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Abstract—The trend towards urbanization intensifies road
congestion and thus increases interest in research on urban
air mobility. Electric motors enable lightweight distributed
propulsion in all-electric vertical take-off and landing (eVTOL)
aircraft which combine the advantages of helicopters (low
operating space requirement for take-off and landing) and
fixed-wing planes (efficient cruising). When aiming at ranges
beyond 300 km, a hybrid power supply architecture leveraging
the advantages of Fuel-Cells (FCs; with high gravimetric
energy density) and batteries (with high gravimetric power
density) is required, as weight is a key performance metric in
airborne applications. To regulate the power flow between the
two energy sources with their respective dc terminal voltages
varying in a wide range, a Buck-Boost (BB) dc-dc converter is
required. Such BB dc-dc converters are, however, understudied
in literature and gravimetric power densities today are limited
to 20 kW/kg whereas a goal of 80 kW/kg is stated for 2040.
This paper systematically identifies the optimal BB dc-dc
converter realization among a set of topologies with respect to
weight and mission profile efficiency, considering cutting edge
component technology, e.g., SiC power semiconductors and 3D
printed complex geometry liquid cooled aluminum heatsinks.
Two 15 kW demonstrator systems with wide-bandgap power
semiconductors are built and extensively tested, i.e., an all-SiC
2-level 4-switch BB dc-dc converter with 44 kW/kg and an all-
GaN 3-level 8-switch BB dc-dc converter with 86 kW/kg, thus
complying with the 2040 power density target and exceeding
state-of-the-art BB dc-dc converter systems by a factor of four
with respect to gravimetric power density.

Index Terms—eVTOL, airborne, hybrid power supply, fuel
cell, battery, dc-dc converter, non-isolated, buck-boost, gravi-
metric power density, ultra-lightweight.

I. INTRODUCTION

Urbanization is a megatrend of the 21st century with a
projected 68% of the global population living in urban areas
by 2050 [1]. The associated increase in population density
will further intensify road traffic congestion and the associ-
ated productivity losses which already today are problematic
and, e.g., in San Francisco result in a productivity loss of
approximately half a million hours per day [2].

This boosts interest in Urban Air Mobility (UAM) utilizing
the three-dimensional air space for transportation and allow-
ing to bypass overcrowded streets [4], [5] with currently 250
companies conducting research [6] and a projected yearly
market volume of 90 billion USD by 2050 [7]. UAM can be
further categorized into intra-city (up to 50 km) and inter-
city (up to and above 250 km) [7], [8]. In this context,
all-electric Vertical Takeoff and Landing (eVTOL) aircraft
allow to leverage the specific advantages of helicopters, i.e.,
vertical take-off and landing with low space requirements
(Fig. 1a.i), and airplanes, i.e., energy efficient fixed-wing
cruising (Fig. 1a.ii) [8]–[11].
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Fig. 1. (a) Illustration of an all-electric Vertical Takeoff and
Landing (eVTOL) aircraft in (a.i) hover and (a.ii) fixed-wing cruise
configuration (from [3]). (b) Considered hybrid battery-Fuel Cell
(FC) power supply with an interconnecting Buck-Boost (BB) dc-
dc converter regulating the power flow in between the two energy
sources.

Advantageously, electric drive trains are highly
efficient [12]–[16] and with an increase in sustainable
electric energy generation (and thanks to air travel on
a direct and/or straight trajectory towards the target
destination) eVTOL aircraft may even compete with internal
combustion and electric vehicles in terms of energy
consumption and greenhouse gas emissions [17]–[19].
Further, electric motors with integrated drive inverter and
gearbox are available today with gravimetric power densities
of up to 12 kW/kg [20]1 and are thus competitive with state-
of-the-art gas turbines [21], [22], and enable a lightweight

1Note that the volume and mass of an electric motor scale with the torque
and thus lightweight motors feature high rotational speeds. The motor
from [20] operates with up to 20 000 rpm and the gravimetric power density
of 12 kW/kg includes the integrated inverter drive and a 6.7:1 gearbox to
enable lower rotor speeds of up to 3000 rpm.
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Fig. 2. Exemplary 800 km hybrid-power-supply eVTOL aircraft mis-
sion profile over time (details provided in Appendix A) displaying
(a) altitude above ground, (b) total propulsion power demand
6PP and load distribution between the FC- and the battery-side
propulsion units, (c) instantaneous power flow of the FC PF, the
battery PB and the dc-dc converter PC, and (d) relative stored
energy in the FC H2-tank EF (providing the bulk energy) and the
battery EB (providing the peak power capability when hovering).

distributed propulsion in eVTOL aircraft [9], [23]2. Current
research further aims at pushing electric motors beyond
15 kW/kg [23]–[27], and motor drive inverters are being
pushed from 50 kW/kg [28]–[30] towards 80 kW/kg [31].

Although being highly efficient, purely battery-powered
eVTOLs are limited to ranges below 200 km to 300 km
due to the low gravimetric energy densities in the range
of 200 Wh/kg to 300 Wh/kg of today’s battery technology
[10], [11], [32]–[36], which is inferior to kerosene with
approximately 12 000 Wh/kg [12], [25]. When aiming at a
further range extension, a hybrid battery-FC power supply
architecture [10], [37]–[40] as highlighted in Fig. 1b is
required, which includes an interfacing dc-dc converter regu-
lating the power flow between the two energy sources which
each power a set of inverter drives and electric motors for
the propulsion. An exemplary 800 km flight trajectory is pro-
vided in Fig. 2 (further details can be found in Appendix A):
The propulsion power demand 6PP is maximum during the
hover take-off phase (Fig. 1a.i) and is largely provided by the
battery pack featuring a high gravimetric power density but

2Electric drive trains have a relatively scale-free nature and can reach
high gravimetric power density values irrespective of the rated power (in
first approximation, i.e., if auxiliary components do not substantially impact
the system volume, weight and losses), which represents a powerful Degree
of Freedom (DOF) for distributed propulsion systems in eVTOL aircraft. In
contrast, gas turbines reach optimal gravimetric power density only in the
megawatt range [9], [23].

limited energy storage capability. Subsequently, the eVTOL
accelerates and transitions into the climb mode in fixed-
wing-cruising configuration (Fig. 1a.ii) where the entire
eVTOL power demand is covered by the FC and the dc-dc
converter regulates the battery power to PB = 0 to avoid
a further depletion of the battery energy storage. Further,
once the cruising height is reached, the battery can even be
recharged with PB < 0 such that the full battery capacity is
available again for the landing. Thus, the high-pressure H2-
tank of the FC – featuring a high gravimetric energy density
– serves as the bulk eVTOL energy storage [37], [38], [41].
Advantageously, refueling of the H2-tank can be performed
very rapidly, and the main deficiencies of the FC, namely the
low response time and low gravimetric power density, can be
compensated by the battery [21], [38], [41]–[43]. Note that a
bidirectional realization of the interfacing dc-dc converter is
required for the startup of the FC and for emergency mode.

