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Abstract

DC/DC converters for high-current applications have an important role in onboard systems in electric
vehicles (EVs). The converter has to achieve high power density and high efficiency for minimizing weight,
maximizing range operation, and saving space in EVs. Further, the interconnection of multiple energy
sources becomes crucial in this system for supporting the load at different operation points. Parameter
deviations from the transformer and resonant elements can impact the operation of resonant multiport
converters by increasing the uneven power flow among the ports and reducing efficiency. Thus, this paper
investigates an isolated multiport topology with a reduced number of reactive elements and a planar
multiwinding transformer (MWT) to achieve a low parameter deviation and hence balance the power
processing in each port of the converter. The causes and effects of this parameter deviation are discussed

and the effectiveness of the DC/DC Converter is validated with a prototype.

1 Introduction

Onboard electric vehicle (EV) systems require high
power density and high efficiency. The low voltage
on the output side, due to the high currents, de-
mands a well-selected topology and optimization
to achieve these prerequisites. The design is par-
ticularly difficult for onboard EV systems because
the input voltage supplied by a battery varies with
the type of the battery and the state of charge [1].
Therefore, a wide voltage range is required to
achieve the output voltage and power. Regular
topologies like LLC and DAB suffer from high con-
duction losses on the low voltage side. In addition,
bidirectional power flow becomes a tendency in
such a system, which requires high efficiency also
in reverse power flow mode.

Multiport topologies are one solution to this prob-
lem. The interconnection on the input or output
sides allows for higher power density and high effi-
ciency. These multiport topologies are particularly
interesting for low-voltage applications where con-
duction losses are the limitations. By connecting
the output side in parallel, the current can be cut in
half to reduce the conduction losses dramatically.
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Another application for these multiport topologies is
to connect different voltage levels to the in- and out-
put and connected several loads to the converter
without extra conversion stage [2], [3].

The recently developed GaN HEMTs and SiC MOS-
FETs allow operations at higher frequencies without
increasing the switching losses significantly [4], [5].
This leads to reduced footprint components, es-
pecially magnetic components [6], [7]. A trade-off
needs to be made for efficiency and power density
during the converter design. In this topology, the
multiwinding transformer (MWT) is a key compo-
nent that needs a particular design.

For an optimal operation of the converter, the opti-
mization and design of the MWT are crucial [8]. Litz-
wire transformers are cost-benefit, but they suffer
from high copper losses at high frequencies [9], [10].
Planar transformers on the other hand are expen-
sive but can achieve higher current densities [11]
and do not suffer from the high copper losses like
litz-wire [10], [12]. Without multiport topologies,
it would be necessary to connect individual trans-
formers between the ports, but power density will
be decreased and parameter deviations are high.
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Fig. 1: Proposed resonant converter topology.

These high parameter deviations may arrive from
the cores by having different permeability and air
gaps due to core assembly or through different
turns ratio and leakage inductance. An MWT in-
creases power density and lowers parameter de-
viation because it does not have the problem of
different cores, but still from deviations in turns ratio
and leakage inductance.

The interconnection of multiport topologies is diffi-
cult, due to parameter deviations [13]. The reso-
nance tanks can also have different parameters
and introduce a power-sharing problem in the
branches. This not only decreases the efficiency
of the converter but also decreases the lifetime of
the switches that need to process more power [14].
Therefore, this paper proposes a topology for high-
current applications with lower parameter devia-
tions and a wide voltage range. The cause and
effects of parameter deviations will be further an-
alyzed. The importance of transformer design is
highlighted and a prototype is built to validate the
cause of parameter deviations and show the effec-
tiveness of the proposed topology.

The paper is organized as follows: Section Il in-
troduces the proposed topology and highlights the
advantage over other topologies. Interconnection
issues of the multiport converter are explained in
Section Ill. In Section IV a prototype is built and
experiments are carried out. Section V concludes
this paper.

2 Resonant Multiport Topology
with Low Parameter Deviation

The proposed resonant input-series-output-parallel
multiport topology is shown in Fig. 1. The input
side uses GaN HEMTs and is connected in series
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to overcome the limited blocking voltage rating of
650 V [15]. The output is connected in parallel and
uses Si MOSFETSs to minimize conduction losses
on the low-voltage side. Si MOSFETSs are used in-
stead of GaN HEMTs because the low voltage side
is switched with synchronous rectification, where
current is measured to turn on and off the switch.
Therefore, the switching losses can be almost ne-
glected, since the turn on and off will occur after
they already started conducting [16]. The parallel
connections reduce the current through each switch
by half. Current sharing between the parallel output
only depends on the parameters of the resonant
tank in both branches and the transformer.

