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Impact of multilevel converters on EMC filter weightof a 70 KVA power
drive system for More Electrical Aircraft

Hans H. Sathler, Lucas Nagano, Bernardo Cougo. IRT Saint-Exupery, Toulouse, France
Francois Costa'. Denis Labrousse*. SATIE, 'Université Paris Est Créteil *Le CNAM, Paris, France.

Abstract

This paper presents the design of a 70 kKVA GaN-based nmltilevel power converter (EMC filters comprised) with a power
density and efficiency superior to 10 kW/kgand 98 5% for future More Electncal Aicraft (MEA) power drive systems. The order
of magnitude of these parameters. not verified i other papers for a converter of this power, were reached thanks to the precise
optinuzation of each component, such as mput/output filters and forced-air heatsink In addition, PCBs, drivers and curmrent sensor
weights were also taken into account 1n the final converter weight analysis.

1 Introduction

In the last decade, the air traffic has increased by over 60%,
being responsible by 2% of the CO: emissions worldwide [1]
In order to prevent the impact that thas increase in the air traffic
will have in the environment, the Europeans authorities imposed
new limits for the CO: enussions. Redunction of about 1% on the
weight of the aircraftrepresents a fuel econonty of about 0 5%
to 1.5%[1].

In the actual aircraft, the variety of existing energy vectors
isnotoptimal fromperformance andweight point of view. How-
ever, with a MEA (More Electrical Aircraft) the idea is to re-
place pneumatic and hydrauhic systems by electnical systems to
improve aircraft overall weight and reliability. Many of these
applications are power drive systems composed by a three-phase
inverter. cables and amotor. as well as the EMC filters asshown
inFig 1.

The setup studied in this paper 1s composed by a £270V DC
to a 70KVA three-phase inverter; a 10m-long. 3IAWG, non-
shielded cable; and a 50kW electrical machine as presentad
Fig 1 Thispowerdrivesystemisrepresentative of diverse types
of loads on an aircraft, suchas the Air Conditioning System or
Environmental Control System (ECS) and the ventilation of the
air conditioning system. DO-160 standard used 1n awrcraft apphi-
cations imposes limits to conducted emissions (150kHz—
152MHz), basically composed by common-mode (CM) cur-
rents. To respect these limits, CM mput/output filters are used
to attenuate the CM currents flowing through parasite capaci-
tances of the inverter, cables and motor to the ground plane
(which represents the aircraft chassis). In this power drive sys-
tem, the heat sink 1s directly connected to aircraft chassis. Be-
sides, for HVDC networks m aircraft such as the one studied
here_ there are limits for low frequency hamomnics. from 0-
150kHz. regardingpowerquality network due differential-mods
(DM) current.

Finally, DM output filter is used to limit maxinumovervolt-
age level at motor ternunals and phase current THDh (related to
motor magnetic and copper losses). With that in mind, the ob-
jective of this work 1s to analyse the impact of differentmulti-
level inverter topologies and semiconductor technologies on the
overall weight and losses of this power drive system inverter.

The goal of this study 15 to identufy power inverter solutions
(filters included) with power density supenor to 8kW/kg and ef-
ficiency higher than 98.3% for the 50kW MEA power drive sys-
temapplication Inverter solutions must compnse design criteria
listed below and highlighted with red marks in Fig. 1.
¢ Airbus HVDC Power Quality Standard (0 — 150kHz);

* Conducted Emissions DO-160 Standard (150kHz - 152MHz) -
Category L. M and H;

+  Maximum overvoltage on motor terminals: 750V,

*  QOutput current THD1: 7%;

. Inverter Input Voltage Ripple = 5% of nominal DC bus voltage =
540V

# (M capacitance maxinum value of 150nF (WFSA - impedance
10082/10kHz);

*  Forced Aircooling;

+  Fixed aeronautic cable setup - 3IAWG EN4681-006-AZA (10m -
longunshielded);

*  50kW three-phase permanent magnet synchronous motor;

+  Motor operation point: 3600rpm/1 3N m/S0kW/130 Arms;

*  Passive filters only.

Different power mnverter topologies and semiconductors
technologies are evaluated 1n Section 2, while the chosen topol-
ogies to be evaluated with the respective number of semicon-
ductors in parallel are presented in Section 3.
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Figure 1 Power drive system



Complete optinuzation results are presented 1n Section 4, as
well as the impact of switching frequency on power inverter
overall weight and efficiency. Finally. the conclusions of the
present study are presented in Section 3.