Such a hybrid power supply, however, poses substantial
stresses on the interfacing dc-dc converter which has to
match the voltage levels UF of the FC and UB of the battery:
The FC voltage UF depends on the extracted power PF and
the battery voltage UB depends on – among other parameters
– the temperature, the state of charge and the age, such
that a requirement of wide input-output voltage ranges
results for the dc-dc converter. Here, the considered voltage
ranges UF ∈ [480V, 800V] and UB ∈ [450V, 720V]
correspond to a voltage variation of approximately a factor
of two, and the overlapping input-output ranges require
a dc-dc converter with step-up and step-down capability,
i.e., a Buck-Boost (BB) converter, to interface the FC and
the battery. In contrast to stationary (or also land-based
mobility) applications, the system weight is of crucial
importance in aviation and has a direct impact on energy
consumption and the available payload of the aircraft, and
thus gravimetric power density is a key metric for the Buck-
Boost (BB) converter. Ultra-lightweight boost converter
applications are well covered in the literature [44]–[46],
and high gravimetric power densities of up to 60 kW/kg
are reported [46] ([39] states a target power density of
80 kW/kg to be reached by 2040).

In contrast, BB dc-dc converter for hybrid electric power
supply architectures [47]–[51], are understudied in the liter-
ature with previous work of the authors [52] investigating the
converter weight limits based on theoretical considerations
only. Hence, the goal of this paper is to systematically
identify the optimal BB converter realization with respect
to weight, efficiency and also system complexity from a
set of converter topology candidates, and to provide ex-
perimental verification of the optimum realization’s per-
formance. The paper is structured as follows: Sec. II-A
provides an overview of lightweight dc-dc converter systems
described in the literature. Sec. II-B-E then summarize the
considered converter specifications, the topology candidates
and the employed multi-objective converter optimization
procedure, with the results presented in Sec. II-F. Two
converter prototypes are built and commissioned and details
on the prototype systems are provided in Sec. III-A. Then,
Sec. III-B provides comprehensive experimental verification
of the functionality across the entire input-output voltage
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Fig. 3. Overview on ultra-lightweight dc-dc converter prototype
systems in the literature comparing the achieved nominal efficiency
η and gravimetric power density γ: the scatter symbols of systems
providing only buck (downward pointing triangle) or only boost
functionality (upward pointing triangle) are grayed out as they
do not provide the buck-boost capability required for the hybrid
power supply architecture in Fig. 1b. The two systems realized
in this work, i.e., the 2-Level 4-Switch BB (2L-4S-BB) (Fig. 5a)
and the 3-Level 8-Switch BB (3L-8S-FC-BB) (Fig. 5b) converter are
represented by a star scatter symbol.

range, thereby verifying the theoretical considerations, and
Sec. III-C provides an efficiency characterization of the
converters. Last, Sec. IV summarizes the key findings of
this publication.

II. ULTRA-LIGHTWEIGHT
BUCK-BOOST DC-DC CONVERTERS

This section aims at investigating the gravimetric power
density limits of BB dc-dc converters. First, results from
a literature research on lightweight boost and BB con-
verters are presented. Subsequently, the considered speci-
fications for the system optimization and the investigated
converter topologies are discussed. Last, a comprehensive
multi-objective optimization procedure is introduced and the
topologies’ Pareto fronts with respect to the gravimetric
power density γ and the weighted mission profile / drive
cycle efficiency η̄ are compared.

A. Gravimetric Power Density Limits of DC-DC Power
Converters

There exists a large number of publications on weight
optimization for ultra-lightweight and highly compact boost
converters for mobile and/or airborne applications [44]–[46],
[50], [53]–[62]. Fig. 3 presents an overview of achieved
efficiency and gravimetric power density values. There,
ultra-high gravimetric power densities of up to 60 kW/kg are
reported [46], [62] and [39] states a target power density
of 80 kW/kg to be reached by the year 2040.

In contrast, lightweight BB dc-dc converters are an under-
studied topic with fewer publications available in the liter-
ature [47]–[51]. Gravimetric power density values of up to
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Fig. 4. Considered input UF and output UB voltage ranges of
the dc-dc converter depicted in Fig. 1b. The FC voltage is pre-
dominantly power dependent and the resulting FC voltage UF and
dc-dc converter power PC levels for hovering (UF = 560V,
PC = 0kW), climbing (UF = 480V, PC = 140 kW), cruising
(UF = 620V, PC = 90 kW) and descent (UF = 800V,
PC = 0kW) are highlighted. In contrast, the battery voltage UB

depends on – among others – the state of charge, temperature and
number of past charge-discharge cycles, i.e., in contrast to UF,
UB is not a-priori known from the eVTOL aircraft operating point,
and the full battery voltage range UB ∈ [450V, 720V] has to be
considered for each of the flight modes.

20 kW/kg [50] are documented (Fig. 3) and the large input-
output voltage ranges in hybrid FC-battery electric power
supply architectures pose substantial stresses on the power
components. However, [52] predicts BB dc-dc converters
power density values of up to 60 kW/kg (i.e., similar to the
limits of boost-only systems) based on a Pareto optimization
but does not provide experimental verification. Hence, in
the following the goal is to systematically identify and
experimentally verify the optimal BB converter realization
with respect to weight and efficiency.

B. Considered Specifications

Both FCs and batteries feature a dc output voltage varying
in a wide range thus posing substantial stresses on the
interfacing dc-dc converter. For the FC the voltage UF

depends mainly on the extracted power PF and in contrast
the battery voltage UB depends on – among other parameters
– the temperature, the state of charge and the hours in
operation / age, i.e., is not directly defined by the operating
point.

Fig. 4 highlights the voltage ranges of the FC UF ∈
[480V, 800V] and of the battery UB ∈ [450V, 720V]
considered in this paper, both varying by nearly a factor
of two. There, the dashed line represents the boundary
between step-up/boost and step-down/buck operation and
thus a standard boost-type converter (with the output voltage
UB limited to values strictly larger than the input voltage
UF) cannot be employed to interface the FC and the battery.
The considered mission profile in Fig. 2 results in a BB dc-dc
converter power of up to PC = 140 kW. To assure sufficient
margin the nominal power is set to PC = 150 kW which has
to be delivered throughout the entire input-output voltage



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION

range UF ∈ [480V, 800V] and UB ∈ [450V, 720V].
The nominal power is realized by paralleling ten converter
modules with PM = 15 kW which enables redundancy [52],
[66] and the use of power transistors in low-inductive, high-
performance packages. Further, the converter is required to
allow bidirectional power flow such that power can be fed
from the battery to the FC during system start-up or in case
of emergency operation.

For the assessment of the mission profile efficiency η̄, a
set of characteristic operating points of the different flight
phases shown in Fig. 2 is considered (more details on the
mission profile and the resulting power requirements for the
dc-dc converter are provided in Appendix A). As discussed,
the battery voltage is – in contrast to the FC voltage – not
a-priori known for a given operating point and therefore, a
set of equally spaced voltages of UB ∈ [450V, 720V] is
considered to calculate an average efficiency for each of the
flight phases, which are:

• Hovering: the FC and the battery each power the con-
nected propulsion units, such that no power is processed
by the dc-dc converter; accordingly this operating point
is ignored with respect to the calculation of η̄.

