individual loss components are
investigated in detail, in order to simplify the design of the
auxiliary circuit for a certain given set of power switches.

®)

™
IrMS,GaN = 3

IIT. ARISING LOSSES IN THE AUXILIARY CIRCUIT

The total arising losses of the ZVS auxiliary circuit can be
divided into three main components: First, the switching losses
of T.a and T.b, as their Q,ss is dissipated in the beginning
of each ZVS transition; Second, the conduction losses in
T.a, T.b, the auxiliary transformer, D.a and D.b; and third,
the hysteresis losses in the Cyss of the power switches, as
not all of the energy stored in C,s can be recycled [14],
[15]. However, this loss component is given by the internal
power transistor structure and can hardly be influenced by the
design of the auxiliary circuit. Nevertheless, the two other loss
components strongly depend on the design, which is why they
are investigated in detail in the following.

The switching losses in T.a and T.b can be calculated based
on the datasheet values of their C\ss according to [5]
Vbe

PZCS,SW = 2fswVDC ' /0 Coss(v)dv~ (9)
Hence, in order to minimize the expected switching losses, an
as small as possible C\ss should be targeted. For this reason,
small GaN switches should be employed, as they feature an
exceptional figure-of-merit (Cogss - RDS 0n)-
The second loss component is somewhat more difficult to
calculate, as the conduction losses depend on the selection
of Ti,. Thus, T}, is considered as a degree of freedom for
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system optimization, which is why the conduction losses are
calculated for each T}, individually.
The estimation of the conduction losses in T.a, T.b, D.a and
D.b is straightforward according to

Pcond,sw = RDSpn . 112{1\/[57)( (10)

and

Pp = Ur - Lavg + Rp - Ifnis (11

where the diode conduction losses can be approximated by
Rp - II%MS,X’ as this term is clearly dominating in this ap-
plication. However, the limiting factor in the selection of
appropriate diodes are usually not the conduction losses,
but rather the allowable repetitive peak current of a certain
device, which should correspond to the maximum peak current
izvs,pk(Vpc) in order to minimize the employed chip area
and therefore the Cgjoqe Of D.a and D.b. For the application
at hand, Schottky diodes made of silicon carbide (SiC) have
been found to be the best solution due to their large ratio
between the allowable repetitive peak current and their Cgiode
values.

However, in order to be able to calculate izvg pk and Trms x
(cf. (7) and (8)), the ZVS inductance Lyys needs to be known,
which can be calculated for each 7;, based on (5) and (6)

according to
I [T\ 2
Zvs,GaN = | T Cot

T.\> 1
Lzvssi = (5) C .
€

In order to minimize the manufacturing costs and the AC
resistance of this inductor, the inductance Lyyvs should be
integrated as leakage inductance into the small auxiliary
transformer, as the vertically aligned current flow in planar
transformers reduces the proximity effect and therefore the
high-frequency (HF) resistance of PCB windings as well [16].
This is especially important in this application, as otherwise,
the high harmonic content of izyg would lead to significant
HF conduction losses.

(12)

13)

Resistance R, (mQ)
—
)
S

Fig. 7. ZVS auxiliary circuit transformer design with a turns ratio
of 5:5, a leakage inductance Lzvs of 256 nH and a total frequency-
dependent winding resistance Rac as illustrated.
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The leakage inductance between two PCB windings can be
influenced by the geometrical arrangement of their turns (cf.
Fig. 7) and in particular by the distance between the primary
and secondary side windings. However, the calculation of the
leakage inductance in planar transformers has already been
discussed extensively in literature [17], [18], which is why it
is not discussed any further in this paper.

The design of the transformer itself introduces again a large
number of degrees of freedom (number of turns N, winding
width by, core cross-section A, etc.) and is subject to an
optimization with respect to efficiency and power density. This
optimization is conducted based on the calculated winding
current irms,x (cf. (7) and (8)) and the peak flux linkage
Yzvs,pk given as

1
Y7vs.pk = 3 max (Vpc) T (14)

However, as this optimization is based on well-known formu-
las for calculating the winding [16], [19] and the core losses
[20], it is not explained in detail here.