2 Power Inverter Topologies and semi-
conductors

When a high performance inverter 1s desired. a trade -off be-
tween losses and weight must be done in detail In aircraft ap-
plication. weight criteria remain the most challenging one [2].
Not only semuconductor losses and cooling system weight
should be taken intoaccount. but also losses and weight of filters
connected to this inverter, which can represent about 70% of the
overall mverter weight as presented in [3] fora MEA 45kW bi-
directional inverter.

2.1 Semiconductor technologies

With the aim of increasing power drive system efficiency
and power density, semmconductors must be chosen considenng
their respective losses. Onemethod to limit the choice of a sem-
iconductors 1s to consider a given share on conduction and
switching losses, and from the current level. estimate the con-
duction losses based on senmconductor on-state resistance (for
51 or S1C MOSFETs or HEMT GalN) Rpson. Fig. 2 shows the
Rpson of different transistor technologies (51, 51C and GaN) and
different breakdown voltages.
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Figure 2 Semiconductors rade-off: Four components were chosen to
be compared one from each technology .

Semuconductor series connection 1s inherently necessary for
FC and NPC inverters. However. it 15 also possible to use low
voltage (200V for example) components connected in series to
hold the 540V bus voltage. The number of transistors in senes
N: to hold bus voltage Fpu:1s given by:

Vs tmargin

N, = [Fretmerer]
where Fosmax 15 the transistor breakdown voltage. If a maximmm
value of on-resistance. Rpson —desired. 15 desired, the number of
transistors 1s parallel N; can be expressed from transistor on-re-
sistance Rpson as

Rpsgon ]

Ny =N,-|

Rpson -desired

Thereby. the total number of transistors N:1s given by:
N.=N,-N,

Only components with blocking voltage higher than 600V
were considered. In the case that 200V components areused. in

3-level NPC topology for example, at least 6 transistors must be
usedin series (top of inverter leg). By considenngeach onewith

10m€. and Rpson —desires 0f 10m&l, 6 transistors areneeded in par-
allel Totalizing 216 transistors for a three phase 3 -level NEC
inverter. Assunung an imverter efficiency of 99%, there would
be approxmately 700W of transistor losses for the cument
TOEVA power converter. In a hypothetical case that the conduc-
tion losses represent 70% (490W) of total losses. the transistor
should have a maximum resistance of approximately 9.66mg2
(140W per phase and a current of 130Am) 1n the current path.
Tab. 1 summarizes total number of transistors in parallel consid-
ering the selectionin Fig. 2.

Table 1 Number of transistors in parallel fo reach of 9 66m£2 based
on the components selectedin Fig. 3.

Part Number ¥y Rosen N, I;
HT321EVB 1200V 6m&2 1 150°C
G566316T 650V 56mL2 6 135°C

IPZ60R017CT 630V 3I(mL 3 135°C
SCT3017AL 650V 22mQ 2 150°C

A 1200V IGBT transistor (SKM600GA12E4) was also con-
sidered i a 2-level topology as a traditional reference inverter.
This component was chosen since it presents conducted losses
relatively close to the 1200V 51C MOSFET HT3201RVB. for
the same topology. Tab. 2 presents the senuconductors that were
considered for the efficiency trade-off between different mult-
level topologies. Different semuconductor technologies were
considered to verify the impact of the technology on inverter
overall efficiency and power density which will be presented on
Section 4.

Regarding power diodes for NPC topologies, 51C Diode
C3D50065D was selected among others due low conduction
losses.

Table 2 Power semiconductors selected based on the components
presented in Fig 2.