• Climbing: the dc-dc converter is required to transfer
a high power PC = 140 kW from the minimum FC
voltage UF = 480V (and UB ∈ [450V, 720V]) to
the propulsion units on the battery side. This operating
point is attributed with a weight α1 = 50% to calculate
η̄.

• Cruising: the dc-dc converter processes a reduced
power level PC = 90 kW during the entire cruising
phase. There, the FC voltage recovers to UF = 640V
(due to the reduced load). This operating point is
attributed with a weight α2 = 50% to calculate η̄.

• Descent: the power requirement during this phase is
minimal and this operating point is ignored with respect
to the calculation of η̄.

Finally, the overall mission profile efficiency is calculated as
η̄ = α1η̄1 + α2η̄2.

C. Considered Topologies
Fig. 5 shows the four BB dc-dc converter topologies

considered in the multi-objective Pareto optimization: In
the most simple case, a 2L-4S-BB converter realization [67],
[68] is considered. This low-complexity, low-component-
count approach is depicted in Fig. 5a and comprises an
input capacitor CF, buck-stage transistors TF/T

′
F, boost-

stage transistors TB/T
′
B, and a BB inductor L. The simplicity

of this topology comes at the cost of substantial hard-
switching losses in the 1200 V Silicon Carbide (SiC) power
transistors required to cover the half-bridge voltage stresses
of up to 800 V, and high High-Frequency (HF) stresses on the
BB inductor L. Advantageously, a quasi-single-stage opera-
tion [69] is considered here: In step-down operation, only
the buck half-bridge TF/T

′
F is switched with Pulse-Width

Modulation (PWM) and the boost-stage high-side switch TB

is permanently on, thus connecting the switch node B̄ to the
battery-side output terminal B. The modulation is inverted
for step-up mode, thus resulting in a substantial reduction
of the hard-switching losses and Sec. II-D discusses the
required control structure and measurements in more detail.
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Fig. 5. Considered topologies for the realization of the BB converter
interconnecting the FC and the battery of the hybrid power supply
architecture in Fig. 1b: (a) 2-Level 4-Switch BB (2L-4S-BB) con-
verter (both, a standard hard-switched and an advanced Constant-
Frequency (CF) Zero-Voltage-Switching (ZVS) modulation are con-
sidered), (b) 3-Level 8-Switch BB (3L-8S-FC-BB) converter, (c) 7-
Level 24-Switch BB (7L-24S-FC-BB) converter, and (d) Resonant
Switched Capacitor 12-Switch BB (RSC-12S-BB) converter. Details
on the characteristic waveforms of the converter concepts within
the considered input-output voltage ranges of Fig. 4 can be found
in [52].

Alternatively, the buck- and the boost-stage can be
switched simultaneously by means of an advanced modu-
lation scheme resulting in a trapezoidal BB inductor cur-
rent, which reverses its direction in each switching period
and thus enables Constant-Frequency (CF) Zero-Voltage-
Switching (ZVS) [70], [71] with substantially reduced power
semiconductor losses even at high switching frequencies.

Flying capacitor multi-level bridge-legs feature an in-
creased effective switching frequency and a higher voltage-
level count such that the BB inductor Voltage-Time Area
(VTA) decreases quadratically with increasing level count,
which enables a substantial reduction of the BB inductor
volume and weight [56], [72]–[74]. Further, the required
blocking voltage rating of the power semiconductors reduces
and allows the use of power transistors with improved
figure of merits (compared to a 2L-4S-BB converter real-
ization with 1200 V SiC power transistors [75]). For the
considered FC and battery voltage ranges, the 3-Level 8-
Switch BB (3L-8S-FC-BB) converter (Fig. 5b with one flying
capacitor in each bridge-leg) and the 7-Level 24-Switch BB
(7L-24S-FC-BB) converter (Fig. 5c with five flying capacitor in
each bridge-leg) are considered as they advantageously allow
the use of 650 V and 200 V Gallium Nitride (GaN) power
semiconductors, respectively. Note that the flying capacitor
voltages are balanced passively because the BB inductor
current equally charges and discharges the flying capacitors
within a switching period [72], [73], [76], [77].

Another promising concept discussed in the literature are
the so-called Partial Power Processing (PPP) converters [53],
[57], [78]–[81], where ideally only a small share of the
total transferred power is processed by an isolated dc-
dc converter. In the case at hand, however, the input and
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output voltages vary by a factor of two, which would
require the isolated dc-dc converter to be dimensioned for
approximately 50% of the nominal system power. Therefore,
the non-isolated Resonant Switched Capacitor 12-Switch
BB (RSC-12S-BB) PPP converter concept from [82]–[84] is
considered. Each converter stage then features a resonant
symmetrizer (see Fig. 5d) with, e.g., in the buck stage, a
three-level flying capacitor bridge leg, a resonant inductor
LrF and a split dc-link with capacitors CTF and CBF which
are both symmetrized to half the input voltage UF). Thus,
the corresponding 2L-4S-BB PPP converter only processes
half the transferred power and advantageously all power
semiconductors of this topology can be realized with high-
performance 650 V GaN power transistors. Note that this
topology is strictly limited to a conversion ratio below a
factor of two, which is compatible with the considered
voltage ranges in Fig. 4.

D. Quasi-Single-Stage Control
As discussed in Sec. II-C the aim is to operate the

considered topologies in Fig. 5 in a quasi-single-stage mode
with a mutually exclusive operation of the buck and the
boost stage. Fig. 6 depicts the considered control diagram
for the 2L-4S-BB converter where the BB dc-dc converter
power reference P ∗

C (set depending on the flight phase; see
Appendix A) is translated into a battery-side output current
reference I∗B1 which is controlled indirectly: The battery-side
current reference I∗B1 is translated into a buck-boost inductor
current reference i∗L by taking into account the feed-forward
boost stage duty cycle d∗B obtained from the measured FC
input UF and battery output voltage UB. The output signal
u∗
L of the current controller RL is then fed into the modulator

block from [85], [86] which assures the mutually exclusive
operation of the buck and the boost stage. The modulator
block further assures a smooth transition from buck to boost
operation and vice versa. The resulting buck dF and boost
duty cycles dB for a small control error (i.e., u∗

L ≈ 0) are
indicated across the entire input-output voltage range where
a unity duty cycle corresponds to a high-side switch which
is permanently in the on state.

Apart from the input-output voltage and the buck-boost
inductor measurements, further the input and output currents
have to be measured to allow for over-current protection and
the total number of required measurements for the 2L-4S-BB
converter are indicated in Tab. I. The control diagram in
Fig. 6 is also applicable for the other considered topologies
in Fig. 5 where additional voltage and current measurements,
e.g., of flying-capacitor voltages, are required to assure safe
operation of the converter systems.

