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Abstract

In novel electric aircraft propulsion systems, the number and the power level of electrical and power electronic
components increases significantly compared to conventional aircraft. Energy storage systems, such as batteries
and fuel cells, provide direct current that needs to be regulated and conditioned. The speed and torque of the
often proposed three-phase synchronous motors can be controlled by adjusting the frequency and the averaged
amplitude of the terminal voltage. The conversion of electrical energy from one form to another is performed by
power converters. Hence, optimized power converters are essential for power conversion, control and reliable
operation of the electric drive train in electrified aero engines. In this paper, a preliminary design approach is
presented to identify the different power converter components and their key characteristics for overall system
studies. The volumetric and gravimetric power densities are derived from the preliminary design of their
sub-components and compared to a prototype design of a 3-level Neutral Point Clamped (3L-NPC) inverter

using commercially available components.

1. INTRODUCTION

The goals for limiting global warming to 1.5°C
set at the Paris Agreement can only be achieved
by significantly reducing greenhouse gas emissions.
The aerospace industry is therefore exploring the
application of all-, turbo- and hybrid-electric aircraft
propulsion systems [1]. In this matter concepts
for electric powertrains arise, which rely on power
converters conditioning the electric power.

The functionality of switched power converters
is enabled by sub-components such as diodes and
transistors, which are based on the semiconductor
technology. Here, rapid advancements in wide bandgap
devices (WBG), i.e. Silicon Carbide (SiC) and Gallium
Nitride (GaN), feature lower losses and the ability
to operate at higher switching frequencies [2]. The
amount of passive sub-components of converters such
as capacitances and inductances decreases proportion-
ally to the switching frequency. The resulting increased
gravimetric and volumetric power densities call for
advanced studies regarding the switching behaviour
and hardware design to comply with the safety and
reliability requirements in aviation. As a first step,
preliminary design tools are useful to quickly estimate
the characteristic properties and power densities for
overall system studies.

A power converter is a highly optimized sub-component
of the electric powertrain. During the preliminary
design, there is often insufficient knowledge of the
system, which is crucial for any optimization task.
Numerous different components and complex corre-
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lations complicate an accurate estimation of weight,
volume and losses. Furthermore, the limited scalability
of semiconductor devices and the dominant influence
of their packaging is often over-simplified in system
studies [3-5], where only a rough value for a power
converter power density is specified.

A more detailed estimation of the converters power
density, including all respective sub-components, is
a valuable contribution to system studies if a power
converter topology is clearly specified, including all
sub-components. In this paper, a general approach
for such a preliminary sizing of power converters is
introduced and applied. Analytical methods combined
with empirical correlations based on commercially
available sub-components are applied on an exemplary
electric propulsion system. The design of SiC power
modules and the associated scalability challenges are
discussed. In order to provide an accurate indication
of scalable power density, all sub-components are
highlighted and examined. Assumptions on custom
components such as busbars, which are dependent on
structural design, will be matched to the dimensions
of the selected semiconductors and validated with a
digital Printed Circuit Board (PCB) prototype design.

As a reference case for the sizing approach, a
preliminary design of a 3-level Neutral Point Clamped
(3L-NPC) inverter is developed and implemented
as a 3D model using commercially available compo-
nents. The resulting design is checked for consistency
with the gravimetric and volumetric outputs of the
preliminary design tool. In addition, the resulting
power densities are compared and discussed with
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similar designs from the automotive industry and
literature [6-10|, emphazising the importance of the
introduced approach.

2. ELECTRICAL POWER CONVERTERS AND
THEIR COMPONENTS

A power converter is a complex system consisting of
electronics as well as control, cooling and structural
components. In order to ensure an accurate specifi-
cation of power densities, a detailed indication and
evaluation of all items considered is necessary. The
specific components and their quantity strongly depend
on the studied topology and the application [11].

2.1. Electric Propulsion Systems

This paper provides a brief overview of electrified air-
craft propulsion topologies in FIG 1. All mentioned
topologies and their subcategories are discussed in de-
tail in literature [1,2,12]. It is important to note
that a common attribute of all these topologies is the
necessity for power converters conditioning electrical
energy. The various types of power converters used
in electric aircraft propulsion systems are discussed in
subsection 2.3.
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FIG 1. Topologies for electric aircraft propulsion [1]

A typical aircraft propulsion system can be divided
into three subsystems consisting of an energy storage
and power generation, a power train, and a propulsor.
In a conventional aircraft propulsion system, a jet fuel

is fed to a gas turbine engine, which drives a fan [2].

In an electrified aircraft, some of the subsystems
could be replaced by electrical or electrochemical
components. The potential electrified propulsion
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system topologies are divided into three categories
according to the electrification of their components:
all-electric, turbo-electric and hybrid-electric.

In an all-electric architecture, all components of
the drive train are electrified. The energy source
is an electrochemical energy unit, such as batteries
or fuel cells. The power train consists of the power
distribution system, power converters and electrical
protection devices. The propulsion subsystem usually
consists of an electric machine, a gearbox and a
propulsor.

In a hybrid-electric powertrain the combination
of a conventional and electrical topology is investi-
gated. The energy source is divided into a fuel supplied
subsystem and an electrochemical supplied subsystem.
Analogous to the power supply, the thrust generation
in this hybrid system can also be divided into an
electric and a conventional subsystem. The different
possibilities of hybridization in parallel, in series and
in a parallel/series topology are discussed in more
detail in [1].

In a turbo-electric aircraft, power is supplied by
conventional or sustainable aviation fuel. Gas turbines
drive electrical generators that feed an electrical grid.
The propulsion unit consists of an electric motor to
provide thrust. In a partial turbo-electric topology, an
additional propulsor is connected to the gas turbine
shaft and the generator is only driven with a share of
the gas turbine power.