Part Number Fi Rosen Technology
SEMG00GALIES 1200V - IGBT
HT3201EVB 1200V 3iTmQ SiC Mosfet
GS66516T 630V 25mQ G@N
IPZ60R017CT 630V 17m& 51 Mosfet
SCT3017AL 630V 17m& SiC Mosfet

2.2 Multilevel power inverter topologies

The traditional 2-level inverter1s widely used because of 1is
simplicity and low cost. It usually uses senuconductors with
larger blocking voltage 30 to 100% larger than the DC bus volt-
age. In most semuconductor technologies, the hagher the block-
ing voltage, the higher the switching losses for given switched
voltage and current. For that reason, a lower switching fre-
quency should be used to balance conduction and switching
losses andincreasethe inverter overall efficiency. However, low
switching frequencies may increase sizeof passive devices. This
deadlock 1s solved by the use of multilevel inverters. They re-
duce voltage steps in inverter output voltage, reducing filtenng
needs. Moreover. some multilevel inverters may increase theef
fective switching frequency ofthe output voltage_ which further
reduces filtersize [4] [3]. Another advantage 1s the use of lower
blocking voltage semiconductors, which present lower intonsic
capacitances that1is directly related to semuconductor losses [6].
Durmgtransistor switclhing process. semmconductor mnput capac-
itance Cg-1s charged faster (forthe same gate resistance) 1f com-
pared to higher voltage semiconductors. leading to lower



switchinglosses. The relation between parasitic capacitance and
switching energies 1s exemplified in [ 7], where 4 GalN transis-
tors are paralleled with the same gate driver, and turn-on and
tumm-off energies are higher than 2 devices in parallel for the
same current level.

The impact of multilevel inverters 1s also venfied when con-
sidering DM input filters, as well as EMC filters. In [3]. 1t 1s
shown that replacing a traditional 2 -level inverter with a 3-level
inverter can achievevalues ofup to 33%reduction in the overall
inverter weightin addition to increased efficiency.

In this study, series multilevel legs are associated in parallel
(parallel multilevel —the number of legs in parallel per phase are
limited from 1 to 4) and a pre selection of topologies, from a
trade-off between mverter efficiency and the number of senn-
conductors, will be evaluated on filter design to meet the critena
deternuned in Section 1. Among different inverter topologes,
five were selected: regular 2-level cell (FB), Flying Capacitor
(FC 3 levels and 5 levels) and Neutral Point Clamped (NPC 3
levels and 5 levels). The Cascaded HalfBridge (CHB) topology
was not considered since 1t needs individual voltage sources for
each half-bridge (the setup is fixed to one input voltage source).
Modular Multilevel Converter (MMC) topology 1s commonly
used for applications with some kV and MVA [8] [9]. no apph-
cations for MEA applications were found and 1t was discarded
forthisstudy. ANPCand T-Type need to directly associate tran-
sistors in series (at least 2), and this can be a strong 1ssue with
the use 650V GalN devices. Direct series connection of power
transistors reduces switching speedand it canincrease switching
losses [10], due to the augmentation of stray inductance in the
commmutation cell (especially for discrete components as TO-
247 packaging). Another problem 1s that a sinmltaneous switch-
ingis necessary for series connected semiconductors, since even
a small delayin switching could cause major damage to the cir-
cuit through setting all the bus voltage across a single swiich s
usually higher than the switches breakdown voltage.

3 Multilevel topologies trade-off: Effi-
ciency x Number of Semiconductors

A study for a pre-selection of inverter topologies was made
from loss calculation. by considering datasheet information. of
sermconductorslisted in Tab. 2. Parameters that were vaned and
operatmg conditions are listed below:

+  Nominal power=T70kVA (130A . per phase);

+  Switching frequency=20kHz

+  Input Voltage = 540V,

+ Modulation Index =0.94;

*+ Legs connected in parallel=11o 4;

+  Inverter output voltage levels=2_3 and 5;

* Inverter topologies: 2-level WPC and FC;

+  #of semiconductors in parallel (transistors and diodes) =1 to 4;

Inverter control was performed using DPWMI techmique
[11]. With this technique, semiconductors are not switched dur-
ing a period when the current reaches 1ts highest value (highest
value of the switching energy), thus reducing switching losses,
and consequently the overall inverter losses.

Transistors losses were calculated from datasheet infor-
mation for Tmar-15°C. The choice for high temperature opera-
tion is to reduce cooling system weight. An increment of 15%

was consideredin the inverter losses to roughly estimate the fil-
ter losses, which wall be precisely calculated dunng optinmza-
tion processin Sectiond.

Almost 288 transistors are required to make 5-level FC in-
verterwithan efficiency of over 99% with 650V 51C transistors,
whereas 192 transistors and 21 6 diodes are required fora 5-level
NPC inverter. For virtually all solutions with efficiency levels
above 99%, four legs in parallel per phase are required. The
large number of transistors in senes, added to the paralleled legs,
further complicates the inverter control and integration. There-
fore, these topologies will not be considered for future analysis.

