
© 2022 IEEE

Proceedings of the 7th IEEE Southern Power Electronics Conference (IEEE SPEC 2022), Fiji, December 5-8, 2022

A Novel Non-Mirrored Buck-Boost Flying Capacitor Multilevel DC-DC Converter Topology

S. Coday,
D. Menzi,
J. Huber,
J. W. Kolar 

Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective
works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works



A Novel Non-Mirrored Buck-Boost Flying
Capacitor Multilevel DC-DC

Converter Topology
Samantha Coday1,2, David Menzi1, Jonas Huber1, Johann W. Kolar1

1. Power Electronic Systems Laboratory, ETH Zurich, Switzerland
2. Dept. of Electrical Engineering and Computer Sciences, University of California, Berkeley, U.S.A

Email: scoday@berkeley.edu

Abstract– Enabling future electrification of air and
ground transportation requires flexible, compact, and
highly efficient power converters. Four-switch non-
inverting bidirectional buck-boost dc-dc converters
allow for wide and overlapping input and output
voltage ranges, enabling integration of fuel cells and
batteries whose voltages vary with state of charge and
operating conditions. In this work, we propose a novel
non-mirrored buck-boost (N-MBB) Flying Capacitor
Multilevel (FCML) dc-dc converter. The proposed
topology integrates the conventionally separated buck
and boost bridge-legs, which is enabled by novel
monolithic bidirectional GaN transistors featuring
bipolar voltage blocking capability. Compared to the
conventional mirrored buck-boost FCML converter,
the proposed topology shows a higher inductor vol-
ume but advantageously a lower component count,
better utilization of the installed chip area and flying
capacitors, and lower conduction losses. Finally we
introduce a topology variant with reduced induc-
tor volume, the return-path-inductor (RPI) N-MBB
FCML, and a direct non-isolated single-phase dc-ac
N-MBB FCML inverter.

I. INTRODUCTION

Future electric transportation requires flexible, dense
and efficient power converters. Innovation within electric
vehicle architectures for airborne [1] and ground applica-
tions [2] relies on dc-dc converters capable of both buck
and boost mode operation to enable flexible integration
of batteries and fuel cells with their wide and operating-
point-dependent voltage ranges in the vehicles’ on-board
distribution busses [3], [4]. Recent work [5] has shown
that multilevel topologies such as the Flying Capacitor
Multilevel (FCML) converter [6], which utilizes energy-
dense capacitors as the primary energy storage elements,
facilitate very high power densities and high conversion
efficiencies. Specifically, the four-switch non-inverting
buck-boost converter with a buck and a boost FCML
bridge-leg combined by a shared inductor is a symmetric
structure and therefore in this work will be referred to
as the mirrored buck-boost (MBB) FCML converter.

However, whereas the MBB FCML converter advanta-
geously only operates either the buck or the boost bridge-
leg with PWM while the other is clamped to the respec-
tive positive dc terminal, the transistors of the clamped
bridge-leg are still in the current path and contribute to
conduction losses. Therefore, this work proposes a new
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Fig. 1: Proposed non-mirrored buck-boost (N-MBB) N -level FCML topology employing dual-gate monolithic bidirectional
bipolar blocking (GaN) switches (M-BDSs).
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(a) Three-level MBB FCML converter (conventional).
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(b) Three-level N-MBB FCML converter (proposed).
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(c) Buck operation mode of MBB FCML converter.
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(d) Buck operation mode of N-MBB FCML converter.
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(e) Boost operation mode of MBB FCML converter.
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(f) Boost operation mode of N-MBB FCML converter.

Fig. 2: Schematic of the conventional MBB FCML and the proposed N-MBB FCML converter topologies. Buck and boost
operating modes are shown for the conventional and proposed converter topologies, whereby solid lines indicate continuous
current flow and dashed lines indicate switched currents.

topology which merges the MBB FCML converter’s two
bridge-legs into a non-mirrored buck-boost (N-MBB)
FCML topology shown in Fig. 1. As a consequence of
the buck-boost functionality (i.e., operation with Vin >
Vout or Vin < Vout is possible), the topology’s main
transistors (Sx) must be able to block either voltage
polarity. Novel monolithic bidirectional (GaN) switches
(M-BDSs) [7]–[9] provide this functionality with only
a minor increase of the chip area as compared to a
unidirectional transistor, which is a key enabler for the
proposed topology’s advantages outlined in the following
sections (i.e., lower switch count, lower switch conduc-
tion losses, a more favorable scaling with increased level-
count, etc.).