2.2. Aircraft Application Requirements

The feasibility of more electric aircraft correlates with
high efficiency, high power density and high robustness
of electrical components. An aircraft electrical system
is an isolated grid providing and distributing power
to all its electrified components [13]. Thus, a high
reliability and high power quality are essential for the
application. The service time of an aircraft under
harsh environmental conditions is 100,000 hours [14].
A reliable operation of the converter and all its
sub-components must be ensured over the entire
service life to enable a save operation for the aircraft.
The failure distribution among major power converter
sub-components is shown in FIG 2.

The challenges of reduced ambient pressure, cos-
mic radiation, humidity and loss dissipation during
the expected operation are discussed in various
publications [14-19]. The focus point matrix from
Wang and Blaabjerg [17] ranks the stressors vibration
and mechanical shock on power electronic components
as secondary to the main concerns of average tempera-
ture, temperature cycling and humidity for industry
applications. The main sources of stress distribution
for failures are illustrated in FIG 3. Reliability factors
that result in a derating of the electrical components
are presented in this paper and considered in the
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preliminary design of the power converter. Further
requirements, including mechanical and structural
properties in accordance with the Environmental
Conditions and Test Methods Standard for Airborne
Equipment DO-160 [20], can significantly affect the
resulting power density of a component. However, in a
first design approach focusing on the electrical layout,
these considerations are not addressed in detail.

Semiconductors T 21%

PCB - 26%

Capacitors I 30%

Solder Joints P 13%

Connectors 3%

Others s 7%
FIG 2. Failure distribution among major power converter
components [19]

According to Paschen’s law, at high altitudes the
dielectric strength of the air decreases with the
air pressure [15]. As a result, the thickness of the
insulation layers or the clearance distance between
electric items must be increased. According to the
standard for insulation coordination for equipment in
power supply systems EN60664, an altitude correction
factor is applied depending on the maximum altitude.
This factor more than doubles the safety distance at
8000 metres above sea level.

Furthermore, increased particle flux can lead to
cosmic radiation induced failures as high-energy parti-
cles can induce single-event-burnout (SEB) failures in
power semiconductors. To achieve low failure rates,
it is recommended to operate silicon carbide (SiC)
semiconductors at 70% and and silicon (Si) devices at
50% of the maximum breakdown voltage [18].

Temperature I  55%
Vibration e 20%

Contaminants [ 6%

Humidity P 19%

FIG 3. Source of stress distribution for failures [19]

To ensure high reliability, electrical components are
operated below their rated power. Derating the com-
ponents can extend their life, but this reduces the
gravimetric and volumetric power density of the overall
system. A complete system design must therefore con-
sider a trade-off between different attributes to achieve
an efficient overall system.
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2.3. Power Converters

Power converters are essential in an electrical network
with different voltage levels and forms. The power
electronic components ensure a stable network, con-
trollability, high reliability of the overall system and
transformation from alternating current (AC) to direct
current (DC) and vice versa. Depending on the system
architecture, different types of power converters are
required. Different types of converters and a examplary
usage are illustrated in FIG 4.
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FIG 4. Overview of power converter types

2.3.1. AC-DC Power Converters

In active rectifiers, a three-phase alternating current is
converted into a pulsed direct current. In hybrid and
turbo-electric architectures, the electrical power of a
generator is thus conditioned for the high voltage DC-
bus. The aircraft active rectifier provides DC voltage
regulation and power factor control on the generator
side, while maintaining low total harmonic distortion
in the generator currents [2].

2.3.2. DC-AC Power Converters

A three-phase inverter converts a direct current into
a three-phase alternating current of any selected fre-
quency in a specified range. An inverter enables the
control of a potential electric motor in electric aircraft
propulsion systems. Bidirectional inverters also en-
able regenerative braking. The most common inverter
topology is the 2-level inverter B6-topology consisting
of 3 half bridges i.e. 6 switches. At higher voltages, a
multilevel topology can be advantageous to reduce the
stress on the semiconductors and the machine winding,
because the voltage stress is reduced by the amount
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of levels. The 3-level neutral point clamped topol-
ogy implemented in this work is further explained in
subsection 2.9. Potentials and comparison of inverter
topologies for future all-electric aircraft propulsion are
examined by Ebersberger in [11].

2.3.3. AC-AC Power Converters

A typical AC-AC matrix converter consists of 2 stages.
In the first stage, an AC to DC converter rectifies the
voltage. This is followed by a DC to AC converter,
which provides a three-phase alternating current to
drive a motor or other AC loads. The AC-AC converter
enables voltage regulation and frequency modulation
of an AC power supply.

2.3.4. DC-DC Power Converters

In electrified aircraft propulsion systems, electrochemi-
cal units could provide the energy for the electric power
train. A DC-DC converter provides a stable electrical
network and controllability of the DC bus voltage. En-
suring power source protection is essential.Bidirectional
power flow capability permits battery charging when
power demand exceeds supply. Possible topologies for
electric aircraft propulsion systems are discussed by
Swaminathan in [21].

2.4. Power Semiconductors

Power semiconductors are key components of all power
converters, as they enable the conditioning of the
electric current transmission. The advancement of
power semiconductors with the emergence of wide
bandgap semiconductors (WBG) is seen as a key
factor for efficient and high power dense electric
aircraft propulsion systems [2]. Silicon carbide and
gallium nitride (GaN) allow lower conduction and
switching losses and higher thermal endurance than
conventional silicon devices. Furthermore, the WBG
semiconductors enable an increased frequency range.