Fig. 3a) presents the solutions for the 2-level topology with
the 1200V 51C module (HT3201RVB). 1n which we also con-
sidered the series association of 650V components, while the
Fig. 3b) presents the solutions for 3 -level FC topology. In both
figures, solutions are identical regarding the efficiency. number
of transistors and parallel legs. This is because, in the first case,
the 2- levelinverter, with 650V components, 15 controlled ke a
traditional 3-level FC. but the floatmg capacitor 1s replaced by a
small one i order to allowthe connection of the transistors m
series, and thus to operate as an inverter a 2-level named Quasi
Flying Capacitor [12]. Solutions that meet the efficiency cratenia
of over 99% with 650V transistors (see Tab. 3) have at least 3
paralled legs, 2 51C MOSFETs i parallel. 3 51 MOSFETs and
4 GalNs.
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Figure 3 Calculated efficiency for different number of transistors
used in (a) 2-level and (b) 3-level FC inverters.

Solutions for 3-level NPC were considered and the total
number of transistors for the 3-level NPC topologies 1s equal to



the number of transistor 3-level FC topology solutions. How-
ever, in addition to using a considerable number of diodes (at
least 36), the efficiency of NPC solutions 1s slightly lower than
the 3-level FC solutions. This 1s because in the NPC topologes
topology presents higher conduction losses of the inmer
switches.

Table 3 Inverter topologies charactenstics

#of
Topology Technology P II.I;]?:“ Modules or | # of Diodes
Transistors

vl IGBT 1 3

2wl SiC Module 1 3
CuasiFC GalN 3 144
FC 3Lvl GaN 3 108
FC 3Lvl Mosfet S1 3 72
FC 3Lvl Mosfet 5iC 3 72 -
NPC 3Lvl GalN 4 144 72
NPC 3Lvl GaN 3 72 36
NPC 3Lvl Mosfet 51 4 96 72
NPC 3Lvl Mosfet 5iC 3 72 72

Calculation results for different inverter topologies and sem-
iconductors resulted 1in 709 different combinations. Ten topolo-
gies were selected based on the number of components and effi-
ciency; they are summanzed 1n Tab. 3. From datasheet infor-
mation, the 1200V 51C 2-level inverter presentsa calculated ef-
ficiency 0£ 99 21% whale the 1200V IGBT 2-Level 97%. Due
to the challenges in using and the integration of GalN transistors,
as well as the possibility of inverter compression due to the size

of this transistor. four topologies were mutially selected: one
Quasi FC, one 3-level FC and two 3-level NPC.

Topologies selected i this section were used for global in-
verter optinmzation (with filters included) in the following sec-
tion.In this way, it 1s possible to verify not only the impact of
multilevel topologies on inverter overall efficiency and power
density. butalso the influence of the different transistor technol-

ogles.

Reliability and fault management on power inverter are -
portant subjects and they characterize research subjects them-
selves. Many authors have already worked on these subjects re-
lated to multilevel inverters [13]. However, these themes are
outside the scope of the proposed work. whose main goal 1s to
compare power inverters efficiency and power density for air-
craft applications.

Finally, after prehminary calculation, NPC topologies were
discarded because the heat sink and the DC bus capacitor are
considerably heavier for this topology. This happens becanse of
the high number of diodes that need to go on the heat sink and
due to the presence of a third harmomic of the fundamental cur-
rent thatis reinjected by the neutral point diode that significantly
increases the weight of the DC bus capacitor. Thereby. only the
2-level Quasi FC and FC topologies were considered for the
analysis in Section 4.

4  Optimization results

This section presents the optinuzation results of inverter to-
pologies. listed inthe previous section. Weight and losses of the
different elements, individually optinuzed. that compose the
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inverter are used to drawthe efficiency and power density trade-
off curves for different switching frequencies (10kHz - 70kHz).
Invertersare composed of heat sink, PCBs._ currentsensors, dov-
ers, mput and output filters_ and they must meet the critena de-
scribed in the Section 1. besides having an efficiency and power
density greater than 98.5% and SkW/kg, respectively.

