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RESUMEN (en espaiiol)

La electrificacion del sector aeroespacial se ha identificado como un hito principal en la
reduccion de las emisiones de CO2 para limitar el impacto ambiental. Esta tesis doctoral se
centra en el contexto de un avion de fuselaje estrecho, uno de los mayores contribuyentes de
las emisiones totales del transporte aéreo. La electrificacion de este tipo de aeronaves requiere
un redisefio del sistema eléctrico de potencia del avidon (on-board electric power system, EPS),
esto se debe a que la potencia manejada pasa de unos cientos de kW a decenas de MW. Esta
tesis doctoral presenta un amplio debate sobre los cambios fundamentales que implica la
electrificacion de los aviones comerciales y las principales estrategias y pilares en los que esta
basada su transicién. En el documento se abarcan tres areas de actuacion: evaluacién de las
principales arquitecturas de propulsion, convertidores de potencia a través de la propuesta de
una nueva topologia de convertidor, asi como nuevas soluciones activas para la supresion de
interferencias electromagnéticas o EMI, siglas del término anglosajon. EI documento de
doctorado esta organizado de la siguiente manera:

Capitulo 1 — El papel de la aviacién en el calentamiento global: Este primer capitulo ofrece
una evaluacion general de la contribucién de la aviacion al calentamiento global y una
introduccioén a la estrategia de descarbonizacion del sector, asi como los principales conceptos
de propulsion electrificada para aeronaves. Los principales cambios necesarios para la
adaptacién del sistema eléctrico original a los conceptos de avidon-mas-eléctrico (more-electric
aircraft, MEA) y avion-eléctrico o hibrido-eléctrico (all-electric/ hybrid electric aircraft, AEA/HEA),
son identificados. EI EPS se divide en cuatro secciones principales, de las cuales se destacan
las areas mas importantes de desarrollo tecnoldgico, haciendo hincapié en el requisito de
reduccion de peso.

Capitulo 2 - Arquitecturas de sistemas de propulsion eléctrica para la aviacion comercial:
Este capitulo se centra en el analisis a alto nivel del sistema eléctrico de potencia, lo cual es
fundamental para definir los requisitos de disefio de los diferentes componentes. Guiando asi el
esfuerzo de desarrollo tecnoldgico. Este estudio aspira poder estimar cual es la configuracion
mas prometedora a aplicar en aeronaves con propulsién eléctrica o hibrida-eléctrica. Se realiza
para el contexto de un tipo de avion bi-motor, equivalente a un Airbus A320. Inicialmente, el
documento ofrece una introduccion detallada a las diferentes arquitecturas del EPS para los
distintos conceptos de propulsidon eléctrica o hibrida-eléctrica. Identificando los principales
componentes implicados y requisitos técnicos necesarios estimados, como por ejemplo, la
potencia especifica, la eficiencia y la tasa de fallos. Ademas, se presenta una revision de la
normativa de seguridad a aplicar. En el andlisis se evaluan tanto casos con distribucion en
corriente continua (CC) como en corriente alterna (CA), realizandose un estudio comparativo
basado en el estudio de tres figuras de mérito: fiabilidad, eficiencia y potencia especifica.
Capitulo 3 — Evaluacion de convertidores modulares y multinivel para el uso en el avion
eléctrico del futuro: En este capitulo se propone una solucién de convertidor de potencia,
basada en una topologia modular y multinivel o MMC, siglas del término anglosajon. Su
aplicacion se orienta al tren de potencia de un avidn eléctrico o hibrido-eléctrico. La idea se
sustenta en el uso de un sistema de generaciéon multifasico. Esta nueva topologia demuestra
una reduccién del valor del condensador de celda y una mejor capacidad de tolerancia al
cortocircuito en comparacién con un MMC clasico. Lo cual se ha verificado mediante




simulaciones. El estudio demuestra que, con un disefio adecuado del rectificador de potencia
conectado a cada celda, se reduce el valor de condensador necesario para mantener la tension
dentro de un rango de variacion maxima. Del mismo modo, se ha demostrado que esta nueva
topologia permite bloquear la corriente de cortocircuito, causada por un fallo en el puerto de
alta tensién continua, mediante la apertura de todos los interruptores. Lo cual no es posible en
un MMC clasico.

Capitulo 4 — Supresion de EMI: En primer lugar, se ofrece una introduccién a los limites de
EMI establecidos en los nuevos esquemas de propulsion de los aviones del futuro. El capitulo
introduce el concepto de interferencia electromagnética de tipo conducido y la metodologia
convencional de disefo de filtros pasivos, o filiro EMI, para su supresion. Seguidamente, se
investigan soluciones activas para ayudar a minimizar el tamafio del filtro EMI. La incorporacién
de circuitos activos para modificar la impedancia de cualquiera de los elementos del filtro EM/
se denominara en el contexto de esta tesis como filtro EMI hibrido. En este capitulo se
proponen y verifican dos soluciones de circuitos activos para la amplificacion del valor del
condensador conectado a tierra (shunt capacitor, en inglés). Aplicables a cualquier tipo de filtro
de EMI conducido. Ambas soluciones se basan en un sistema de medida de tension e
inyeccién de corriente.

Capitulo 5 - Conclusiones y trabajo futuro: El capitulo final resume los principales resultados
del trabajo de investigacion, el trabajo futuro y la lista de publicaciones y patentes elaboradas.

RESUMEN (en Inglés)

Electrification of the aerospace sector has been identified as a main milestone in the reduction
of CO2 emissions to limit the climate change impact. The scope of this PhD thesis is focused on
the narrowbody aircraft type, a significant contributor of the total emissions of the air transport
sector. In this context, the on-board electric power system (EPS) needs to be redesigned as the
power requirement scales from hundreds of kW to tens of MW. This PhD thesis presents an
extensive discussion about the fundamental changes the electrification of commercial aircraft
implies, and the main strategies and pillars in which this transition is based on. Three areas of
action are covered: propulsion architecture evaluation, power conversion through the proposal
of a new topology and new solutions for EMI mitigation. The PhD document is organised as
follows:

Chapter 1 - Aviation contribution to global warming: This first chapter provides a general
evaluation of the aviation contribution to the global warming and an introduction to the aviation
decarbonization strategy and the main aircraft electrification concepts. The main changes for
the evolution of the original electric power system towards the more-electric aircraft (MEA) and
all-electric/ hybrid electric aircraft (AEA/HEA) concepts are identified. The key technological
development areas of the four main sections of the EPS are covered. Emphasis is given to the
weight reduction requirement.

Chapter 2 - Electric propulsion system architectures for commercial aviation: This
chapter focuses on a high-level system analysis, crucial to set the requirements of the different
building blocks, which guide the technology development effort. The high-level study aims to
estimate the most promising configuration for future electric aircraft in the context of a twin-
engine aircraft type, equivalent to an Airbus A320. A detailed introduction of the different EPS
schemes of the different electric propulsion concepts is provided, identifying the main building
blocks involved and presenting their estimated specific power, efficiency and failure rate
required specifications. Additionally, safety regulation is reviewed. Both direct current (DC) and
alternating current (AC) distribution cases are evaluated and the comparison among all the
cases is done based on three different figures of merit: reliability, efficiency, and specific power.

Chapter 3 - Evaluation of modular multilevel converters for the future electric aircraft: A
power converter solution based on a modular multilevel topology, to be used at the power train
of a hybrid or electric aircraft, is proposed in this chapter. The idea is based on using multiple
multi-phase generation systems. The new topology demonstrates an output capacitance
reduction of the needed cell capacitor and better short-circuit tolerance capability when
comparing with the classical MMC. The previous mentioned features have been verified by
simulation. It has been demonstrated, that with a proper design of the power rectifier, the
capacitance at the cell required to keep the voltage within a maximum variation requirement is
reduced. Similarly, it has been shown that this new topology makes possible to fade the short-
circuit current caused by a high voltage direct current (HVDC) port fault by opening all the
switches.

Chapter 4 - EMI mitigation: EMI mitigation requirements for the new propulsion schemes of
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the future aircraft, particularly for a twin-engine aircraft, are covered. The chapter introduces the
concept of conducted EMI noise and the conventional design methodology of passive filters.
Active solutions are investigated to help on the minimization of the EMI filter size. Particularly,
the combination of active circuits to modify the impedance of any of the EMI filter elements is
named as hybrid EMI filter in the PhD thesis. Two active circuit solutions are proposed and
verified to enhance the shunt capacitance of any common mode filter by using a voltage
measure and current injection active solution.

Chapter 5 - Conclusions and future work: The final chapter summarizes the main outputs of
the research work, the future work and list of publications and patents.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
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Resumen

La electrificacion del sector aeroespacial ha sido definida como una de las principa-
les objetivos para la reduccion de emisiones de COs,, cuyo fin es frenar el cambio
climéatico. Este proceso de transformacion abarca todos los sectores de la aviaciéon e
industria relacionada. El contexto de esta tesis doctoral se centra en el tipo de aero-
naves de fuselaje estrecho, el cudl ha sido identificado como uno de los contribuyente
mas significativos en las emisiones totales del transporte aéreo. En este ambito, el
sistema de energia eléctrica a bordo (EPS, siglas en inglés) necesita ser redisenado.
Esto se debe a que los requisitos de potencia pasan de ser de unos cientos de kW a
decenas de MW. La electrificacion de la propulsién constituye el cambio mas revo-
lucionario, pero este desafio afecta a todos los elementos que forman parte del EPS.
La tecnologia disponible actualmente presenta varias limitaciones a superar, lo cual
impulsa un gran esfuerzo en la investigacion y identificacién de nuevas soluciones
clave. En la tesis doctoral se presenta una discusion exhaustiva sobre los cambios
fundamentales que implica la electrificacién de aeronaves comerciales, asi como las
principales estrategias y pilares en los que esta se basa. Tres dreas de accién son
abarcadas: evaluacion de las arquitecturas de propulsion, propuesta de una nueva
topologia de convertidor, asi como, propuesta de nuevas soluciones relacionadas con
la supresion de EMI. Cada una de estas dreas se cubrird en un capitulo de forma

independiente, el documento estd organizado de la siguiente manera:

e Capitulo 1 - El papel de la aviacion en el calentamiento global: Este
primer capitulo tiene como objetivo proporcionar una vision general de la con-
tribucion de la aviacion al calentamiento global e introducir cual es la estrategia

de descarbonizacion actualmente en Europa. De igual modo, se presentan los
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principales conceptos de electrificacion para aeronaves. Los principales cambios
implicados en la transicién del sistema eléctrico original hacia conceptos como
el avién mas eléctrico (MEA, siglas en inglés) y los aviones eléctricos o hibridos
eléctricos (AEA/HEA, siglas en inglés) son identificados. En la seccién final,
las 4reas clave de desarrollo tecnoldgico de las cuatro secciones principales del
EPS son desglosadas y evaluadas. El EPS se divide en las siguientes secciones:
fuentes de energia, conversién de energia, distribucién y propulsién. A lo largo
del capitulo, y la tesis en general, se hace especial hincapié en la necesidad
de reduccion de peso. Esto se debe a su influencia directa en el rendimien-
to aerodinamico de la aeronave y, en consecuencia, en el rango de vuelo. El
proposito principal de este capitulo es proporcionar al lector una visién general
de las principales barreras tecnolégicas a superar en cada una de las secciones

mencionadas.

Capitulo 2 - Arquitecturas de propulsion eléctrica aplicables en la
avion comercial: Este capitulo proporciona un andlisis del sistema a alto
nivel, el cual es crucial para establecer requisitos de diseno de los diferentes
componentes. Esto guia el esfuerzo de desarrollo tecnoldogico. El estudio tiene
como objetivo estimar cual es la arquitectura mas prometedora. Este se centra
en el caso de un avién bi-motor, equivalente a un Airbus A320. La primera parte
del capitulo proporciona una introduccién detallada de los diferentes esquemas
de EPS para los distintos conceptos de propulsién eléctrica. Los principales
componentes involucrados y estimacion de sus caracteristicas son proporciona-
dos. El analisis se centra en la evaluacion de la potencia especifica, la eficiencia
y la fiabilidad. Ademads, se proporciona una revisiéon de la regulacion de fia-

bilidad aplicable. A continuacién, se presenta un analisis comparativo de las
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arquitecturas de propulsién mas comunes. Se evalian tanto casos de distribu-
cién en DC, como de AC. La comparativa entre todos los casos se realiza en

base a tres criterios: fiabilidad, eficiencia y potencia especifica.

Capitulo 3 - Evaluacién de convertidores modulares y mutinivel pa-
ra el futuro avién eléctrico: En este capitulo se propone una solucion de
convertidor de potencia basado en una topologia de convertidor modular mul-
tinivel (MMC, siglas en inglés). La propuesta tiene el fin de ser usada en el
tren de potencia de un avién hibrido eléctrico o totalmente eléctrico. Esta idea
se basa en el potencial uso de escenarios con sistemas de generacién multifasi-
cos. La nueva topologia demuestra una reduccién del condensador de celda y
una mejor tolerancia a cortocircuitos en comparacién con un MMC clasico.
Dichas ventajas han sido verificadas mediante simulacion. Se ha demostrado
que con un diseno adecuado del rectificador de potencia conectada a cada cel-
da, el valor del condensador necesario para mantener su tensién dentro de un
rango maximo de variacion es menor que para un MMC. Del mismo modo,
se ha demostrado que esta nueva topologia permite bloquear la corriente de
cortocircuito resultante de un fallo en el bus de alta tensién y corriente directa

(HVDC, siglas en inglés) mediante la apertura de todos los interruptores.

Capitulo 4 - Supresiéon de EMI: En este capitulo, los limites de interferencia
electromagnética o EMI, considerados actualmente en los nuevos esquemas de
propulsién de las futuras aeronaves son identificados. Particularizandose en
aviones bi-motor. El capitulo introduce el concepto de ruido EMI conducido y
la metodologia de disenio convencional de filtros pasivos. La maximizacion de la
potencia especifica de los filtros pasivos de EMI, esta limitada tecnolégicamente

por los materiales disponible y los requisitos de impedancia minima a tierra que
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imponen ls regulaciones de seguridad. En consecuencia, soluciones activas son
investigadas para ayudar en la minimizaciéon del tamano del filtro EMI. En
particular, la integracion de circuitos activos para modificar la impedancia de
uno de los elementos del filtro EMI pasivo se denominara filtro EMI hibrido
en esta tesis doctoral. En este contexto, se han propuesto dos soluciones de
circuitos activos para incrementar el valor del condensador conectado a tierra
(conocido en inglés como “shunt capacitor”). Dichas soluciones son aplicables
a cualquier tipo de filtro de EMI. Las soluciones activas se basan en medida
de tensién e inyeccién de corriente. Para la primera solucién, se ofrece una
validacién experimetal de la respuesta en frecuencia entre el filtro EMI hibrido
y un equivalente pasivo. Demostrandose un incremento del valor de capacidad
del condensador conectado a tierra de forma activa. La validacion de la segunda

solucion se realiza mediante simulacién.

Capitulo 5 - Conclusiones y trabajo futuro: El capitulo final resume los
principales resultados del trabajo de investigacion y propone ideas de trabajo
futuro. Ademas, incluye la lista de publicaciones y patentes resultado de la tesis

doctoral.
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Abstract

Electrification of the aerospace sector has been identified as one of the main mile-
stones in the reduction of COs emissions to limit the climate change impact. The
paradigm change covers all aviation sectors and related businesses. The scope of this
PhD thesis is focused on the narrowbody aircraft type, as it has been identified as a
significant contributor of the total emissions of the air transport sector. In this con-
text, the on-board electric power system (EPS) needs to be redesigned as the power
requirement scales from hundreds of kW to tens of MW. Propulsion electrification
prompts the biggest disruptive change, but the challenge affects all the elements that
are part of the EPS. The current available technology has several gaps, so a signif-
icant innovation effort drives the pursuit of the enhancement of the identified key
technologies enablers. This PhD thesis presents an extensive discussion about the
fundamental changes the electrification of commercial aircraft implies, and the main
strategies and pillars in which this transition is based on. The document covers three
areas of action: propulsion architecture evaluation, power converters through a new
topology proposal and new proposed solutions for EMI mitigation. Each of them is

covered in one chapter and the PhD document is organised as follows:

e Chapter 1 - Aviation contribution to global warming: This first chapter
aims to provide a general evaluation of the aviation contribution to the global
warming and an introduction to the aviation decarbonization strategy and the
main aircraft electrification concepts. The main changes for the evolution of
the original electric power system towards the more-electric aircraft (MEA)
and all-electric/ hybrid electric aircraft (AEA/HEA) concepts are identified.

The final section covers the key technological development areas of the four
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main sections of the EPS, which are broken down and evaluated. The areas
considered are power sources, power conversion, distribution, and propulsion.
Emphasis is given to the weight reduction requirement, as the weight directly
influences the aerodynamic performance of the aircraft and consequently the
flight range. The purpose is to provide the reader with an overview of the main

technology barriers at each of the mentioned areas.

Chapter 2 - Electric propulsion system architectures for commercial
aviation: This chapter focuses on the high-level system analysis, crucial to set
the requirements of the different building blocks, which guide the technology
development effort. The high-level study aims to estimate the most promis-
ing configuration for future electric aircraft in the context of a twin-engine
aircraft type, equivalent to an Airbus A320. The first part of the chapter pro-
vides a more detailed introduction of the different EPS schemes of the different
electric propulsion concepts, identifying the main building blocks involved and
presenting their estimated specific power, efficiency and failure rate required
specifications. Additionally, safety regulation is reviewed. The rest of the chap-
ter presents the architectures trade-off analysis. Both DC and AC distribution
cases are evaluated and the comparison among all the cases is done based on

three different figures of merit: reliability, efficiency and specific power.

Chapter 3 - Evaluation of modular multilevel converters for the fu-
ture electric aircraft: A power converter solution based on a modular mul-
tilevel converter (MMC) topology to be used at the power train of a hybrid or
electric aircraft is proposed in this chapter. The idea is based on using multi-
ple multi-phase generation systems. The new topology demonstrates an out-

put capacitance reduction of the needed cell capacitor and better short-circuit

14



tolerance capability when comparing with the classical MMC. The previous
mentioned features have been verified by simulation. It has been demonstrated
that with a proper design of the power rectifier, the capacitance at the cell
required to keep the voltage within a maximum variation requirement, is re-
duced. Similarly, it has been shown that this new topology makes possible to
fade the short-circuit current caused by a HVDC port fault by opening all the

switches.

Chapter 4 - EMI mitigation: In this chapter, EMI mitigation requirements
for the new propulsion schemes of the future aircraft, particularly for a twin-
engine aircraft, are covered. The chapter introduces the concept of conducted
EMI noise and the conventional design methodology of passive filters. Re-
garding power density increase, passive EMI filters are limited by the material
technology available and safety minimum impedance to ground requirements.
Consequently, active solutions are investigated to help on the minimization of
the EMI filter size. Particularly, the combination of active circuits to modify
the impedance of any of the EMI filter elements is named as hybrid EMI filter
in the PhD thesis. In this context, two active circuit solutions are proposed to
enhance the shunt capacitance of any common mode filter by using a voltage
measure and current injection active solution. The frequency response of a
hybrid EMI filter, where the shunt effective capacitance value is increased ac-
tively, is successfully compared with an equivalent full passive solution for one
of the proposals. The verification of the performance of the second approach

is done by simulation.

Chapter 5 - Conclusions and future work: The final chapter summarizes

the main outcomes of the research work, the future work. Including the list of

15



publications and patents which output from this PhD thesis.
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Chapter 1

Aviation contribution to global

warming

Global warming is a present reality, its effects manifest in various forms depending
on the region, such as: widespread drought, heatwaves,below-average precipitations,
and consequently wildfires, loss of biodiversity, crop production declining,etc., [1].
2022 marked the hottest summer and the second warmest year. The average global
temperature in 2023 was 0.95 to 1.2°C higher than in the 19*" century, with green-
house gases (GHG) emissions identified as the main cause. Furthermore, global
warming impacts renewable energy sources. In most parts of Europe, anomalies in
precipitation have directly affected water resources and river flows. Additionally,

wind speed irregularities has reduced the wind farms power generation potential [2].

Some key actions to reduce GHG emissions are increasing the renewable energy

source power generation contribution and pursuing new transportation solutions with
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lower or null CO, emissions. This leads to a new paradigm in which power electronics
become one of the key enablers. Huge development in the state of the art (SoA) of
power converters can be already appreciated driven by the road transport electrifi-

cation and the increasing integration of renewable power generation.

This thesis focuses on aviation electrification, a critical domain with a profound
impact on the evolution of CO5 emissions owing to its significant current contribution
and rapid growth projection. Moreover, aircraft electrification presents an immense
technological development challenge that exceeds the capabilities of existing tech-
nology, including solutions adopted in electric vehicles (EVs). This technological
disparity is catalyzing an impressive wave of innovation, to which this thesis aspires
to contribute. As the reader will be able to conclude at the end of this document, the
main complexity on delivering satisfactory solutions in the context of aircraft elec-
trification stems from the intricate interaction of every element to reach the optimal
system design, the rigorous operational conditions and application requirements, and

the heightened vulnerability to malfunctions.