High switching frequencies offer an advantages
by enabling the downsizing of passive components like
capacitors, inductors, and transformers as discussed in
subsection 2.5. This reduction in component size and
weight translates into a more compact and lightweight
power converter, a requirement for aircraft applications.
Among the state of the art wide bandgap devices, SiC
semiconductors promise promising applications for
energy conversion in the near future. GaN devices
are not yet ready to replace SiC devices due to their
limited current capability and lower breakdown voltage
levels [15,22]. In summary, SiC semiconductors are
considered the optimal choice for power conversion
applications in the near future, promising increased
efficiency and performance for aircraft applications [15].

The limited current capacity of a single switch
in state of the art SiC metal-oxide semiconductor
field-effect transistors (MOSFET) is illustrated in
FIG 5. In high power applications, it may be necessary
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to parallel multiple chips to achieve the required
current capacity. It should be noted, that there is
a limit to the number of MOSFETs that can be
connected in parallel [23-25]. Parallel switching is
a sensitive application where current balancing and
increased stray inductance must be considered.
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FIG 5. Maximum current capability for Wolfspeed SiC
semiconductors [26]

The performance and dimensions of a semiconductor
are significantly influenced by its packaging. Under-
standing the differences between a bare die, a discrete
switch and a power module shown in FIG 6 is critical
for power converter design [27].

A bare die is an unpackaged semiconductor chip.
Although compact, a bare die requires additional
packaging for integration into electronic systems and
allows highly optimized module design for specific
applications. The design of a power module for
aircraft application requires specialized handling and
expertise [28].

A discrete switch is a single semiconductor de-
vice in an individual package suitable for medium
power applications. The packaged device can be
incorporated directly into a hardware design.

A power module is a pre-packaged unit contain-
ing multiple power semiconductor devices. Designed
for easy integration, power modules simplify the
integration of power electronics, improve thermal
management and handle higher power levels. They are
commonly used in power converter designs.

In summary, bare dies, discrete devices and power
modules differ in packaging, optimization focus and
integration. Bare dies allow for highly optimized
applications but require specialised handling. Discrete
devices enable easy integration but are limited in
current carrying capacity. Ease of integration and high
current capability are combined in power modules.
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However, commercial modules are rarely optimised
for a specific application. The developed preliminary
design tool incorperates electrical, dimensional and
weight data of state of the art commercial power
modules from various manufacturers.

Bare die

Discrete MOSFET

Power module

Equivalent circuit

DC+

Mid

) I LT

FIG 6. Comparison of SiC MOSFET packaging

2.5. DC-Link Capacitor

A DC link capacitor acts as an intermediate en-
ergy storage element to absorb energy during the
transient switching process [29]. As the DC link
capacitor provides a stable DC voltage, the selection
of the appropriate capacitor type is crucial to ensure
optimum performance, reliability and safety. This
paper provides an overview of key DC link capacitor
considerations. The design aspects include reliability
and derating, losses, parallel connection of capacitors,
weight and volume optimisation in the design of a
capacitor bank [17,29,30].

Electrolytic capacitors are cost-effective and of-
fer high capacitance values. However, they are
more susceptible to degradation over time due to
electrolyte drying, which limits their suitability for
high reliability and long life applications. Ceramic
capacitors offer compactness and high capacitance
density. Their limited voltage ratings and susceptibility
to piezoelectric effects make them more suitable for
lower voltage applications [30]. Film capacitors,
including metallized polypropylene film capacitors,
offer stable capacitance and excellent self-healing
properties [17]. Therefore, film capacitors are preferred
for applications with high reliability requirement [30].
For the selection of the DC link capacitor, this pa-
per focuses on metallized polypropylene film capacitors.

Component ageing and degradation can be caused by
intrinsic and extrinsic factors such as design flaws,
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material wear out, operating temperature, humidity,
mechanical stress, voltage and current. Wang [17]
and Wechsel [30] divide into catastrophic events due
to one-time overstress and wear out failures due to
long-term degradation of capacitors. To increase the
mean time between failures (MTBF), the voltage rating
of the DC-link capacitor is commonly derated [17,31].
The MTBF as a function of voltage derating based
on the Military Handbook - Reliability Prediction of
Electronic Equipment [32] is shown in FIG 7.
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FIG 7. MTBF as a function of voltage derating [32]

for different capacities

Paralleling capacitors increases the overall capacitance
and the current handling capacity is increased due to
current sharing of parallel components. Losses, i.e.
heat, are distributed over a larger area. Accurate
current sharing and voltage balancing are necessary
for the optimization of the performance of paralleled
capacitors, improving overall system reliability and
extending capacitor life. Compact and lightweight DC
link capacitors have a significant impact on overall
system weight and volume. In the weight-sensitive
aircraft propulsion system, the capacitor accounts for
a significant proportion of the total converter weight
[11]. The use of a compact capacitor bank, which
accumulates multiple capacitors, ensures an optimised
performance and increases the power density of the
power converter.

2.6. Busbar

Busbars ensure the reliable flow of electrical current be-
tween different power electronic components, enabling
efficient power distribution within the converter. With
high current capacities and high switching frequencies,
laminated busbars offer several advantages such as
low impedance through tightly coupled conductive
planes, simplified system assembly and improved
reliability [33-35].

For the electrical design, the current amplitudes
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and the various frequency components are responsible
for the busbar thickness. The cross-sectional area of
the busbar determines its current carrying capacity, e.g.
5A/mm? |33]. Correct sizing is essential to prevent
overheating and voltage drops.

The laminated busbar consists of conductive lay-
ers separated by thin insulating layers, as shown in
FIG 8. DC+ and DC— represent the positive and
negative potential of the dc-link voltage bus. GND
represents the grounding potential of the circuit. The
layout of the busbar is determined by the dimensions
of the power modules and the DC link capacitors, as
well as their placement. Without considering the skin
effect, the required current density decreases with
the thickness of the busbar. However, increasing the
thickness increases the weight of the propulsion system.
It is therefore necessary to trade off the current density
against the weight of the busbar based on the specific
application.