Each component was mdividually optinuzed and no cou-
pling was considered between filters. Fig.3 show a genenc
flowchart to illustrate all devices considered in the optinuization.
Finally, two topologies will be analysed. in detail. from the
weight and loss distribution of each element that composes the
inverter.

4.1 Filter design

To comply with the design critenia presented in the previous
section, only passive filters were considered due to the wide
range of existing works on EMC filtermg [ 14]. power drive sys-
tem CM currentmodelmg [ 15] and overvoltage mutigation [16].
Filter design opimuzation was based on magnetic coresand ca-
pacitors datasheet infommation to have a more accurate estima-
tion of filter weight and volume, regarding design constramts
such as core saturation and winding factor for inductors, as well
as voltage and current levels for series and parallel combination
of capacitors of the filter Parasitic elements of passive compo-
nents have a great influence on the frequency response, there-
fore, estimation of these parasitic elements (mainly the winding
capacitance and leakage inductance) were considered according
to works at [17][18]. as well as frequency response of core per-
meability and conductor skin and proxmuty effects.

Dafferent magnetic materials were used according to filter
application. For DM filters the Magnetics Powder Cores(High
Flux/ Kool MwMPP) were used. while for the CM filters the
VAC nanonocrystallin VITROPEREM cores were considered,
where high impedances are achieved for a small number of
turms, reducing minor parasitic effects. The capacitive elements
considered are: EPCOS MEP Film (450V to 1100V) fanuly for
the DC bus capacitors; EMI Suppression capacitors ( MEP Film)
Y2/300VAC for the CM filters; CeraLink R/Flex Assembly se-
ries for flying capacitors (on FC topologies) and EMI Suppres-
sion capacitors (MEP Film) X2/305VAC for DM output filter

Forthe sake of simplicity, thispaper will notpresent in detail
the optimzation routines. Each filter was individually opti-
mized. so possible couplings between the filters were not con-
sidered. Only second order LC filters were used, highlighting
the addition of a parallel RL damping circuit [19] for the DM
input filter. Concemmg the CM output filter, 1t was designed to
have a quasi-sinusoidal output current in order to respect THD
critenia. Thus, 1t avoids high losses in damping resistors in the
case a high cut-off frequency was chosen to filter 4 V/df only.

CM output filter is usually composed of only one inductor,
and the use of second order filters is linmted due the DM cument
flowing through the small values of Cy connected between m-
verter output phases. The hybnd topology presented in [3] uses
the common point of capacitors Cr connection of sinusoidal fil-
ter to connect CM capacitor C,. Thus allowing the use ofa sec-
ond order CM output filter and reducmg CM ouiput inductance
and consequently its weight.

A large number of design vanables and design constramis
were considered in such a way that the systemspecifications de-
scribed 1n Section 1 are fulfilled. Beyond inverter topology.
switching frequencyis also seen as design vanable, and it influ-
ences a large number of internal charactenistics of design. such

as cross-section of the magnetic core, core saturation and wind-
ing losses as well as semiconductor losses.

4.2 Efficiency x Power Density

Fig. 6 shows the efficiency curves as a function of power
density and switching frequency for the different topologes
chosen from the optimization of losses and number of senucon-
ductorsin Section 3. The traditional 2-level topology based on
1200V IGBT (light blue curve) despite being sized to meet the
functional eriteria described in Section 1. does not reach the
minimum values of efficiency and power density. At 10kHz this
inverter has 19 9kg and 1742W oflosses. whichrequires resulis
with power density and efficiency of 3.51kWkgand 97 3% re-
spectively. The filters sized for this inverter are practically iden-
tical to those designed for the 1200V 51C 2-1evel. so the weight
difference between these two solutions 1s basically due to the
cooling system.

The cooling system for the IGBT solution presents 1 3kg
while the 1200V 5iC solution has half the weight for 10kHz.
The major difference, which 1s the vertical distance of the
curves. 15 due to semuconductor losses: 1316Wand 412W for
the solutions with IGBT and 1200V S1C. in that order. At the
switching frequency of 20kHz, there 1s a large weight reduction
in the DM output filter (13 78kg to 3 86kg) for 2-level inverter
solutions, while semuconductor losses increase from 1 516Wto
2485W (IGBT-based inverter). Semiconductor losses increase
proportionally to the switching frequency. Since 1200V IGBT
inverter does not satisfy efficiency criteria even for 10kHz
switching frequency was limited to 20kHz for this solution.