II. CONVERTER OPERATION

A. Topology Derivation
To best understand the proposed N-MBB FCML con-

verter topology, it is helpful to first consider the con-
ventional MBB FCML converter, the three-level version
of which is shown in Fig. 2a. As shown in Fig. 2ce,
the converter achieves buck and boost operating modes
with a single inductor Lmir and by only high-frequency

switching the input- or output-stage semiconductors,
respectively, while the other stage clamps the inductor
terminal to the positive dc-link rail. Therefore, during
either operating mode the converter only operates half
of the switches, and clamps one-fourth (two switches
in the three-level case) in the on-state and one-fourth
in the off-state. For example, as shown in Fig. 2b,
during buck operation T 12 and T 11 are continuously
conducting, while T 12′ and T 11′ are off. As a result,
the converter suffers from undesired conduction losses
from the clamped-on high-side switches, and essentially
from a low utilization of the installed total chip area.
Similarly, in each operating mode only half the flying
capacitors are being used to transfer energy.

The goal of the topology presented in this work is
to merge the two bridge-legs of the mirrored topology
such that the number of switches in the current path is
minimized and the utilization of the installed chip area
and of the flying capacitors is improved. The proposed
N -level N-MBB FCML converter topology is shown
in Fig. 1, and the three-level version in Fig. 2b. This
topology employs a split input inductor (see also [10]) to
supply continuous current from the input for both buck
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Fig. 3: Simulated waveforms for mirrored and non-mirrored three-level (see Fig. 2) topologies with equal inductance values
(i.e., L1 = L2 = Lmir). The switching frequency, 150 kHz, and the output power, 5 kW, are equal in the simulations shown in
(a) for buck mode [VIN = 800V, VOUT = 500V] and (b) for boost mode [VIN = 500V, VOUT = 800V] (note: the specific
shape of the N-MBB FCML’s triangular currents, i.e., iL1, iL2, and iL1+iL2, are dependent on the duty cycle). (c) Simulated
flying capacitor voltage vC,f of the proposed N-MBB FCML converter, for the transition between buck and boost mode, where
the output voltage is controlled to a fixed 500 V and the input voltage ramps from 100 V to 1 kV.
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Fig. 4: Gate signals for an N -level N-MBB FCML converter,
shown for both buck and boost mode operation.

and boost operation. Note that these inductors can be
placed on either the input or output side of the converter
without changing the outcome of the analysis performed
here.

As shown in Fig. 2b, the proposed N-MBB FCML
converter also requires bipolar blocking switches as the
voltage across the switches (Sx in Fig. 1 and Fig. 2)
shows opposite polarity in boost and buck operating
modes. If Sx would be realized as anti-series connections
of normal transistors, no improvement regarding chip
area and conduction losses over the conventional MBB
FCML topology would be expected. However, novel
dual-gate monolithic bidirectional (GaN) transistors [7]–
[9] provide bipolar voltage blocking capability with only
a minor chip area increase compared to a standard
transistor. In the N-MBB FCML, these M-BDSs see
a voltage stress of Vds = Vmax

N−1 (neglecting ripple and
overshoot), where Vmax = max(VIN,max, VOUT,max).

Furthermore, the proposed topology requires four—
independent of the NMBB FCML level count N—

unipolar MOSFETs (T x), implemented as diagonal
switches to configure the converter operating state [11],
[12]. Of these four devices, only two are switching dur-
ing either operating mode and the other two are clamped
in the off-state, i.e., do not contribute to conduction
losses. The voltage rating of these unipolar switches
T x is higher than that of the bi-directional switches as
they need to block the full input/output voltage. Note,
however, that when the unipolar devices are operated
with PWM, the voltage stress is Vmax

N−1 , which is the same
as for the M-BDS devices.