M oc+ B oc- | e\

FIG 8. Structure of a laminated busbar [33]

|:| Isolation

2.7. Thermal Management

Efficient thermal management plays an important role
in both the design and the operation of power con-
verters in electric aircraft propulsion systems. With
increasing power demands and limited space, efficiently
dissipating the heat produced by power electronics
components is essential to achieve high efficiencies and
reliability. The power conversion losses have an even
greater impact in compact designs [36]. Uneven heat
dissipation or excessive temperatures can lead to re-
duced component efficiency, shortened life and potential
critical failures. In aircraft applications, the decrease
in air density at higher altitudes limits the effectiveness
of conventional air fan cooling concepts. As a result,
conventional air cooling proves insufficient to effectively
remove heat and liquid cooling solutions have become
widely accepted in inverter systems [6].

2.8. Enclosure and Structural Design

The enclosure acts as a protective barrier, shielding
the power converter from environmental factors.
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The Environmental Conditions and Test Methods
Standard for Airborne Equipment [20] defines re-
quirements for key factors such as temperature,
humidity, shock, vibration, liquid ingress, sand and
dust, fungus resistance, radio frequency suscepti-
bility, high intensity radiated fields, icing and fire.
Test procedures are provided in [20] and [37] to en-
sure the long-term functionality of the power converter.

The selection of appropriate materials for the housing
is critical. The choice of materials affects factors
such as weight, durability and thermal conductivity.
Consideration of the International Protection (IP)
rating ensures the ability of the enclosure to protect
against the ingress of solids and liquids and provides
the required level of environmental protection [38].

Weight is a critical consideration in aircraft de-
sign. The materials and design of the enclosure
should strike a balance between robustness and weight
optimization. Granger [39] and Jones [40] suggest the
use of a high proportion of carbon fibre, e.g. carbon
fiber reinforced polymer (CFRP), in the structural
design is suggested to meet the high gravimetric power
density requirements. Hermetic sealing could allow
electrical components to operate without derating due
to the lower dielectric strength of air at high altitudes.

Power converters generate electromagnetic inter-
ference (EMI) due to high-frequency switching. As
wide-band converter achieve higher switching frequen-
cies [41], the excitation frequencies cover a much wider
spectrum than conventional converters. The enclosure
must provide effective shielding to keep EMI within
acceptable limits. Interference with other avionics
systems must be prevented and electromagnetic
compatibility throughout the aircraft must be ensured
in accordance with CS-25 [37].

2.9. The 3L-NPC Converter as Reference Case

Comparisions of various inverter topologies have been
conducted in literature [11,42,43]. As a result, the
3-level Neutral-Point Clamped (3L-NPC) inverter
topology stands as a promising choice for electric
aircraft propulsion systems. The 3L-NPC inverter
topology shown in FIG 9 is selected and investigated
as a reference case.

The 3L-NPC inverter consists of three phase legs for
the three-phase output current (U,V,W), shown in
FIG 9. Each phase contains two half-bridge modules
and one diode module illustrated in FIG 9. The
midpoint of each half-bridge module is then connected
to the neutral point over the clamped diode. The
voltage stress over the switch is therefore reduced to
half the DC-link voltage. The midpoint voltage, often
referred to as the neutral point voltage, is stabilized
by connecting the DC-link capacitors to the midpoint
of each leg.
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FIG 9. 3-level Neutral-Point Clamped (3L-NPC) inverter topology

The studied topology enables the generation of
3-level output voltages. The voltage stress on the
power switches is significantly reduced and the
overall efficiency is increased in comparison to a
2-level inverter. Moreover, the multiple voltage levels
enable reduced switching losses and improved output
waveform quality. Lower harmonic distortion allows
for a smaller output filter design and lower stress on
machine windings. Furthermore, the neutral-point
clamping mechanism ensures balanced voltage shar-
ing among the capacitors, reducing voltage fluctuations.

The 3L-NPC inverter topology aligns with the
requirements of high power electric aircraft propulsion
systems. Reduced losses and lower stresses on com-
ponents contribute to efficient and reliable operation.
Conversely, the probability of failure increases with the
number of components and complexity of the control
strategy. For this reason, it is important to have a
good understanding of the inverter system and develop
an optimised design. With a thoughtful design, the
3L-NPC topology is a strong candidate for inverters in
an electric aircraft propulsion system.

3. SIZING APPROACH

A preliminary design for an inverter with a maximum
output power rating Py of 500 kW and a DC-link volt-
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age Vpe of 1200V is conducted. The sizing approach
according to the implemented methods of the prelimi-
nary design tool for power converters in electric aircraft
propulsion systems is applied.

3.1. Workflow

The main contributions of a preliminary sizing to a
system study are power densities and efficiencies. An
estimation of the mass, volume and power losses of a
power converter is therefore performed. FIG 10 shows
the principle workflow of the implemented preliminary
design tool.

A topology is selected after obtaining various
top-level requirements as input parameters. For a
given topology, the preliminary electrical design is
performed, including a first estimation of losses, voltage
and current stress on the components. Based on the
electrical design, the design of various sub-components
such as power modules and capacitors is performed.
The estimation of dimensions, volume and current
density is the basis of the initial busbar design. Using a
first approximation of volume and losses, the heatsink
design is assumed.

Finally, the volume of each component and its
mass are summed up to elaborate a volumetric and
gravimetric power density. The losses of all components
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FIG 10. Workflow

are added together to calculate a first approximation
of the converter efficiency. It is important to note
that the preliminary results achieved by this approach
do not replace accurate component design in a later
phase of the development process. However, the
results can assist an overall system assessment and
an identification of correlations between different
parameters.