The curves with names starting with “FC” present the same
mmltilevel topology. formed by nine legs of a three-level FC 1n-
verter, connected three by three via uncoupled inductors. The
difference between the curves 1s the semmconductor technology:
650V S1C MOSEET (red curve), 650V GaN (black curve) and
630V 51 MOSFET (pink). This implies that filters weight, PCBs
and drivers for these topologies have very similar values. and
the difference between the curves are directly relatedto the sem-
iconductor losses and the cooling system weight.
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from 10kHz to 70kHz. Note that IGBT 2-level inverter does not
comply to any of power density and efficiency criteria.

The impact of transistor techmologies on filters weight 1s
caused by dF/dr and overvoltage at inverter output. Neverthe-
less, thas will only change behavior for frequencies above
30MHz [20] and 1t 15 strongly related to inverter integration.
Since this study does not take mnto account PCB routing and m-
verter integration, filters for these topologies were considered
equal. The solution with 650V S1C MOSFET has lower losses
than GalN solution, 432W against 5325W at 10kHz and 566W
against 690W at 40kHz According to datasheet of the
SCT3017ATLHE (650V S1C MOSEET). the tests carned outfor
switching energies considered a gate resistance equalto 0. Low
values of gate resistance increases dF/dr and overshoots in in-
verter output connections [20]. Very fast switching (high d V)
can mcrease EMI problems [15] and overvoltage in machine m-
put connectors [20].

Characterization of this component 1s required with gate re-
sistance values used in a real application to estimate more rela-
ble valuesof switching energies. Another important fa ctor is that
this 650V 51C has TO-247 packaging. which has parasitic m-
ductance in the terminals of approximately 7nH [22]. and 1t does
not have a Kelvin connection These characteristics can also in-
crease switching energies as presented in [23].

51 MOSFET solution (pink curve) has higher losses than the
other multilevel solutions for switching frequencies higher than
20kHz (660W versus 376W - solution with GalN transistor - at
30kHz). Therefore, it presents lower efficiency and conse-
quently higher heat sink weight than the others (1435g versus
913 g- solution with GalN transistor - at 30kHz). It1s noteworthy
that the difference on heat sink weight isnotonlyrelatedto sem-
iconductor losses. but also to thermal exchange surface area of
all semiconductors. The solution with 650V 51 MOSFET 1s
composed by 108 transistors with 20.70mm x 15 87mm each,
while the solution with GalN transistors has 144 components,
each one with 9mmx 7 6mm. Finally, 650V 51 MOSFET solu-
tion 15 only compliant at 30kHz. where efficiency 15 98.7% and
power density 1s 8 38kWikg. S1 and 51C MOSFET solutions
both presents a large number of senuconductor with TO-247
packaging, which indicates a greater difficulty 1n integrating
these components and reducmng parasitic inductances that can
considerably increase switching losses in these components m
the real inverter.

The solution represented by the green curve, a Quasi1 FC. 1s
a vanation of the black curve FC topology. Both have the same
number of transistors and losses (considenng phase shifted tn-
angular carners - PS PWM). However. the value of the floatng
capacitor 1s reduced to allow only the senes connection of GalN
transistors (synchromze their commmitations). but no longer pro-
vides the same number of voltage levels at the inverter output.
The Quasi FC inverter operates as a FB inverter (same number
of outputvoltage levels) However_ in this case with three legs
per phase. 1t results on 4 levels at the inverter output voltage.
This reduction in the number of output levels (compared to the
FC possibilines) strongly impacts the inductors weight of paral-
leled legs. which goes from 6.1 7kg (FC) to 207 2kg (Quasi FC)
at 10kHz_ and from 1 5kg (FC) to 3 5kg ({Quasi1 FC) at 40kHz.

The FC multilevel solution still has lower overall weight.
even consilenngthe floatmgcapacitor weight (6.48kgat 1 0kHz
and 1.6kgat 40kHz). that does not existin Quasi FC. The big-
gest difference 1s noticed in the inverter efficiency. as the Quasi

FC topology has higher output inductors, higher losses are pre-
sent in the magnetic elements (1 10Wto 40kHz) compared to the
inductors of the FC topology (30W to 40kHz). which decreases
inverter efficiency. The Quasi FC topology 1s compliant with
design criteria for switching frequencies superior to 30kHz.

