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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).
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Fig. 9. Experimentally measured voltage and current waveforms
during a switching transition for the hardware demonstrator with a)
GaN power switches and b) Si superjunction MOSFETs.
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Fig. 10. Voltage and current waveforms of the Si hardware demon-
strator with the indicated Coss currents iup 2. and igp2p 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 Pzcg 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 Lyzys 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/a:-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
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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

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

600 ‘
!

‘ HHHH il HHH H i
i

I “H Ea

W
| Nl

500 “

00

4
300
2

Switch-Node Voltage V. (V)

1000 1

o
~

ol

ol

Current i, (A)

-20

-30

0 500 1500

b) Time t (us)

1000

Fig. 15. a) Simulated switch-node voltages during a pre-charging
sequence with initial input and output voltages of 500V and 0V,
respectively. b) The corresponding simulated current izvs during the
pre-charging sequence.

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.
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