The high-voltage side consists of a half-bridge to
lower the component count and increase power
density. This is effective since the current is very
low and the limitations are the switching losses.
The low-voltage side consists of two full bridges to
lower the current even further in each switch. The
resonant multiport topology allows for bidirectional
power flow with high efficiency in both directions.
This topology can achieve high efficiencies even
in low power conditions. Another advantage of
this resonant topology is the wide voltage range.
This allows for high efficiencies even if a battery
is used as an input over the entire state of charge.
Dependent on the application of this converter, the
parameters of the resonant tank on the primary
and secondary can be designed symmetrical or
unsymmetrical to achieve similar or different gain
curves in forward and reverse power flow direction
[17], [18].

3 Interconnection Issue on Reso-
nant Multiport Converter

DC/DC converters with a low-voltage side gener-
ally suffer from high conduction losses, due to high
current on the output. These can be reduced by
paralleling devices or paralleling bridges, like in the
proposed topology in Fig. 1. Paralleling devices
have the disadvantage of current sharing problems,
because of different R,y and different threshold
voltages, which affect switching losses [19]. When
paralleling bridges in a resonant converter, the cur-
rent sharing is dependent on resonant tank param-
eter mismatch and transformer. Also Paralleling
bridges have a lower stray inductance mismatch
than paralleling devices, which results in a lower
current imbalance during transient [20].

The deviation can affect the resonance frequency
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Fig. 2: Simulated mismatch of the proposed converter topology for different cases (a) inductance mismatch (b)
turns ratio mismatch (c) inductance compensation for turns ratio mismatch (d) inductance compensation for

turns ratio mismatch at different load.

and the current and voltage-sharing ability. Re-
ducing this deviation is crucial to ensure the high
efficiency of the converter. The mismatch can arrive
from one of the following components and will have
a different effect on the waveforms of the current:

— Leakage inductance,
— Transformer turns ratio,

— Capacitor and external inductor.

If the parallel branches have a mismatch in the in-
ductance (leakage or external inductor), then the
currents will have the same resonance frequency,
but the amplitude is different. This is shown in Fig.
2 (a), where more current flows in one branch than
the other. As a result of this, the conduction losses
will increase and converter efficiency decreases.
The capacitor mismatch has the same influence
as the inductance. A mismatch in the transformer
turns ratio will result in different resonance frequen-
cies in the branches and different amplitudes, as
shown in Fig. 2 (b). This is the worst scenario,
since not only the amplitude is different, but the
current sharing will change dependent on load and
frequency [21], [22].

The amplitude mismatch of the turns ratio can be
compensated by an increase of inductance in the
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branch that has a lower voltage ratio. The higher
voltage will be compensated by a higher impedance
of inductance, as seen in Fig. 2 (c). The resonance
frequency of both branches will still remain differ-
ent. This compensation will only work in specific
working points, where the impedance of the branch
is close to the load resistance of the output. When
resistance starts to dominate, the compensation
will lose its effectiveness as shown in Fig. 2 (d),
where a higher output load is connected.

This shows the importance of transformer design
for this kind of topology. In conventional litz-wire
transformer it is difficult to ensure the exact same
turns ratio and the same leakage inductance. Pla-
nar transformer on the other hand can be manu-
factured reliable and will not suffer from this devia-
tion [23]. Another advantage of planar transformer
is the controllable leakage and the easy interleaving
possibility [24].

4 Experimental Results

The specifications of the built prototype are given
in table 1. For the primary side GS-065-060-5-B-
A from GaN-Systems and for the secondary side
C4D30120D SiC-diodes from Cree are used. The
primary side of the setup is shown in Fig. 3 and
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Fig. 4: Built transformer (a) conventional litz-wire trans-
former (b) planar transformer.

the conventional litz-wire transformer and planar
transformer are shown in Fig. 4 (a) and Fig. 4 (b),
respectively. The conventional litz-wire transformer
was built with 2 E-cores and litz-wires, where 14
turns for the primary and 2 turns for the secondary
were wound around the bobbin of the core. An
air-gap was included to achieve the required mag-
netizing inductance of 92 pH.

The leakage inductance of the transformer was
calculated by measuring all open-circuit and short-
circuit inductance, and the final leakage was calcu-
lated according to [25]. The primary leakage L1
was calculated to be 12.2 pyH and the secondary
leakage L,» and L,3 with 540 nH and 650 nH, re-
spectively. The turns ratio were 7.5:1 and 6.5:1.
The low number of turns on the secondary makes
it very difficult to achieve equal turns ratio, as al-
ready explained in the previous section. Also, the
leakage of the transformer is higher than required,
because interleaving litz-wires are not as easy as
interleaving windings in planar transformers.

In the first measurements shown in Fig. 5 it is
clearly visible that there is a high mismatch in the
parallel branches and a mismatch in resonance fre-
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Fig. 5: Measured waveforms with conventional litz-wire
transformer and equal external inductors.
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Tab. 1: Electrical specifications of the built converter.