In Fig. 7, an exemplary ZVS transformer with a turns ratio
of 5:5 and a leakage inductance Lzyg of 256 nH is shown.
Furthermore, the corresponding layer arrangement of one
winding is illustrated, whereby the second winding is identical
and mirrored with respect to the center of the eight-layer
PCB. This transformer is finally used in the two hardware
demonstrators, which will be introduced in the following.

IV. EXPERIMENTAL VERIFICATION

In order to verify the operating principle of the proposed
ZVS auxiliary circuit, two hardware demonstrators have been
built and measured (cf. Fig. 8). The ZVS auxiliary circuits are
identical in both prototypes, but the power switches are either
IPW60R018CFD7 Si superjunction MOSFETSs from Infineon
(Fig. 8a) or GS66516B GaN switches from GaN Systems
(Fig. 8b). In order to be able to test the performance of the
circuit for different Lzyg and T, values, two SMD pads have
been employed, to which different external inductors can be
soldered to (Lzys). The auxiliary switches T.a and T.b are
GS66502, the diodes D.a and D.b are C3D03060A SiC diodes
from Cree and the transformer is the one shown in Fig. 7 with
an inherent leakage inductance of 256 nH. The whole circuit
is controlled by means of a MachXO2 FPGA, which generates
the required gate signals for the different switches.

Fig. 9 shows the experimentally measured waveforms during
one switching transition for both hardware prototypes, a Vpc
equal to 250V and an external inductance of Lyzyg = 3 pH.
The dead times t4eaq Of the power switches were calculated
as explained in Section II-C according to equations (5) and
(6) to tdead,GaN = Ttr,GaN(25O V) = 115ns and tdead,Si =
Tir,i(250 V) = 428 ns, respectively.

As expected, the shape of the measured waveforms as well
as the T, and izys pkx values are in good agreement with the
calculated values shown in Fig. 4b. The ringing of the switch-
node voltage vyp_o in Fig. 9b originates from the parasitic
inductance of the TO-247 package of the power switches and
cannot be avoided, as the nonlinear Cys, of Si MOSFETS
yields huge di/di-values within the switches during a ZVS

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

IEEE TRANSACTIONS ON POWER ELECTRONICS, NOVEMBER 2020

[S[r7; Power Electronic Systems

7," ::J Laboratory

¥°) W08
g91599so
N5
e W08
99169959

[ 5

g91599SS
@oO
e gWD8
89159959

W55

b) GaN - Hardware Demonstrator

Fig. 8. a) Hardware demonstrator for Si superjunction power switches
and the proposed ZVS auxiliary circuit (grey-shaded) and b) the same
ZVS auxiliary circuit, but with GaN power switches. The dimensions
of both PCBs are given by 113 mm x 73 mm (4.44 in x 2.87 in).

/; 300 T T T T T 3

a — AN OAA —~
;é ) 5 49 NI
2 200 ‘ Vnp-2 K
o K
= pk,ZVS 41 *é
> £
() =]
g 100 1009
: 2
4 N
fé 0 | | 1 | -1
n 0 100 200 300 400 500 600
a) Time (ns)
S 300 T T T T T 15

2 - <
s r T
& 200 10 &
S ¥ . -
= 5]
= E
< 100F v 535
s} T.a
% i 2
= N
£ PRI - Rt ‘ a— 0
n 0 100 200 300 400 500 600
b) Time (ns)
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Fig. 10. Voltage and current waveforms of the Si hardware demon-
strator with the indicated Coss currents iup—2, and igp—2p in order
to illustrate the large d/a values during a ZVS transition.

transition (cf. Fig. 10). Hence, almost all of the ZVS current
flows in the switch with the larger momentary Cyg value
and the commutation from one switch to the other happens
extremely fast.