Note that due to the presence of an energy storage on both,
the input (FC) and the output side (battery), and the slow dy-
namics of the aircraft with smooth transitions between, e.g.,
hovering and fixed-wing cruising configuration, the control
bandwidth requirements for the buck-boost dc-dc converter
in a hybrid power supply are also relatively low compared
to applications where a dc output voltage needs to be tightly
regulated in the presence of abrupt load steps. Therefore, the
controller tuning is not detailed herein; standard methods are
applicable and described in the literature, e.g., [85], [87],
[88].
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Fig. 6. Considered control diagram for the quasi-single-stage
operation of the 2L-4S-BB converter in Fig. 5a: The BB dc-dc
converter power reference P ∗

C is translated into a battery-side
current reference I∗B1 and a buck-boost inductor current reference
i∗L by taking into account the output voltage UB and the feed-
forward boost stage duty cycle d∗B obtained from the FC input UF

and battery output voltage UB, respectively. The output signal u∗
L of

the current controller RL is then fed into the modulator from [85],
[86] block which assures the mutually exclusive operation of the
buck and the boost stage. The resulting buck dF and boost duty
cycles dB for a small control error (i.e., u∗

L ≈ 0) are indicated
across the input-output voltage range where a unity duty cycle
corresponds to a high-side switch which is permanently in the
on state. Note that here the duty cycle definition from [85] is
considered where dB represents the relative on-time of the high-side
switch TB and the boost-switch T ′

B is switched complementary.

TABLE I
REQUIRED VOLTAGE AND CURRENT MEASUREMENTS

FOR THE CONSIDERED TOPOLOGIES IN FIG. 5.

Topology 2L-4S-BB 3L-8S-FC-BB 7L-24S-FC-BB RSC-12S-BB

Volt. Meas. 2 4 12 6
Curr. Meas 3 3 3 5

E. Converter Optimization

It is important to highlight that the topologies depicted in
Fig. 5 are known and well described in the literature. How-
ever, a systematic comparison of the relevant performance
metrics for an eVTOL aircraft is not yet available. Therefore,
to identify the optimal BB dc-dc converter topology and
converter realization with respect to weight and mission
profile efficiency, a comprehensive Pareto optimization [52],
[53], [82], [89] is conducted.

The optimization routine is based on [52] (which also
provides a flow-graph representation of the procedure) and
takes into account all relevant DOF for the converter realiza-
tion: The main converter-level DOF, e.g., switching frequency
fs and the single-side peak BB inductor current ripple ∆IL
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Fig. 7. Pareto optimization results comparing the performance limits of the BB converter interconnecting the FC and the battery of the
hybrid power supply architecture in Fig. 1b in terms of gravimetric power density γ and weighted mission-profile / drive-cycle efficiency η̄
of the considered topologies in Fig. 5, i.e., the 2L-4S-BB and the CF-ZVS 2L-4S-BB, the 3-Level 8-Switch BB (3L-8S-FC-BB) and the 7-Level
24-Switch BB (7L-24S-FC-BB), as well as the Resonant Switched Capacitor 12-Switch BB (RSC-12S-BB) converter: The scatter point color
indicates in (a) the switching frequency fs and in (b) the relative mass contribution mL of the magnetics to the overall converter system’s
mass. The two realized BB converter systems are highlighted by stars and achieve an experimentally verified (see Section III) performance
of η̄ = 98.8% and γ = 44 kW/kg for the 2L-4S-BB converter, and η̄ = 98.1% and γ = 86 kW/kg for the 3L-8S-FC-BB converter.

(defined as a percentage of the maximum DC inductor
current which is translated into a buck-boost inductor value
L) are swept individually in a wide range. The required
input and output capacitor values are calculated based on
a peak-to-peak voltage ripple criterion ∆Upp = 5% relative
to the maximum capacitor voltage. Each value pair of
(fs, ∆IL) has unique characteristic converter voltage and
current waveforms and suitable component realizations are
subsequently assessed.

To do so, the component level DOFs are swept: For the
power semiconductors different materials (SiC, GaN), voltage
ratings (based on the topology; see Sec. II-C) and different
numbers of paralleled devices (i.e., different chip areas are
considered, which impact the semiconductor hard-switching
and conduction losses). Magnetic components offer the
largest number of DOFs [90] as core geometries and core
sizes (TDK N87 E and ELP cores are considered; for a
given core size several cores can be stacked to increase
the core cross section), the airgap length, the number of
turns as well as the winding realization (solid enamelled
and litz wire with varying strand diameter and number)
can be combined. For the capacitors, ultra-compact anti-
ferroelectric Multilayer Ceramic Capacitors (MLCCs) [91] are
considered which are available for different voltage ratings
(based on the topology; see Sec. II-C) and the number of
parallel devices is selected to meet the required capacitor
value.

In a first step, the losses of each component realization
are calculated for nominal power operation within the entire
input-output voltage range. Invalid component realizations
(e.g., with excessive losses/temperatures or magnetic core
saturation) are omitted and in a second step, the mis-
sion profile performance is calculated. For the modeling
of the component losses, calorimetrically measured [92]
semiconductor hard- and soft-switching losses from [52],
[75], [93], [94] are employed, the inductor magnetic core

and winding losses are calculated according to [90], and
the capacitors losses are assessed based on the datasheet and
including sufficient derating for the bias-voltage-dependent
loss behavior [91], [95]. The cooling system considers water
cooling (maximum inflow temperature of 80 °C; a maximally
acceptable power semiconductor junction temperature of
Tj = 150 ◦C is defined) using ultra-lightweight 3D-printed
aluminum cold plates with semiconductors attached on both
sides [52], [59], [61].

Next, a large number of converter realizations for a single
value pair of converter specifications (fs, ∆IL) is obtained
by recombining the corresponding realizations of each power
component (e.g., for the 2L-4S-BB converter a suitable half-
bridge realization can be freely combined with any of the
buck-boost inductor and input / output capacitor realiza-
tions). Given the very similar voltage ranges of the FC (UF)
and the battery (UB), only identical buck and boost stages
(i.e., same components and switching frequency) are con-
sidered for a converter realization. Last, for each converter
realization the mission profile efficiency and the system
weight can be obtained by adding up the contributions of
the individual power component realizations.

F. Converter Optimization Results

As discussed in Sec. II-B, the nominal BB dc-dc converter
power PC = 150 kW is realized by paralleling ten converter
modules with PM = 15 kW and only a single module is
considered here. Fig. 7 presents the Pareto fronts (mission-
profile efficiency versus gravimetric power density) obtained
from the multi-objective optimization of the considered
BB topologies in Fig. 5. The scatter point color Fig. 7a
highlights the switching frequency of each converter real-
ization, and the well-known trend of increasing gravimetric
power density γ (decreasing passive component weight) and
decreasing efficiency η̄ (increasing switching losses) with
increasing switching frequency can be observed [96].
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The optimization predicts extreme power densities γ >
40 kW/kg at high efficiencies η̄ > 98.5% even for the
standard hard-switched 2L-4S-BB topology. The relative mass
contribution mL of the magnetic components (here the BB
inductor) on the overall converter weight is presented in
Fig. 7b: Given the lightweight realization of the capaci-
tors with CeraLink MLCCs [91] and of the cooling system
with 3D-printed aluminum cold plates, the BB inductor has
a dominant weight share in the converter which cannot
be pushed below mL = 60% even for extremely high
switching frequencies around fs = 400 kHz. Note that the
employed liquid cooling does not lead to an immediate
weight penalty for high switching losses (in contrast to
forced convective cooling where the cooling system volume
and weight increases in first approximation linearly with the
semiconductor losses), which is advantageous for this hard-
switched topology.