3.2. Sizing of a 3L-NPC Inverter

From the input parameters, topology-specific calcula-
tions are performed to determine the initial attributes
of the power converter. The output power Py, the
output phase voltage Vi and the output current Iy
are calculated according to the equations 1 - 5 [44, 45].

(1) Py =3-Vy-Iy-cosp

(2) VN =

V2Py

3 In=——"7+—"7"——
(3) N My - Vpe - cosp

The modulation index of an inverter M; describes the
ratio of the peak amplitude of the modulating signal
to the peak amplitude of the carrier waveform used for
pulse-width modulation control. The modulation index,
ranging from 0 to 1, controls the inverter’s output
voltage V. At M = 0, the inverter is off. At M; =1,
it reaches its peak voltage, usually the DC bus voltage
in a voltage source inverter. For the reference case, the
modulation index is fixed at 0.95.

Vn

4 M; = AN
(4) T Voo

2-3
The power factor cos ¢ measures the efficiency of power
utilization in an electrical system. It quantifies the
extent to which the electrical power Sy converts into
active power Py, such as mechanical motion or heat,
as opposed to reactive power () that creates magnetic
or electric fields. A power factor of 1 signifies an ideal
condition where all the supplied power is transformed
into active power. For the reference case, the power
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factor is fixed at 0.95.

Py
(5) cos p = S
According to section 2, a voltage derating factor
dfvoitage Of the rated component voltage Vigteq is
applied to guarantee the safe operation of the inverter.
The maximum voltage across the electronic compo-
nents Vgppiica is given by Equation 6. The applied
voltage derating factor is fixed at 2.

‘/Tated
6 d voltage = T,
( ) f tag Vapplied

The switching frequency has a significant influance on
losses of the power converter and the dimensioning
of passive elements. In the preliminary sizing tool,
the value is given as an input parameter. For the ref-
erence design, the switching frequency is fixed at 20 kHz

The specific attributes included in the implemented
tool are listed in Table 1.

TAB 1. Topology attributes

General input

Output power Py kW
DC-Link voltage Vbe \%4
Voltage ripple AVpc %
Switching frequency fsw kH z
Modulation index My

Power factor cos
Topology specifications

Output voltage Vn v
Output voltage level Nv ievel
Output current Iy A
Module blocking voltage Vps v
Number of power modules Npjs

Number of diode modules Nps

Voltage derating factor Afvoltage
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3.3. Power Module

The power module design approach consists of two
parts. First, the power losses are analytically calcu-
lated. Second, the dimensions of the implemented
power modules are estimated. The following calcula-
tions according to the equations 7 - 12 [44-46] result
in a preliminary loss assessment.

The voltage stress over the semiconductor switches is
defined by the blocking voltage, i.e. the drain-source
voltage Vpg in Equation 7. In the 3L-NPC converter
topology, half of the DC link voltage is applied to the
switches.

1
(7) Vps = 3 Vbe

The total power module losses Ppasioss are divided
in switching losses Ppys,sw and conduction losses
PPM,cond-

(8) Ppirioss = Pear,sw + Ppar,cond

The switching losses Pgy are defined by the switch-
ing energy Fgw and increase with higher switching
frequencies fsy. The switching energy Egys consists
of the accumulated turn-on energy FE,, and turn-off
energy Fory.

(9) Esw = Eon + Eoff

The resulting switching energy Fgy for state of the
art power modules are illustrated in FIG 11 (a).

(10) Ppysw = Esw - fsw

The drain-source on-state resistance Rpg ., charac-
terizes the conduction losses Ppar,cond- The on-state

resistance Rpg o, for state of the art power modules
are illustrated in FIG 11 (b).

(11)

The averaged drain current Ip 444 is defined according
to Equation 12.

2
PPM,cond = RDS,on ' ID,a'Ug

1 My -
(12) T cos<p>

ID,a’ug = ID : (8 + 3
For a more accurate result, gate driver, power loop,
gate resistance Rg and temperature have to be
considered. E,,, Fory and Rpg on are interpolated
from the datasheet of various commercial power
modules shown in FIG 11. The fitting parameters are
then incorporated into the preliminary design tool.

FIG 12 does not reveal a distinct correlation be-
tween the current rating /p and the module mass m,,,
when examining commercially available half-bridge
modules.
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FIG 11. Electrical attributes of power modules
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Semiconductor manufacturers rarely specify the
amount of parallel dies in the power module datasheet.
In various publications [27,47-49], images of thermal
investigations and views into the packaging of com-
mercially available modules reveal a typical amount of
paralleled devices between 3 and 6. The approach of
chip area optimization by Ebersberger [11]| assumes
a single die area between 10mm? and 50 mm?. An
investigation of available Wolfspeed bare dies for a
1200V blocking voltage shows a mean die area of
20mm? [26]. The areas of the examined modules in
FIG 12 (b) result in an average area of 66 cm?, which
results in a die coverage of less than 10 % of the total
module area. This ratio demonstrates the low impact
of the active semiconductor material on the overall
weight of a power module.

A more significant factor is the packaging required
for the safe operation of parallel chips. A more
detailed analysis is required to estimate the accurate
weight. At this preliminary stage, the weight of
a power module is assumed to be constant. The
airworthy power modules from Thales [50] are used
as a reference for weight in this work. The mass
of a half bridge module m p, is therefore fixed at 200 g.

As for the volume Vp,; of the considered power
modules, FIG 12 (c) reveals a proportional relation
between mass mpjy; and volume Vpj,s. For the dimen-
sions of the considered device from Thales, the area
Apy correlates to approximately 65 cm?. The volume
of a power module Vpy; is fixed to 120cm?®. The
implemented power modules attributes are summerized
in Table 2.