1.1 The impact of aviation

According to 2019 records, aviation accounts for 3% of total CO4 emissions [3]. While
this percentage may be relative low, addressing COs reduction strategies is crucial do
to its significant impact on the overall transport emissions. The number of flights is
increasing continuously. Despite aviation was the transportation sector most affected
by COVID-19 pandemic, by 2022 aviation had nearly reached 80% of pre-pandemic
levels. Projections indicate that the return to pre-COVID traffic levels is expected to
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occur between 2023 and 2025 [4-6], and the trend is to expect it continues increasing
due to the constant growth of the sector.Furthermore, commercial aviation is the
main contributor to CO, emissions in aviation. Figure 1-1 | provides a classification

by operation and aircraft class subdivisions [7].

. Dedicated Freight
Freight 70 MMT CO,
operations (8%)

19%

Belly Freight
101 MMT CO,
(11%)

Narrowbody
395 MMT CO,
(43%)

Passenger
operations

Widebody. 31%
0

305 MMT CO,
(33%)

Regional
47 MMT CO,
(5%)

Figure 1-1. CO2 emissions generation by the aerospace sector and classified by operations
and aircraft classes (2018 data). COz is expressed in million metric tons (MMT)

Upon closer examination of Figure 1-1, it becomes evident that passenger opera-
tions account for the majority of COy emissions (i.e.,81%). This category is further
subdivided into three aircraft classes: narrowbody or single-aisle aircraft, which ac-
commodate up to 295 passengers; widebody or two-aisle aircraft, catering to between
250 and 600 passengers; and regional aircraft, designated for short-haul flights of up
to 100 passengers. Freight operations encompass two aircraft classes: dedicated
freight or cargo aircraft, specifically designed for cargo transportation, and belly
freight, which involves utilizing the deck of passenger aircraft for air cargo. Notably,
narrowbody (as well know as single-aisle) and widebody passenger aircraft classes to-

gether contribute to 76% of the total CO4y emissions. Consequently, they are desired
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aircraft classes to address.

It should be mention notice that CO, is the largest element present in the plane
exhaust, although it is not the only component with negative climate impact. Re-
search on the contrail effect on climate change is currently ongoing. For instance,
water vapour produced during combustion does not have a direct warming impact,
but under certain meteorological conditions it can persist in the atmosphere and
contribute to the formation of cirrus clouds—high-altitude clouds. They are com-
posed of ice crystals that trap infrared rays. They have a relatively short lifespan of
a few hours. Nonetheless, the collective influence of thousands of flights can have a
significant warming effect [8]. This phenomena drive to take special attention when
exploring some of the solutions proposed for CO5 emission reduction. Their impact
on increasing the contrails presence, such as those which imply direct or indirect
Hy combustion, should be analysed. Additionally, the net effect of nitrous gases is
under investigation, as they chemically form ozone (Os), a greenhouse gas, while also
working to eliminate methane. Similarly, soot can influence the formation of cirrus
clouds, as it can serve as ice crystal nuclei. It is important to note that non-CO,
emissions carry significant scientific uncertainty but should not be overlooked. Some
researchers have proposed multiplying aviation emissions by a factor of 1.9 based on

the best available scientific knowledge [9)].

Concluding, there is a clear necessity to aim new aviation propulsion solutions that
will reduce the CO, emissions.There are some other co-benefits to human health
through addressing this concern, such as nitrogen oxides (NO,) and noise reduction.
Definition of strategies and identification of key enablers are crucial to manage this
issue. In the following lines, an assessment of these two topics is presented with the

aim of providing a general understanding of the decarbonization paradigm, enabling
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the reader to identify the contributions of this thesis easier.

1.2 The aviation decarbonisation strategy

The fight against climate change is a top priority for the European Parliament. In
2008, the European Union (EU) established a target to reduce emissions by 20%
compared to 1990 levels by 2020. In 2015, as part of the Paris Agreement, the EU
committed to reducing greenhouse gas emissions by at least 40% below 1990 levels by
2030. The result is that emissions decreased by 24% by 2019 and by 31% by 2020.
Although the COVID-19 pandemic partially contributed to this decline, ongoing
strategies appear to have positive effects. In 2021, with new targets outlined in The
European Green Deal, the goal is to achieve zero net emissions by 2050 [10]. In the
same year, the Air Transport Action Group embraced the same commitment [11] and
defined a plan for achieving this challenging and ambitious decarbonization target,
the Waypoint 2050 [12]. Additionally, long-term roadmaps such as the Advisory
Council for Aeronautics Research in Europe (ACARE) Flightpath 2050 set specific
goals, such as a 75% reduction in CO4 emissions per passenger kilometer and a 90%

reduction in NOx emissions [13].

The decarbonization of the aviation sector presents a significant challenge. Over
the past 30 years, aviation has made efforts to halve CO5 emissions compared to the
first commercial service. Aircraft design has undergone constant improvement since
its inception, achieving significant efficiency gains in recent decades. This progress
has been primarily driven by enhancements in gas turbine design, fuel composition,

and air traffic management strategies. As a result, fuel consumption per passenger
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decreased by 24% between 2005 and 2017 [14]. However, the growth in air traffic
has overshadowed these achievements. To meaningfully reduce CO, emissions, the
commercial aviation sector must undertake drastic measures. The capability and
investment capacity needed is well beyond the private sector bandwidth, therefore
institutional leadership and support is needed to pull together resources and com-

mitments.

In Europe, the transformation towards a sustainable air transport is mainly led by
the EU program, Clean Aviation Joint Undertaking . Through its Strategic Research
and Innovation Agenda (SRIA) it defines the research roadmap to define and mature
new and disruptive technologies to meet the Green Deal objectives in 2030 and 2050.
Currently,three key “ thrust” or pillars are defined to guide the research and inno-
vation efforts: Hybrid electric and full electric architectures, ultra-efficient aircraft
architectures and disruptive technologies to enable hydrogen-powered aircraft. Each
of them, target research, innovation and maturation of technologies at demonstra-
tion level of potential transformation enablers. The first “thrust” is focused in the
definition and demonstration of novel full electric architectures for small/commuter
planes and hybrid electric propulsion and ultra-efficient structures for regional and
short-range applications. The second one, is oriented to short and medium range
applications, focusing on efficiency improvement of gas turbines, enhancement of the
thermal propulsion system and airframe integration. Finally, the last one addresses
novel concepts with hydrogen direct combustion and fuel cell based propulsion [15].
In addition, transversal collaboration among the three pillars is embrace to work
on the definition of new certification methods, aircraft architecture and technology

integration.
Table 1.1 summarizes the main projects launched under the different “thrust” on

42



date of this document. In addition to them there are HERA, CONCERTO and
and SMR ACAP that are the transversal projects mentioned. At the United States
the research and innovation effort towards more sustainable aviation is carried by
a partnership among NASA, Federal Aviation Administration (FAA) and industry.
NASA Glenn’s research in Electrified Aircraft Propulsion (EAP) is running projects
that covers a big portfolio of technologies and conceptual aircraft design studies [16].
Aircraft electrification is in centre of the definition of a new aviation paradigm. How-
ever, nowadays the way towards a climate neutral aviation is not clear because of
the complexity of the application. A huge researching effort is essential at this point

to develop the technology that enable the decarbonization of sector.

TABLE 1.1. Clean Aviation Program main projects

Thrust Project Definition
2.150-2.850 MW Multi Hybrid Electric porpulsion
HE-ART system for regional AiRcrafT
N T — —— ——
Hybrid Electric AMBER 2.250 MV\ l\ﬁlultl P()Wel.r tr(.un Innovative for Hybrid
Electric Regional Application
TheMadHER A Thc'rmal hr’Ignagomcnt Solutions for Hybrid Electric
Regional Aircraft
HECATE Elec.trlc DIS.trlbuthIl Solutions for Hybrid Electric
Regional Aircraft
HERWINGT Hybrid Electric Regional Wing Integration Novel

Green Technologies
HEAVEN Ultrafan -Hydrogen and Hybrid gas turbine design
Sustainable Water-Enhanced-Turbofan (WET)

gﬁzzi_&fﬁeztiri/ Range SWITCH Comprising Hybrid Electric
&¢ OFELIA Open fan engine demostrator
UP WING Ultra Performance wing

FASTER-H2 Fuselage H2 integration and Ultra efficient empennage.
Consortium for the Advent of Aero-engine Demonstration

CAVENDISH and Aircraft integration
HYDEA Hydrogen Demonstrator for Aviation
Hydrogen Powered Next G tion Hich P Fuel Colls for Arbor
Aircraft NEWBORN ext Generation High Power Fuel Cells for Airborne
application
H2ELIOS Hydrogen Lightweight and Innovation Tank for

Zero-emissions
FLHYing Tank Flight demonstration of a Liquid Hydrogen tank in
an unmanned cargo platform
HYPoTrade Hydrogen Fuel Cell Electric Power Train Demostration
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1.3 Technology innovation as a decarbonization

enabler

Airframers have initiated action by electrifying some subsystems of the aircraft, a
concept known as MEA, which is presented with more detail in Section 1.3.2. MEA
technologies have delivered operational and environmental benefits. Nonetheless,

drastic measures imply the transitioning from conventional propulsion systems to

AEA/HEA.

This section offers an overview of conventional aircraft energy systems, with spe-
cial focus on the electric power system. This introduction covers the main changes
applied to a conventional system to achieve the two different electrification grades,
MEA and AEA/HEA. For the MEA concept the main electrified subsystems are
enumerated and the impact on the design of the electric power network is analysed.
Following, the under study concepts of AEA/HEA explained and some platforms
examples are presented to illustrate the power levels expected. Additionally, this
information will help the reader to follow the trade-off architecture analysis covered
in Chapter 2. The conceptual understanding of the electric propulsion will help to
understand the more detailed EPS study cases that have been considered during the

analysis.
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1.3.1 Conventional aircraft electric system

Conventional aircraft rely on fuel combustion as their primary power source. Gas
turbine engines generate the thrust necessary for flight and supply power to all on-
board systems during flight. Non-propulsive power, which includes power consumed
by secondary systems, accounts for approximately 5% of total power usage. Figure
1-2, as illustrated in [17] , provides a comprehensive overview of the engine power

output utilization in an A-330 aircraft.

c.40 MW

Total non-thrust power

c.1.7 MW

M Fuel
_f

Electric generator  High pressure bleed air ~ Hydraulic pump  Fuel & oil pumps .
Electrical Pneumatic Hydraulic Mechanical Potential scope of

200 kW 1.2 MW 240 kW 100 kW More Electric Aircraft

Figure 1-2. Aircraft turbine engine output power sharing. A330 sized aircraft

From Figure 1-2 it can be seen that current on board energy system is based on

four different power source subsystems. They are:

e Pneumatic power: the main engine is connected to a compressor that pro-
duces the compression power. This feeds the Environmental Control System

(ECS) and the Wing Anti-Icing (WAI).

e Mechanical power: a gearbox is connected to the turbine engines which
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drives hydraulic pumps and other mechanically driven systems, such as the

electric generators.

e Hydraulic power: this is mainly used to the actuation of primary and sec-

ondary flight control, the landing gear and the engine actuation.

e Electrical power: the main generator driven by the gearbox connected to the
turbine engine provides electric power to the avionics, lights, galleys and other

minor loads.

The conventional architecture of the electric power system relies on a centralized
distribution system. In a twin-engine aircraft, this typically involves a split-bus con-
figuration where each electric generator, driven by an engine, supplies power to one
of two independent microgrids under normal conditions. Galley loads are powered
by both feeders, forming an independent nanogrid. In case of a fault detection,
circuit breakers facilitate system reconfiguration to ensure uninterrupted operation
of all main loads. Figure 1-3 illustrates the fundamental architecture utilized in

conventional aircraft.

It features two main 115 VAC buses operating at a fixed frequency of 400 Hz
and a low-voltage 28 VDC distribution bus. This last one is formed by the ac-dc
conversion units seen in the scheme. They are traditionally based on transformer
rectifier units (TRU), Figure 1-4. During normal opreation of the aircraft, the 115
VAC buses are formed by tow generators driven at constant speed by two engines
connected to a Constant Speed Drive (CSD), which stabilizes the variable speed of
the engine. When the aircraft is at the airport, the distribution system is powered
by an external source, the Ground Power Unit (GPU). Additionally, all commercial
aircraft count with an Auxiliary Power Unit (APU). APU is a small gas-turbine
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engine that commonly is place in the tail cone of the aircraft. It provides power to

all the aircraft system in absence of a GPU and support engine starting. In case of

main engine failure, APU can provide power to guarantee continuous operation of

essential systems, such as the pressurization system.

Ground Power

@ Unit (GPU)
g

Left 115 VAC/400Hz Bus

Galleys
Fuel pump

Right 115 VAC/400Hz Bus

O 0O O O

Fans |

AC AC
DC DC DC
28VDC Bus ]
% Bat

Galleys
Fuel pump
Fans

O O O O

Figure 1-3. EPS architecture in conventional twin-engine airplanes.

—o +

= VDC

Figure 1-4. 12-pulse transformer rectifier simplified scheme.
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1.3.2 The More Electric Aircraft

In recent decades, research efforts have been concentrated on exploring electric alter-
natives to existing non-electric onboard subsystems. This is known as MEA concept.
The goal is to reduce the fuel usage and increase the operational efficiency of the
aircraft. The coexistence of multiple power systems introduces complexity and di-
minishes overall efficiency. Furthermore, hydraulic and pneumatic systems are prone
to leaks that are challenging to detect and repair, necessitating regular maintenance
to ensure optimal operation. These factors underscore the importance of transition-

ing towards solutions with greater integration of electric systems [18].

Replacing traditional mechanical, hydraulic, and pneumatic energy-powered air-
craft subsystems with electric alternatives enhances energy management flexibility
and reduces power extraction from the propulsion engine (as depicted in Figure 1-2).
Consequently, gas turbine design can be optimized for propulsion power, leading to
higher efficiency and reduced weight. Substituting conventional bleed air systems
with an electric compressor can decrease fuel consumption by 2%, while eliminating
the pneumatic network at the gas turbine results in significant weight reduction [19].

In [20], it is claim a 200 kg weight reduction of the ECS.

Figure 1-4 illustrates the contrast between the current conventional energy dispatch

and the desired approach for MEA solution.
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Figure 1-4. On board power systems. (a) Current commercial aircraft and (b) MEA.

The electrification of traditionally non-electric systems increases power consump-
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tion from a few kilowatts to hundreds of kilowatts, with the potential to reach the
megawatt range. Consequently, the original electric power supply system, depicted
in Figure 1-3, requires a thorough redesign. This new distribution system must be
highly reliable, fault-tolerant, and fully controllable, capable of delivering different
voltage levels. Initially, new distribution designs may follow a centralized scheme
similar to the traditional one, as this steady approach is more conducive to airwor-
thiness certification. However, the trend toward integrating new high-power loads
favours dividing the system into several power sections, leading to decentralized ap-
proaches, as outlined in [21] and [22]. Figure 1-5 illustrates an example of a possible
decentralized network using distributed power center units (DPCUs). DPCUs are

modular power units with features such as bidirectionality, self-reconfiguration, and

DC AC
DC DC

redundancy.

AC
DC
DPCU DPCU DPCU
| [ | [ | |
Load Load
zone 1 Zone 2
| | |
DPCU DPCU
Load Load
zone 3 zone 4

Figure 1-5. Decentralized EPS approach

Because of the higher power and voltage levels compare to the conventional ones,
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new EPS solutions cannot follow the current standard regulated specifications, so
the leading proposals are driven by industry requirements in terms of reliability,
performance and feasibility. The new synthesis of MEA architectures need a deep

examination and new standards should be populated.

The most promising MEA EPS architectures that have emerged in recent years
are analyzed in [23]. Examples include the Airbus A380, Boeing 787, A350 XWB,
and Embraer-E2. The A380, which could be considered the first example of MEA in
flight since 2005, replaced its original hydraulic flight control actuators with electric
solutions. A notable feature of the A380 EPS, compared to the conventional electric
system shown in Figure 1-3, is that its two 115 VAC buses have variable frequency
(360 - 800 Hz). The Boeing 787 and A350XWB, launched later (with first flights in
2009 and 2013, respectively), exhibit a higher level of electrification. In addition to

electric flight control actuators, these aircraft incorporate various modifications:

e WAI protection: instead of using bleed-air, the new de-icing protection sys-
tem presents an electric heater net made of conductive materials. Additionally,
this is operated as independent zones and it uses a control algorithm that en-

sures the power optimization.

e Engine starting: Traditionally, APU and engine turbines were started us-
ing external bleed-air sources. Boeing 787 uses the synchronous generators

operated as motors to star the engine and the APU .
e Cabin ECS: instead of using the engine bleed air, here the compressed air is

produced by adjustable speed electric motor-compressors.

The power distribution architecture of the Boeing 787 is presented in more detail,
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as this aircraft has the highest electric consumption thus far. Figure 1-6 illustrates a
simplified scheme of its electrical system. The EPS of this plane consists of a hybrid
voltage system with a main AC and variable frequency bus of 230 VAC/400 Hz and
three types of secondary buses: £+ 270V DC, 115 VAC/400 Hz, and 28 VDC. The
+ 270V DC bus is generated by auto-transformer units (ATRU), the 115 VAC/400
Hz by auto-transformers (ATU) and the 28 VDC by TRUs.

APU APU
genl gen2

—q=

| +r2rovoceust | | | usvaceus: | [+2rovoceus2| | | usvaceuwse | |+r2rovoceus | | | nsvaceuss | | +r2rovoceusa | | | usvaceuss |

| 28 VDC Busl I | 28 VDC Bus2 I | 28 VDC Bus3 I | 28 VDC Bus4 I

Figure 1-6. Simplified Boeing 787 electrical distribution system.

The system features a total of six generators (two per engine and two per APU),
with an operating voltage of 230 VAC. This voltage level was not used in traditional
designs before, it reduces the feeder weight. Further weight reduction was achieved
by removing the CSD, allowing the generators to be directly connected to the engine
gearboxes. This change also increased the reliability of the generators, reduced main-
tenance requirements, and lowered spare costs. Additionally, the Boeing 787 has two
electric bays and several remote power distribution units (RPDUs), which reduce
the length of the power feeders and consequently the total wiring weight. The RPUs
are based on solid-state power controllers (SSPCs) that replace traditional thermal

circuit breakers (CB) and relays, significantly reducing volume and weight [24,25].
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Lastly, some operational peculiarities of this distribution architecture include that
only one generator can be connected to one of the main AC buses with variable
frequency at any given time, and the secondary bus should be connected to only one
main bus simultaneously. Therefore, one generator with its auxiliaries and supplied
loads can be separated as an independent unit. Weight reduction can be identified
in the Boeing 787 EPS as the main re-design target and it is the main challenge of

the new electric aviation solutions.

1.3.3 Aircraft propulsion electrification

As previously mentioned, while MEA solutions presented have successfully demon-
strated the feasibility and benefits of electrifying certain subsystems in aircraft,
achieving the ACARE emission reduction targets, coupled with the projected growth
in aircraft, demands further action from the aviation industry. Additionally, in sec-
tion 1.2 AEA/HEA approach has been identified as one of the “thrust” the European
Union has identified to decarbonized the air transport. The main AEA/HEA propul-
sion architectures are extensively covered in the literature [26-29], and simplified

diagrams are presented in Figure 1-7.

There are six main electrified propulsion categories: parallel hybrid, series hybrid,
series/parallel hybrid, all turboelectric, partial turboelectric, and all-electric. Figure
1-7 (a) illustrates a parallel hybrid architecture, where an electric motor is connected
to the low-pressure spool of the turbine, allowing either the gas turbine or the motor-
driven fan, or both, to provide propulsive thrust independently [28,30]. In a series
hybrid configuration, as represented in Figure 1-7 (b), a turboshaft drives an electric

generator, and the generated power is used either to drive the propulsion engines
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directly or to charge an energy storage system (ESS). The ESS also supports power
demand when required [31]. Series/parallel propulsion, as depicted in Figure 1-7 (c),
combines conventional fuel-based turbines with electrically driven ones to produce the
required thrust. The electrically driven turbines can be powered by either a battery
or a generator driven by the gas turbines. All-turboelectric propulsion, shown in
Figure 1-7 (d), involves optimizing turboshafts to drive an electric generator, which
then powers electric motor fans [32]. If there is a turbofan instead of a turboshaft
(i.e., providing both thrust and shaft power), the total thrust is divided between the
turbofan and the electric motor fans, as shown in Figure 1-7 (e) [33]. Finally, an
all-electric propulsion scheme, depicted in Figure 1-7 (f), employs an ESS to drive

the propulsion engines electrically [34,35].