The 2L-4S-BB topology with CF-ZVS modulation enables
converter realizations with outstanding efficiencies beyond
99% but power density is limited to values below those of the
hard-switched 2L-4S-BB converter. This different characteris-
tics can be explained by two factors: First, the trapezoidal BB
inductor current waveforms with polarity reversal imposes a
high HF peak-to-peak inductor current variation with associ-
ated HF winding conduction losses and magnetic core losses,
thus resulting in large, thermally limited inductor designs
with the size determined by the losses [97]. Second, the low
switching losses as a main advantage of the CF-ZVS modula-
tion do not enable a weight reduction in the cooling system
compared to the standard hard-switched 2L-4S-BB converter
(as would be the case for forced convection cooling).

With the effective switching frequency doubling and the
inductor voltage level cut in half, the 3L-8S-FC-BB topology
enables a more compact and lightweight realization of the
dominant BB inductor compared to the 2L-4S-BB topology,
and outstanding power densities beyond γ = 80 kW/kg are
predicted by the optimization, with low mass shares of the
inductor of mL < 30%. Note that this exceeds the perfor-
mance calculated earlier in [52], because here, new prototype
ultra-low on-state resistance 650 V GaN power semicon-
ductors are included in the optimization (more details are
provided in Sec. III). In contrast, the 7L-24S-FC-BB topology
is limited to power density values of around γ = 60 kW/kg
only. Note that thanks to the further increase of effective
switching frequency and number of voltage levels, the rel-
ative mass contribution mL of the magnetic components
(Fig. 7b) is further reduced substantially compared to the
3L-8S-FC-BB topology and pushed from mL = 30% to below
mL = 10%. However, now other converter components
become dominant with respect to the total weight. Specif-
ically, the large number of semiconductors (and the thus
needed larger coldplate) and the flying capacitors prevent
7L-24S-FC-BB converter realizations from outperforming the
3L-8S-FC-BB topology.

Last, the RSC-12S-BB topology enables also outstanding
efficiency and power density values towards γ = 70 kW/kg.
Similar to the 7L-24S-FC-BB topology, the large number of
active and passive components for the two resonant sym-
metrizers limits the maximum achievable converter power
density.

TABLE II
DETAILS OF THE EMPLOYED MAIN 2L-4S-BB AND

3L-8S-FC-BB CONVERTER COMPONENTS.

2L-4S-BB 3L-8S-FC-BB

Meas.

η̄ = 98.8%
γ = 44 kW/kg

ρ = 82 kW/dm3

Weight: 346 g

η̄ = 98.1%
γ = 86 kW/kg

ρ = 108 kW/dm3

Weight: 175 g

Semicond.

Cree C3M0016120K
1.2 kV SiC / 16mΩ
Pmax = 150 W2

fs = 275 kHz

Infineon Technologies1

650 V GaN / max. 21mΩ
Pmax = 106 W2

fs = 400 kHz
fs,eff = 800 kHz

Inductor

L = 13.4 µH
(∆IL = 75%)
2x ELP 43/10/28, N87
Airgap: 2mm
6x turns / 4600x 40 µm
Litz wire

L = 7.5 µH
(∆IL = 25%)
3x ELP 22/6/16, N87
Airgap: 0.4mm
4x turns / 2.6 mm
Solid wire

DC-Cap.

CF = CB = 0.75 µF
(∆Upp = 5%)
3x TDK CeraLink
B58031U9254M062
(900 V / 0.25 µF)

CF = CB = 1 µF
(∆Upp = 5%)
4x TDK CeraLink
B58031U9254M062
(900 V / 0.25 µF)

Fly. Cap. -

CfF = CfB = 1 µF
(∆Upp = 5%)
1x TDK CeraLink
B58031U5105M062
(500 V / 1 µF)

Control
Texas Instruments TMS320C2834X
32-bit MCU, 300 MHz

1The hard- and soft-switching losses are calculated assuming two parallel
connected IGOT60R042D1 dies with data from [52].
2Resulting for a maximum junction temperature of Tj = 150 °C, a
maximum coldplate inflow temperature of 80 °C and a high-performance
Thermal Interface Material (TIM) with 17.8 W/(mK) and 0.5 mm thickness.

Thus the 3L-8S-FC-BB topology represents a sweet-spot
concept between component stresses and system complexity
and allows an optimal system realization with respect to
maximum gravimetric power density at still competitive
efficiency.

III. EXPERIMENTAL VERIFICATION

To verify the findings of the Pareto optimization, a
2L-4S-BB and a 3L-8S-FC-BB 15 kW BB dc-dc converter proto-
types are built . Note that for the realization of a compact
(and thus lightweight) converter prototype system, matching
power component form factors are of great importance.
Thus, the converter design selection process includes manual
scanning of a large number of converter designs in the
close vicinity of the topology Pareto front to identify the
optimum design with respect to practical considerations. The
performance of the realized demonstrators is indicated in
Fig. 3 and in Fig. 7.

A. Converter Prototype Systems

First, considering the simplicity of the topology, a hard-
switched 2L-4S-BB converter with η̄ = 98.8% and γ =
44 kW/kg is realized and Fig. 8a highlights the system
structure and the assembled prototype. Tab. II provides
details on the main system specifications and power com-
ponents: The converter employs a high switching frequency
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Fig. 8. Realized 15 kW prototype systems of the BB converter interconnecting the FC and the battery of the hybrid power supply architecture
in Fig. 1b: (a.i) 3D-CAD rendering and (a.ii) photo of the realized 2L-4S-BB converter with η̄ = 98.8% and γ = 44 kW/kg; (b.i) 3D-CAD
rendering and (b.ii) photo of the realized 3L-8S-FC-BB converter with η̄ = 98.1% and γ = 86 kW/kg. Details on the employed components
are provided in Tab. II and Fig. 9 provides the weight distribution among the components.

of fs = 275 kHz and the large (single-side) maximum HF
inductor current ripple of ∆IL = 75% (relative to the
maximum DC inductor current) reduces the hard-switching
turn-on current values in the four 16mΩ, 1.2 kV SiC power
semiconductors.

Fig. 9 further presents the measured converter weight
with a relative magnetic weight contribution of mL = 65%.
Note that the calculated total mass from Sec. II is exceeded
by approximately 15% which is mainly due to a higher-
than-expected inductor core weight of 32 g (which was
calculated using the datasheet dimensions), such that the
realized prototype is located slightly behind the Pareto front
in Fig. 7.