TAB 2. Power module attributes

Electrical specifications

Maximum breakdown voltage Vb s max \%
Blocking voltage Vbs \%4
Drain-source current Ips A
Turn-on energy E,, J
Turn-off energy Eorr J
Drain-source on-state resistance Rpg,on ms
Power loss

Switching Losses Ppysw W
Conduction Losses Pparcona W
Total Losses Ppaioss W
Module dimensions

Mass mpm g
Area Apyr mm?
Volume Vem mm?
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3.4. Diode Module

Similar to the power module approach, the diode
module design is divided into an electrical and a
sizing part. The implemented design tool considers
SiC Schottky diodes, due to their rapid switching
capabilities and low voltage drop [11].

The neglectably low diode switching losses Pp s, are
generally excluded from a loss assessment in a 3L-NPC
converter [44]. The conduction losses Pp cond 0f a
diode are defined by the forward voltage V; and the
forward current flowing through the diode I;. For the
loss assessment, the averaged forward current Iy 4,4 is
considered. The preliminary assessment of the power
losses is implemented according to the equation 13
and 14 [44-46].

(13) PDM,cond = Vf ! If,avg

1 My - cose
14 I av =], - -
W) =1 (5 - )

The forward voltage drop of a typical SiC Schottky
diode as a function of current is shown in FIG 13.
The interpolation parameters are incorporated in the
preliminary design tool. The resulting conduction
losses Ppar,cond are shown FIG 14.

As with the power modules, the mass of the diode
module mpys is not determined by the active semi-
conductors but by the packaging. The investigated
Wolfspeed diode modules CAR600M12HNG [26] utilize
the same packaging as for the MOSFET half bridges.
The mass is therefore set at 200 g as well.

Wolfspeed CAR600M12HNG

2.0 - ra
/‘/
S 18- -
~ gl
8 16- A
8 »
S »
_c>> 14 - »
] '/"
€ 12- e
(e .4
f.’l
10-—
|
I I I I I I
0 200 400 600 800 1000
Current rating Ip (A)
FIG 13. Diode forward voltage
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FIG 14. Diode conduction losses

The interpolated forward voltage as a function of the
rated current is implemented in the preliminary design
tool. All considered attributes are listed in Table 3.

TAB 3. Diode module attributes

Electrical specifications

Maximum reverse voltage Vg max Vv
Forward current Iy A
Diode Forward voltage Vi 1%
Power loss

Conduction losses Pparcona W
Module dimensions

Mass mpm g
Area Apm mm?2
Volume Voum mm?>

3.5. DC-Link Capacitor

The capacitance C¢ required to ensure a limited DC
voltage fluctuation, called DC ripple AV, is given
by Equation 15. The capacitance value varies with
the switching frequency fsyw, modulation index My,
current 1o, voltage Vi of the device and the output
phase current I. The DC link capacitors are sized to
stabilise the DC voltage and provide energy for fast
current commutation [11]. The sensitivity of the overall
capacitance to the switching frequency is illustrated in
FIG 15.

2-AVe - Vo - fsw

(15) Cc
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(16) IC I]\[\/QA]\f](\[+(\7r[9]\4})COS2 (p)
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FIG 15. Capacitance Cc as a function of switching fre-
quency fsw for different voltage levels

Low stray inductance ESL¢c and low equivalent series
resistance ESR¢ are essential to minimize losses [11].
As switching transients are not considered in this pre-
liminary design, the inductance is neglected in the first
design approach. However, it is important to note that
leakage inductance is a key characteristic for the safe
operation of power converters with WBG semiconduc-
tors [51]. The power loss Pc 055 for a single capacitor
C; is given by Equation 17.

(17) Pciloss = ESRc - I

FIG 16 shows the limitations in the current capability of
a single capacitor. By parallelling a number of identical
capacitors N¢, the total current I is divided by the
number of paralled devices N¢.

(18) Ic =N¢-1Ic;

The total capacitance C'¢ is the sum of each capacitance
Cc,; connected in parallel. The total resistance ESR¢
is less than the resistance of the smallest individual
resistor ESRc ;.

Nc
(19) Co = Z CC,,‘
=1

1 Neo g
20 p—
(20) ESRc ;ESRC,Z-

CCBY 4.0 12

The behaviour described in the equations 18-20 is
utilized to achieve higher current capabilities and lower
power losses by paralleling multiple devices.

The goal of the design approach is to satisfy the
equations 18 and 19 while achieving a low total mass.
As seen in FIG 18 (a) and (b), mass and volume are
proportional to the capacitance value. FIG 16 (a)
shows a clear current limit, but no relation between
current and capacitance or mass has been identified.

= Cornell Dubilier ® KEMET v WIMA
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FIG 16. Capacitors Electrical attributes of

(a) current rating (b) equivalent series resistance

To optimize the selection of capacitors, the constraints
of the equations 18 and 19 are applied to the analyzed
data set and the resulting capacitor configurations with
the lowest total mass are selected for each operating
point. To generalize the implemented approach, a mul-
tiple regression is applied to find a correlation between
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the number of parallel components, capacitance value,
current value and mass. The resulting Equation 21 is
illustrated in FIG 17.

(21) me=ap+ a1 -Co+ay-Ic+az- (Co-Io)™

With a coefficient of determination of 98.2%, the re-
sults of the regression show a high degree of agreement
with the studied data set. With all the implemented
parameters, summerized in Table 4, the approach en-
ables a rapid evaluation of a DC link capacitor and
provides an initial estimate of the dimensions, mass
and losses according to the required capacitance and
current rating.