Parameter

Output Power P, 2kW
Minimum input voltage Viy min 540V
Maximum input voltage Vin max 760V
Nominal input voltage Vin nom 650V
Nominal Output voltage V,ut nom 48V
Maximum Output voltage Vout,mag 52V
Minimum Output voltage Vou, min 46V
Nominal switching frequency f, 200 kHz
Magnetizing inductance L,, 92 uH
Inductance L,;, Lo 18.6 pH, 380nH
Capacitance C;1, Cyo 34.2 nF, 1.67 uF
Transformer turns ratio 7:1:1

quency as expected, due to different turns ratio and
inductance. One parallel branch is processing dou-
ble the amount of power and one branch is working
in continuous conduction mode and one is in dis-
continuous conduction mode. This is unfavorable
because of high conduction losses and frequency
and load-dependent power sharing.

An external inductor was added to the branch that
processed more power to compensate for the dif-
ferent turns ratio. The results are shown in Fig. 6,
where power-sharing is now improved, but different
resonance frequencies still remain. Fig. 6 (a) and
(b) shows the waveforms at 650 V and 540 V at 2
kW at above and below resonance frequency, re-
spectively. The waveforms at the same voltage, but
lower power at 250 W are given in Fig. 6 (c) and
(d), both above the resonance frequency.
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Fig. 6: Measured waveforms with conventional litz-wire transformer and inductor compensation for (a) 650 V 2 kW,
above resonance frequency (b) 540 V 2 kW, below resonance frequency (c) 650 V 250 W, above resonance
frequency (d) 540 V 250 W, above resonance frequency.

It is visible that power-sharing is still dependent on
frequency and on output resistance. As shown in
Fig. 6 the power-sharing is worse at lower frequen-
cies and at higher output resistance. There is an
optimal point, where power-sharing is almost equal.
To show the advantage of a planar transformer, a
prototype was built with 7 turns on the primary and
1 turn each on the secondary. The measured turns
ratio was exactly 7:1 for both ports. The leakage
inductance was measured as for the litz-wire trans-
former and the primary leakage L,; was calculated
to be 3.5 yH and the secondary leakage L,» and
L3 with 110 nH and 110 nH, respectively. This
shows the advantage of reliable manufacturing and
controllable leakage through interleaving, as here
the secondary leakage is below the required induc-
tance value.
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The waveforms of the prototype with a planar trans-
former are shown in Fig. 7 (a) - (d). It is clearly
visible that there is only a very small difference
in power-sharing which comes from the setup it-
self and not from the transformer. The parallel
branches have the same resonance frequency and
power-sharing is guaranteed across all frequency
and load ranges.

Finally, the efficiency of the setup was measured.
The efficiency is depicted in Fig. 8 and is com-
pared to the theoretically derived efficiency. The
measured efficiency is very close to the theoreti-
cal efficiency and the maximum efficiency points
are also close together. The small deviation in effi-
ciency comes from underestimating diode losses,
transformer losses, and final temperatures. A peak
efficiency of 92.7 % is achieved at 600 W and an ef-
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Fig. 7: Measured waveforms at different operation points with a multiwinding planar transformer (a) low power,
below resonance frequency (b) medium power, slightly above resonance frequency (c) high power, slightly
above resonance frequency (d) high power, above resonance frequency.
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Fig. 8: Measured efficiency and calculated efficiency of the proposed converter with diodes.

ficiency of 89.2 % is achieved at a maximum power 5 Conclusion
rating of 2 kW. If synchronous rectification is used,
the efficiency could be increased significantly in the
range of above > 97 %, since conduction losses
are almost 10 % of the entire losses at full power.

This paper presents a topology with lower parame-
ter deviations for high power density and efficiency
in high-current applications. The topology is de-
scribed and advantages and disadvantages are

ISBN 978-3-8007-6091-6 1136 © VDE VERLAG GMBH - Berlin - Offenbach
Authorized licensed use limited to: Fhl fur Siliziumtechnologie. Downloaded on January 13,2025 at 11:13:19 UTC from IEEE Xplore. Restrictions apply.



PCIM Europe 2023, 09 — 11 May 2023, Nuremberg

highlighted. GaN HEMTs are used to achieve the
required power density and efficiency.

The interconnection issue is explained and the
causes and problems of parameter deviation are
shown. Turns ratio and leakage inductance needs
to be as equal as possible to achieve power-sharing
across all load and frequency ranges. Compensa-
tion for turns ratio mismatch can be done to reduce
current sharing problems.

A prototype is built to validate the proposed topol-
ogy. A litz-wire transformer is used to show the
effect of parameter deviation and the disadvantage
of this type of transformer.

A planar transformer is used to lower parameter
deviation to almost zero. The advantage of a planar
transformer in this kind of topology is highlighted
and the efficiency of the built converter is compared
to theoretical calculation. A peak efficiency of 92.7
% with diodes is achieved.
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