The second BB prototype system is the 3L-8S-FC-BB
converter in Fig. 8b with η̄ = 98.1% and an unprecedented
power density of γ = 86 kW/kg (see Fig. 3). Here, the
buck and the boost stage of the converter are realized with
two identical power PCBs which are attached to the same
coldplate. The converter employs a switching frequency of
fs = 400 kHz (resulting in an effective switching frequency
of fs,eff = 800 kHz) for the total of eight 21mΩ, 650 V
GaN power semiconductors from Infineon Technologies.
Here, the low hard-switching losses of GaN transitors enable
to select a lower maximum HF inductor current ripple
of ∆IL = 25%, and the increased effective switching
frequency and number of voltage levels result in a relative
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total converter mass; in contrast, the 3L-8S-FC-BB converter’s weight
is more evenly distributed among the main power components.

magnetic weight contribution of mL = 40% (see Fig. 9) and
a total weight reduction of 50% compared to the 2L-4S-BB
converter prototype. It is important to highlight that the
passive balancing of the flying capacitors was found to be
insufficient (due to the low flying capacitor values selected
based on a 5% peak-to-peak HF voltage ripple criterion only)
and thus an active correction-duty-cycle-based capacitor
voltage controller according to [98] was implemented.
Further it’s interesting to highlight that the power stage
(i.e., the converter without the control PCB) features a mass
of only 159 g thus indicating that future BB dc-dc converter
designs with high integration may even break through the
100 kW/kg barrier.

It is worth mentioning that – although a low converter
volume is not the primary goal of the optimization – high
volumetric power density values of ρ = 82 kW/dm3 and
ρ = 108 kW/dm3 are achieved for the 2L-4S-BB and the
3L-8S-FC-BB converter, respectively, where the difference in
volume is less accentuated than the difference in weight due
to the different form factors of the two prototype systems.

B. Experimental Converter Waveforms
Both prototype systems are extensively tested and

Figs. 10a,b depict nominal power (PM = 15 kW)
oscilloscope screenshots for the 2L-4S-BB and the 3L-8S-FC-BB
converter, respectively. Note that an adjustable resistor bank
is connected to the battery output side to adjust the
power flow for a given output voltage level. To monitor
self-heating of relevant power components in the prototype
systems, several thermocouples were located in the device
under test. Due to the efficient liquid cooling unit, all
recorded temperatures safely remained below 100 °C for
both systems.

In Figs. 10a.i,b.i, the maximum FC input voltage UF =
800V is stepped down to the minimum battery output volt-
age UB = 450V and with the considered quasi-single-stage
modulation the boost-stage switch-node B̄ is connected by
the corresponding high-side semiconductor(s) to the battery-
side output terminal B and uB̄N = UB such that the average
inductor current is equal to the battery-side output current
īL = −IB1. At the same time the buck stage semiconductors
are switched at HF: For the 2L-4S-BB converter a switch
node voltage uF̄N =∈ {0, UF} at a switching frequency
of fs = 275 kHz is generated, resulting in the maximum
VTA for the considered voltage ranges applied to the BB
inductor and a large HF inductor current ripple causing a
notable HF voltage ripple on the battery-side output voltage
uB̄N = UB. In contrast, the 3L-8S-FC-BB converter generates
a switch node voltage uF̄N =∈ {UF/2, UF} at an effective
switching frequency of fs,eff = 800 kHz, resulting in a
substantially reduced VTA applied to the BB inductor with a
smaller HF inductor current ripple. Thus the HF voltage ripple
on the battery-side output voltage uB̄N = UB is substantially
reduced compared to the 2L-4S-BB converter.

In Figs. 10a.ii,b.ii, the minimum FC input voltage UF =
480V is stepped up to the maximum battery output voltage
UB = 720V and the buck-stage switch-node F̄ is connected
by the corresponding high-side semiconductor(s) to the
battery-side input terminal F and uF̄N = UF. Note that
now the average inductor current is strictly larger than the
battery-side output current īL > −IB1 and, the HF inductor
current ripple causes an HF voltage ripple on the FC-side
input voltage uF̄N = UF.

C. Efficiency Characterization

The converter operating behavior is further systematically
evaluated throughout the entire input-output voltage range
from Fig. 4. Thus, Fig. 11 presents the power conversion
efficiency η recorded with a Norma D6100 power analyzer as
a function of the FC input UF and the battery output voltage
UB and for four different power levels. A peak efficiency η =
99.1% (UF = 480V, UB = 450V, PM = 11.25 kW) results
for the 2L-4S-BB converter, and η = 98.9% (UF = 640V,
UB = 720V, PM = 11.25 kW) results for the 3L-8S-FC-BB
converter. Further, the efficiency is also high in part-load
operation, and values of η < 97% only result for a low
power level of 1/4 of the nominal power.

Last, Fig. 12 compares the measured losses of the two
systems against the calculated performance values for the
mission profile operating points from Fig. 4, i.e., for climb
(UF = 500V and PM = 14 kW) and cruise operation
(UF = 620V and PM = 9kW) and for the entire battery
voltage range UB ∈ [450V, 720V]. A close match between
calculation and measurement is observed; furthermore, the
calculated loss breakdown among the components is indi-
cated. Thus, also the resulting mission profile efficiency val-
ues of 98.8% and 98.1% for the 2L-4S-BB and the 3L-8S-FC-BB
converter, respectively, closely match the theoretical predic-
tions from the optimization in Sec. II.
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IV. CONCLUSION

The megatrend towards urbanization increases the interest
in all-electric Vertical Takeoff and Landing (eVTOL) aircraft
enabling simultaneously low operating space requirement
for take-off and landing, and efficient cruising. There, hybrid
Fuel-Cell (FC) / battery power supply architectures enable
a substantial range increase for all-electric Vertical Takeoff
and Landing (eVTOL) aircraft, however an ultra-lightweight
Buck-Boost (BB) dc-dc converter is required to regulate
the power flow between the two energy storages. Such
BB converters are, however, understudied in literature and
today limited to gravimetric power densities of 20 kW/kg,
whereas a goal of 80 kW/kg is stated for 2040 [39].

This paper systematically identifies the optimal BB dc-dc
converter realization among a set of topologies considering
cutting edge component technology and the 3-Level 8-
Switch BB (3L-8S-FC-BB) topology is found to be a sweet-
spot concept between component stresses and system com-
plexity and allows an optimal system realization with respect
to maximum gravimetric power density at still competitive
efficiencies. In contrast, due to the additional number of
components, systems of higher complexity do not enable
a further increase in gravimetric power density.

Two 15 kW prototypes with cutting edge wide-bandgap
power semiconductor technology are built, a simple 2-Level
4-Switch BB (2L-4S-BB) converter with 44 kW/kg and a

3L-8S-FC-BB converter with 86 kW/kg, and extensively tested,
where mission profile efficiency values above 98% result for
both systems. Thus, the 3L-8S-FC-BB converter complies with
the 2040 power density target and exceeds state-of-the-art BB
converter systems by a factor of four with respect to weight.

Given this high performance of the BB converter, future
research should in a first step address the remaining key
power train components (mainly electric motors and inverter
drives, as well as the battery and the FC which today
remain inferior in terms of energy density compared to
fossil fuels). Furthermore, another research project could
address the scaling to higher power levels in the megawatt
range as envisioned for future passenger jet liners. In this
context, the question of whether a better performance could
be achieved if a cryogenic cooling system was available
could be investigated.