In order to estimate the achievable benefit by utilizing the
proposed ZVS auxiliary circuit, the total losses of the hardware
demonstrator have been measured for a switching frequency of
100 kHz with (Pzygs) and without (Pzcg) active ZVS auxiliary
circuit. Hence, without the auxiliary circuit (Pzcg), the total
Qoss of the four power switches is dissipated by means of
switching losses. This operating mode is required, if perfectly
synchronous transitions of the switch-node voltages on the
primary and the secondary side of the converter are important.
The simultaneous transitions are crucial in applications where
only a small L, is employed, as otherwise, the resulting
voltage-time area 1, results in a step in ¢jnq and, worst
case, in a destabilization of the resonant converter (cf. Fig.
5). If a larger L, would be employed, only the half-bridge on
the primary side would need to be switched, as the secondary-
sided half-bridge operates as a synchronous rectifier, thus is
inherently operated under ZVS conditions. Consequently, only
half of the aforementioned Pcg losses would be dissipated.
However, as the ZVS auxiliary circuit targets applications with
minimal L, requirements, the performance is compared to
the first operating mode where all four switches are actively
switched.

The results are shown in Fig. 11 for different ZVS
inductance values, where the loss saving & (solid lines)
indicates the amount of the F,4 stored in the power switches
which can be saved by operating the ZVS auxiliary circuit.
Furthermore, the arising losses Pzcs and Pzyg are shown
for a Lyys = 250nH in Fig. 11a and Lyzys = 720nH in
Fig. 11b, respectively. As expected based on (7) and (8),
the losses are increasing for smaller Lzyg and therefore
shorter 7i,. However, while the loss saving in percentage of
silicon switches is more or less constant for different DC-link
voltages, the one of GaN switches is dropping significantly.
This behavior originates from the dv/di-dependency of the
ZVS losses in GaN switches [21], [22], as the hysteresis losses
are increasing significantly with the applied DC-link voltage
(cf. Fig. 12a). In contrast, the hysteresis loss-percentage of Si
superjunction switches is almost constant and for this specific
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Fig. 11. Experimentally measured losses of the hardware prototypes
with (Pzvs) and without (Pzcs) operating the ZVS auxiliary circuit
in a) for GaN power switches and in b) for Si superjunction
MOSFETs.

switch around 6 % (cf. Fig. 12b). However, the hysteresis
losses strongly depend on the inner switch structure/design,
i.e. manufacturer, device family, etc. [14], [15], [23], which is
why they need to be measured for each device individually in
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Fig. 12. Estimated distribution of the hysteresis losses Phys and
the total losses of the auxiliary circuit P,u.x based on the total
measured losses Pzys, the FFT of the measured izvs and the
measured AC resistances of the components for GaN switches
(GS66516B) and an Lzys of 720nH in a) and Si superjunction
switches (IPW60R018CFD7) and an Lzvs of 3uH in b).
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Fig. 13. a) Maximum achievable efficiency of the DC-transformer
for two different power switches (Si = IPW60R018CFD7, GaN =
GS66516T), a switching frequency of 100 kHz and DC-link voltages
of 250V and 500V, where an ideal (loss-less) transformer is as-
sumed. Furthermore, the hatched areas for Vpc = 250V indicate
the share of switching losses (incl. ZVS auxiliary circuit). b) The
corresponding junction temperatures of the power switches for a
water-cooled aluminum heat sink with a coolant temperature of
80°C.

order to estimate the expected hysteresis losses. Nevertheless,
as proven by means of the hardware demonstrators of Fig. 8,
the utilization of the proposed ZVS auxiliary circuit allows for
an efficient recycling of a large amount of the E,qs of power
semiconductors. Thus, for a DC-link voltage of e.g. 500 V and
a switching frequency of 100 kHz, the utilization of the ZVS
auxiliary circuit increases the full-load (3.6 kW) efficiency of
the overall converter system for GaN power switches by more
than 0.5 %, and for Si superjunction MOSFETs by more than
6 %. Therefore, even Si superjunction MOSFETs can now be
used for comparably high switching frequencies, without an
excessive amount of additional circuitry.