Depending on the aircraft type, some schemes are more suitable that others, due
to the power levels required and the actual technology gap. Figure 1-8, developed
by Airbus, provides an overview of the propulsion electric power levels handled in
different aircraft platforms as well as the potential enabling technology [36]. Addi-
tionally, Airbus current demonstrator projects are cited. Initial developments have
predominantly focused on small aircraft but are now transitioning to larger com-
mercial aircraft, which will have greater environmental impact in terms of reducing
COs and NOy emissions for future air transport systems. Notice that urban mo-
bility or light aircrafts are identified as platforms where the all electric scheme can
be adopted. For platforms where higher levels of power or flight range are required,
hybrid electric propulsion schemes are suggested, where batteries are replaced by fuel
cells as the main energy storage unit. Furthermore, superconductivity is highlighted

as a requirement for implementing an all electric 10 MW power range platform.
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A review of the most significant electrified aircraft demonstrators investigated over-

all are listed in Table 1.2. Some of them have already performed a first flight, and
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others are planning to reach demonstration mature in the future. A few of them
are still concept designs. It can be seen that as the power is increasing turboelectric
and hybrid propulsion configurations have been preferred. In fact, numerous studies
discuss the utilization of hybrid propulsion systems in both regional and large com-
mercial aircraft applications. Gas turbines employed in hybrid propulsion systems
are designed to operate at nearly constant speeds throughout the entire flight enve-
lope, as the electric system assists in managing peaks and troughs. Which creates
new opportunities for optimization, and cost savings for operators. In Chapter 2

further analysis will be provided.
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TABLE 1.2. AEA/HEA demonstrators review

PEGASUS Concept

Distributed propulsion

Partial Turboelectric

~ 300 kW

Demonstrator /Team Platform AEA/HEA concept Peak Power First flight
CityAirbus HYOLT All Electric 8x100kW 2019
4 seats
Regional Hybrid electric . 2021
E-FanX 70-seats 1 eMotor 2 MW (Cancelled)
ALICE Regional All Electric 2x634 kKW 2022
Eviation 9 seats
- — =
Tech TP Engine Regional Parallel Hybrid Electric 25-kVA 2023
Safran Turbopropeller N motor-generator
Light Aircraft
eDA40 . . e . N
Diamond Aircraft/Safran :Slnole Engine Aircraft | All Electric 130 kW 2023
2 seats
Regional e
E‘.:OPUIse Distributed propulsion H} brid distributed 6 x 50 kW 2023
Airbus/Daher /Safran 6 eMotors
EcoPulse : 5 seats
Regional
Single Engine Cassio 330: 330 kW ;
S/(ﬁtsaselr(;/Safran Cassio 330 : 5-seats Parallel Hybrid Electric Cassio 480: 480 kW ?gii%io 330)
Cassio 480: 6-scats Cassio 600: 600 kW | 77 7"
Cassio 600: 12-seats
Regional
. Twin-propeller All-Electric Short-term: 600 kW | 2025
ZeroAvia ) .
Short-term: 19 seats (Fuel Cell) Long-term: 2.5MW | (short-term)
Long-term: 90 seats
ERA Regional
Aura Aero/Safran Distributed propulsion | Partial-turboelectric 8 x 50 / 100 kW 2026
ura Aero/satra ERA: 19 seats
Single-aisle _— . s
STARC-ABL Medium range Partial Turboelectric 9.3 MW 2035
NASA (BLI)
>100 seats
Regional
SUG.A R-volt Single aisle Parallel Hybrid Electric 1.3 /5.3 MW 2030-2050
Boeing/NASA
150 seats
Regional

Conceptual design

>100 seats

Wing-body

NASA 70-90 seats (BLI) 20% hybridization
Single-aisle " RN
Sgig}: Medium range (PI;LLtll)dl Turboelectric 20 MW Conceptual design
>100 seats
(JUl_ll'f:;:gty of Tllinois no specified Hybrid centrilized-distirbuted | 25 MW Conceptual design
IZEA Medium-large range Hybrid distrubuted 24 MW Conceptual design

1.4 Electric propulsion main barriers

Aircraft propulsion electrification offers the potential for a more sustainable future in
aviation, yet its widespread adoption is impeded by several barriers. These obstacles
include technological immaturity, such as limitations in energy storage systems and

the need for higher power density and effective high voltage management. Addition-
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ally, regulatory hurdles related to certification, safety standards, and integration into
existing airspace systems pose significant challenges. Market demand also presents
obstacles, as operators require assurance of lifecycle cost reductions to justify the
higher initial investment costs compared to traditional aircraft. Demonstrating and
guaranteeing these features and benefits is essential for overcoming electric propul-

sion barriers.

In this section the main technological barriers that aircraft electrification faces
are overviewed. The main potential technology solutions, currently under study,
are cited. Consequently, the section identifies the main technology development

requirements.

1.4.1 Technological development

The design of MW EPS faces numerous challenges mainly related with adapting high-
power electric systems to aerospace application. Primary focus on achieving lossless,
compact, and lightweight systems is identified to enable zero fuel dependency or
substantial fuel usage reduction. Furthermore, ensuring compliance with reliability

and safety standards is essential.

An important design constrain is that unlike conventional aircraft, where overall
weight decreases as fuel is consumed, electric aircraft maintain a constant weight,
leading to heavier payloads over extended durations. This is translated into shorter
flight ranges. There is a direct correlation between weight and lift-dependent drag,
which contributes approximately 40-50% of the total drag [37]. Heavier aircraft,
indicated by larger maximum take-off weight (MTOW), needs a higher angle of attack
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to generate sufficient lift for take-off. Consequently, this results in increased induced
drag, leading to higher energy consumption during flight or shorter flying ranges, as
mentioned. Moreover, additional weight demands faster cruising speeds to maintain
optimum aerodynamic efficiency, thereby increasing profile drag. Therefore, reducing
the weight of every single element comprising the EPS of MEA and AEA/HEA is

one of the primary research objectives.

As a matter of example, the 9-passenger Eviation Alice electric aircraft [34] has a
MTOW nearly double that of the similarly-sized kerosene-fueled PC-12 [38]. This
disparity explains why the targeted range of AEA Alice aircraft is 463 km, whereas
the PC-12 has a range of 2803 km. This illustrates why enhancing efficiency and
integrating lighter components become critical imperatives. High power density en-
ergy storage systems, electric motors/generators, wiring, and power converters are

of utmost importance.

The following sections delve into key technological development areas of the power
train, outlining research lines, achievements, and challenges in each domain. Four
developing areas have been identified: power sources, power conversion, distribution
and propulsion. Additionally, Electromagnetic Compatibility (EMC) and power den-

sity are established as transversal research topics, because of their overall influence.

1.4.1.1 Power sources

The energy storage technology must fulfil the dual requirements of steady-state and
dynamic power delivery. This entails being capable of handling high peak currents,
particularly during engine starting, and leading to significant continuous power de-

mand. Moreover, adherence to aerospace safety standards mandates that the energy
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storage system is sized to provide an additional 30 minutes of flight power in emer-
gencies [39]. Consequently, specific energy and power are critical parameters defining

the size of any energy storage system for aerospace applications.

Currently, SoA energy storage systems predominantly rely on Li-ion batteries. De-
spite a groundbreaking announcement of a lithium-ion battery achieving an energy
density of 700 Wh/kg in 2023 [40], this still falls far from the specific energy of the
fuel, which stands at 12,000 Wh/kg. This poses a significant hurdle for large-scale all
electric aircraft. Alternative options such as Li—air batteries, boasting higher specific
energy, have been proposed, although facing challenges like fast decomposing elec-
trolytes. Li—S batteries represent another avenue, targeting specific power exceeding
500 Wh/kg [41]. Complicating matters further are the working conditions, where
temperature fluctuations impact the power rate and capability of available batteries
technologies. Notably, decreasing temperatures can elevate the internal resistance of

batteries, potentially constraining maximum power delivery.

Due to the high energy density of liquid hydrogen, some research effort are di-
rected towards the application of solid oxide fuel cells (SOFC) [42]. Some studies
have reported a 70% reduction in fuel requirements owing to the high efficiency of
SOFC and the integration within hybrid propulsion systems [43]. However, SOFC
also present drawbacks such as the requirement for high operating temperatures and
extended start-up times. Additionally, LH, storage tank design adds further com-
plexity to this alternative. The main target is to achieve a storage tank that can
guarantee safety levels and which volume is low enough to no penalised excessively
the aircraft payload. Additionally, conventional fuel storage tanks are placed in the
wings of the aircraft but their shape is unsuitable for holding LH, tanks. In [44], key

design challenges related to LHy are addressed, and numerous projects are presently
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underway to develop tank designs suitable for commercial aviation [45,46].

Regarding generators, wound-rotor synchronous machines (WSRSM) are currently
used as starter-generator (S/G) in commercial aircraft because of the control sim-
plicity, large generation capacity and fail-safe inherit characteristic. In the new
concepts of AEA/HEA there are two possible scenarios in which generators would
be required. In all the propulsion concepts where turboshafts are used (i.e. series
hybrid, series/parallel hybrid or turboelectric),generators are the main power source.
As mentioned before, high power is expected and high efficiency and specific power
become a desired target. WSRSM has reported recent efficiency and power density
improvements [47], but it is not clear that they can suit the requirements of series
hybrid, series/parallel hybrid or turboelectric propulsion architectures. In the rest of
AEA/HEA propulsion architectures, generators only appear as S/G that only sup-
ply power in emergency or very specific cases, and similar specifications than the
current S/G can be accepted. Nevertheless, S/G should perform high torque at low
speed and constant power at high speed, difficult to achieve without oversizing or

overloading, so there is room for improvement.

The limitations of the mentioned energy storage systems, which both industry
and academia are facing are driving the pursuit of lower hybridisation ratios and
alternative power sources for large-scale aircraft, such as Sustainable Aviation Fuel
(SAF) or liquid hydrogen (LHs). Nevertheless, this solution face the same challenge
than fuel cells, the L H, storage tank design.
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1.4.1.2 Power Conversion

Regarding power converters, the technology gap of the SoA power semiconductors
constrain the development of high efficiency and high power density solutions. One
strategy for increasing power density involves raising the switching frequency to re-
duce the weight of magnetics and targeting efficiencies over 95% to decrease the
weight of the thermal management system. Additionally, the power rating of cur-
rently available semiconductors constrain the power converter design at high voltage
MW EPS, forcing the use of multi-level topologies. In addition, EMC adds in general
further challenges to the design of new EPS.

1.4.1.2.1 Semiconductor technologies. There are four main semiconductor
technologies: IGBT, Si, SiC and GaN. IGBT switches can reach breakdown voltages
of up to 4.5 kV with continuous conduction capabilities of up to 1.8 kA [48] and
are well-used switches in other high power applications. However, IGBT technology
lacks the necessary switching performance to achieve the required frequency with
a typically recommended maximum switching frequency of 20 kHz for high-power
devices. New 4th-gen field stop IGBTs further enhance power ratings and provide
dynamic improvements, such as reducing turn-off losses resulting from tail current.
However, despite those advancements, which enhance power ratings and provide
dynamic improvements like turn-on energy loss reduction [49], they lack necessary

switching speed for aerospace applications.

WBG semiconductor technologies, such as SiC seems to be one of the favourite
candidates for the design of power converters for the propulsion EPS [50]. WBG
increases efficiency at high switching frequencies. SiC MOSFETSs offer promising
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opportunities for enhancing operating frequency, efficiency, and power density. They
can achieve relatively low on-resistances (e.g., 0.013 Ohms for a 750 V/80 A de-
vice [51]), enabling high frequency switching. Currently, the highest blocking voltage
of SiC devices available in the market is 3.3 kV [52], which might required multi-
level converter topologies selection. On the other hand of WBG, GaN exhibits a
higher maximum switching frequency compared to SiC MOSFETs due to the two-
dimensional electron gas effect, as well as higher energy gap electron-volt (eV) ranges,
resulting in smaller packages for similar breakdown voltages (i.e. beneficial for pur-
suing high power density). Furthermore, GaN devices have lower on-resistance and
parasitic capacitances, which could help increase efficiency and reduce EMI noise.
However, the thermal conductivity of GaN technology is much lower than Si and SiC,
requiring additional cooling efforts to prevent thermal runaway and making this tech-
nology difficult to be applied at the power levels expected at the aircraft propulsion
EPS. It can be concluded that regarding semiconductor technology there still exists
a certain technology gap in power modules that some researchers are attempting to

overcome, for instance, by exploring hybrid switch solutions [53].

1.4.1.2.2 Magnetics design. Another component of power converters with a
big influence on achieving high efficiency and high power density solutions are the
magnetic components. Exploration of unconventional magnetic materials, such as
nanocrystalline cores, which exhibit higher permeability than conventional ferrites
cores, has been undertaken to reduce the size of magnetics. However, their use in
applications like EMI filters has diminished due to higher losses at high frequencies.
Furthermore, planar magnetics have emerged as a prominent solution for achieving

high power density and performance in converters. The primary advantages include
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the ability to achieve very compact designs and homogeneous temperature distribu-
tion [54,55]. Nevertheless, planar magnetics face certain limitations. They require
large footprints due to the reduction in profile, which might become a drawback at
PCB design optimization level. Multi-layer PCB designs are necessary to address
the low copper fill factor, but stacking windings may increase winding capacitance,

potentially exacerbating EMI conduction noise [56].

1.4.1.2.3 EMC. MEA and AEA/HEA introduces higher number of power con-
verters, which turns into more severe EMI levels while the EMC regulation keeps
the same noise limitations. Two types of EMI are studied: conducted and radi-
ated emissions. Excessive EMI can provoke failures in critical loads of the airplane,
such as avionic systems, communication, navigation, surveillance equipment and sen-
sors. Consequently, ensuring EMC is an important task. Additionally, a propulsion
system is expected to generate high levels of electric and magnetic fields, which is
a new source of concern regarding human safety, with World Health Organization
(WHO) suggesting specific human exposure limits. It could be stated that the main
challenge regarding EMC is the lack of knowledge about how EMI phenomena will
manifest in the EPS of new electric aircraft. Consequently, a well understanding of
the EMI generated by the power converters is quite important during the converter
design. This is exemplified by projects such as EASIER [57], which closely examines
EMI generation in hybrid propulsion systems to gain sufficient insights for providing

optimized EMI filter solutions in terms of weight.

1.4.1.2.4 Power converter topologies. In the context of electrified aircraft

there are several power converter topologies that are highlighted in all the power
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review studies as potential solutions [58—60]. The converter topologies found are:
2-level voltage source converters (2L-VSC) or inverters (2L-VSI), multi-level voltage
source inverters (ML-VSI) and modular solutions such as Cascaded H-bridge (CHB)
or Modular Multilever Converters (MMC). Additionally, in recent papers it can be
found other converter alternatives that try to excel the used of GaN power devices
in the future electric aircraft application [61,62]. In both cases, a two level current
source inverter (2L-CSI) operating at cryogenic temperature is proposed. The most
recent literature is analysed in the following lines in order to provide an overview of
what is the current SoA of power converters for electric aircraft propulsion. Table

1.3 summarizes the main FoM of the presented solutions in the literature.

TABLE 1.3. Summary of the main characteristics of the SoA references with experimental
verification

Ref | Topology | DC bus | Tested power | Switch technology | Specific Power | Efficiency
[63] | ANPC 24 kV 1 MW SiC + Si 12kVA /kg 99%
64] | FC 1kV 18.9 kW GaN 38.4 kW /kg 98.95%
65] | NPC 3kV 1 MW IGBT 20.8 kVA /kg 93%
62| | 2L-CSI 400 V 20 kVA GaN - -

66] | T-Type 740 V 422 kW SiC 19.5 kW /kg 99%
67] | 2L-VSI 2 kV 1IMVA SiC 51.38 kW /kg -
68] | 2L-VSI 450 V 11 kW SiC 13 kW /kg 97%

2L-VSC and 2I-VSI are used in multi-phase electric motor drive applications [67,
69,70]. This configurations aim to be integrated with the motor and target to provide
an integrated modular motor drive (IMMD) high power density solution. In [67], 2L-
VSI are connected in parallel at a 1 kV DC bus, maximum achievable voltage level
considering 1.7 kV SiC power modules. The specific power is claimed to be higher
than 60 kW /kg for a 40 kHz switching frequency by following a electric-thermal
co-design. The power rating of the motor is 250 kW, much lower than the twin-

engine aircraft power rating requirement, but they can be a feasible study case for
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distributed propulsion schemes. Another alternative, presented in [69], overcomes
the voltage limitations of 2L.-VSI due to the available power devices. The DC bus
voltage is increased up to 2 kV by connecting in series the input of three 2L-VSI. By
parallelizing H-bridge modules and using multiple three-phase systems, 1 MW power
is achieved. The configuration is presented as a IMMD, achieving a power density
of 35.36 kW /kg and a peak efficiency of 99%. Furthermore, the design considers
partial discharge phenomena, additional challenge inherit in IMMD because of the

low pressure operation condition.

Among the ML-VSI topologies expounded upon in the literature, Neutral-Point
Clamped (NPC) or Active Neutral- Point Clamped (ANPC), T-type and Flying
Capacitor topologies are the most recurrent. In [63], an ANPC inverter is proposed
for a 1 MW motor driver with a 2.4 kV DC bus. 99% efficiency and a specific power of
12 kVA /kg are achieved while using Si IGBT for the clamping power devices to reduce
the overall cost. An special modulation scheme which makes the Si IGBT switch only
at fundamental frequency and perform soft-witching mitigates the under-performance
characteristics of this switch device technology (as it was highlighted in Chapter 1).
Furthermore, special attention is given to commutation loops, inherit challenge of
this topology that can suffer from overshoot deterioration. Following the research
line around multiple three-phase systems, in [65] the full design and implementation
of a 4 MV rectifier stage connected to a multiple-phases generator is shown. This
power rectifier builds two independent 3 kV DC buses. The solution consists of two
identical units, each of them formed by a series/parallel combination of three-pase
NPC modules. The total number of modules in each unit is 4, where the output of
two three-phase NPC are connected in series to provide 3kV and this configuration is

repeated and connected in parallel to reach 2 MW per unit. Each of the three-phase
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NPC module is connected to one of the eight start-connected three-phase windings
of the generator [71]. The implemented solution reports efficiencies under 93% and
a specific power of 20.8 kVA /kg. Another example of three-level power converters is
shown in [66]. It follows a similar multi-winding scheme, which has not such a high
power rating but higher efficiency result. In this case, a dual configuration of two
T-Type three level converters is used. The work shows a high level of integration,
both input and output EMI filter are integrated with the power converter stage and
busbar achieving a specific power of 19.5 kW /kg. EMI filters are a common bulky
and voluminous part of every power converter, so achieving this level of density is
a significant milestone. Regarding power inverters with higher number of voltage
levels, multi level Flying Capacitor (ML-FC) topology is proposed in [64,72-74] as
a disruptive solution. The mentioned papers described the development of a 10-
Level ML-FC inverter based on GanFET power devices to drive an electric motor
in an aircraft application. The solution presents three 10-Level ML-FC modules [73]
interleaving to supply a peak power of 18.9 kW with an output fundamental frequency
of 1 MHz (i.e. high specific power electric motors projection [75]). The overall specific
power of the inverter approach is 38.4 kW /kg and the peak efficiency claimed is
98.9%.

High specific power and efficiency are the main design goals of the power converter
solutions displayed, however reliability is a major requirement in future EPS. There-
fore it has to be considered that even though the previous solutions can cover the
power rating specifications, analysis of their reliability is needed to identify redun-
dancy requirements. When redundancy is considered in the design case, the other

two FoM (i.e., efficiency and specific power) are affected [76].
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1.4.1.3 Distribution

In the context of power distribution, MW applications demand high voltages, reach-
ing kV levels, to mitigate otherwise excessively high current levels. The adoption of
high voltages is imperative for weight reduction in the system. High current levels
would require huge conductor sections in order to not generate massive power losses,
which turns into a prohibitive cable weight. Current industry trends explore high-
voltage operation in aircraft, with study voltages exceeding 1 kV, and a potential
new standard of 3 kV, as indicated by the E-FANX project [31]. However, con-
cerns arise in aerospace applications when implementing high voltage levels, as they
elevate the risk of electric discharge, serial arcs, or space charge within the power
system. Specifically in power conversion devices, electrical machines, connectors,
and cabling/wiring [77]. Full comprehension of electrical discharges, particularly in
terms of their initiation and severity within the aircraft environment, is paramount
for ensuring safe and reliable operation [78]. For MEA, SAE AIR6127 investigates
arcs and electric discharge up to 1.5 kV, offering guidance for safety implementa-
tion. However, AEA EPS will operate beyond the voltage levels studied in this

reference [79].