4.3 Inverter Weight and Loss distribution

For abetterunderstandingofthe weight and loss distribution
on the elements that compose the power inverter, results of the
1200V 51C 2-level and the 650V GaN based three level FC wath
three legs in parallel per phase topologies are detailed in this
section and the impact of increasing the switching frequency on
each element will be verified Itwill be also evaluatedthe impact
of the use of multilevel inverters on each filter, comparedio a
traditional 2-level topology. Pie charts in Fig. 7 show overall
distribution of weight and losses on 1200V 51C 2-level (blue
curve in Fig. 6 for 10kHz and 40kHz). Increasing the switching
frequency in this inverter allows us to reduce the overall weight
of different components. despite the increase on semiconductor
losses and cooling system weight, as summarnized below:

*+  Decrease of 60% on global weight;

*+  Decrease of 75% on DM output filter weight DM output filter
represents 45.4% of global weight for 40kHz and 71.5% for
10kHz;

*+  Decrease of 56% on PCB weight. PCB represents 17% of global
weight for 40kHz and 16% for 10kHz:

+ Increase of 37% on heat sink weight and 67% on semiconductors
losses. Heat sink represents 11% of global weight for 40kHz and
3.4% for 10kHz

+ Increase of 32% on CM output filter weight. CM output filter rep-
resents 5.1% of global weight for 40kHz and 1.5% for 10kHz;

+  Filter losses represents 14.2% of global losses for 40kHz and
35.5% for 10kHz.

Semienduzior:
42 kR (26 Bk 60 laput = M Outpar DA Tt
DAt SRR (1% NATW{LTH  51ZW (4%
by ;

AL L)

.':l_J' O It
“ 8150 kg (=1

DS Caripe
nuw
Total Weight Driver and FCH Toitnl Losses (M%)
22.06 kp E30 kg {16%) 604,25 W
Semnicondudors
411 W SR
DA Cretpod
1434 kg (8%
(a) Weight distribution atl0 kHz  (b) Loss distribution at10 kHz
Do
""J‘f“;"‘ﬂ_“ e w:'?::-ﬁ
43 g (4%4) '
M Input + €3 Gopat f
I It BTWOS e [ DM oum
M Catpe 2.35 kg (259 ] TEAT W {3450
161 kg () ,/I
i
Total Weight
959 kg
= O Cuipat
0885 kg (7%
Hetizk
| BENTEx (G

Devermd PCR )
M bat

1.50 g (1754]

o Sewmi coadocions:
0.0 kg (%) B8 W (B46%)

(c) Weight distribution at 40 kHz  (d) Loss distribution at 40 kHz

Figure 7 Weight and loss distribution for 1200V 5iC 2-level topology
and two switching frequencies: 10kHz and 40kHz. Nominal power=
TOKVA, Pour=540V and DPWMI method.

On the otherhand, Fig. 8§ shows the weight and losses overall
distribution of the 630V GalN based three level FC with three
legs m parallel per phase (black curve in Fig. 3) for 10kHz and



40kHz, whose impact of increasing switching frequency from
10kHz to 40kHz 1s shown below:

*+  Decrease of 60% on global weight (as 2-level inverter);

*  Decrease of 75.5% on Paralleled Inductors + Flying Capacitors
weight. Paralleled Inductors and Flying Capacitors represent
46.8% of global weight for 40kHz and 76.18% for 10kHz;

*  Decrease of 46.2% on PCB weight. PCB represents 14% of global
weight for 40kHz and 10% for 10kHz

*+  Increaseof 10% on heat sink weightand 31 4% on semiconduciors
losses. Heat sink represents 15.26% of global weight for 40kHz
and 5.5% for 10kHz;

* Increaseof1.3% on CMoutputfilter weight CM outputfilter rep-
resents 2.3% of global weight for 40kHz and 0.9% for 10kHz;

+  Filter losses represents 7.6% of global losses for 40kHz and 15%
for 10kHz.