B. Operating Modes

We describe the operating principle with the example
of the three-level version of the proposed topology
shown in Fig. 2b, with the buck and boost operating
modes highlighted in Fig. 2d and Fig. 2f, respectively.
Moreover, Fig. 4 shows the gate signals used to control
the converter during buck and boost operating modes. In
buck operating mode, the diagonal switch T2′′ and the
low-side switch T1′ are clamped in the off-state such that
the configuration of the converter is similar to the split
input inductor FCML proposed in [10]. Here, the current
splits between the two inductors as a function of duty
cycle. The inductor currents for buck operating mode are
shown in Fig. 3a. In boost operating mode, the low-side
switch T2′ and the diagonal switch T1′′ are clamped off,
such that the converter is configured as a typical boost
FCML converter with an additional low-side inductor
(L2), whose average current is approximately zero, as
shown in Fig. 3b. In both operating modes, the summed
dc components of the N-MBB FCML converter’s induc-
tor currents is equal to the dc component of the inductor
current in the conventional MBB FCML converter (i.e.,
IL1+ IL2 = IL,mir). Moreover, considering equal induc-
tances (i.e., L1 = L2 = Lmir), the sum of the inductor
currents shows a peak-to-peak ripple which is double
that for the conventional MBB FCML converter (i.e.,
∆iL1+∆iL1 = 2∆iLmir). The flying capacitor’s average
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Fig. 5: (a) Switch conduction loss FOM τC over level count, showing favorable scaling for the proposed N-MBB topology.
(b) Switching loss FOM τS over duty cycle, identical between the mirrored and non-mirrored topologies for any level count. (c)
Inductor volume FOM τL shown as a function of duty cycle and level count, indicating larger inductor volume of the N-MBB
topology.

TABLE I: Comparison of components for proposed MBB FCML converter and N-MBB FCML converter.

Parameter Mirrored Topology Non-mirrored Topology
Total Switches 4(N − 1) 2(N − 1) + 2

Number of MOSFETs 4(N − 1) 4
Number of M-BDSs 0 2(N − 2)

Number of Inductors 1 2
Number of Flying Capacitors 2(N − 2) N − 2
Effective Switching Frequency fsw(N − 1) fsw(N − 1)

voltage is equal to i×VIN

N−1 in buck mode and i×VOUT

N−1 in
boost mode, where i is the index of the flying capacitor,
identical to the standard MBB FCML converter. The
transition between buck and boost mode is shown in
Fig. 3c, which shows how the flying capacitor voltage
remains balanced in either operating mode and during
the transition between the two modes.

III. COMPARATIVE EVALUATION OF THE PROPOSED
N-MBB FCML TOPOLOGY

Compared to the conventional MBB FCML topology,
the proposed N-MBB FCML topology benefits from a
reduced number of flying capacitors and a lower total
number of switches (see Table I). However, the N-
MBB FCML converter does require M-BDSs and two
inductors as explained above. The remainder of this
section provides a quantitative comparative evaluation
of the two variants regarding relevant figures of merit
(FOMs) as introduced in [13].

To quantify the expected conduction losses through
the switches, the rms current through each switch was
squared and summed as shown in (1), this value was
then normalized to the maximum of the input and output
current, Imax.

τc =
1

I2max

∑
k

ĩ2k (1)

This switch conduction loss FOM, τc, does not depend
on the duty cycle, but does increase with higher number
of switches, as shown in Fig. 5a. Since the MBB FCML
converter relies on half the high-side switches clamped
in the on-state during either operating mode, higher
conduction losses are expected. Therefore, this FOM
shows the proposed N-MBB FCML converter scaling
more advantageously with increased level count.

Since both the semiconductor voltage and current
contributes to hard-switching losses, the switching loss
FOM, τS, is a summation of the maximum voltage and
rms current in each switch, which is then normalized to
the product of the maximum of the input and output cur-
rent and the maximum of the input and output voltage.

τs =
1

ImaxVmax

∑
k

ĩkvds,k (2)

This FOM, which does not depend on the level count
N , is plotted over the duty cycle in Fig. 5b and is
equivalent between the N-MBB FCML and conventional
MBB FCML.