To assess the risk of experiencing electric discharge within the system, Paschen’s
Law is of essence. This empirical equation, discovered by Friedrich Paschen, ex-
amines voltage behaviour across short distances between electrons in a static gas
medium [80]. This law is vastly used to understand the altitude influence on the
partial discharge, which is fundamental in a aviation application. Essentially, the
equation indicates that, for a given gas medium, distance or insulation thickness

must increase as pressure decreases. Numerous studies have investigated the voltage
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levels at which future electric aircraft EPS can operate without encountering partial
discharge by using this law [81,82]. Conclusions suggest that conductors and power
electronics, in general, will require significantly larger insulation, leading to addi-
tional unwanted weight and volume that offset the benefits of reducing conductor
size by increasing voltage levels. A significant research effort is focused on developing
new cable solutions due to their impact on the overall weight of the aircraft. In a large
transport aircraft, such as the Airbus A380-800, the total length of the wiring system
is approximately 470 km, resulting in a total weight exceeding 5 tons [83]. In [78],
recent advancements in insulation technologies are reviewed, including micro-layered

insulation structures and the incorporation of micro or nano fillers.

Fault-management is an important aspect at the distribution network too. As
investigated in [84] the definition of the DC bus architecture and isolation strategy
impacts in the final system weight due to the use of excessive number of circuit
breakers (CBs) and oversizing of components to guarantee continuous operation of
the propulsion system. Adoption of DC distribution systems adds an additional
challenge, this is the protection device technology. Solid State Circuit Breaker CB
seems to be the most desirable solutions. Due to low impedance of the high voltage
system big di/dt are expected. Transitional SSCB design result in heavy solutions
because of the liming current inductor used [85]. New alternatives that could suit

better the aviation application requirements are explored in [86].

Finally, in addition to power converters as a source of EMI, cables and wires are
crucial aspects regarding EMI of the overall on-board system. Cables are part of the
propagation path, emitting noise/interference from connected sources. This primar-
ily concerns conducted emissions, where cables serve as the medium through which

interference can leave the equipment. Such cables can radiate interference to the
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equipment connected to them. A critical aspect of cabling is the connector, as it
might form a weak spot, for instance, for crosstalk. In cables and connectors, a
conversion of common-mode (CM) to differential mode (DM) conducted EMI or vice

versa can occur.

1.4.1.4 Propulsion

The main types of electric machines highlighted as potentially utilized in electric
aircraft are: permanent magnet synchronous machine (PMSM), induction machines
(IM) and switched reluctance machines (SRM) [47]. PMSM are highlighted as a
promising alternative as they can achieve higher power densities (i.e., from 3.3 to
8 kVA /kg) [87]. In [88] PMSM with internal magnets and with Halbach array are
identified as the best options in terms of high specific power. The paper exposes a
detailed motor design with specific power maximization target. Regarding SRMs,
this technology has been used in the Lockheed Martin F-22, but have never been
applied in commercial aviation yet. SRMs provide a more robust and reliable so-
lution compared with PMSMs but lower power, torque density and efficiency than
PMSMs. Similarly, IMs are an attractive solution because of they high-speed op-
eration thanks to flux weaking capabilities but present lower torque density than
PMSM [89]. Finally, HTS research has already reported impressive results that
demonstrate this technology can meet the strict power density and efficiency re-
quirements of AEA/HEA [90]. However, HTS machines required a cryogenic cooling
system to operate at cryogenic temperatures, which are bulky and have very low
efficiency [91]. A broad review of current SoA and potential future electric machines

for the use in the future aircraft is presented in [87] and in [92] the existing motor
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technologies used in the recent AEA/HEA demostrators is provided.

One important aspect to take into account for any of the cited types is that the
pursuit of high-power small machines design hinder the thermal capability of the
electric machines, being more critical in the case of PMSM because they can reach
irreversible demagnetization. Additionally, high thermal operation can compromise
the winding insulation lifetime, which would be already constrained by the high volt-
age and possible partial discharge discussed. Furthermore, motor directly coupled
with the propeller is preferred to avoid the presence of a gearbox. This imply a re-
striction of the motor rotational speed to match the propeller speed. This challenge
the power density optimization as this parameter is directly related to the power den-
sity of the motor [93]. Table 1.4 [87] draft the power density requirements according
to aircraft type and potential EPS architecture.

TABLE 1.4. Electric machines power density requirements

Aircraft type | Aircraft architecture | Power density kW /kg]
Parallel hybrid >3.0
Narrow body Turboelectric >6.5
Resional Parallel hybrid >3.0
eglona Turboelectric >6.5
Wide body Turboelectric >10

1.4.2 Regulation and certification

On top of the identified technological development challenges, that could be defined
as necessary to obtain EPS solutions for AEA/HEA that will have a rationale flight
range, there are extra challenges in terms of safety levels that are necessary to fulfil

for certifying the EPS.
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Conventional aircraft EPS design is strongly regulated and there are many stan-
dards and certification guides that ensure any design will achieve safety and quality
needs. The main challenge with new aircraft concepts is that the current regulation
and certification are not currently prepared for them, such as hybrid or full elec-
tric solution, due to the disparity of power, voltage and current levels. For these
reason, certification agencies, original equipment manufactures (OEMs) and equip-
ment manufacturers are constantly working to achieve regulation and certification
standards for greener aircraft. For instance, one topic of discussion is the possibility
of design the EPS separated from the secondary distribution network. This would
imply less restrictive EMI limits at the EPS due to absence of sensitive equipment
and consequently potential smaller and lighter EMI filters that compare with designs
based on the actual regulation. The application of actual EMI limits to EMI filters
at such power level might constrain the size/weight optimization of EMI filters, sig-
nificantly reducing the power density improvement due to their high contribution to
the overall power converter weight [94]. Furthermore, DO-160 does not provide reg-
ulation limits under 150 kHz. If needed other standards such as MIL-STD-461 could
be used as a reference. However, caution should be taken when combining limits
from different standards. The test methods and setups are not always the same in
different standards, and therefore the limits might not always be comparable. For
instance, in MIL-STD-461, conducted emissions are measured as voltages by a LISN,

while in DO-160, they can be measured by a current probe.

Several safety regulation and certification requirements are defined by EUROCAE,
the RTCA, which DO-160G belongs to, the FAA, ATM International International,
EASA and military standards. A big effort is still needed to reach such levels in the
context of AEA/HEA. EUROCAE has created a working group, the WG-113, with
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the aim to work towards the creation of standardisation needs for hybrid propul-
sion and recently has published guidance material [95]. Other working groups are:
SAE-E-40 Electric Aircraft Steering group, the AE-4 Electromagnetic Compatibility
committee and the AE-8D Wire and cable committee. Additionally, some EU-funded
projects, such as CONCERTO [96], are working to construct novel certification meth-

ods and means of compliance for disruptive technology for aviation.
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Chapter 2

Electric propulsion system
architectures for commercial

aviation

In Chapter 1, the main technology challenges to overtake for the implementation of
EPS have been discussed, key technology gaps have been identified, and research
lines for disruptive technologies have been presented. This Chapter is focused on
the top level electric system analysis, crucial to set the requirements of the different

building blocks, which guide the technology development effort.

Top level requirements are dependent on the type of aircraft, and the study of
the aircraft as a synergy of all components and disciplines is needed to define them.
The EPS architecture definition requires understanding the interaction of the electric

system with other aircraft systems, fuselage wings, aerodynamics, etc. Full analy-
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sis process has high complexity and proper study of all the aircraft systems would
require Model-Based System Engineering (MBSE) and Multidisciplinary Design Op-
timization [97-99]. But MBSE is out of the scope of this thesis and this chapter will
focus on the impact of the EPS alone. Nevertheless, the analysis of the EPS archi-
tecture alone can provide useful information which helps to identify the propulsion
architecture that would be the most suitable for each aircraft type. For instance, a
measure of the EPS Key Performance Indicator (KPIs) such as weight, volume and

efficiency.

Distributed propulsion is highly regarded in some future electric aircraft proposals
to enhance the fuselage aerodynamics [100], [101]. However, other studies report
that distributed propulsion negatively impacts power, weight, and volumetric re-
quirements for the electric system [102]. It is concluded that a proper evaluation
would require the use of MBSE and consequently this is not covered in this doc-
ument. From now on, the analyses are focused on the electrical architecture of a

twin-engine A320-based aircraft,see Figure 2-1.

A320 specifications
Range 6100 km
Seating 150-180 seats
Max Payload | 16.6 tonnes

Figure 2-1. A320 aircraft appearance and main specifications.

In this chapter an analysis methodology to study and trade-off different EPS ar-
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chitecture options is proposed. Numerous EPS cases are compared with the used
of several figures of merit (FoM). Previously, the main building blocks forming each
propulsion architecture EPS are identified and the principal assumptions at sys-
tem level in which the study cases are based on. Additionally, in this introduction

aerospace safety regulation considered during the analysis is covered.

2.1 Introduction

In this section, a brief introduction to the main components present in any AEA /HEA
EPS is provided. Following, the main regulation requirements applicable to the study,

as well as, a brief reviewing of reliability engineering modelling are discussed.

2.1.1 Main building blocks of AEA/HEA EPS

The conventional aircraft EPS architecture of a twin-engine airplane has been pre-
sented in Figure 1-3, section 1.3.1. The main elements of the electric network are:
two generators, an APU, two 115 VAC buses, one 28 VDC bus, a 28V battery, uni-
directional ac-dc conversion units, connection cables and several CBs which will help
on the reconfiguration of the distribution network to guarantee supply continuity in
case of any unit fails. Figure 2-2 and Figure 2-2 illustrate simplified diagrams where
the main building blocks expected in all the propulsion cases , see Figure 2-2. Figure

2-2 cases are based on DC distribution and Figure 2-2 ones, in AC distribution.

The main elements of each of the propulsion architectures is briefly presented for

each of the distribution type. In any of the cases, circuit breakers have been placed
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Figure 2-2. Symbol representation of the main building blocks.

following a fault-isolation strategy similar to the one used in ship microgrids [103].

Figure 2-2.a and Figure 2-2.a represent a parallel hybrid scheme with DC and
AC distribution, respectively. ESS units are the main electrical source, which will
be sized depending of the hybridization degree. A dc-dc power converter controls
the power extraction from the battery and the voltage level of the main DC bus.
Electric motors are mechanically attached to the turbines and support them on the
peak thrust periods. The electric motors are driven by a dc-ac power converter
which controls their speed and torque. With regards the case with AC distribution,
the main difference is that a double power conversion stage is needed to connect
the battery to the power bus. Assuming a conventional two stage power conversion
scheme, a dc-dc converter is followed by a dc-ac, which synchronises to the AC

distribution voltage signal.

Series hybrid concept is illustrated in Figure 2-2.b and Figure 2-2.b. The turbines
are fully driven by an electric motor, which is controlled by an ac-dc at DC distri-
bution case, and by a ac-ac power converter from the AC bus. A generator attached

to a gas turbine, turboshaft, and a ESS are the main two electrical sources. The
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ESS follows the same connection to the DC bus that was explained for the parallel
hybrid case. The generator is interfaced with the rest of the network by a ac-dc
power converter, or rectifier, in the case of DC distribution and with a ac-ac power
converter with AC transmission. The ac-ac and dc-ac power conversion units allow
to operate both generator and motor at different frequencies and to have a variable

frequency AC bus.

In a series/parallel scheme, Figure 2-2.c and Figure 2-2.c, the previous concepts
are mixed. Therefore, the system presents some fuel driven turbines which are at-
tached to a generator and also electric motors driving other turbines. In the schemes
represented in this document, it is assumed that the two turbines of the twin-engine
aircraft move two generators. The power produce by them and a ESS unit feeds an
electric motor that drives a third turbine. In the AC distribution variant, if both
generators supplied the electric motor, both AC buses must operate with the same
frequency. Otherwise, one must keep disconnected in a idle mode. Partial turboelec-
tric system, Figure 2-2.e and Figure 2-2.e, is similar to the series/parallel architecture

presented but without a ESS unit.

Figure 2-2.d and Figure 2-2.d illustrates full turboelectric schemes. The fuel driven
turbines present in the system are turboshhafts, whose aim is to provide shaft power
to drive a generator. Thus, the generator power is adapted by a ac-dc power conver-
sion unit, DC distribution, or by a ac-ac power conversion unit, AC distribution, and
deliver to the bus. Electric motors are the responsible of provide the needed thrust.

The motor drive follows the same configuration explain in other cases.

Finally, the last case is the all electric propulsion configuration, see Figure 2-2.f

and Figure 2-2.f. The full propulsion power is provide by the ESS unit and thrust
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is produced by turbines driven by electric motors. With AC distribution, the ESS
is split into two smaller units, each of them feeding one of the motors through one
of the two AC buses. Two AC buses are assumed as in conventional twin-engine
aircraft electric distribution. In this particular case, it can be seen AC distribution
requires a double conversion to connect the ESS to the bus, this clearly penalize this

approach.
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Figure 2-2. Simplified schemes of the future aircraft EPS with DC distribution. (a) Parallel
hybrid. (b) Series hybrid. (c) Series/parallel hybrid. (d) All turboelectric. (e) Partial
turboelectric. (d) All electric
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Figure 2-2. Simplified schemes of the future aircraft EPS with AC distribution. (a) Parallel
hybrid. (b) Series hybrid. (c) Series/parallel hybrid. (d) All turboelectric. (e) Partial
turboelectric. (d) All electric

From the identification of the different elements involved in the EPS and compar-
ing between similar propulsion architectures with DC, Figure 2-2, or AC, Figure 2-2,
distribution schemes, it can be appreciated the first scenario seems to provide easier
integration of all the elements. It seems to imply lower number and power conversion
units overall. This reinforce the main trend in adopting DC distribution because of
cable weight reduction that has been discussed in Chapter 1. AC approaches with
higher number of power conversions or series connection of power converter units
might tend to achieve lower efficiency than DC distribution ones. Nevertheless, in
this PhD thesis both distribution options are considered of interest. And the require-
ments AC distribution building blocks need to become a competitive solution when

compare with DC approaches has been evaluated.
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2.1.2 Aerospace safety regulation applicable to EPS system

level analysis

On top of any design of the EPS; there is certain safety requirements that should be
strictly guaranteed. The EPS system can be characterised under the safety require-
ments defined in the DO-254, Design guidance for Airborne Electronic Hardware.
The DO-254 is defined as a requirement-driven process-oriented safety standard used
on commercial electronics that go into the aircraft [104]. It provides guidance of
what should be the target system failure rate. Five Design Assurance Levels (DAL)
or categories are defined depending of the criticality of equipment and the level of
compliance, they are summarised in Table 2.1. EPS as a whole system can be allo-
cated in the most stringent category, as the total failure of the system may derive

into the crash of the plane.

TABLE 2.1. DO-254 Design Assurance Levels (DALs)

Target System
DAL Description Failure Rate Example system
(failure/flight-hr)
Level A . 9 .
. Failure causes crash, deaths. 10 Flight controls
(Catastrophic)
Level B Failure might cause crash, deaths 1077 Braking systems
(Hazardous) & ’ ' & 5y
Level C . . N 5 o
(Major) Failure might cause stress,injuries 10 Backup systems
Level D . . . . Ground navigation
. Failure may cause inconvenience. No safety metric. ) -

(Minor) systems
Level E o . . Passenger
(No effect) No safety effect on passengers or cew | No safety metric. entertainment

DO-254 is more complex than the definition of hardware reliability targets as it
defines an entire requirement-based design flow with strict process assurance that

would need of longer explanation but would not be of interest in the context of this
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thesis. In this document only the DAL definition is taking into account as a relia-
bility target guidance for the trade-off of the different EPS types. Aircraft systems
reliability is a complex endeavour from the initial design stage until the final im-
plementation. SAE ARP4761A provide recommended practice guidance to conduct
safety assessment process on civil aircraft. For the sake of simplicity, it has been
followed in the later explained analysis [105]. Figure 2-3 shows a block diagram

summarizing the process.
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Figure 2-3. SAE ARP4761A general flow of the safety life cycle

As it can be seen, several safety analysis are recommended during the different
stages of the aircraft design. In the architecture evaluation presented later in Section
2.2.2, Functional Hazard Analysis (FHA) and Preliminary System Safety Analysis
(PSSA) are applied. FHA is performed in early stage of the aircraft design and is
mainly focus on identification of the possible failure conditions, effects and hazard
categorization following for instance DO-254 DALs. FHA results feed into the PSSA

in which each hazard identified is analysed in a more qualitative way by performing,
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for instance, fault tree analysis (FTA). In addition to the mentioned reliability re-
quirements, other airworthiness standards applicable for certification of the airplane
can be considered to enrich the EPS analysis. Some additional safety requirement
considered in the architecture evaluation performed in this work is the contingency
fuel requirements defied in [106]. Also, NASA establishes the reserve fuel require-
ments to be able to continue flying additional 200 nm to the regular route [107].
Thus, in the analysis it has also been contemplated that all the requirements men-
tioned must be fulfilled in absence of one engine. This is explained in the pilot

guides [108].

2.1.2.1 Reliability modelling

In this thesis, part of the architecture analysis is focused on reliability prediction.
When performing reliability modelling and failure studies of any system is very im-
portant to first accurately define the failure is aimed to analyse. In this case, the
failure is defined as the total failure of the propulsion system. The common metric
used to provide qualitative data to perform an analysis is the observed failure rate,
or also called just failure rate [109]. The failure rate of a device varies along its life
cycle. This is commonly represented by the bathub distribution, which is formed by
the addition of three Weibull distributions [110], Figure 2-4.

In PSSA commonly the constant failure rate of the useful life period is used for
simplicity. Several basic probability rules involved in reliability prediction analysis

to model systems relations [109]. They have been summarize in Table 2.2.
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Figure 2-4. Bathub distribution

TABLE 2.2. Basic reliability prediction rules

Probability rule

Description

Equations

Multiplication

It expresses the probability of two events happening simultaneously.
It is used with series connection of systems, where the failure of one
of them will interrupt operation.

R = Rax* Rb

Addition

It defines the probability that event A, or event B or both occurring.
It is used with active redundancy cases, when two identical systems
are connected in parallel but only one is necessary to operate. This
is also known as active redundancy.

R=1—(1- Ra)*(1— Rb)

Binomial

It defines the possibility that more than “r” out of “n” succeed. This
is used with partial redundancy cases, where “r” systems are needed
to operate but there are a total of “n” identical systems.

R=50, ()R- (1— Ry

i

Poisson

It defines the succeed probability of “n” paralled connected elements
where one is active and the rest are in stand-by mode.

This is used in stand-by redundancy, where there are back-up

units connected to the main system.

. i1
R=3, (e 205

Furthermore, to quantify the reliability of the EPS or power electronics, there

are several reliability calculation methodologies that can be used. They can be

categorized based on the model used in three categories, sorted from more to less

simplicity, they are: Part-count model, combinational model and Markov Model

[111]. A combination model has been chosen to perform the reliability analysis of

the architectures trade off in the study proposed in this thesis. Combinational models

define the relations of the sub-parts of the system, it is, they describe the combination

of events leading to a defined system. The most used tool from this family is the
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FTA. This graphical method provides a deductive calculation of the effect of the
malfunction of any component and has been extensively used in the field of power
electronics at different levels [112,113]. Figure 2-5 offers an example of a fault tree

reliability analysis.

Top Event
a }‘-ABCDE:1500-004 FIT
Aasc=1500.004 FIT [ 1 Ape=0.003 FIT
Intermediate event Intermediate event

[
Aag=0.004 FIT
Intermediate event ‘ ° G

Ac=1500 FIT Ap=1000 FIT Ag=3000FIT

Aa=2000 FIT Ag=2000 FIT

Figure 2-5. FTA illustrative example

From bottom to top, it is represented the different components of the system. Then,
the relation among them is represented by using logic gates, where the gate “AND”
illustrate a active redundancy dependency and the “OR” gate a series connection.
Intermediate event, can refer to a subsystem or a sub-event. The top event represent

the failure that is studied.
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As previously mentioned, Poisson rule stand for stand-by redundancy, and this can
be included in the FTA by defining a gate that stands for this rule. However, it is
worth noting that this calculation method ignores the failure of the standby element
before running, FTR and the failure during the connection, FTS. In order to include
that, a " Priority AND ” gate has been used, which imposes and AND gate condition
with specific execution order among its inputs. The spare unit reliability is defined
with an OR gate whose inputs are the following three events: 1) automatic switch
fails to switch on demand to start standby component; 2) standby element FTS
given successful operation of the automatic switch; and 3) standby element FTR

after successfully substituting the failed element.

To identify where the redundancy should be applied in the system in order to
lower the failure rate, the weakest-link technique has been applied. This consists
in identifying the element or subsystem with the highest failure rate and to apply
redundancy to it. An example that illustrates all explained above is displayed in

Figure 2-5.
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Top Event

A Moze=2 FIT

Left subsystem
Failed

Right subsystem
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As= LFIT Mers=1FIT Aprr=1FIT
(b)

Figure 2-5. Highlighted in red: (a) Application of the weakest-link. (b) Standby component
represented by a logical “priority AND” gate.