Power Switches: IPW60R018CFD7

Voo = 500V, L, = 3uH, f = 100kHz
Diode Losses ,’
T.x Conduction Losses 17%
35%
Core Losses
T.x Switching Losses Winding Losses
27% 8%

Fig. 14. Distribution of the arising losses within the ZVS auxiliary
circuit, shown in Fig. 8a, with Si superjunction MOSFETs as power
switches, a DC-link voltage of 500V, a switching frequency of
100kHz and an external ZVS inductance of Lzvs = 3uH (whose
losses are not considered in this graph, as they would be much lower
if Lzvs would be fully integrated in the auxiliary transformer).
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This is verified in Fig. 13, where the maximum achievable
efficiencies of the DC-transformer example are shown for
both, Si (IPW60R018CFD7) and GaN (GS66516T) power
switches, a Lzyg of 720nH, and a switching frequency of
100 kHz, whereby only the losses in the power switches and
the ZVS auxiliary switches are considered. Hence, the power
transformer is assumed to be loss-less, as its design highly
depends on the targeted converter efficiency and has no impact
on the arising losses in the semiconductors. Thus, either an
extremely power-dense transformer with high losses can be
used, or a comparably large transformer with minimized
conduction and core losses could be employed, whereby the
efficiency of Fig. 13a can be approached. However, besides
the additional transformer losses, all other loss components
are considered, as will be discussed in the following.

The losses in the power semiconductors comprise two
individual components: The switching losses, i.e. the
hysteresis losses during the switching transitions (Fys), and
the conduction losses, which originate due to the sinusoidal
transformer currents 7,,4. The switching losses are calculated
based on experimental measurements (cf. Fig. 11), whereas
the conduction losses are calculated based on the simulated
load and the temperature dependent Rds,on(Tj) of the power
switches. The expected junction temperatures 7} are calculated
iteratively based on the total losses in one semiconductor
and a simple thermal model, which consists of the thermal
resistance of the semiconductor package, the isolating thermal
interface material (A = 6 Wm™! K, thickness = 0.5 mm) and
a water-cooled aluminum heat sink with a coolant temperature
of 80°C, which is a common specification in automotive
applications. The resulting calculated junction temperatures
are shown in Fig. 13b, where it should be noted, that for
full-load operation and Vpc = 250V, the GaN switches
would be operated very close to their thermal limit, whereas
the hot spot temperature in the Si switches never exceeds
90 °C.

Furthermore, in Fig. 13a, the hatched areas for the two
efficiency curves 7gi 250v and Ngan,250v indicate the amount
of losses, which originate from the hysteresis losses P,y and
the auxiliary circuit P,.x alone, whereby the non-hatched
area above the efficiency curves correspond to the conduction
losses in the power semiconductors. It can be seen, that for
the silicon MOSFETs, especially for partial-load operation,
the switching losses Fys + Paux have a huge impact on the
achievable partial-load efficiency, whereby the conduction
losses are almost negligible. In contrast, the switching
losses of the GaN semiconductors are much lower and the
conduction losses start to dominate the efficiency already at
very low output power values. Hence, the GaN switches are
very suitable for this application and the specified power level,
whereby the Si MOSFETs are clearly under-utilized, as their
junction temperatures are hardly increasing and they could
be operated with much higher currents (at P,,; = 6.6 kW,
nsisoov and 7siosoy are still above 99% and 97.5%,
respectively).

Nevertheless, the full-load efficiencies for both semiconductor
materials are almost identical, even though the cost for Si
superjunction MOSFETs are significantly lower compared

http://dx.doi.org/10.1109/TPEL.2020.3038996

to the GaN HEMTs. Hence, by using the proposed ZVS
auxiliary circuit, Si MOSFETs can be used with a similar
full-load performance as GaN HEMTs up to comparably high
switching frequencies.