By comparing the FB with 1200V 51C module and the FC
with GaN at switching frequency of 40 kHz. the multilevel to-
pology 1s 13% (almost 1.2kg) lighter than the 2 -level inverter.
This gain is fractionated into 1 50gin the cooling system. 400g
in PCB. 380g1n the DM output filter (in the multilevel topology
the interleaved inductors and floating capacitors were consid-
ered) and 190g in the CM filters. This result can be translated
into a fuel save.

Db et
1681 W (2.5  Faellelind
.

Dl Outpat
ot kg (<%

O Tt
DiFike (1% Driver ;d PCB
v 190 {12%)

kLY. IRE ]
Ol It + M Coatpet -+ .
DM Oustpeat + Flying Cap.+——r
7R W1 )

Farallel [ndoctar
1300 kg (12%)

Heviank .
0MAkg ()
.

M Dupet
EETIORES L M
Todal Losssas

5 '
o Tt SR0.43 W

22vke (4%

4

Beniw-;m‘; Flying & 4 S Covi i o
iy (1 q}'::"‘?:'\:l W |as-.|*:|
(a) Weight distribution at 10kHz  (b) Loss distribution at 10 kHz
1=t DM Imput
20.TIW [1.B%) .
}321::-[.:-.. . LEZWHES

Pasallel [aducior

Deiver and PFCE : :
157 kg [189%) 130 kg (10
O Lrgul
8 g 29 - .

Total Weight Py Capaator
Hewask EXkp 143 kg GTI%)
1.0 kg (134 h
222, QP
i o A
L3 kg (%) L g (%)

M ot + CWE Owripeet + w f
D Owtput + Flying Cap. \
LOLGS W (1. 4%)

D Tntpae
e kal Semicorlseons
A0 Wi{d] )
(c) Weight distribution at40kHz  (d) Loss distribution at 40 kHz

Figure 8 Weight and Loss distnbution for the 650V GalN based three
level FC with three legs in paralle]l per phase and two switching fre-
quencies:10kHz and 40kHz Nominal power=70kVA, Vau=540V
and DPWMI1 method.

In 2007, the fuel costper weight umt, m the life time of
anaircraft was about 1500 €/kgto 2000 €/kg[24]. which means
that the topology FC with GalN could represent a gain between
1800€ and 2400£. in fuel save, compared to 2-levelinverter.

5 Conclusions

This paper aimed to present the impact of the use of multi-
level inverier topologies and different semuconductor technolo-
gies on the weight and overall performance ofa 70KV A inverter
that meets the requirements of the future more electric aircraft.
A precise optimization was presented for the design of filter pas-
sive elements and the heat sink which shows a good represen-
tation of weight and losses of the devices that compose the 1n-

verter. In the work described in [3], 1t 15 shown that for an air-
craft systemwith a power 43kW, an optimized three-phase badi-
rectional inverter with the EMC filters included has a power
density of 3 3kW/kg and 99 2% of efficiency. Comparatively,
this paper demonstrates fora 70kVA system. that 1t 15 possible
to obtain a converter with weight optimized filter and heat smk
(forced-air), with a power density and efficiency supenor to
10kWikgand 98 5%

The use of multilevel topologies has a direct impact on m-
creasing inverter power density from 3 63kW/kegto 4 21kWke
at 10kHz for a 2-level and 7-level topologies respectively. By
passing to 70kHz this increase 1s even higher. 1t passes from
OkWikgto 12 36kWikg, showing that 1f the most important cni-
teria 1s the power density. thereis a considerable gain with the
use of multilevel topologies, especially with the increase of
switching frequency.

Switching frequency has a directimpact on the passive ele-
ments of the mverters. such as the differential-mode output m-
ductors, the capacitors of a FC topology and the inductors to
parallel inverters legs. By considermg only the weight of these
devices, areduction from 14 94kg to 3 67kg has been seen with
the increase from 10kHz to 40kHz for the 1200V 51C 2 -level
For the GaN based three level FC wiath three legs in parallel per
phase, the weight drops from 10kgto 3kg. Beyond the gamn of
power density. by usmg the mululevel inverter, we highlight the
challenges related to parallel GalN transistors. the problems of
inte gration WBG transistors in a power mverter, the degrees of
freedom 1n the control of this inverter due to the number of legs
in parallel which canallow a inverter reconfiguration to operate
indegraded mode, and eventhe operation as a Quasi FC inverter
(removing a large part of the inverter floatmg capacitors).
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