In the context of power electronics it is require reliability research on failure rate
models of the key components. They are power semiconductors, capacitors, gate
drivers and magnetic devices, being the first three the most vulnerable ones [114].
Empirical-based model, is widely used as failure rate model for electronics devices.
Although there are several available, the most used one might be the Military-
Handbook-217. However, it should be used wisely, taking into account it has certain
limitations, such as, constant failure rate assumption and often pessimistic data [115].
In the particular case of aviation application, cosmic ray intensity should be taken
into account in the reliability studies as it has been reported in [116]. At high alti-
tudes the higher cosmic radiation can derive into an increase of the random failure

rate of semiconductors, being the blocking voltage and the radiation particules flux
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intensity the main influencing factors. Analysis in [117] gives an example of how
to consider this phenomena within the reliability analysis. In this thesis the failure
rate of the different components has been defined from internal company technology

studies and SoA reviewing.

2.2 Proposed propulsion systems evaluation for

commercial aviation

As it has previously introduced, due to the power rating of the AEA EPS, the design
is not trivial as several technologies challenges have to be tracked for each of the
different building blocks of the EPS. At the same time, definition of system level
requirements are essential to handle the technology challenges in an efficient way.
This is the reason there is a big research effort to identify building blocks projection

characteristics and aircraft architecture requirements.

For instance, based on the results obtained from some projects, such as DRAGON
EU project, runned by Onera the Aerospace lab [118], researches are trying to defined
the criteria to classify the building blocks so the current trend in the state of the art
technology can be materialized in mainly those three FoMs: reliability, efficiency and
specific power or power density. Table 2.3, shows the specific power and efficiency

for the most significant technology evolution scenario toward 2035.

Authors in [119] have developed an extensive historical data base study to identify
the efficiency and specific power projections of electric machines. The results claim

that by 2050 an efficiency of 98.9% and 50kW /kg is achievable. In [120], the type of
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power converter presence in the conventional aircraft versus those needed in future
electric ones is evaluated. Some FoM of different converters are presented for power
converters greater than 5 kW based on supplier data. The power density of any
converter type is not higher than 1.5 kg/kW. In [87] it is highlighted some power
density targets at system level of the future electric aircraft that have been set by
various organizations in long-term plans. NASA seeks power densities of 13 and 16
kW /kg in 10- and 15-year plans, respectively. The U.S. Air Force requires 5 kW /kg
in a 20-year plan, whereas Airbus targets 10-15 kW /kg in a 15-year plan.

TABLE 2.3. Onera building blocks specifications

- Specific Power | Efficiency
Building Blocks kW /kg] (%]
Generator 19 98
Motor 25 99
Inverter 25 99
Cable 0.5 kg/m 99.6
CBs 100

Some other works in the literature have aimed to define as well the future electric
aircraft design specifications. An example is published in [121]. This work presents
a preliminary study of a commercial aircraft based on a narrowbody airplane type,
A320. The work presents a comparative evaluation of two propulsion architectures
where cryogenic-fuels for alternatives Jet-A fuels and distributed propulsion are ex-
plored for identifying their benefits and limitations in the context of AEA/HEA.
However, only an all turboelectric propulsion architecture and DC distribution are
explored in this analysis. A more extended system level analysis which covers the
most common AEA /HEA propulsion architectures and both DC and AC distribution
approaches is proposed in this thesis. The aim is to define system specifications in
terms of specific power and efficiency and estimate the best solution achievable with

the expected technology improvement in 10 years term.
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With the aim to contribute on the architecture requirements definition challenge,
this section presents a high-level study of the different EPS architectures to estimate
the most promising configuration for future electric aircraft in the context of a twin-
engine aircraft type, it is equivalent to an Airbus A320. The comparison among all
the cases is done based on three different FoMs: reliability, efficiency and specific
power or power density. All the study cases designed for the analysis include redun-
dant elements needed to satisfy the maximum failure rate imposed in DO-254. The
study case definition, assumptions taken, calculation methodology and final results

are presented in the following subsections.

2.2.1 Definition of the study case and assumptions.

The analysis is oriented to narrowbody passenger aircraft class architectures, which
is the main contributor of CO, emissions related to commercial aircraft, as has been
explained in Chapter 1. Based on the current power required, from previous studies,
it is considered that the estimated maximum power of the propulsion system would be
around 20 MW [121]. In Figure 2-6, the main dimensions of the aircraft, Figure 2-1,

that has been taken into account for the calculation of the cable weight are displayed.

Current trends on high-voltage operation of aircraft study voltages above 1 kV.
For example in the case of [121], 5 kV was considered and in the case of the project
E-FANX, 3 kV [122]. The E-FANX project explores a series hybrid architecture in
a BAe 146-110 framework, narrowbody regional airplane. One of the conventional
turbofan is replaced by a combined 2.5MW turbofan connected to a power generator
which supplies 3kV to the aircraft electric distribution line ac-dc converter. Because

of the similarities of the aircraft type to be studied in this analysis with the one used in
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the E-FANX project, 3kV is selected as the dc distributed voltage, and ac distribution
voltage is established as the equivalent RMS line-to-line 3kV rectified voltage under

space vector pulse width modulation (SVPWM) and maximum modulation index, it

Ve

18

>

33.83 m

EPS

13.72 m -

| 16.91 m

Figure 2-6. Main aircraft dimensions considered for the study

During the preliminary state of the study, two potential location options were
identified for the main building blocks, see Figure 2-7. These two alternatives, are
evaluated in terms of weight, and therefore are more focused on DC distribution as
there will not be a big difference in the case of AC distribution. But in the case of DC
distribution the integration of power electronics with electric motors and generators
is considered as a promising approach to decrease system weight, see Figure 2-7.b.

From the definition of conductor mass given and explained in Section 2.2.2, it can
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be deduced that even assuming unity power factor (i.e., the most beneficial situa-
tion for ac cable), ac transmission line mass is approximately 20% higher than a dc
transmission line, assuming the same cable material and length. Nevertheless, power
electronics integration with electric machines leads to a trade-off between power elec-
tronic design complexity (i.e., safety design) and weight reduction. Power electronics
design complexity is dramatically increased because of the tough environmental con-

ditions [123] (i.e.,noise, unpressurised /pressurized operation, dirt,vibrationsetc.).

Figure 2-7. Potential EP building blocks location in the aircraft for power electronics.
(a) Installed in the pressurized cabin. (b) Integrated within the electric machines in the
nacelle.

Some of the individual EPS architecture building blocks FoMs have been estimated
in an internal company study with a ten-year horizon based on expected technology
progression. Power converters, cables and circuit breakers are based on the technol-
ogy analysis of different topologies and materials. In the case of the ESS, it is fuel
cells and batteries, the data has been extracted from the state of the art [124-126].

A summary of the technology evaluated is presented bellow.

In the case of electric machines, noncryogenic solutions, such as PMSM and HTS
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machines, were considered. Proton exchange membrane (PEM) fuel cells, as a mature
technology option, and also SOFC, as a more disruptive technology, were contem-
plated. It is worthy to notice here that in none of the cases the LHotank design has
been considered. Metal air and lithium-air technology are the most promising battery
solutions in terms of power density and therefore of interest for their implementation
in aircraft applications. Regarding protection devices, SSPCs are considered a clear
candidate to substitute conventional circuit breakers in MW applications [127]. From
SoA technology, such as [128], technical specifications could be extrapolated. Power
electronics analysis was carried out by considering three-level inverters/rectifiers and
three-level bidirectional boost/buck converters using next generation SiC for the
switches [129]. A summary of the estimated data is shown in Table 2.4. This data
are presented as the average of all the results obtained for a range of operation con-
ditions (i.e.,range of voltages and currents). The information related to the specific
power includes packaging and cooling penalization factors. This information serves

to enhance the data previously shown in introduction, Table 2.3.

TABLE 2.4. EPS building blocks specifications

Failure rate [FITs] | Specific Power [kW /kg] Efficiency [%)]
Motor 30000 21 96.0
Inverter 1100 37 99.5
Cable 60 (*) *)
Generator | 30000 21 96
Rectifier 1100 49 60.0
Fuel Cell 45000 5 60.0
Battery 45000 (**) 60.0
dc-dc 3000 62.5 99.0
CBs 1 31 99.5

(*) Cable specific power and efficiency are calculated based on a conductor
model presented later in the document.
(**) Assumed 700 W.h/kg energy density

Additionally several assumptions have been taken into account during the FoM
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calculation presented in the next section. They are listed below:

e None of the EPS cases are assumed to have reconfiguration capability, neither
fault-tolerance is considered for the power converter units (i.e., elements only
have one active stage, for instance, power converters have not a degradation

mode, which allows them to continue working if they lose a leg ).

e Propellers, turboshafts or turbofan are not included in the calculation of any of
the FoM, thus only the electric components are evaluated during the analysis.
Additionally, for the sake of simplicity the ESS are excluded in the efficiency

calculation.

e In terms of power rating, it has been estimated that the minimum power to
fulfil the abnormal operation requirement define in the regulation and pilot
guides, see Section 2.1.2, is 1/3 of the total power (i.e. 6.67 MW). In case

there are “n” power sources, it is considered that all of them are designed for

giving that minimum power.

e During the reliability analysis, only “open stage” failure mode is evaluated.
Additionally, only standby redundancy is assumed. Spare unit idle failure is

considered for the switch, as well as FTR and FTS.

2.2.2 Analysis methodology and FoM calculation

The EPS analysis has been divided in two sections, DC distribution EPSs and AC
distribution EPSs have been evaluated separately. In both analysis the main FoM

studied are reliability, specific power and efficiency. In the case of DC distribution
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fuel dependency has been added as a third FoM to help on the comparison. This
is defined as the percentage of the total power that directly (i.e., by conventional

propellers) or indirectly (i.e., by turboshaft) is produced by fuel burn.

2.2.2.1 DC distribution EPS analysis

The EPS trade-off analysis methodology for DC distribution cases is explained with
the help of the flowchart displayed in Figure 2-8.

Firstly, the PSSA of each of the architectures defined in Figure 2-2 has been per-
formed to identify the compliance with the DO-254. FTA is the calculation method
chosen and the building block failures rates of Table 2.4 are considered. In those
cases, in which the reliability target is not achieved, the weak-link technique is ap-
plied. From the two redundancy options, presented in Section 2.1.2.1 the “priority
AND” gate was chosen as it is considered more accurate to reality. The failure rate
of the switch to allow the spare unit to operate is assumed to be low, it is 20 FITs.
Additionally, it has been assumed that the FTS of the component is 10 times lower
than the failure under operation conditions. The safety level requirement during the
study of EPS architectures is DAL Level A, as the main hardware failure is allocated
in the most stringent category. This part of the methodology correspond with an
iterative process until the system failure rate estimation become lower than 1 FIT.
Once the safety target is achieved, the real number of components needed is known

and the system specific power and efficiency can be calculated.

Specific power of the whole EPS is calculated by,
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Figure 2-8. EPS trade-off analysis flowchart
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where, P,y is the EPS system total power, W, is the the weight of each EPS
architecture building block except the transmission cable, which is represented by
W,.. W, is computed by assuming Table III specific power (7,) times the building
block power rate (P,),

We = Py (2.2)

The cable weight comes from the addition of the conductor and the insulation
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weight,

Wc - Wcond + VVinsul- (23)

The conductor is sized following the model presented in [130], where the conductor
diameter is computed based on thermal limitations. That model yields to equation
(2.4) for a DC line and equation (2.5) for a three phase ac line. P,.,,q is the power
flowing through the transmission line, Vpo the dc voltage level, J.,, the maximum
current density for a maximum operation temperature, p the specific gravity of the
conductor material and a multiplication factor that is equal to 2 in the case of DC
distribution and % for ac systems (being cos ¢ the power factor). Leoq is the cable

length.

Pcond

Wcon c— 1 1 P Lcon -2 24

b VDC : Jcab P ¢ ( )
Pcond \/6

Wcon c — P Lcon . 2.5

d.d Voc - Joms p 4" o8 p (2.5)

Insulation weight (W;,su) is given by the insulation thickness needed and the
length of the cable. As have been aforementioned in Chapter 1,the high altitude
conditions make it a unique application when compared to other installations of
similar voltage or power levels. In fact, current space high voltage cable technology
may not be suitable. For instance, GORE High voltage cables [131] cover up to
36 kV but their design is focused on spaceflight applications and therefore they are

mainly designed for vacuum conditions. For these reasons, the insulation is going
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to be calculated based on extrapolating aerospace cables specifications, by using
the insulation thickness of terrestrial cables as a baseline. From these analyses an

empirical relation between the thickness and the voltage level is yielded as,

Simsut = 0.25 - Ve + 1.3. (2.6)

Winsu 18 calculated based on the insulation volume and an insulation material

density, pinsui, equal to 1400 kg/m3,

Winsul = Ainsul * Pinsul (27)

Efficiency of the system is defined as the ratio between the power consumed by the

loads (Pjta) and the generated power,

Ptotal

. 2.8
Ptotal + Ltotal ( )

Nsystem =

where Liyq is the total system losses. To calculate Lyyq, cable losses (L.) and

building block losses (L,) are calculated separately and added up,

Ltotal = Lc + Z Lz (29)

r=1
L. are defined as the total EPS conductor joule losses,

Le=Lpc+Lac=Y (Bpc-Ipe)+ Y (3 Rig- I3, (2.10)
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where AC and DC cable resistance are obtained from [130] transmission line model

and the cable lengths estimated from Figure 2-6 dimensions.

L, are calculated with the estimated average efficiency, given by Table 2.4, assum-

ing it remains constant for the whole power range,

Lo=(1—n) P, (2.11)

2.2.2.2 AC distribution EPS analysis

The second part of the analysis focuses on the AC EPS architectures, Figure 2-2 .
In this kind of EPS, ac-ac converters become a key piece. The main functions of
ac-ac converters are to drive the electric motors and to interconnect two different
AC networks. However, ac-ac converters, such as matrix or back to back converters,

were not analyzed in the building block study presented in Table 2.4.

The specific power and efficiency requirements of ac-ac converters for ac EPS archi-
tectures has been studied firstly. To compute them it has been considered the same
EPS building block specifications for the rest of the elements in the system, Table
2.4. Equally, the FoMs calculations presented in Section 2.2.2.1 have been followed.
From there, a system of equations was solved for each the cases studied imposing
the best achievable system requirements (i.e., boundary conditions that provide a
valid system solution), it means, the highest possible system efficiency and specific
power density. The objective was to get ac-ac converter needed requirements. The
most demanding scenario is considered, the possibility of having redundancy of any

building block is not assumed to achieve the system level failure rate.
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2.2.3 Analysis results

17 DC EPS architectures have been analysed. They follow the EPS schemes displayed
in Figure 2-2, Table 2.5 describes all the cases considered in the study. All of the
cases have been designed ensuring the reliability requirement is fulfilled at system
level. In Table 2.5, it is specified if redundancy has been applied and where. Within
the all electric architectures an additional case has been considered where the DC
bus is split into two buses to reduce the failure rate, see Figure 2-9.Furthermore,

references of inspiring EPS studied in the literature have been added.

DC Bus 1

DC Bus 2

DC Bus 3

ESS

Figure 2-9. Special case of all electric EPS architecture, corresponding with the F1 study
case.

The study has been performed for a generic flight profile for a CS-25 aircraft
operating during 1.5 h, considering climb, cruise, and descent phase for a full power
operation of 20 MW reaching an altitude at cruise of 25 000 ft. Target requirements
have been set based on the study presented in [121]. For a 20 MW AEA/HEA the
system level requirements are 7.5 kW /kg specific power and 93% efficiency. Efficiency
(red), fuel dependence (blue), and specific power (green) results of all the DC EPS

cases have been represented in Figure 2-10. From left to right, it can be seen the data
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obtained for parallel hybrid, series hybrid, series/parallel hybrid, all turboelectric,
partial turboelectric, and all electric cases. Table 2.6 summarizes the data included
in the diagram. In addition, Table 2.7 presents the details about the weight and
losses calculations for Bl series hybrid study case as a matter of example. In this
case, by performing the FTA, redundancy in the DC bus has been identified as a key
fact to reach the reliability requirement. This affects the total weight of the system.
The resulted total weight and losses are 6339.33 kg and 1496.73 kW, respectively.

Looking at the specific power FoM (green), hybrid parallel systems A3 and A4 and
series/parallel hybrid systems C3 and C4 are the heaviest EPS architecture solutions.
Those cases have been designed assuming future Li-Air battery technology with an
energy power density of 700 Wh/kg and an energy capability to supply 20 MW
during 1.5 hours. It has been concluded that even with the future expected battery

technology improvement, the specific power is significantly penalized.

In terms of efficiency, depicted in red in Figure 2-10, the all electric EPS architec-
tures cases with fuel cells exhibit the highest efficiency (i.e. less conversion stages
from generation to motors reduce the losses) and a zero-fuel dependency. However,
they are the next heavier cases with an average estimated specific power density of
2.3 kW/kg. It is worth noting that the all electric cases are expected to use future
fuel cell technologies, which include a small battery for stability and fast transient
reaction, as ESS and that this value would be lower if only batteries would have been
used instead (i.e., lower than 1 kW /kg). However, it has to be considered that fuel
cell technology has its own design and implementation constrains that challenge their
use, and has not been contemplated here. For instance, the operating temperature
and start-up time, the high temperature exhaust and the weight and volume of the

LH, tank [132].
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It can be concluded that even though the ideal solution, in terms of COs emis-
sions, would be full electric propulsion, ESS technologies, even fuel cells, will not be
prepared in a short-medium term to make all electric EPS architectures a reality in
narrowbody aircrafts. Instead, hybrid systems using fuel cells or turboelectric EPS
architectures seems to be more suitable candidates. Partial turbo-electric system
(E2) achieves a high specific power density. However, system efficiency drops under
91% and the fuel dependency is total. The turboelectric concept is based on the idea
of reducing the fuel consumption, by improving the aircraft efficiency, and could be
a potential solution during the transition from MEA to AEA/HEA or other aircrafts

types, such as future widebody aircrafts, which perform longer missions.

Consequently, the most promising EPS architectures are those that reach a good
trade off among the three FoMs. Parallel hybrid and series hybrid EPS architectures,
using fuel cell as ESS are the four cases with best performance (i.e., A1, A2, B1 and
B2). They present high efficiency, that is in most of the cases above the minimum
target of 93%, and a reduction of at least a 50% on the use of fuel. But, it should be
noted that the achievable specific power drops far from the set target of 7.5 kW /kg
indicating the necessity of a major technological challenge to happen in the next 10

years.
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TABLE 2.5. Brief description fo the DC EPS cases studied

Type | ID | Description Redundancy | Refs.
Al Electric propulsion system is rated at 2/3 of the total power. Fuel cell is used as No
ESS. Figure 2-2.(a)
Electric propulsion system is rated at 5/6 of the total power. Fuel cell is used as .
A2 . ’ No
A ESS. Figure 2-2.(a)
Electric propulsion system is rated at 2/3 of the total power. Li-Ion battery is used . [30,133]
A3 . ’ ! No
as ESS. Figure 2-2.(a)
Ad Electric propulsion system is rated at 5/6 of the total power. Li-lon battery is used No
as ESS. Figure 2-2.(a)
B Bl One turboshaft moves one gon’crator. Two independent fuel cells are used to assist DC bus
peak power demands. Figure 2-2.(b)
One turboshaft moves one generator. Three independent fuel cells are used to assist (31]
B2 | peak power demands. Main DC bus is split in two, the fuel cells can supply power to No
either or both of them but power flow from one to another is forbidden. Figure 2-2.(b)
STARC-ABL concept plus fuel cell as ESS. 1/3 of the propulsion is provided by .
C1 . . No
tail propeller. Figure 2-2.(c)
C STARC-ABL concept plus fuel cell as ESS. 2/3 of the propulsion is provided by the .
C2 . . . No
tail electric propeller. Figure 2-2.(c) 133]
C3 STARC-ABL concept plus battery as ESS. 1/3 of the propulsion is provided by No
the tail electric propeller. Figure 2-2.(c)
c4 STARC-ABL concept plus battery as ESS. 1/3 of the propulsion is provided by No
the tail electric propeller. Figure 2-2.(c)
D D1 | Two turboshafts drive two generators. Figure 2-2.(d) DC bus
Two turboshafts, each one drives two independent generators (1/3 and 1/6 rated (32]
D2 . DC bus
power). Figure 2-2.(e)
STARC-ABL concept. 1/3 of the propulsion is provided by the tail electric .
E1 ; No
E propeller. Figure 2-2.(e) 133]
STARC-ABL concept. 2/3 of the propulsion is provided by the tail electric .
E2 ; No
propeller. Figure 2-2.(e)
Three independent fuel cells supply the power. Main DC bus is split in two, the
F1 | fuel cells can supply power to either or both of them but power flow from one to No
F another is forbidden. See Figure 2-9 [34,35]
F2 | Two independent fuel cells supply the power to two electric fans. Figure 2-2.(f) DC bus
F3 | Three independent fuel cells supply the power to two electric fans. Figure 2-9.(f) DC bus
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Figure 2-10. Specific power density, efficiency, and fuel dependence results for all the DC

study cases.
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TABLE 2.6. DC EPS Analysis FoM Results

Type | ID | Specific Power [kW /kg] | Efficiency [%] | Fuel Dependency [%]
Al 2.71 94.16 33.33
A A2 2.71 94.16 16.67
A3 0.43 94.16 33.33
A4 0.43 94.16 16.67
B B1 3.02 93.04 33.33
B2 3.15 92.45 50.00
C1 5.37 93.62 73.33
C C2 3.14 93.62 77.78
C3 0.4 93.62 73.33
C4 0.78 93.62 73.33
D D1 3.36 90.60 100.00
D2 3.08 90.57 100.00
E E1 3.05 90.68 100.00
E2 4.41 90.68 100.00
F1 2.56 94.14 0.00
F F2 2.30 94.15 0.00
F3 2.29 94.14 0.00

There are further benefits identified for series and parallel hybrid EPS architecture.
They have a low fuel dependency due to the introduction of batteries and fuel cells.
In the case of parallel hybrid, the electric motors powered by the ESS will provide
most part of the thrust reducing the size of conventional turbines. In series hybrid,
the battery will provide most part of the power so the fuel utilized to power up the
generator will be reduced. A lower size turboshaft can be translated into lower fuel
dependency of the EPS architecture. Furthermore, those turboshafts can be operated
more efficiently in the case of series hybrid. In parallel hybrid systems the turbofans

only operate during peaks of power demand (e.g.,take off or transitions) [133].
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TABLE 2.7. Calculation data example. B1, Series hybrid study case.