In Fig. 14, the distribution of the arising losses in the ZVS

auxiliary circuit is shown for one specific operating point.
Due to the much higher AC resistance of the external inductor
Lzvs compared to a PCB-integrated equivalent, it has not
been considered in this loss distribution in order not to distort
the results. Hence, in a fully PCB-integrated solution with
an Lyzvyg of 3uH, the share of the winding losses would be
slightly larger, in the range of 25 %.
Despite ensuring ZVS conditions of the power switches, the
ZVS auxiliary circuit can also be used to pre-charge the
output capacitor of the secondary side, such that the power
part of the circuit can start its operation with matching input
and output voltages. Hence, L, does not need to be designed
to withstand huge inrush currents, as it would be the case with
a large initial voltage difference between the input and output
voltage. As the auxiliary circuit is anyway designed in such
a way, that the maximum energy which can be transferred
within one switching cycle is the F,¢s of the power switches,
the initial voltage difference between the input and the output
voltage does not matter and the peak value of izyg is limited
according to (3) and (4). Consequently, during each switching
transition, the output capacitor Cyy is charged due to izys,
until it reaches the required output voltage Vo, = Vpc.
The corresponding simulated waveforms are shown in Fig.
15, where the (stepwise) charging of C,,; can easily be
observed. It should be noted, that the peak current izyvs pik
is independent of Vi, which is why the usage of this
functionality has no impact on the design of the auxiliary
circuit and it can be utilized “for free”.

So far, the application of the ZVS auxiliary circuit has
only been discussed for equal primary- and secondary-sided
power switches. However, as previously mentioned, this
concept can of course also be applied if different power
switches are used, which is inevitable in converter systems
with e.g. large input-to-output voltage ratios. In order to
achieve the same ZVS behavior and synchronized switch-node
voltages of the primary and secondary side half-bridges,
it just needs to be ensured, that the primary-side referred
effective capacitance of the secondary-sided power switches
Cott,sec/n2y equals the effective capacitance of the primary
side power semiconductors Ceg pri. This can be achieved by
increasing the smaller Cog by means of additional ceramic
capacitors, which are connected in parallel to the power
switches. By doing so, the (QQuss of both half-bridges can be
equalized and the ZVS auxiliary circuit can be operated in the
same way as previously explained for equal power switches.

Until now, only the advantages of the proposed ZVS
auxiliary circuit have been discussed. However, besides the
topology-inherent benefits of unrestricted functionality with
respect to the operating conditions, as e.g. DC-link voltage,
switching frequency, and output power, there are of course also
disadvantages of this topology. Thus, besides the increased
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system complexity due to the additional active circuitry and,
therefore, lower reliability of the overall converter system, the
suitability of the proposed concept for a certain application
highly depends on the converter topology and the given
specifications. Hence, if the output voltage range and/or the
switching frequency range are not too wide, it could be more
efficient to use an alternative, passive ZVS concept, as e.g. the
magnetizing current of the main transformer, whereby there
is no reason to use the more complex ZVS auxiliary circuit
anymore. However, this can easily be estimated based on Fig.
12, where the distribution of the switching losses with the
auxiliary circuit are shown.

Hence, assuming a certain given dead time t4eaq, the hysteresis
losses P,y are approximately the same for all ZVS concepts
and cannot be avoided. Consequently, the additional losses
due to the ZVS auxiliary circuit alone are given by Py,
which therefore need to be compared to the arising losses of
an alternative ZVS concept (hereafter referred to as P,j¢). In
the example of using the magnetizing current ¢, for achieving
ZNS, P, would correspond to the additional conduction
losses in the power switches and the main transformer 7}
due to i,,. Hence, if P,,x should be larger than P, the
alternative ZVS concept is the more promising solution and
should therefore be used, especially if it is more reliable and/or
more cost-effective than the proposed circuit.

Nevertheless, if an extremely small series-resonant inductance
should be employed and, therefore, synchronous switch-node
voltages are required, even a certain efficiency penalty due to
the employment of the proposed ZVS auxiliary circuit might
be acceptable, if in turn the power density and the efficiency
of the main transformer 7 can be improved.