TAB 4. DC-Link capacitor attributes

Electrical specifications

Applied voltage Vo Vv
Total current Ic A
Total capacitance Ce uF
Number of parallel devices Ne
Power loss Poioss W
Specific Capacitor attributes
Voltage rating Ve, V
Current rating Ve, \%4
Capacitance rating Cec.i A
Equivalent series resistance ESRc; m&
Capacitor dimensions
Mass me g
Area Ac mm?
Volume Ve mm?
1000
4
800
< 3
© 5
2 600 -
E 2 &
-— 0
§ 400 CEU
3 1
200
v 0
200 400 600 800 1000

Capacitance C (uF)

FIG 17. Capacitor current-capacitance-mass-relation
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3.6. Busbar

The design of the busbar is carried out with a simplified
approach. The approach is based on an assumption
of a busbar coverage Ap,s_s of 75% of the connected
components surface Acomponents. Each component is
covered by two layers of a laminated busbar as shown
in FIG 22. As the lamination is considered thin to the
copper layer, the isolation density is neglected in an
initial approach.

(22) Abus—s =0.75- Acomponents
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The components surface Acomponents accumulates the
number Npj); and area of power modules Apy;, the
number Npjs and area of diode modules Apjps and the
the number N¢ and area of capacitors Ac.

Acomponents :NPMAPM + NDMADJVI

23
(23) + NcAc

The cross-sectional area Apys—c,iayer Of one layer is de-
termined from the current Iy, and an assumed current
density J.

Tous
T

= hpus - Whus

(24) Abus—c,layer -

The maximum height of a busbar layer Ayus ayer of
2mm is fixed and the isolation thickness hpys iso be-
tween the layers is assumed 1 mm. The total height of
the busbar hy, s results by Equation 25.

(25) hbus =2 hbus,layer + hbus,iso

The volume of the busbar results is defined by the with
Wpys, the length Iy, s and the height Ay, s of the bus bar
as defined in Equation 26. With a material density of
copper pcy, of 8.94g/ cm3, the total mass of the busbar
Mpyus can be estimated according to Equation 27.

(26) Vbus = Whuys * lbus . hbus

(27) Mpus = PCu * ‘/bus

The results of a first estimation for the busbar mass
are illustrated in FIG 19. The implemented attributes
are summarized in Table 5.

TAB 5. Busbar attributes

Design specifications

Current rating Ia A
Current density J A/mm?
Material density g/em?
Module dimensions
Mass Mpus g
Surface area Apus—s mm?
Cross-sectional area  Apys—. mm?
Volume Vius mm?
CCBY 4.0
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FIG 19. Busbar mass mspys as a function of power rating
Py for various current densities J

3.7. Cold plate

The preliminary cold plate design is based on an
commercial component used in the prototype design.
The double-sided, aluminum friction stir welded cold
plate accommodates up to six power modules.

As a reference cold plate, the Wieland MicroCool
CP4009D [52] with a mass mep ey of 1500 g, designed
for the Wolfspeed HM3 modules and optimized for
the high heat flux of silicon carbide is considered.
The reference cold plate allows a maximum power
dissipation of 2200 W per module. To ensure save
operation, the maximum power dissipation Pp 4 Of
the reference cold plate is downgraded by the factor of
2. A specific weight as a function of power rating is
calculated according the maximum power dissipation
in FIG 11.

2. Mep,ref
28 m. = D,
( ) P 6- PD,max
— Py =250kW — Py =750kW
— Py =500kW — Py =1000kW
10000 -
2 7500 -
5
E 5000 -
2]
2
2500 -
0 -
I I I I I I
095 096 097 098 0.99 1.00
Efficiency n

FIG 20. Cold plate mass m., as a function of converter
efficiency 7 for various power ratings Py
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The specific mass is linearly scaled to the power losses
of the power converter Py,. The resulting mass of the
assumed cold plate is shown in FIG 20. The imple-
mented attributes are summarized in Table 6. As part
of the thermal system, the mass of the coolant depends
on several factors of a peripheral system. It is therefore
not included in the preliminary design.

TAB 6. Cold plate attributes

Reference specifications

Reference mass

Reference height hep A/mm?
Specific weight My g/W
Heatsink dimensions

Mass Mep 9

Area Acp mm?
Volume Vep mm?

3.8. Enclosure

The total volume of the converter V.onperter in Equa-
tion 29 is composed of the sum of the component
volumes Viomponents; the volume of the enclosure
Venclosure and its thickness tepciosure-

Vconverter = ‘/components + Venclosurc

3
= ( \3/ chomponents +2- tenclosure)

The component volume defined in Equation 30 is in-
creased by 20% to include unaccounted parts and larger
clearances for safe operation at high altitudes.

(29)

Vcomponents =12 (NPMVPM + NDMVDM

(30)
+NCVC + %us + chp)

As a high proportion of carbon fiber is suggested in
subsection 2.8, the density of the enclosure will be
defined by a proportion of carbon fiber reinforced poly-
mer CFRP kcpprp with a specific density pcprp and a
reciprocal fraction of conventional aluminum k4; with
its specific density pa; as defined in Equation 31.

(31) Penclosure = KCFRP - PcFRP + ka1 - pai

By varying the thickness of the enclosure ey ciosure and
the proportion of CFRP ko pgrp, a wide range of masses
Menciosure Ulustrated in FIG 21 can be achieved as a
first estimate for the casing.

(32)

Menclosure = Penclosure * Venclosure

The implemented attributes are summarized in Table 7.
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FIG 21. Enclosure mass menciosure for different CERP pro-
portions kcrrp and thickness tenciosure

TAB 7. Enclosure attributes

Enclosure specifications

Proportion of CFRP kcrrp

Proportion of Al kai

Density of CFRP PCFRP g/em3
Density of Al PAl g/em?
Enclosure thickness tenclosure mm
Enclosure dimensions

Mass Menclosure g
Components volume Veomponents ~ Mm3
Enclosure Volume Venclosure mm?

3.9. Miscellaneous

In addition to the main factors contributing to the over-
all weight and volume of a power converter, the system
is made up of several small lightweight components
listed in Table 8. To account for these components, an
additional mass m,,;s. of 1500 g is specified according
to Nawawi [42].