Specific Efficiency Total Total Total Power
Power (%] Power length weight Losses
kKW /ke] kW] | [m] [ke] kW]
Table 2.4 Table 2.5 | Figure 2-6 | Eqs. (2.2)-(2.7) | Egs. (2.9)-(2.11)
Motor 21 96.00 20000 - 952.38 800
Inverter 37 99.5 20000 - 540.54 100
Generator 21 96.00 6667 - 317.46 266.67
Building Rectifier 49 99.00 6667 - 136.05 66.67
Blocks Fuel Cell 5 60.00 13333 - 2666.67 Not considered
dc-dc converter 62.5 99.00 13333 - 213.33 133.33
CB 31 99.50 20000 - 1290.32 100
DC cable - - - 47.16 199.00 30
AC cable - - - 3 23.48 30
Propulsion 1492.92
Subsystems Power Source 3333.51
Distribution 222.58
Protection 1290.32
Total 6339.33 1496.73

Regarding AC distribution, Figure 2-11 displays the simplified schemes of the most
relevant AC dsitribution EPS analysed. Figure 2-11.(a) is taken as a baseline; it is
designed following a full turboelectric propulsion configuration with three generators.
The power flow is controlled by ac—ac converters from ac bus 3 to the other two buses
avoiding the power flow between buses 1 and 2. From PSSA, it has been deduced
that three generators increase the reliability of the power source subsystem to the
target requirement. For designing Figure 2-11.(b), Figure 2-11.(c) has been derived
into a series hybrid EPS architecture by replacing the third generator with two ESS
units. It is assumed that each ESS is rated to 1/3 of the propulsion power. In normal
operation, AC buses are working independently, but both buses can be connected in
case of failure. Figure 2-11.(d) is similar to Figure 2-11.(c), but ESS is connected
to the electric motor terminals with the aim of reducing the ac—ac requirements by
decreasing the power managed. Finally, Figure 2-11.(d) explores the influence of

buses interconnection elimination considered in architecture of Figure 2-11.(b).
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Figure 2-11. Diagrams of ac EPS architecture. (a) Case G, full turboelectric, baseline case.
(b) Case H, ESS merged with generators and interconnected buses. (c) Case I, direct ESS
assistance to motor, ac-dc converter can drive the motor in case of emergency. (d) Case
J, separated buses with merged ESS.

Table VII summarizes the results of the ac-ac specifications needed to achieve sys-
tem requirements (i.e., boundary conditions that provide a valid system solution and

specified in the same table).

The study concludes that ac-ac converters failure rate should be below 1500 FITs
to fulfil DO-254 reliability requirement. It is worth noting that in Case I, Figure 2-

11.(c), the reliability of the ac-ac is not critical (labeled as no restricted) because the
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TABLE 2.8. Estimated FoM required to fulfil system target numbers

Case G H I J
Failure rate 1 1 1 1
[FIT]
System :
Specific Power 45 275 97 97
[kW /ke] ] ] ] ]
Efficiency 92 | 93 93 93

[%]
Failure rate
[FIT]
Specific Power
W /kcg]
Efficiency
[%]

1502 | 1503 | No restricted | 1501
ac-ac

48.47 | 67.65 43.25 38.23

99.90 | 99.61 99.61 99.61

motor can be driven from the ac-dc converter in case of ac-ac failure. In addition,
Figure 2-11.(d) reports the most restrictive ac-ac reliability requirement because
there is only one possible power flow path from power sources to motor. Additionally,
ac-ac converters should achieve a very high efficiency (i.e., higher than 99%) to allow
system efficiency to be over the 90%. The double conversion stage needed to integrate
ESS in the ac EPS system is the main efficiency penalization. In terms of specific
power, the average of all the results, it is 50 kW /kg specific power density, can be

set as the target value.

Once the ac-ac converter specifications were estimated, a similar analysis to the one
performed for DC EPS architecture has been carried out. The most promising DC
EPS architecture cases have been compared with the AC EPS architecture cases in
terms of efficiency, weight, and fuel dependency. The comparison in weight has been
divided in subsystems: propulsions system (i.e., motors and drives), power supply
(i.e., generators, ESS and required power conversion stages), distribution network,
(i.e., cable and buses) and protections (i.e., breakers). Thus, the building blocks
involved into the most significant penalizations in terms of weight for both EPS
architecture types can be identified. Particularly, the target value 50 kW /kg ac-

ac converter specific power has been used for the comparative study. Figure 2-12
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presents the three FoMs data, where A1, A2, B1 and B2 are the dc EPS architecture

cases and G, H, I and J are the ac EPS architecture cases.
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Figure 2-12. FoMs comparison between most promising dc cases and ac cases. (a) Effi-
ciency. (b) Weight. (c) Fuel dependency.

Figure 2-12.(a) shows that DC EPS architecture systems can achieve higher effi-
ciency values than AC EPS architecture systems. In terms of weight, from Figure
2-12.(b) it can be observed that AC distribution weight is higher than DC distribution
weight due to cable mass as has been aforementioned. AC distribution architectures
also present heavier power systems (i.e., generators, ESS and needed power convert-
ers) when comparing them to DC distribution. One of the biggest drawbacks is the
difficulty or the extra power stages required to include ESS making AC distribu-
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tion not of particular interest for hybrid approaches but particularly interesting for
turboelectric architectures. In general, AC EPS systems are heavier than DC EPS
systems, the only exception is G because the ESS is not considered. DC distribu-
tion demonstrate a more useful case for either of the distribution cases depicted in

Chapter 1 that leverage an ESS.

2.3 Conclusions

A comparative analysis on AEA/HEA state of art architectures has been presented
in this chapter and has yielded a set of promising EPS architectures that have been
compared using three FoMs (i.e., reliability, efficiency and specific power density),

and covering both DC and AC distribution systems.

In the case of DC EPS architectures, it has been highlighted the benefits regarding
the reduction of cable weight and the ease of implementation for both turboelec-
tric and hybrid propulsion systems. From the analysis, it has been concluded that
the parallel hybrid and the series hybrid configurations can be considered promis-
ing future aircraft EPS architectures in the medium-term for CO4 emissions reduc-
tion. However, the resultant specific power for those EPS architectures conclude
that the 10-year horizon FoM building block estimations do not achieve the fixed
target objectives of specific power for narrowbody aircrafts requiring a technologi-
cal breakthrough in some technologies. Although the main limiting factors is the
ESS additional weight, progression of all building blocks technology is needed. Fur-
thermore, circuit breakers lead the system specific power down and are identified as

elemental parts in the EPS architecture target achievement. Table 2.9 displays an
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estimation of the building blocks specific power values needed to achieve the system
design requirements (i.e., 7.5 kW /kg specific power and 93% efficiency) for the cases
A2 and B2.

The conclusion is that a new paradigm of power electronics, insulation conductors
and electric machines technologies needs to be explored. Technology development
will reduce the fuel dependency for these hybrid architectures achieving higher spe-
cific power densities and eventually transitioning into a full green electrical system.
Insulation requirements can be highlighted as critical with power density require-
ments. Nowadays, the effort of many AEA/HEA designers is focused on the pursuit
of insulation technologies that address high voltage phenomena without penalizing
size or weight. It can be done by adapting terrestrial insulation materials or with

alternative solutions such as, micromultilayer insulation technology [134].

TABLE 2.9. Estimation of building block requirements to fulfil system targets

Specific power kW /kg] | Efficiency [%]
Case A2 |5y New Old | New
Motor 21 50 96 96
dc-ac 37 60 99.5 99.5
Generator | - - 96 96
Fuel Cell - - 99 99
dc-dc 5 18 100 100
CBs 62.5 75 99 99
System 2.71 7.52 94.16 94.16
Specific power [kW /kg] | Efficiency [%]
Case B2 151 New Old | New
Motor 21 50 96 97
dc-ac 37 55 99.5 99.5
Generator | 21 50 96 96
Fuel Cell 5 14.5 100 100
dc-dc 62.5 80 99 99
CBs 31 150 99.5 99.5
System | 2.71 7.58 9245 | 93.31

The challenge for electric machines design is to achieve high specific power solutions
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with high efficiency. The study presented in [135] analyses electric machines design
for AEA application. The impact of several design parameters on the power density
and the efficiency is explored for nonsuperconducting and superconducting machines.
This study demonstrated that superconductivity materials allow to go beyond non-
superconducting achievable specific power ratings but at the same time it introduces
extra complexity to the design. Thermal management becomes an important con-
cern for achieving the power density requirements needed in new aircraft propulsion
concepts. The main reason is the number of heat loads increases, so optimizing the
design of the thermal management systems become important [136]. Some authors
propose cryogenic cooling and thermal management system integration [137] or the
integration of power converters within the propulsion motors to use the bypass flow

in the duct to cool the power modules [138].

The significant weight addition of battery ESS as a main source, such as Li-Air
(i.e., expected battery technology used in 2030) demotivates their application as a
primary source in the future narrowbody AEA unless a breakthrough technology is
discovered to improve their energy density for the power levels discussed in this work.
Nevertheless, the use of batteries will be always necessary in certain extend. Lighter
aircrafts pertaining to EASA CS-23 classification may still benefit from battery use
on the lower power end [139,140]. For instance, over the last years several projects
around light aircrafts that propose all electric EPS architectures have been presented
[34], [35]. As regards ac EPS architectures, it has been assumed that ac-ac converters
must achieve a high performance (i.e., very high reliability, over 99% efficiency and
high specific power density). These requirements stress the design of this component
making it extremely difficult to achieve the requirements and thus falling short in

comparison to simple dc EPS architectures.
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Note that the conclusions expounded above are based on an analysis focused on
narrowbody aircrafts, and in the hybrid schemes on the hybridization level. Similar
analysis could be applied to other types of aircrafts, although the conclusions ex-
pounded may differ due to the characteristics of flight profiles, altitude, distances, or
flight time. Several projects around widebody aircrafts can be found, which focus on
turboelectric propulsion architectures, such as N3-X prototype [141]. In that case,
the fuselage aerodynamic performances become more important, benefiting from dis-
tributed propulsion architectures. The EPS architecture presented in [141] combined
with innovative superconducting electrical systems can supposed around a 70% of
fuel burn reduction. One of the most recent projects that has reported results in re-
gards this topic are Chyla and Siena Clean Aviation projects [142]. In both projects
they have focused on studying the different propulsion options in order to identify

to which aircraft categories and market they suit the best.

The benefits of using dc architecture for either hybrid or fuel electric have been
concluded in this work. Nonetheless, in terms of the required building blocks there
are several technological gaps such as: understanding of high altitude and high volt-
age operation, achieving fast and power density dc breakers, or increasing the overall
efficiency of the system. Currently efforts in superconductive systems, special in-
sulation materials and hydrogen fuel cells will be key for the future of greener and

electrical aircraft.

Conclusions regarding power converter topologies requires a through study and
more thoughts around this are covered in Chapter 3. In this thesis we focused
on modular or multilevel topologies, which can reduce the power semiconductor
requirements and bring AEA/HEA EPS power converters requirements closer to

state of the art technology. Furthermore, assuming some modifications this kind of
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power converter topologies could be suitable to AC distribution cases, which are not

extensively study in the literature.
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Chapter 3

Evaluation of modular multilevel
converters for the future electric

aircraft.

The emerging concepts of AEA/HEA introduce new application scenarios charac-
terized by high power, high voltage operational prerequisites, and demanding envi-
ronmental conditions. These requirements often surpass the capabilities of existing
power converter solutions, requiring the development of new solutions. While tradi-
tional power topologies, such as dc-dc boost converters or dc-ac two-level inverters,
suffice for electric vehicle applications, the future electric aircraft EPS might need
multi-level topologies or parallel and/or series connections of the mentioned power
converters. It is noteworthy that the adoption of electrified propulsion schemes not
only impacts the power converters within the power train but also influences the

components within the distribution network [143].
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Concerning power converter requirements, the selection between uni-directional or
bi-directional converters is contingent upon the specific application. For instance, bi-
directionality is needed when connecting a battery to the distribution bus, whereas
a uni-directional converter may be sufficient for connecting a fuel cell. In cases
involving power converters for connecting different voltage level distribution buses,
the necessity of bi-directionality hinges upon the EPS architecture definition and
the management strategy devised. The use of isolated power converter topologies to
limit the failure propagation throughout the EPS might be required to enhance the
safety levels. But, at the same time, it is possible that the safety requirements can be
guaranteed with the use of protection devices, such as CBs. Note that the inclusion
of transformers in isolated converters results in heavier solutions, potentially leading

to weight penalties.

This chapter presents a modified MMC, which has being investigated to enhance
MMC features by reducing the weight of cell capacitors used. Fault tolerance capa-

bility is demonstrated to be improved as well.

3.1 Modular multilevel converters for on-board air-

craft electric power system

Modular multilevel converter can be considered also candidate topology in the air-
craft power train, as this is a suitable solution for medium/high power applications
with high voltage levels. In addition, its modularity provides scalability, which helps
to achieve an adaptable solution to different aircraft platforms. CHB and MMC

are reported as high efficiency solutions as well, and allow the used of lower voltage
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power devices [144]. The MMC has become a popular solution in applications such
as high voltage direct current (HVDC) transmissions lines and industrial variable-
speed drivers, integration of low/medium voltage batteries to the grid, power elec-
tronic transformers, railway electric traction systems, and ship electric propulsion
systems [145,146]. The high number of components could be a concern because of
the potential lower reliability. In [147] a modular converter based on a solid state
transformer (SST) is proposed as a high reliability solution reaching 6 kV DC bus
level. Furthermore, there are several references in the literature of MMCs supplied
from multi-three phase systems of a MW scale electric machine. For instance in [148]
a the CHB cells are supplied from a multiwinding generators and in [149] and ac-dc
MMUC solutions for high voltage and high power gas turbine driven generators is pro-
posed. Similarly, in [150] and [151], a multiport transformer is used in an industrial

application.

Its modularity provides scalability and fault resilience [152,153]. Not having a
physical element connecting the positive and negative terminals reduces the proba-
bility of having a fault in the DC link, which may have severe consequences. Current
state of the art is looking into improving fault management, volume reduction [154]

and cooling size optimization [155].

3.2 Proposal of a modified MMC based on multi-

ple three phase winding generators

In [60], the MMC is compared with the previously cited topologies, concluding that

one of its main disadvantage is the potential higher weight due to the cells capaci-
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tances and arm inductances. This fact in addition with the lack of research around
this topology for the specific application in future electric aircraft have prompted the
evaluation of MMC variations that could reduce the size of the capacitors used at
cell level. As a result, the distributed input modular multilevel converter (DIMMC)
topology is proposed in this thesis [156-158], see Figure 3-1.

o

I I-arm I I-arm !Larm

s ot s

QD:%‘ Isolated three-phases === AC Power DC Power == AC+DC Power
system

|

HV DC load
HV AC Load

[
|

(a)

122



(b)

Figure 3-1. DIMMC topology. (a) General topology scheme. (b) Details of the DIMMC
cell structure.

The DIMMC topology explores the possibility of feeding the capacitor of each of
the total number of half-bridge cells (Neeys) of a MMC by an ac-dc rectifier with
high power factor (PF). Similarly to the solution explained in [159] or [150], the
idea is that each of the rectifier is connected to one of the multiple three-phase
systems, Figure 3-1. In this chapter, a preliminary analysis of the DIMMC features
is presented, putting more emphasis on the cell capacitance reduction that implies a
potential weight reduction. The proposed topology follows a multiport configuration
with one HV DC port and one HV AC port, Figure 3-1.(a). Each phase is comprised
of two arms and each arm is comprised by several cells and an inductor connected
in series (Lgmm). The cells proposed are based on a half-bridge and a capacitor,
but they could potentially be exchanged for any other [160]. In this thesis, it is
described the operation for the half-bridge due to its simplicity. The cell capacitor
(Ceenr) voltage is regulated by one of the multiple three-phase systems through an
active rectifier, Figure 3-1.(b). The inherit isolation, provided at the input by the

generator or transformer, between the multiple three-phase systems eliminates the
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requirement of using isolated cells as in the case of MMC based power electronics
transformers [161]. The active rectifier can be implemented with any non-isolated
topology, but in this case a simple two-level rectifier has been chosen for the sake
of simplicity. This is controlled to drain ac power with unity PF and to maintain a

constant C..; voltage level [158].

3.2.1 Basic operating principle of the DIMMC

Figure 3-2 illustrates a simplified scheme of the topology and the main voltage wave-
forms. Similarly to the MMC, the DIMMC is controlled to generate an unipolar arm
voltage. The homopolar component of the upper and bottom arm voltage, v,; and

U2, Tespectively, determines the HV DC port voltage level (V) as defined in

Ve
Vi = —2% _ v, (3.1)
2
Ve
Vi = 2d + V. (3.2)
Vie = Va1 + Vao, (3.3)

where V. is the phase output voltage, given by

V, = oot Ye? (3.4)

The AC output current is split between the upper and the lower arm, each of them
carrying half of it,
ly = Ug1 + g2 (3.5)
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A unique feature of the MMC is the circulating current (i.) and is defined as

o g1 — 122

(3.6)

[
|

Vdc

V2

Figure 3-2. Simplified representation of the main DIMMC signals. Only one phase repre-
sented for the sake of simplicity

In the DIMMC this circulating current per leg will be equal to 1/3 of the demanding
current by the DC Load. Conventionally, the arm inductances are designed in the
MMC to limit the 7. but in the DIMMC a different design approach might be needed.

The optimization of the size of the arm inductors will be considered as future work
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and it is not part of the current document.

Assuming both HV DC and HV AC ports are connected to loads, the power flow
direction displayed in Figure 3-1 is expected. However, this multiport topology
could manage other power flow directions. As the cell voltages are fixed by the local
control of the active rectifier, the DIMMC central control will be only responsible of

guarantee the power balance equation

Pac:‘/;z'ia+‘/b'ib+‘/c'ica (37)

Pdc = Vdc . idcy (38)

WE

Pn,j = Pac + Pd67 (39)

n=1
where P, ; represents the active power provided by the cell n of the phase j, being

N the total number of cells.

In an MMC, C,y; is designed to hold its voltage over a minimum value when the
cell is activated. This normally yields a high capacitance value, which penalizes the
overall specific power of the converter. In the particular case of being used in variable-
speed machine drivers, a challenge exists at low motor speed when the C,.; voltage
ripple become significant higher [162]. Additionally, cell voltage balancing algorithms
are necessary to ensure all cells stay at a similar voltage level. An example of this
is the sorting algorithm, which measures all the cell voltages and depending on the
arm current direction it inserts first those cells with higher or lower voltage [68]. One
of the targets that is aimed with the DIMMOC is the necessary capacitance reduction
for similar voltage level fluctuation, this has been explored in [158] and is explained

in the following lines. This is achieved by regulating the C..; voltage with an active
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rectifier.