Furthermore, the application of the proposed ZVS auxiliary
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circuit is of course not limited to the simple DC-transformer
topology of Fig. 1. Moreover, it can be applied to all different
kinds of topologies, where two half-bridges are operated
synchronously. Thereby, it does not matter, whether the two
half-bridges are both located in the same converter port or
in different ports of the converter, as long as the (Quss of
one half-bridge can be directly transferred to a second half-
bridge, which therefore needs to be switching at the same time.
However, if the two half-brides are in the same converter port,
the auxiliary circuit processes reactive power only, whereby
the advantage of the pre-charging of the output capacitor is
lost. Consequently, the arrangement where the two half-bridges
are in different converter ports should be preferred if possible.
Generally, it can be stated that the proposed ZVS auxiliary
circuit is most suitable in applications, where ZVS for a wide
output voltage range and/or a wide switching frequency range
needs to be ensured, without increasing the control effort of the
actual converter system. However, if in a certain application
an alternative, passive ZVS concept is equally efficient as the
proposed active ZVS circuit, the passive concept should be
preferred, as it is usually the more reliable and more cost-
effective solution. Nevertheless, as in all operating conditions,
only the absolutely necessary ZVS energy is processed by
the proposed auxiliary circuit, it allows for utilizing cost-
effective Si superjunction MOSFETSs up to comparably high
switching frequencies. This is an important advantage over
conventional, passive ZVS concepts, where the large Qoss
of Si superjunction MOSFETs demands for large circulating
reactive currents, such that ZVS is guaranteed under all
operating conditions. These currents, however, yield significant
conduction losses, reducing the achievable converter efficiency
significantly, especially for low output power values.

V. CONCLUSION

In this paper, a simple auxiliary circuit has been pro-
posed and analyzed, which ensures soft-switching of a series-
resonant converter (SRC) by transferring the energy stored in
the Cyss Of the primary-side power switches to the Cygs of
the secondary-side power transistors, by means of a resonant
transition. Consequently, there is no need for stored mag-
netic energy in the main transformer, neither in the series-
resonant inductance, nor in the magnetizing inductance, as
ZVS is guaranteed by the proposed auxiliary circuit. Hence, an
extremely small series-resonant inductance can be employed,
which facilitates the design of the power converter with a very
efficient PCB winding transformer, where the series-resonant
inductor is integrated as leakage inductance. Furthermore, the
structure of the ZVS auxiliary circuit inherently guarantees,
that only the absolutely necessary amount of energy for ZVS
is transferred from the primary to the secondary side, indepen-
dent of the momentary output power and voltage level. This is
a huge advantage compared to conventional approaches, where
either the magnetizing current of the main transformer, or the
load current in the series-resonant inductor is used to achieve
ZNS of the power switches. Additionally, due to the resonant
operating mode of the auxiliary circuit, there is hardly any
additional control required, as the appropriate operation of the
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circuit is ensured by means of circuit design.

The suitability and performance of the proposed auxiliary
circuit have been tested and measured based on two hardware
demonstrators for both, GaN and Si superjunction power
switches. For both types of switches, a significant improve-
ment in terms of efficiency could be observed, whereby
especially for Si switches, a remarkable amount of switching
losses can be saved.

Finally, it has been shown, that the auxiliary circuit can also
be used for pre-charging the output capacitor of the power
converter, in order to adapt the output voltage to the input
voltage before starting the operation of the main power circuit.

ACKNOWLEDGMENT

The authors would like to thank the Robert BOSCH GmbH
for supporting this research project, and in particular Dr.
Thomas Plum, BOSCH Corporate Research, for several in-
spiring technical discussions.

REFERENCES

[1] C. Fei, R. Gadelrab, Q. Li, and F. C. Lee, “High-frequency three-phase
interleaved llc resonant converter with gan devices and integrated planar
magnetics,” in IEEE Journal of Emerging and Selected Topics in Power
Electronics, Vol. 7, No. 2, pp. 653-663, 2019.