TAB 8. Miscellaneous

Electrical components  Structural components

Gate drivers PCB
Protection boards Connectors
Power supply Fixations
Sensors Spacers
Microcontrollers

15
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TAB 9. Prelimin

ary design results

Results ‘ Units ‘ Weight ‘ Volume ‘ Efficiency

‘ ‘ component  total ‘ component  total ‘
Power module 6 200 1200 ¢ 122 cm? 732 cm3 | 98.70 %
Diode module 3 200 600 ¢ | 169 cm® 366 cm® | 99.97 %
DC-Link Capacitor 2 1605 3210 ¢ | 1068 cem?® 2137 cm3 | 9997 %
Busbar 1 - 1476 g - 164 cm? -
Cold plate 1 - 1590 ¢ - 2632 cm3 -
Miscellaneous 1 - 1500 ¢ 20 % 1206  cm? -
Enclosure 1 - 2150 ¢ - 1181 cm? -
Total | | 11726 ¢ 8418 em® | 98.64 %

(a) (b)
Busbar
Control PCB Output U §— Output V Output W
Gate Driver Unit
r— i i

Heatsink
Gate Driver Unit
Power Module

FIG 22. 3L-NPC

(a) isometric view

4. RESULTS

Table 9 shows the resulting data of a preliminary
3L-NPC inverter design with input data defined in
Table 10. A gravimetric power density of 42kW/ kg
and a volumetric density of 59kW/ L is achieved.
The resulting power densites match state of the art
converter designs from Fraunhofer IISB [7], NXP [8],
Phi Power [9], Wolfspeed [10] and various automotive
manufacturers summarized by Goli [6]. The compari-
son is illustrated in FIG 23.

The mass breakdown in FIG 25 shows that the
total weight is not dominated by the semiconductor
modules. Rather passive elements and cooling compo-
nents account for more than half of the total weight.
A comparative study for the weight distribution of
the sub-components is conducted for a Wolfspeed
600 kW reference design CRD600DA12E-XM3 [10].
FIG 24 shows similar weight distribution for the
specified sub-components. The proportion of 44% of
undefined mass in the reference design is assumed an
accumulation of the busbars, enclosure and structure.

CCBY 4.0

Power Module
Cold plate —"—
Diode Module

prototype design

(b) cross-sectional view

TAB 10. Preliminary design input and assessment

Input data

Output power Py 500 kW
DC-Link voltage Vbe 1200 V
Voltage ripple AVpe 5 %
Switching frequency fsw 20 kH:z
Modulation index My 0.95

Power factor cos ¢ 0.95

Voltage derating factor  dfyoitage 2
Preliminary design assessment

Efficiency n 98.64 %
Mass m 11.72 kg
Volume 1% 841 L
Volumetric density pdy 59 kW/L
Gravimetric density pdg 42 kW/kg

16
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FIG 23. Comparision of power densities

(a) gravimetric (b) volumetric
The volumetric distribution in FIG 26 shows an es-
sential proportion of the heat sink and the capacitor.
The digital protoype design in FIG 22 has a volume of
6497 cm?® without enclosure. With the assumed enclo-
sure for the reference design of 1181 cm?, the prototype
achieves a volumetric power density of 65 kW / L, which
is in good agreement with the result of 59kW/ L from
the preliminary design tool.

Semiconductors [N 14%

— e

-

— s
E—

Capacitor
Cold Plate
Miscellaneous

Undefined

FIG 24. Mass breakdown of Wolfspeed reference design
[10]
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FIG 25. Mass breakdown of preliminary design
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FIG 26. Volume breakdown of preliminary design

5. CONCLUSION

The preliminary results of an inverter design in
section 4 highlight that the total weight and volume is
not dominated by the semiconductor modules. Rather,
passive elements and cooling components account for
more than half of the total value.

The challenge of scaling semiconductors is dis-
cussed in subsection 2.3. The small proportion of
active semiconductor area in the total power module
area explains that the sensitive active materials have
only a small impact on power density and rather the
packaging required for reliable operation is a more
significant factor. For a preliminary design, this paper
assumes a constant weight and volume for the used
power modules, while highlighting the limited scaling
possibilities and operating areas of state of the art
semiconductor materials.

Table 9 provides a first estimation of the system
efficiency. It is important to notice, that a detailed
loss assessment, including operating temperature,
skin-effect, gate driver attributes and busbar losses,
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has to be conducted for an even more accurate result. R

The mass and volume breakdown in FIG 25 and

Resistance

Reactive power

26 provide a clear specification of all the components ¢ Thickness
included in the power density assessment. To provide

. . \%4 Voltage
comprehensive input for a following system study,
these information, as well as information about the 1/ Volume
modelling of the sub-components are transmitted. .
As the neglected components like the cooling fluid % Width
or output filters are specified, the results could be
extended for more detailed studies. Greek Symbols

As all the considered components are clearly de- &
fined and evaluated, this approach enables a rapid yet A
comprehensive evaluation of the power converter. The

resulting characteristics can then be incorporated into P
system studies to move closer to sustainable aviation. o
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*ma:v

Mass lg]

*N
m’ Specific mass [g/W]
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Fitting parameter
Difference/Fluctuation
Material density
Phase angle

Cross-section
Surface
Alternating current
Aluminium
Average
Busbar
carbon fiber reinforced polymer
Conduction
Cold plate
Copper
Capacitor
Direct current
Diode module
Drain-source
Drain
Forward
Isolation
Losses
Maximum
Rated Value
Turn-off
Turn-on
Power module
Reference
Revers
Switching
Voltage level

[€2]
[VA]
[mm]
[V
[mm?|

[mm]

[°]

lg/mm?|

[°]
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