3.2.2 Analysis of the cell capacitance reduction with a dis-

tributed input modular multilevel converter

To evaluate the capacitance reduction feature of the DIMMC the study case displayed
in Figure 3-3 is analysed. The study case consists on a three phase input source, two
level power factor correction six-switch voltage source rectifier (PFCVSR), an output
capacitor, representing the DIMMC C.,.; and a current source. When connected,
each cell of the DIMMC supplies the current circulating through the converter arm,
this can be modelled as a current source. For the study, this current is simplified
as a pulsating current source connected to the output capacitor with a long period
(i.e., the connection period of the cell, which is on the order of milliseconds) when

compared to the switching period of the power converter.
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Figure 3-3. Study case scheme.
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The capacitance reduction is attained with the design of the control for the recti-
fier. The control design process includes the digital time delay introduced by digital
implementation (7). This is normally expressed in terms of sampling periods, which
in this case are related with the switching period (7s,). The analysis trades-off the
control effort (i.e., control loop required bandwidth and phase margin), the switch-
ing frequency, the output voltage ripple and the required capacitance, yielding as a
result a mapping of the minimum capacitive values required to achieve the desired
performance. The switching frequency range under study is limited for practical
reasons, Table 3.1. The input filter design is not studied in this thesis, the minimum
switching frequency is fixed over 40 times the mains frequency not to penalize its
design [123]. It should be noted, the current power devices technology allows to
manage high voltage (i.e. hundreds of volts) and medium current level (i.e. tens of
amps) up to MHz range, switching frequency has been set 10 times lower to work in

a more conservative range.

Table 3.1 shows the data of the system under study. A DIMMC with seven cells
per arm is considered, assuming that the DC bus voltage is 3 kV and operating
at IMW. Each C.; nominal voltage is 430 V, labelled here as V. If a staircase
operation without sorting algorithm is applied, this means that in the worst scenario
one cell is connected almost the whole period. For an output frequency of 400 Hz
this means 2.5 ms, it has been simplified to 2 ms. Furthermore, as detailed in (3.5)
the arm current (7,;) will be half the output current. The most demanding scenario
in terms of control design is the connection of the cell when the arm current is
maximum. Assuming no circulating current, it is no DC load, this is half the peak
output current. For a 1 MW operation case, it yields to 220A. Consequently, the

amplitude of the pulse current is set to that value.

128



TABLE 3.1. Specifications of the study case

Variable Value
AC frequency 400Hz
Nominal Cell voltage (Vn) 430 V
Maximum voltage variation 10 %

Minimum switching frequency | 32 kHz
Maximum switching frequency | 100 kHz
Pulse load amplitude (Iload) 220 A

Pulse load period (Tload) 2 ms
Modulation index (Mp) 0.85
Td Tsw

It should be noted that the methodology procedure can be applied to other system
specifications if the system is correctly modelled. For example, this is potentially use-
ful for adapting the converter power rating. But if higher frequencies are considered,
parasitic elements may start playing an important role. The PFCVSR control design
presented is based on d-q synchronous reference frame converter average model as-
suming a sinusoidal PWM modulation [163]. A classic dual-loop control structure is
used, where the outer control loop is responsible for maintaining a constant output
capacitor voltage and the inner control loop is designed to control the boost inductor
currents. Feedforward compensation is also implemented in the current control loop
to eliminate the inherent d-q phases cross coupling, see Figure 3-3. Therefore, the
current control loop dynamics can be reduced to the input boost inductor, which can
be simply modelled as a first order plant [164]. The stability requirements can be
established in terms of phase margin (PM) by studying the control loop in the fre-
quency domain. The minimum acceptable PM is set to 45 deg in both control loops.
Mathematical expressions are derived from both current and voltage open loop gain
(OL) to define the PI controller parameters as function of the phase margin (PM)

and the crossover frequency (w). At w conditions (3.10) and (3.11) are imposed.
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OL(w,)| = 1 (3.10)

/OL(w,) = —180° + PM (3.11)

The current control loop, control loop 1 in Figure 3-3, generates the PWM modu-
lation index required to reproduce a sinusoidal input current in phase with the input

voltage and with the required amplitude. The current OL expression is given by:

Ti-s+1 1 1
Tiy-s Ty-s+1 L-s+ Ry

Although more complex and detailed approaches can be used to model the effect of
Ty , the approach detailed in [164] is used to model it as a first-order system helping
on reducing the complexity of the analysis. Substituting the conditions defined by

3.10 and 3.11 in 3.12, yields the next mathematical expressions,

1 We

Kij=— = 3.13
"7 T tan(—90° + PM + tan~' (T, - w.) + tan='(Y/R, - w..)’ (3:13)
Kp, = Ty - we (Ty-we)?+1-Ry-/(H/r)2 + 1 (3.14)

= . T, ‘R, - - 7 ,
(Tiy - w2+ 1
K
PI = Kp, - 221 (3.15)
S

Equations (3.13), (3.14) and (3.15) determine the current controller parameters:
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Kp; that is the PI proportional gain and K4y, the PI integral action. They are
defined in function of the design constraints, such as PM, w., the inductor time
constant defined by the ratio of L, the inductance value, and Ry, which is its series
resistance, and T, represents the PI control time constant and it is the inverse of
Ki, and the PI current controller is defined by a PI series form (PI;). Note that
Ty and the inductor time constant (L/r;) degrade the loop stability which will be

compensated by the PI integral action.

The control loop stability can be studied by evaluating (3.13). The theoretical
maximum for the crossover frequency weim:, can be obtained by equating 7T%; to
zero. Ty can be easily estimated by taking into account the sampling and updating
rating [165]. It is normally expressed in terms of sampling periods, which in this
case is related with the switching period. For example, T,; can be 1 or 0.5 sampling
cycles. Evaluating (3.13) for T%; > 0 the minimun L/R;, it is, L/Ry., for different
combinations of w,, switching frequency and PM are obtained, Figure 3-4. These
limits indicate the dynamic constraint of the inductor design for a certain PM and w,.
That is, there are L/r, that will turn the system unstable and control compensation
is not possible. Those limits are used to stablish constraints to the capacitance
reduction study meaning that the attained solution will always be a feasible solution

from a stability perspective.

The control loop 2, voltage control loop,in Figure 3-3, is designed to regulate a
constant voltage level. Load changes are seen as voltage disturbances by the control
loop, so the design is focused on disturbance rejection. The effect of the control loop
1 dynamics has been approximated by a first order transfer function defined by this
time constant response Trr. This can be done if the inner control loop, in this case

control loop 1, dynamics are significantly higher than the outer control loop, the
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Figure 3-4. Current control loop stability minimum boundaries when the PM is 45% and
updating occurs at: (a) sampling time, (b) half the sampling time

control loop 2 in this work. Voltage OL expression is given by,

Tis-s+1 1

ESR-C-s+1
TiQ'S TCL'5+1 .

OLU(S) :Kp2 C'S

3
=M 1
Y (3.16)

Where, ESR stands for the equivalent series resistance of the capacitor.

Substituting the conditions (3.10) and (3.11) in (3.16), the following mathematical

expressions are derived,

1 We
Kio — — — 3.17
2 Tiy  tan(PM +tan Y (T¢r - w.) — tan ' (C' - ESR - w,))’ (3.17)
Tiy-w,  \/(Tor-w)’+1-C-w. 4 (3.18)

Kps = . . .
P T, w211 J(C ESR-w)?+1 3 My

They determined the current controller parameters: Kp, that is the PI proportional
action and Ko, the PI integral action. The voltage controller is defined by a PI series
(PI,). As can be seen, the OL gain depends on the modulation index (M), which

decreases when load current increases. The voltage control loop is designed for the
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worst case (i.e. for the peak pulse amplitude). For simplicity, in the study presented
in this work ESR effect has been neglected considering the expectation of very low
equivalent series resistance (ESR) value. Nonetheless, it is important to take it into

account otherwise.

Figure 3-5 illustrates the different design steps followed to determine the capaci-

tance reduction.

fsw IDMmin I—/RL

Figure 3-5. Flowchart of the proposes output capacitance methodology.

The solution with the best performance is selected based on (3.13)-(3.18) analysis.
Best performance selection is evaluated with a performance factor (o) that is defined
in terms of the main close loop (C'L(s)) time step response characteristics: the rise
time (7}sc), the settling time (Tsesiing) and the overshoot percentage(Overshoot(%)).

For simplicity, in this work ¢ has been defined as the multiplication of all these
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characteristics:

0 = Tsetting - Trise - Overshoot(%) (3.19)

To perform the minimum capacitance identification, the control loop 1 and control
loop 2 transfer function expressions that determines the reference tracking and dis-

turbance rejection respectively have been rearranged to more general expressions,

. Tiy-s+1 1 1
Zd(S) o Kp,l ’ Tl“-: " Tgs+1  L/Rp-s+1 (3 20)
idee(s) 14+ Kpf, - Tstl. 11 :
ref Py Ti1-s Ty+1 L/Rp-s+1
‘/0(3>:l. s-(Tep-s+1) —l-Gd (3.21)
io(s) O Top 3+ 82+ Kph-s—+ ijiz c W
Kp:
Kp) = —— 3.22
Py R, ( )
3- My,
Kpy = Kpy - 3.23
p2 p2 4 . C < )

It can be deduced from (3.21) that the value of the capacitor does not affect the
dynamics (i.e., in terms of poles and zeros position). It only affects to the gain
of the transfer function. Therefore, analysing G4y, in terms of performance factor
o, the best disturbance rejection dynamics can be identified independently of the
capacitance value and the operating point. The best disturbance rejection response
that can be expected under fy,, PM and L/r, ratio constraints can be obtained for

a normalized case where [;,,q and the nominal voltage are set to unity. This yields a
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normalized voltage variation, AV,,. From AV,,, the minimum capacitance for any
voltage variation ( AVcquired, expressed as an absolute value) and any certain current

level demand (Ijp44) can be deduced with,

L10ad
Cin = AV + ——— 3.24
P A‘/required ( )

3.2.2.1 Capacitance reduction results and simulation validation

The main contribution of this study is the derivation of the limits of the output
capacitance reduction by the action of the classic dual control loop. The capacitance
reduction ratio in terms of the base case can be calculated. The base case has been
set as the cell capacitance design for traditional MMC operating under the same
conditions. The design of the cell capacitance to limit the voltage variation to a 10%

is 0.67 mF for a 1 MW output power [166].

The obtained data can be also used for proving the effectiveness of more complex
control algorithms proposed for capacitance reduction. Table 3.1 specifications and
a I/r, ratio equal to 0.5-10% (i.e., as matter of example and based on a preliminary
inductor design) have been used for the evaluation of the results in Figure 3-6. Figure
3-6.(a) shows the results obtained using (3.24) for an example in which AV, quired
and [j,.q are set to 1. This data can be easily extrapolated to any operation point
by multiplying by the load current and dividing by the nominal voltage. Thus, the
minimum capacitance values for the study case described in Table 3.1 are displayed

in Figure 3-6.(b).
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Figure 3-6. Capacitance reduction study results. (a) Case where Ijoqq and AVyeguired are
set to 1 (Normalized case) (b) Results particularization for a given operating point (Table
3.1).

TABLE 3.2. Reduction ratio estimation.

fsw Cmin [mF] Reduction ratio [%]
[kHz] | @430 V, 220 A | (CY%%. = 0.67 mF)
104 0.61 9
136 0.47 31
168 0.37 44
200 0.32 53

To validate the theoretical study results, a simulation has been performed. The
simulation has been developed in MATLAB/Simulink software and a good approx-
imation to the real control implementation in a DSP platform was achieved, Figure
3-7. Figure 3-8 shows the voltage variation of an equivalent linear system when a
current of a unit pulse is demanded and Fig. 6.b displays the voltage variation of
the switching model simulation of Figure 3-7 for a 220 A pulse current.It can be
concluded that it is possible to reduce the C..; capacitance if the control loop has
the enough bandwidth. As it has been described, the way of defining the control loop
bandwidth has been proportionally related to the switching frequency. Thus, it can
be appreciated that a switching frequency higher than 100 kHz is required in order
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to get benefit of this solution. Table 3.2 illustrates the capacitor reduction ratios
for those valid switching frequencies when comparing with the MMC capacitance

(Crrme) under the specifications described in Table 3.1.

Figure 3-7. MATLAB/Simulink discrete system simulation with C-code based control loop
implementation

Details of the designed PFCVR prototype are shown in Annex A, although exper-

imental test finalization is postpone to future work.

3.2.3 Additional topology features

The main claims of this new topology are expounded in [156]. The DIMMC has been
identified as a promising candidate to be used in AC to AC conversion systems with
accessible HV DC bus, in which commonly two conversion stages are implemented,

see Figure 3-9. The main advantage of the DIMMC over the back to back MMC is
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(b) PFCVR switching model simulation implemented in MATLAB/Simulink

that in the DIMMC, one MMC stage can be eliminated, and the number of arms
inductors and capacitors is halved. Duplication of switches is the price to pay for
reducing the volume and weight of the topology as passive elements are the main
drivers. This fact, in addition to the capacitance reduction, presented previously,
result into a more compact topology providing a higher specific power for applica-
tions related to transportation electrification under the aforementioned architecture
conditions. Therefore, the DIMMC can be of high interest for high power electric
mobility applications such as aerospace, where the weight reduction is one of the

main targets when designing power converters [157].

HV AC source

HV DC bus

HV AC Load

ac

dc

1
[

dc

ac

Figure 3-9. Back-to-back ac to ac conversion scheme.
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The C.; capacitance reduction has been explored with detail. But the fact of
controlling the C..; voltage level has and additional feature, the requirement of cell
balancing techniques is suppressed. Consequently, the number of commutations per
cycle of the half-bridge and the switching losses are reduced when comparing with
balancing techniques as the sorting method. The cells are connected sequentially
following an staircase modulation and remain connected the entire level cycle without

swapping with another one to balance the voltage.

Another feature of the proposed DIMMC topology is its better short-circuit ca-
pability in comparison with the traditional MMC in a back-to-back configuration.
Short-circuit capability has been evaluated based on the topology effectiveness in
blocking the fault current when the modulation is disabled. No extra fault current
control is considered. Two types of short-circuits are analyzed: AC side and DC
side short-circuit. In the situation of suffering a short-circuit at the HV AC load
side, both topologies feature a similar performance. The path followed by the fault
current from the source to the faulty point is illustrated in Figure 3-10.(a) and Fig-
ure 3-11.(a). After disabling the modulation, the fault current will naturally fade
when the cell capacitor voltage is higher than the phase peak voltage and the free-
wheeling diode is reverse biased [167]. When a short-circuit happen in the HV DC
bus, the MMC converter that is connected to the HV AC source will further con-
tribute to the fault, the free-wheeling diodes of the switches will provide a path for
the current from the HV AC source to contribute to the short-circuit current [168].
The expected current path is displayed in Figure 3-10.(b). With the DIMMC, in
case of having a fault in the HV dc port, after disabling the modulation, the fault
current will flow through C,.; until this is charged to the input phase peak volt-

age and the current is blocked by the freewheeling diode (similar to the case of the
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short-circuit at the HV ac load side). The current path in this case is illustrated in

Figure 3-11 .(b). Only the contribution of one of the ac phases is shown for simplicity.
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Figure 3-10. MMC fault current paths. (a) AC side output short-circuit. (b) DC ports
short-circuits
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Figure 3-11. DIMMC fault current paths. (a) AC side output short circuit. (b) DC ports
short-circuits

It can be concluded that in terms of short-circuit handling capability the DIMMC

topology is superior to a conventional MMC.
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3.2.4 DIMMC simulation results

All the claimed features has been validated by simulation, a model has been de-
veloped in MATLAB/Simulink. The DIMMC model is formed by 7 cells per arm
(Narm), which is translated into 15 voltage levels (Njeyers). The arm inductances have
been designed to reduce the second harmonic component of the circulating current.
The MMC conventional design method described in [169] has been followed. Each
cell is formed by a half bridge and the chosen C\.; value is 0.47 mF, which corre-
spond to the design case of 136 kHz switching frequency. The half bridge switches are
model with an ideal switch model, only considering the on resistance (Rds,,). The
PFCVSR has been simplified by the voltage control loop and a current source. The
control signal of the voltage control loop is the reference direct component current
of the PFCVR input ac current (i4), assuming an ideal current control loop, this
would be the current injected to correct the voltage deviation of the C..;. This can
be deduced from the average model equation in steady state and assuming power
factor correction,
OVeenr 3

=2 g My — iy (3.25)

Cce L=
ot T 4

Where i is the load demanded by the cell.

The main simulation parameters are summarized in Table 3.3. The steady state
operation of the new topology has been tested running the model under the following
specifications: seven cells per arm, DC cell voltage of 430 V which is translated into
3000 V DC voltage (i.e. DC bus voltage level value expected for a AEA/HEA), three-
phase AC voltage peak of 1500 V, AC power of 1 MW, and DC power of 50 kW.

These specifications have been chosen as matter of example of a feasible application
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for this topology in the context of aircraft electrification.

In Figure 3-12, it can be seen that the HV AC voltage and currents are similar
to those in a equivalent MMC. If the system is balanced, the DC current through
each phase will be 1/3 of the demanded current by the HV DC load. Figure 3-12
also displays the HV DC voltage and current, both AC and DC loads are supply
simultaneously. At 30 ms a HV DC load step is performed, HV AC output signals
remain invariable. Additionally, at 40 ms the HV ac voltage frequency changes from
400 to 300 Hz, the HV DC port signals are not affected. Consequently, this verify
the system multiport feature, which makes the topology to be able to provide DC

and AC current simultaneously.

TABLE 3.3. DIMMC simulation main parameters.

DIMMC design Operation point
Parameter | Value Parameter | Value
Narm 7 Vivpe 3 kV
Nlevels 15 ‘/cell 430 V
Larm 1.2mH | freq 400 Hz
Rrarm 1 uf2 P 1 MW
Ccell 0.47 mF PF 1
Rdsop 0.65 mSQ | Py 50 kW

In addition to the steady state operation of the topology, it has been also verified by
simulation the capacitance reduction, main feature analyzed in [158]. Thanks to the
regulation of the cell voltage, the required capacitance at the cell can be significantly
reduced, and therefore, the overall volume and weight of the converter. In the bottom
figures of Figure 3-13, the voltage level of the cell labelled as “1ua” of a conventional
MMC and the DIMMC are shown. In both cases, the converter is operating in
steady state at the same operating point. But, in the case of the DIMMC the

capacitance value of the cell capacitor is 30% lower. The MMC cell capacitance has
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been designed following [166], the resulted value is 0.67 mF (0.47 mF in the DIMMC).
It is appreciated that in Figure 3-13.(b) the voltage is kept within the limits even
the C.. value has been reduced by a 30%. However, it has been detected that the
modulation and control algorithm chosen does not allow to reverse the current flow in
a controllable way, but the current demanded when inserting the cell in the DIMMC
arm can demand negative current (i.e. current flowing in the PFCVSR). The data
showed in Figure 3-13.(b) correspond to a simplified scenario in which this constrain
is not taken into account as the purpose was to verify the capacitance reduction
capability of the DIMMC. Further research needs to be performed in regards this,

which has been postponed as future work.
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Figure 3-12. Steady state output HV ac phase voltages and currents (upper) and steady
state output HV dc voltage and current (bottom).

As has been mentioned and can be seen in in Figure 3-13, the number of commu-
tations of each cell per grid cycle is significantly lower in the DIMMC. In Figure 3-

13.(a), the insertion state of one cell is illustrated when a sorting algorithm is used
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Figure 3-13. Cell Iua activation signal and C.¢; voltage level. (a) MMC topology with
sorting algorithm implemented for cell’s voltage balancing. (b) DIMMC (sorting is not
needed)

for maintaining the cell voltages balanced in a conventional MMC [170]. The sorting
algorithm measures the cell voltage and depending on the arm current direction it
inserts first the cells with higher or lower voltage so at the end of the output AC
voltage cycle the average voltage of every single cell is the same. Figure 3-13.(b) illus-
trates the insertion state of the same cell in the DIMMC. It is clear that the number
of state commutations is significantly reduced when comparing Figure 3-13.(a) and
Figure 3-13.(b), which potentially would reduce the switching losses of the cell at
the DIMMC.

Similarly, the short-circuit fault handling capability of the DIMMC has been tested
by simulating a short-circuit at the HV DC port. Figure 3-14 illustrates a short-
circuit at t = 50 ms, it can be seen how the HV DC voltage decreases to zero. The
modulation is disabled at t = 50.1 ms (i.e. reasonable high current detection time)
and the short-circuit current intermediately after disappears. The fault peak current
depends on the L., value and the fault detection time. In this specific case the peak

fault current value is significantly high and further re-design is possible to reduce it.
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HV side current and voltages are shown in Figure 3-15. As expected, the HV AC

output turns zero when the modulation is disabled.

Additionally, Figure 3-16 illustrates what happens at one of the C.;. In normal
operation, C.; voltage is higher than the input phase peak voltage. Therefore, if the
modulation is disabled the freewheeling diode is reversed bias. In Figure 3-16, the
voltage of the C..; drops initially, this is because the fault occurs at t = 50 ms and
the modulation is disabled at t = 50.1 ms. Once the rectifier switches are open, as
the C,.y voltage remains higher than the input phase peak voltage the diode blocks

the current and the voltage remains constant.
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Figure 3-14. HV DC port fault simulation. At t = 50 ms a short-circuit occurs and at t =
50.1 ms the modulation is disabled.
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Figure 3-15. HV AC output voltages and currents. At t = 50 ms a short-circuit occurs
and at t = 50.1 ms the modulation is disable
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Figure 3-16. C.¢; voltage of one cell. At t = 50 ms a short-circuit occurs and at t = 50.1
ms the modulation is disabled
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3.3 Conclusions

The analysis presented in subsection 3.2.2 has shown the potential reduction of the
capacitance to achieve a more compact solution for the DIMMC. The DIMMC pro-
vides modularity and scalability features, cells capacitor volume and weight reduction
and better short-circuit current handling capability when comparing with a conven-
tional MMC. It has been shown, how with the DIMMC the cells capacitance value
can be reduced for a similar voltage fluctuation in the cell. Additionally,a sorting
method for balancing the voltage cells is not needed, providing a significant reduction
of the half bridge commutations, therefore, potential switching losses. Furthermore,
its better short-circuit handling capability with respect to a common MMC makes
possible to fade the short-circuit current caused by a HV DC port fault by opening

all the switches.