[2] B. Li, Q. Li, and F. C. Lee, “A novel pcb winding transformer with

controllable leakage integration for a 6.6kw 500khz high efficiency high

density bi-directional on-board charger,” in Proc. of IEEE Applied Power

Electronics Conference and Exposition (APEC), 2017.

J. Zhang, W. G. Hurley, W. H. Wolfle, and M. C. Duffy, “Optimized

design of llc resonant converters incorporating planar magnetics,” in

Proc. of IEEE Applied Power Electronics Conference and Exposition

(APEC), 2013.

[4] N. Mohan, T. M. Undeland, and W. P. Robbins, Design of Magnetic
Components. 3rd Edition, Wiley, 1995.

[51 M. Kasper, R. Burkart, G. Deboy, and J. W. Kolar, “Zvs of power mosfets

revisited,” in IEEE Transactions on Power Electronics, Vol. 31, No. 12,

pp. 8063-8067, 2016.

Q. Chen, A. Lotfi, and F. C. Lee, “Design trade-offs for 5-v output off-

line zero-voltage-switched pwm converters,” in Proc. of the 13th IEEE

International Telecommunications Energy Conference (INTELEC), 1991.

[71 R. Watson and F. C. Lee, “Analysis, design, and experimental results of a
1-kw zvs-fb-pwm converter employing magamp secondary-side control,”
in IEEE Transactions on Power Electronics, Vol. 45, No. 5, pp. 806-814,
1998.

[8] H. Wang, X. Jia, J. Li, X. Guo, and B. Wang, “New single-stage ev
charger for v2h applications,” in Proc. of 8th IEEE International Power
Electronics and Motion Control Conference (IPEMC-ECCE Asia), 2016.

[9] R. Shafaei, M. C. G. Perez, and M. Ordonez, ‘“Planar transformers in llc

resonant converters: High frequency fringing losses modeling,” in IEEE

Transactions on Power Electronics, (Early Access), 2020.

Y. E. Bouvier, D. Serrano, U. Borovic, G. Moreno, M. Vasic, J. A.

Oliver, P. Alou, J. A. Cobos, and J. Carmena, “Zvs auxiliary circuit for

a 10 kw unregulated llc full-bridge operating at resonant frequency for

aircraft application,” in Special Issue "Advances in High-Efficiency LLC

Resonant Converters”,Energies, 12, pp. 1850-1870, 2019.

P. Das, M. Pahlevaninezhad, and A. K. Singh, “A novel load adaptive

zvs auxiliary circuit for pwm three-level dc—dc converters,” in [EEE

Transactions on Power Electronics, Vol. 30, No. 4, pp. 2108-2126, 2015.

“Ipw60r018cfd7 600v coolmos cfd7 power transistor datasheet,” In-

fineon Technologies AG, Tech. Rep., 2018, available online: https:

/lwww.infineon.com/.

“Gs66516b 650v enhancement mode gan transistor datasheet,” GaN

Systems Inc., Tech. Rep., 2020, available online: https://gansystems.

com/gan-transistors/gs66516b/.

G. Zulauf and J. Rivas-Davila, “Coss losses in silicon superjunction

mosfets across constructions and generations,” in Proc. of 30th IEEE

International Symposium on Power Semiconductor Devices & ICs

(ISPSD), 2018.

[3

[6

=

[10]

(11]

[12]

[13]

[14]

http://dx.doi.org/10.1109/TPEL.2020.3038996

[15] J. B. Fedison and M. J. Harrison, “Coss hysteresis in advanced su-
perjunction mosfets,” in Proc. of IEEE Applied Power Electronics
Conference and Exposition (APEC), 2016.

[16] Z.Ouyang, O. C. Thomsen, and M. A. E. Andersen, “Optimal design and
tradeoff analysis of planar transformer in high-power dc—dc converters,”
in IEEE Transactions on Industrial Electronics, Vol. 59, No. 7, pp. 2800-
2810, 2012.