Last, safety is paramount in aviation and thus research
towards more robust and fail-safe converter systems should
be conducted with a special focus on the critical oper-
ating conditions which is of great importance for high-
performance flying-capacitor multi-level converters [99].

APPENDIX A
DETAILS ON THE EVTOL MISSION PROFILE

The goal of the Appendix is to provide insights into the
mission profile of the considered eVTOL aircraft in Fig. 2.
First, the power and energy demand of the electric propul-
sion system for each phase of the mission profile in Tab. III
is assessed by means of simplified aviation calculations (see,
e.g., [100], [101]) and the estimated aircraft parameters
in Tab. IV. Subsequently, the implications of the mission
profile on the hybrid power supply architecture are discussed
and an exemplary system dimensioning is provided. Last, the
impact of the BB dc-dc converter efficiency and gravimetric
power density on the entire power supply system is discussed
in order to identify the sweet-spot converter metrics.

A. eVTOL Aircraft Drivetrain Power and Energy Demand

The aircraft mission (see Fig. 2) begins (and ends) with
the propellers in hover configuration as illustrated in Fig. 1a.
The power demand for each of the NR = 6 tilt rotors in the
flight phase 1 and 5 can be calculated as [19], [102]

PP =
m

NRηhoverηD
, (1)

with m representing the aircraft mass, ηhover the hovering ef-
ficiency (expressed in kg of lift per kW of rotor power), and
ηD the total efficiency of the electric motor and the integrated
motor drive inverter. Note that tilt-rotor aircraft have a poor
hovering efficiency ηhover compared to helicopters due to the
high disk loading (i.e., a small rotor area relative to the air-
craft mass) [100]–[103]: A typical eVTOL hovering efficiency
of ηhover = 5kg/kW is considered in Tab. IV; in contrast,
helicopters achieve up to 15 kg/kW [102]. Thus, combined
with the specified maximum take-off weight of m = 1.9 t
and the total efficiency of the electric motor ηD = 90%
(including the losses of the integrated motor drive inverter
[20]), a total drive train power demand of 6 ·PP = 420 kW
results during hovering (see Fig. 13a). When considering
the technology from [20] (motor and integrated drive with
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TABLE III
FLIGHT PHASES OF THE CONSIDERED EVTOL AIRCRAFT

MISSION PROFILE IN FIG. 2.

Phase Mode Duration Height Distance Angle α

1 Hover 2 min 50 m 0 km 90.0°
2 Climb 5 min 1000 m 22 km 2.5°
3 Cruise 184 min 1000 m 766 km 0.0°
4 Descent 3 min 50 m 12 km −4.5°
5 Hover 2 min 0 m 0 km −90.0°

TABLE IV
MAIN SPECIFICATIONS OF THE HYBRID FC-BATTERY

POWERED EVTOL AIRCRAFT IN FIG. 1.

Component Parameter Value Description
eVTOL m 1900 kg Take-off mass

v 250 km/h Cruise velocity
NR 6 Number of tilt rotors1

L/D 12.5 Lift-to-drag ratio
ηhover 5 kg/kW Hovering efficiency
ηR 85% Rotor efficiency
ηD 90% Motor + drive efficiency

Battery Cell eB 340 Wh/kg Gravim. energy density
pB 3.0 kW/kg Gravim. power density (12C)
ηB 60% Efficiency (12C)2

Battery Pack mB 125 kg Mass (incl. 0.8 derating)
EB 34 kWh Nominal stored energy
PB 300 kW Nominal power (12C)

Fuel Cell pF 2 kW/kg Gravim. power density
mF 125 kg Mass
PF 250 kW Nominal power
ηF 60% Efficiency

H2-Tank GI 0.1 Gravim. index
eH2 33.3 kWh/kg Gravim. energy density
mH2 30 kg H2 tank mass
EH2 1000 kWh Nominal stored energy
mtank 300 kg Mass (incl. H2)

1NF = 2 and NB = 4 of the NR = 6 tilt rotors are powered from the
FC and the battery, respectively.
2Note that the low battery efficiency of ηB = 60% is a result of the
high-C-rate operation (12C) during hovering with associated high current
densities and associated capacity loss; E.g., for a lower discharge rate of
8C the efficiency increases substantially to approximately
ηB = 90% [104].

12 kW/kg continuous power) the hovering power demand
translates into a drive train weight of only 35 kg.

Upon reaching the minimally required height of 50 m in
hovering mode, the aircraft tilts the rotors to transition into
a more energy efficient fixed-wing cruising configuration
which is maintained in the flight phases 2-4 [100], [101].
Here, the power demand for each of the NR = 6 rotors can
be calculated as [34]

PP =
mgv

L/D + sin(α)

1

NRηRηD
, (2)

with the gravitation constant g = 9.81m/s2, the aircraft
mass m, speed v, lift-to-drag-ratio L/D, and climb angle α,
as well as the propeller efficiency ηR, and ηD denoting the
overall efficiency of the electric motor and the integrated
motor drive inverter and gearbox. Considering a typical
L/D = 12.5 [100], [101], the total drive train power demand
during climbing results to 6 · PP = 210 kW and then drops
to 6 · PP = 135 kW for horizontal cruising (α = 0◦; see
Fig. 13). In contrast, the negative climb angle α during de-
scent can be selected such that the drag force is compensated

and the aircraft can glide with approximately zero drive
power towards the target destination (alternatively, a part
of the potential energy could be recuperated by selecting a
more aggressive descent angle α). The subsequent hovering
landing is modeled identical to the take-off and thus not
listed in Fig. 13a.

The propulsion system energy demand during each phase
of the mission profile results by multiplication of the propul-
sion system power 6 · PP with the respective duration (see
Tab. III). In contrast to the maximum propulsion power de-
mand (6·PP = 420 kW imposed by the hovering operation),
the mission propulsion energy demand of 6 ·EP = 460 kWh
is dominated by the long cruise phase that contributes close
to 90%.

B. Hybrid Power Supply Architecture

The eVTOL aircraft power supply needs to be capable of
providing both, the propulsion energy demand of 6 · EP =
460 kWh (plus a certain safety reserve) and the drive train
peak power demand of 6 · PP = 420 kW. The following
section provides an example of a hybrid power supply
architecture suitable for the considered mission profile.

Today’s battery technology is limited to low
gravimetric energy densities of approximately
200Wh/kg to 300Wh/kg [6], [8], [10], [11], [32]–
[36] resulting in limited ranges compared to conventional
aircraft [12], [25]. This weight penalty is further intensified
by the fact that the weight of battery-powered aircraft does
not decrease with flight time due to the absence of fuel
consumption [35].

In contrast, H2 features a gravimetric energy density
of eH2 = 33 kWh/kg, thus outperforming kerosene with
12 kWh/kg by approximately a factor of three [10], [39].
Advantageously the refueling of the H2 tank can be per-
formed very rapidly. However, the required H2 tanks are
typically substantially more heavy than the encapsulated fuel
itself: For example, 700 bar tanks feature gravimetric indices
GI (i.e., the mass ratio of the fuel to the filled tank) of
only up to 10% [39], [105], thus reducing the achievable
effective gravimetric power density by an order of magnitude
to eH2 · GI = 3.3 kWh/kg. Today, FCs with up to 2 kW/kg
are available on a stack level, and the goal is to push the
performance towards 10 kW/kg [106]. However, the limited
gravimetric power density and the low response time of up
to several seconds remain problematic [21], [38], [41]–[43].