To compare the estimated inductor volume, the induc-
tance, rms current and peak-to-peak current ripple were
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Fig. 6: (a) Schematic for a RPI N-MBB FCML converter.
b) Inductor current and voltage, simulated with the same
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operating point shown in Fig. 3b [VIN = 800V, VOUT =
500V]. For both boost and buck operating modes the inductor
voltage is seen as common-mode voltage on the input or output
terminals.

computed for a given switching frequency and current
ripple condition, chosen to be 100 kHz and 20% (peak)
respectively. The inductor volume FOM τL is defined in
(3), which is normalized to the maximum voltage, Vmax,
maximum current, Imax, and switching period, Ts.

τL =
1

ImaxVmaxTs

∑
m

Lmĩmîm (3)

Note that this FOM is summed over the total number,
m, of inductors in each topology. Fig. 5c shows τL as a
function of duty cycle and level count N . As the level
count increases the N-MBB FCML converter’s required
FOM τL decreases by a factor of (N − 1)2, which is
the same behavior as known from the conventional MBB
FCML converter. However, the N-MBB FCML converter

has a higher expected total inductor volume at each
operating condition since two inductors are necessary
for operation.

IV. PROPOSED TOPOLOGY VARIATIONS

A. Return Path Inductor (RPI) N-MBB FCML Converter

As described in the previous section, the proposed N-
MBB FCML converter topology has performance trade-
offs when compared to the conventional MBB FCML
converter, dependent on application and operating con-
ditions. Therefore, this work also motivates the investi-
gation of topology variants with possibly different trade-
off characteristics. One such topology variant is shown in
Fig. 6a and utilizes a return-path inductor (RPI) [14] in-
stead of the split inductor of the original N-MBB FCML
(see Fig. 1). The operation principle (e.g., gating of the
switches) of the RPI N-MBB FCML topology remains
the same as described above. The RPI variant reduces
the required inductor volume; however, the RPI results
in a high-frequency common-mode voltage on the input
or output terminals. Fig. 6bc show the key waveforms
for operation in boost and buck mode, highlighting also
the inductor voltage, vL, which results in a common-
mode voltage, e.g., on the output terminals in the case
of the input-side dc-terminal grounded / considered the
reference potential.

Note that the RPI approach is especially beneficial
in three-phase dc-ac converters that consist of three BB
modules (Y-inverter), where the low-frequency current
stress of the RPI inductor is massively reduced [14].

B. N-MBB FCML DC-AC Inverter

The N-MBB FCML can be operated as an inverter
simply by adding an unfolder stage. However, with
slight modification, the topology can also be configured
to directly produce an ac output from a split dc bus.
As shown in Fig. 7a by adding an additional diagonal
switch, labelled T2′′′ , the converter can be reconfigured
to boost the negative input voltage. Moreover, for full ac
operation all the switches are realized with M-BDSs as
each switch must block both positive and negative volt-
age. The necessary gate signals to operate the converter
are shown in Fig. 7b, and simulated key waveforms
are shown in Fig. 7c. While the additional switch adds
control complexity, the number of switches operating
at any given time remains the same as in the dc-dc
case, therefore no increase in switching losses should
be observed.

V. CONCLUSION

Buck-boost dc-dc converters enable flexible power
conversion in future electrified transportation applica-
tions. Novel monolithic bidirectional GaN switches (M-
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BDSs) motivate the derivation of the proposed non-
mirrored buck-boost (N-MBB) flying-capacitor multi-
level (FCML) converter. We explain the operating prin-
ciple and characterize component stresses by figure of
merits (FOMs), which also facilitate a comparative eval-
uation against the conventional (mirrored) FCML con-
verter. Whereas the proposed N-MBB FCML converter
results in a larger inductor volume, it advantageously
features a reduced component count, lower conduction
losses, and a better utilization of the installed chip area
as we all as of the flying capacitors. The proposed return-
path-inductor (RPI) N-MBB FCML reduces the number
of inductors but results in a common-mode voltage on
the output terminals. The RPI variant may be suitable
for certain applications, especially for three-phase dc-ac

Y-inverters. Finally, the introduced direct dc-ac inverter
variant of the N-MBB FCML converter opens further
directions for investigations utilizing this topology in a
variety of applications.
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