[17] ——, “The analysis and comparison of leakage inductance in different
winding arrangements for planar transformer,” in Proc. of International
Conference on Power Electronics and Drive Systems (PEDS), 2009.

[18] J. Zhang, Z. Ouyang, M. C. Duffy, M. A. E. Andersen, and W. G.

Hurley, “Leakage inductance calculation for planar transformers with a

magnetic shunt,” in [EEE Transactions on Industry Applications, Vol.

50, No. 6, pp. 4107-4112, 2014.

X. Wang, L. Wang, M. Ling, Y. Lifang, and S. Yang, “Calculation

method of winding loss in high frequency planar transformer,” in Proc.

of International Conference on Electrical Systems for Aircraft, Railway,

Ship Propulsion and Road Vehicles & International Transportation

Electrification Conference (ESARSITEC), 2016.

[20] J. Muehlethaler, J. Biela, J. W. Kolar, and A. Ecklebe, “Improved core-

loss calculation for magnetic components employed in power electronic

systems,” in IEEE Transactions on Power Electronics, Vol. 27, No. 2,

pp. 964-973, 2012.

G. Zulauf, S. Park, W. Liang, K. N. Surakitbovorn, and J. Rivas-Davila,

“Coss losses in 600 v gan power semiconductors in soft-switched, high-

and very-high-frequency power converters,” in IEEE Transactions on

Power Electronics, Vol. 33, No. 12, pp. 10748-10763, 2018.

D. Bura, T. Plum, J. Baringhaus, and R. W. De Doncker, “Hysteresis

losses in the output capacitance of wide bandgap and superjunction

transistors,” in Proc. of 20th IEEE European Conference on Power

Electronics and Applications (EPE-ECCE Europe), 2018.

B. Keogh, “Hysteresis loss in high voltage mosfets: Findings and effects

for high frequency ac-dc converters,” Texas Instruments Incorporated,

Tech. Rep., 2017.

[19]

[21]

[22]

[23]

Jannik Schifer (SM’16) received the B.Sc. and
M.Sc. degree in electrical engineering from the
Swiss Federal Institute of Technology (ETH) Zurich,
Switzerland, in 2014 and 2016, respectively. In June
2016, he joined the Power Electronic Systems Lab-
oratory (PES) of ETH Zurich as a Ph.D. candidate.
In his research, he is currently focusing on highly
compact combined electric vehicle chargers, with a
special emphasis on PCB-integrated magnetic com-
ponents.

Johann W. Kolar (F’10) received the M.Sc. and
Ph.D. degree (summa cum laude / promotio sub aus-
piciis praesidentis rei publicae) from the University
of Technology Vienna, Austria, in 1997 and 1999,
respectively. Since 1984, he has been working as an
independent researcher and international consultant
in close collaboration with the University of Tech-
nology Vienna, in the fields of power electronics,
industrial electronics and high performance drive
systems. He has proposed numerous novel PWM
converter topologies, modulation and control con-
cepts and has supervised 70+ Ph.D. students. He has published 880+ scientific
papers in international journals and conference proceedings, 4 book chapters,
and has filed 190+ patents. The focus of his current research is on ultra-
compact and ultra-efficient SiC and GaN converter systems, wireless power
transfer, solid-state transformers, power supplies on chip, and ultra-high speed
and bearingless motors. Dr. Kolar has received 28 IEEE Transactions and
Conference Prize Paper Awards, the 2014 IEEE Middlebrook Award, the 2016
IEEE William E. Newell Power Electronics Award, the 2016 IEEE PEMC
Council Award and two ETH Zurich Golden Owl Awards for excellence in
teaching. He initiated and/or is the founder of four ETH Spin-off companies.
He is a member of the steering committees of several leading international
conferences in the field and has served from 2001 through 2013 as an
Associate Editor of the IEEE Transactions on Power Electronics. Since 2002
he also is an Associate Editor of the Journal of Power Electronics of the
Korean Institute of Power Electronics and a member of the Editorial Advisory
Board of the IEEJ Transactions on Electrical and Electronic Engineering.

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