A hybrid battery-FC power supply architecture [37]–[39]
as highlighted in Fig.1a,b allows to leverage the specific
advantages of the two energy carriers:

Advantageously, the high power demand of 6 · PP =
420 kW during hovering can be shared proportional to the
number NF/NR = 2/6 and NB/NR = 4/6 of motors
powered from the FC (PF = 140 kW) and the battery
(PB = 280 kW), respectively, as highlighted in Fig. 1b.
Thus, a relatively small battery can provide power boosting
for the vertical take-off and landing such that the FC peak
power requirement can be reduced [21] (see Fig. 13a).
Here, cutting edge battery technology providing (on a cell
level) a high gravimetric energy eB = 340Wh/kg and
power density pB = 3kW/kg [104] is considered and the
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Fig. 13. Resulting eVTOL aircraft (a) power levels (and distribution) and (b) energy consumption in hover, climb, cruise and descent
operation for the mission profile example in Fig. 2 (details in Tab. III): The input power of the inverter drives 6 · PP is split between
two propellers with 2 · PP which are attached to the FC bus UF voltage and four propellers with 4 · PP which are attached to the battery
bus UB voltage. The BB dc-dc converter (power PC) of the hybrid power supply architecture in Fig. 1b allows to adjust the power levels
of the FC PF and the battery PB in the different phases of the aircraft mission such that the two energy storages can be used optimally.

power requirement PB = 280 kW can be satisfied with
a battery cell weight of 100 kg (EB = 34 kWh) with
sufficient margin. The battery pack weight thus results to
mB = 125 kg when considering a mass derating factor
of 0.8 to account for the additional weight of the battery
case and the battery management system. This high power
density is enabled by extremely high discharging rates of
up to 12C (and can be maintained even for low state-of
charge values) but comes at the cost of a relatively low
efficiency which is estimated to ηB = 60% for the high-
C-rate operation during hovering [104]. Thus, the battery is
depleted by 16 kWh (approximately 50%) during the two
minute hovering interval, leaving sufficient margin in case
of an emergency.

Subsequently, during the climb phase the aircraft power
demand is fully covered by the FC: The interfacing BB dc-
dc converter with an efficiency of ηC = 98% regulates a
power flow PC = 4 · PP/ηC = 140 kW from the FC to
the battery side to cover the power demand of the NB = 4
rotors. This results in a battery power PB = 0, and an FC
power PF = 2 · PP + 4 · PP/ηC = 210 kW, which also
covers the conversion losses of the dc-dc converter. Note
that this operating point requires the maximum FC power
and the power-dependent FC voltage drops to its minimum
value UF = 480V. Considering a specific power of pF =
2kW/kg [107], [108] and a rated power of PF = 250 kW
(to provide a power safety margin), the weight of the FC
results to mF = 125 kg.

Next, upon reaching cruise height, the propulsion power
demand further decreases, and the BB dc-dc converter power
reference of approximately PC = 90 kW results in a slow
battery recharge from the FC during this long phase of
the mission profile, such that the full battery capacity is
available again for the hovering during landing. Note that
recharging can be performed at a slow rate with ≈ 0.2C such
that the battery losses during this phase are extremely low
compared to the hovering operation with 12C. Last, during

the descent towards the target destination, the system power
demand reaches its minimum value (with a resulting power-
dependent FC voltage UF = 800V) followed again by a
short high-power hovering interval during the final vertical
landing phase of the mission.

For the dimensioning of the H2 tank, the FC efficiency with
a considered value of ηF = 60% has to be taken into account
with EF

ηF
= 770 kWh. To provide margin for an emergency, a

tank capacity EH2 = 1MWh is selected, which results with
eH2 · GI = 3.3 kWh/kg in a total (filled) tank weight of
300 kg. Hence, the entire FC power system (i.e., the FC and
the associated H2 tank) features a gravimetric energy density
of 2350 Wh/kg which is similar to the value of 2000 Wh/kg
described in [32].

C. Impact of the DC-DC Converter on the Hybrid Power
Supply Weight

This section presents a highly simplified sensitivity anal-
ysis on the impact of the BB dc-dc converter on the entire
power supply system weight. Fig. 14 shows the overall
Pareto front (i.e., envelope of the Pareto fronts of all
considered topologies) of mission profile efficiency η̄ vs.
gravimetric power density γ of the BB dc-dc converters from
Fig. 7. Each point on the Pareto front represents a converter
design with a unique performance (η̄, γ) and the scatter
color indicates the converter topology. As can be observed,
the CF ZVS 2-Level 4-Switch BB (2L-4S-BB) topology is
optimal for low values of γ up to 20 kW/kg, the Resonant
Switched Capacitor 12-Switch BB (RSC-12S-BB) topology is
optimal up to 60 kW/kg, and finally the 3-Level 8-Switch
BB (3L-8S-FC-BB) enables γ > 80 kW/kg.

With increasing gravimetric power density γ, the mass
of the converter with PC = 150 kW is decreasing with
mC = PC/γ. Conversely, the hydrogen tank mass must
be increased by ∆mtank to cover the additional conversion
losses due to the decreasing mission profile efficiency. Here,
the tank mass is scaled linearly with the conversion losses
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Fig. 14. Impact of the BB dc-dc converter on the total power
supply weight: The overall Pareto front (i.e., envelope of the Pareto
fronts of all considered topologies) of mission profile efficiency
η̄ vs. gravimetric power density γ is extracted from Fig. 7.
With increasing gravimetric power density γ the mass mC of
the converter with PC = 150 kW is decreasing. Conversely, the
hydrogen tank mass must be increased by ∆mtank to cover the
additional conversion losses due to the decreasing mission profile
efficiency η̄ with ∆m = mC + ∆mtank representing the total
change in power supply mass.

and is estimated as ∆mtank = mtank/η̄, i.e., with refer-
ence to the designed H2 tank with mtank = 300 kg and
assuming a base-line scenario with η̄ = 100%. Note that
this calculation is highly simplified as for a given pressure
level the tank wall thickness needs to remain constant: The
resulting weight gains depend on the tank geometry (e.g., a
cylinder or a sphere) and thus the increase of ∆mtank with
decreasing η̄ would be less steep in a more detailed analysis.
The total change in power supply mass ∆m = mC+∆mtank

is depicted in Fig. 14 and a steep decrease can be observed
up to gravimetric power density values up to γ ≈ 20 kW/kg
with a subsequent saturation and even a minor increase
around γ ≈ 80 kW/kg, i.e., in contrast to purely battery
powered aircraft [34], a high conversion efficiency is not
the sole relevant performance factor when aiming at a low
weight of the power supply system.

In absolute terms, it can be stated that the overall impact
of the BB dc-dc converter remains minute with values of
∆m < 5 kg. Thus, also other crucial factors such as
reliability, maintainability, environmental impact factors and
cost should be considered in the design.
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