Nevertheless, further investigation is needed to consolidate the potential of this so-
lution. A deeper study of the control and modulation methodology of the PFCVSR
needs to be done, as during the DIMMC evaluation certain limitations has been
detected that deteriorate the expected results. Furthermore, a combination of the
results obtained with the study of the system losses can give a better understanding

of the advantages of this solution to be implemented in the any HEA.

In addition to the DIMMC, the methodology to estimate and reduce the size of
output capacitor is considered as other contribution on its own. The reduction ratio
depends in a non-linear way to the switching frequency of the PFCVR and depending
of the operation point a different minimum switching frequency is required to obtain

advantages. Further analysis to select the optimum switching frequency should need
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to take into account the losses calculations of the proposed topology. Experimental
validation of the presented simulation results has been postponed as future work due

to limitation of time.
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Chapter 4

EMI mitigation.

In previous chapters the reader has been able to explore from architecture level the
technology gaps and challenges of an aircraft electrical power train. Afterwards,
this document has expounded the particular issues of power converter design in this
application and a new power converter idea that could be of interest in aircraft
electrical propulsion.In this chapter the thesis focuses on the third major concern

faced when working on the design of new EPS for the future aircraft, EMI compliance.

The EMI mitigation in future electric planes presents serious challenges due to the
high voltage and power levels, the lack of scalability to this new scenario of the existed
regulation and the high specific power enabled by designs with high dv/dt and di/dt,
which bring new EMI filtering requirements. Regarding power density reduction,
passive EMI filters (PEFs) are limited by the material technology available, being
the magnetic material used for the core and the winding technique the main limiting

factors for reducing the inductor size. In [171], the impact of core saturations issues
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in the inductor volume is covered. The shape factor is studied and a picture of the
difficulty of getting an optimized inductor design for minimizing its volume can be

concluded.

It is for the aforementioned reasons that EMI is a major topic in the aerospace
industry. An example of this, is the project EASIER [57], where this thesis has
contributed. The propulsion architecture covered in this project is the hybrid parallel
propulsion, which has been highlighted as the most promising one in Chapter 2 for

regional plane application.

EMI Research Topics

EMI Characterization EMI Modelling EMI mitigation

Software —
Groundin Component Propulswn system Distribution system Modulation MEEE
g definition CE modelling CE modelling algorithms

Passive EMI filter Active EMI
design methodology | | mitigation solutions

This thesis

Figure 4-1. Main research topics in conducted EMI found in the literature.

The project covers both radiated and conduction emissions. Figure 4-1 displays
the main research lines covered by the project: EMI Characterization, modelling and
mitigation research lines. A thorough investigation has been conducted on software
and hardware mitigation of conduction emissions. The work of this thesis has con-
tributed in this last topic by focusing on the development Active EMI filter (AEF)
solutions for helping on the optimization of the hardware mitigation designs. Pos-
sible AEF implementation is shown in Figure 4-2. Figure 4-2.b illustrates a typical
implementation where the AEF is installed and combined with a PEF [172,173], and
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Figure 4-2.c a specific case where the AEF is used to modify the impedance of any
element of the PEF. The thesis has focused on this specific case and this is named
as Hybrid EMI filter (HEF) in the document for now and on. The aim is to allow

the reduction of the size of the passive elements involved in the filter.
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Figure 4-2. Possible AEF implementation to improve the EMI filter design. a) Original
PEF. b) AEF used in combination of a PEF. ¢) AEF particular used to active impedance
modification.

The chapter is organised as follow. Firstly, it presents a brief introduction of the

scenario under study and the main EMI and safety constraints. Basic theory of
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EMI and filter design theory is explained after that. After, the AEF state of the
art is extensively introduced,in which the main AEF topologies, implementation and
characteristics are presented. The two last parts of this section focus on two novel

active solutions that allow volume and weight improvements of the CM filter stage.

4.1 Introduction

4.1.1 Scenario and requirements.

The EMI filter stage or stages presence in the system needs to provide the required
attenuation without penalising the power converter volume and weight. The main
concern of electronics and EMI engineers is achieving compliance with EMC stan-
dards. Current accepted EMI standards like DO-160 will be taken into account for
the development of this work although they do not cover the magnitude range that
a hybrid electric propulsion requires. The main EMI magnitude constraints assumed
at the power connection with the dc source and the interconnection bundle of the

inverter with the motor are illustrated in Figure 4-3.

Additionally, Figure 4-3 illustrates three potential locations for EMI filters al-
though the actual presence of input, output filter or both will depend on each case.
The interaction between input and output filter makes difficult to know before de-
sign and verification what is the ideal filter stage combination. The main reason is
the effect they produce over the conduction mode noise loops. For instance, output
filter modifies the impedance seen by the noises sources presence in the inverter and

consequently certain CM noise can be redirected to the input, increasing the level
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of EMI noise. The idea behind the across filter solution is to offer the possibility
of a combined attenuation action [174]. An example case is measuring the input
CM noise and attenuating at the output. An example can be seen in [175], where
the common mode current at the input is measured and a compensating current is

injected in the ground connection of the motor (i.e. system load).

DC - side Requirements AC - side Requirements

DO-160 Cat. L,M & H for power lines DO-160 Cat. L,M & H for Interconnecting Bundles

dc source r Inverter r

1 ] ] NG~ :

T T : Ir'-nput ; H Ogtput Trans_m|55|on Motor
A+ 1+ Filter L filter line

T T S

Figure 4-3. Simplified scheme of the potential EMI filter deploy within the overall propul-
sion system. Regulated DO-160 requirements.

In the particular scenario of aerospace, OEMs lighting strikes safety requirements
imposed certain constraints to the EMI filter design. In order to limit the propagation
of the current generated by the lightning strike the minimum impedance between
any conductor and the chassis of the equipment is limited to a value specified in the
ABD100 (i.e.,Environmental Conditions And Test Requirements Associated With
Qualification defined by Airbus ). Indirectly, this impacts the minimization of weight

and losses of conventional EMI filter design as the shunt capacitor value that can
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be used is constrained. This has led the filter design optimization to look for new
alternatives that can help on the reduction of volume of the overall PEF. One of
these topics is the AEF that can be integrated , as it has been illustrated in Figure
4-2, in combination with the PEF to help to reduce the size.

4.1.2 Passive EMI filters, the classic design procedure.

The start point of any EMI filter is the examination of the study case and identifi-
cation of potential noise sources and propagation paths. A noise source is identify
as any element that can generate a disturbance ,identified as EMI, that through any
coupling method (i.e. radiative, inductive, conducted or capacitive) can reach reach
an electrical system and degrade its performance and even stop it. Power electronics
are identify as noise sources due to they intrinsic di/dt and dv/dt that can propagate
over-voltage and leakage currents along the system that can provoke malfunction and

failures.

A clear picture of the grounding scheme of the system and the interconnection
among multiple grounds, if applied, is important in order to identify the propagation
paths of the conducted noise. Additionally, it is vital to identify parasitic elements
present in the different parts of the system. Identification of the regulation measure
requirements must be part of the initial steps too. This provides the details of the
LISN network to be used in the measurements and the noise type that is limited. In
the specific case of the DO-160 the EMI limits are defined as dBuA and the LISN
network to be used is illustrated in Figure 4-4. L, Ry, C; and () values are defined
in the regulation while R;,.q is the impedance we charge the circuit with, usually the

EUT is charged with 50 {2s .
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The consecutive step is the measurement of the noise to be able to identify the
required attenuation needed, it is the level of noise to be reduced. The respective

CM and DM attenuation levels are defined by,

D —
Aoy = Ton — 150719,
DO-160
Apyr = Ipy — 1557 (4.1)
L1
Source + ] EUT +
P Y\ PY
R1 Rload
C1 Cc2
GND T T GND
[ o

Figure 4-4. DO-160 LISN Network

Although the attenuation is used as the design metric it is of valued for the reader
to know that EMI Filters are commonly characterized by their Insertion Loss (IL).
IL can be described as the capability of create the maximum mismatch impedance
between input and output at undesired frequencies while providing maximum match-
ing at desired ones. As can be deduced this can be seen as a complementary metric
of the attenuation. It is expressed as the ratio between the noise magnitude before

and after connecting a EMI filter,

(4.2)

L =20 -log,, (Unfilteredsignalamplitude)

Filteredsignalamplitude

Both metrics (i.e. Attenuation and IL) can be expressed in terms of voltage or
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current, however as established by the DO-160 the second one is used along the doc-
ument. For the study case presented in the previous subsection the conducted noise
measured at the LISN, Figure 4-5.a and the required attenuation, Figure 4-5.b are
presented as matter of example. The DO-160 limit is also illustrated, it regulates
the conducted emissions current level of airborne equipment from 150 kHz up to 152

MHz. A good practice is to add a 6dB margin to the calculated attenuation.

LISN ion Required at LISN

Current in dBuA
Attenuation in dB

127 l L AL

. . . . . .
103 104 10° 108 107 108 10° 107 108
Frequency in Hz Frequency in Hz

(a) (b)

Figure 4-5. Example of attenuation calculation. a) CM and DM noise measured at the
LISN. b) Calculated Attenuation..

The following step in the EMI filter design procedure is to identify the design
frequency, f;. This is the first frequency, within the frequency range regulated, in
which the noise exceeds the limit, with the assumption that for all higher frequencies

the required attenuation does not exceed the asymptote formed by:

Ad < Ad + 20 - n, (43)

being n the order of the filter. Table 4.1 illustrates the order of the common EMI
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filter topologies. If higher order filters are needed, a common practice is to stack

stages. This is done for both CM and DM.

The theoretical cutt-off frequency of the filter based on te design frequency and
the filter order is defined as:
fo = fa- 10705, (4.4)

One important comment to make at this point is that apart from the design con-
siderations regarding attenuation, impedance mismatching is an important design
requirement when defining the filter topology. Noise source and load impedances
have a big impact on the EMI filter performance. This impacts the reflection loss of
the filter, that can be translated into ratio of noise reflected back towards the source.
Therefore, EMI filters need to be designed for both insertion (i.e. attenuation) and

reflection [176].

TABLE 4.1. Attenuation slope of the most common EMI Filter topologies.

Filter Type | Filter order (n)
LC filter 2
CL filter 2
T type 3
T type 3

Commonly, the CM filter is designed first because of two reasons: the leakage
inductance of the CM choke could impact the DM filter design and the CM filter
shunt capacitors (C,) will contribute to the total effective DM capacitance. Once
the filter type is selected and the attenuation requirements are met, the next step is

to determined the filter components. Following the equation,
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1

LCM = m7 (45)

the effective inductance and capacitance value of the CM filter can be calculated.
Note here that the equation described in 4.5 have infinite solutions, additional design
requirements as volume or impedance to ground limitations will lead to the final
solution. Being Ly, the filter choke for LC, CL and 7 or the parallel equivalent for
the T-type or multi-stage filters.

Regarding the DM filter design, the process is similar to the one described for the
CM choke. The design frequency is chosen analysing the DM noise spectrum and the
theoretical cut-off frequency is determined. Leakage inductance of 1-2% of Lgy, can
be assumed during the design of the DM filter. A damping network can be necessary
to avoid the amplification of harmonics components at the resonance frequency of
the filter of either or both filters. Commonly, a damping network consisting on a
series connection of a resistance and a capacitance (RC branch) is implemented in

parallel to C,, [177].

The EMI filter design is an iterative process. For the topology selection, it is impor-
tant to take into account how this will interact with the rest of parasitic elements of
the system, even after conducted path identification preliminary study. For instance,
the attenuation can be lower than the expected because one element of the filter is
bypassed caused by the interaction with rest of the system. Moreover, the parasitic
elements present in the capacitors and chokes (i.e. ESR, EPC and EPR and ESL)
can produce a filter deterioration of the response because of the non-idealities present
in the frequency characteristic of its elements. Figure 4-6 illustrates this phenomena.

Frequency modelling of the filter is need to guarantee an accurate theoretical result.
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Figure 4-6. Non-ideal frequency characteristic of: (a) Real capacitor, (b) Real inductor

4.1.3 State of the art of active filters.

Active filtering gives numerous implementation options in terms of position, sensing
and injection. Therefore mapping all the possibilities can become complex. The
review presented in [178-180] can be used as the starting point. In [178,179], AEFs
are classified based on the compensation signal used (i.e. voltage or current in-
jection), on the sensing method (i.e. noise measured as voltage or current signal)
and the compensation method (i.e. feedforward or feedback compensation). The
analysis presented helps on the configuration selection as it is focused on defining
requirements and limitations of each of the AEF configurations explained . Figure
4-7 illustrates all possible sensing-injection combinations that are covered. They
are: current sensing-voltage compensation (CSVC), voltage sensing—voltage com-
pensation (VSVC), voltage sensing—current compensation (VSCC) and current sens-

ing—current compensation (CSCC). I and u; refer to the current and voltage sensed
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signal, I, and wu. are the current and voltage compensation signals.

Uc Uc

(a) (b)

ls
Us?ﬂb_ﬁ le l—lﬁ lc
(d)

()

Figure 4-7. AEF types regarding measured and compensation signal. a) CSVC, b) VSCV,
c) VSCC, d) CSCC

Depending on the compensation method, the noise mitigation nature of the filter
is different. Voltage compensation will create a high impedance path in series with
the noise source to attenuate the noise current. Therefore, it can be comparable to
an inductor. On the other hand, current compensation creates a low impedance path
in parallel with the noise source though where the current is recirculated. Thus, it

would behave similarly to a capacitor.

Looking into how the noise measured is processed to generate the compensation
signal, AEFs can be classified as feedback or feedforward compensation. Working
under feedback compensation mode, the noise signal is measured at the receiver and
the AEF output is generated by a close-loop response. In contrast, an AEF with
feedforward compensation mode measures the noise at the source and generates a

cancellation signal to mitigate the noise before reaching the receiver. Commonly, the
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sensing and injection signals share the same nature. Thus, from the classification
displayed in figure 4-7, only CSCC and VSVC AEF types can work with a feedforward
mode. Figure 4-8, illustrates CSCC and VSVC feedback, and forward versions. u,

and z, are the noise voltage source and impedance, respectively. Z;,.q illustrates the

load seen by the filter.
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Figure 4-8. VSVC and CSCC AEF configurations depending on the compensation method.
a) CSCC feed-forward , b) CSCC feedback. ¢) VSVC feedforward, d) VSVC feedback

Similarly to PEF, AEF filter performance can be evaluated based on IL. In [171]
all the AEF types are evaluated based on this metric. Table 4.2 summarized the
basic analytical expressions of all the AEF classes discussed up to now. Compen-
sation equations describe the general operation of the AEF, where A;,. defines the
compensation gain. This must be equal or higher than 1 for any case. IL expressions

are derived from the circuits shown in Figure 4-7 and Figure 4-8.

Analysing the IL expressions some operation particularities can be deduced which
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TABLE 4.2. AEF COMPENSATION EQUATION AND IL

AEF Type Compensation IL
CSVC ue = —Acsve - is 1 goscr
CSCC feedback Te = —Apsee * s 1+ 7 Z(;LG csce
VScC ie = —Aysce - Us 1 4 —fhusce
Zload = *n
VSVC feedback | u, = —Apgpe - Us 14 oo A
CSCC feed-forward | i = —Aypsce *is | 7=4— - (1 — AZ—ild)
VSVC feed-forward | u, = —Ayspe - Us #ﬂm : (1 — %)

help on identifying the best application cases. The IL capability of CSVC and the
VSCC AEFs depends significantly on the noise source and load impedances. In both
cases, the amplifier gain must be higher than the addition of both impedances to
produce sufficient attenuation. Therefore, these types are recommended to cases in
which the mentioned impedances are known. If they cannot be identified, CSCC
and VSVC feedback compensation method would be preferable. Additionally, In
all feed-forward compensation AEFs the compensation gain must be ideally unity,
which makes the IL infinite based on the equations of Table 4.2. Furthermore,
CSCC is recommended for the case in which the noise source is close to an ideal
current source, it is z, > z, . VSVC feed-forward type is suggested to be used in
systems with noise source close to an ideal voltage source, it is z, < z;. Thus, the
IL would be determined mainly by Ay,.. From the literature, it can be deduced
that feedback method gives more flexibility in terms of design. The reason is that
feedforward compensation requires deeper information of the system in order to
guarantee unity gain and therefore a good attenuation. That can be translated

into a higher dependency on component value accuracy with a feedforward control

method.
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The survey presented in [179] gives a extensive AEFs classification focusing in the
implementation. A humongous literature collection is displayed covering the main
three parts of the AEF: noise measurement, noise processing and compensation signal
injection. After reviewing the literature it seems the most common AEF solutions use
current sensing and voltage injection, for instance [181-183]. However, in the context
of the application case described previously in Figure 4-3, the use of measuring coils
or transformers is avoid. One of the main two reasons is that those solutions tend
to be more voluminous, costly and required higher cooling effort [184]. The second
reason is scope based, as in this thesis the research has been oriented to AEF solutions
to be implemented under the scenario displayed in Figure 4-2(c), where, from the

point of view of the author, voltage sensing solutions are more suitable.

Theoretically speaking voltage sensing and current injection implementation only
employ capacitance coupling, which must be rated for the operating voltage but has
not to be designed to support the nominal current (i.e. potential light and small
capacitors can be used). In practice, gain adaptation or high-pass filter connection
stages in the sensing branch might be needed, for instance [172] CM voltage noise is

detected by using Y-connected resistors and a high-voltage isolation amplifier.

Because of all the previous arguments the pre-selected AEF topology to be explored
in the chapter of this thesis is the VSCC.

4.1.4 Hybrid EMI Filter introduction and conceptual design

In the literature and this thesis, the particular used of AEFs to modify the impedance
of any element of a PEF is labelled as HEF, see Figure 4-2 (c). The objetive is to
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increase the attenuation of the original filter in a certain frequency range or to reach
a similar response of the filter using smaller passive elements (i.e. mainly focused in
reducing the choke size). If the AEF acts as an active capacitor, the resultant HEF
is labelled as Type I, and if the AEF acts as an inductor instead, it is a HEF Type II.
Figure 4-9, illustrates the mentioned cases. Active capacitors are usually implement
with current compensation AEFs and active inductors with voltage compensation

AEFs.

As mentioned previously, this thesis is focused in VSCC AEF topology, therefore
a HEF type II is explored. This HEF type is specially interesting for bypassing the
shunt capacitance limitation imposed by airframes but keeping lighting strike safety
requirements. The conceptual idea is that a passive capacitor can be designed to
be under the maximum allowed capacitance defined by the ABD100 and an AEF
working as an active capacitor can increase the effective capacitance along a certain
frequency range. Therefore, the size of the entire filter can be reduced, as for the
same attenuation the required chokes can be reduced. Furthermore, the safety ABD
requirements regarding lighting strike can be guarantee, if an strike occurs the AEF
can be disconnected and only the passive capacitance remains. Additionally, feed-
back compensation method is preferred as propulsions systems will be complex what
makes difficult to have a good estimation of the noise source and load impedance,

needed for the feedforward.

The design of a HEF can follow the same methodology introduced in section 4.1.2.
Where the AEF is seen in the HEF as an active admittance defined by the compen-
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Type II and ¢) Symbology Legend

sating current, /., and the noise voltage, u,. ,

I.
YVSCC = u— (46)

S

HEF type II versions of the most common PEF (i.e.inverse gamma, gamma and T-
type) filter topologies are illustrated in Figure 4-10. Where 7, is the common mode
choke impedance and Z. is the shunt capacitor impedance. Notice in the illustrations
7. is replaced completely by the AEF, although as mentioned before keeping it in

connected in parallel with a passive capacitor is of interest.
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Figure 4-10. Examples of HEF using a VSCC AEF type

In table 4.2 the IL of each AEF type has been presented. The influence of the
AEF in the original PEF IL characteristic is studied. The IL of the HEF examples
illustrated in Figure 4-10 are displayed in Table 4.3. Ideally, the active VSCC AEF
will act as a shunt path at the selected actuation frequency range. This is expressed
as an admittance, Yy soc, and replace the original term 1/Z. in the IL equations.

The aim of the AEF is to emulate the behaviour of an equivalent passive capacitor
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along the actuation frequency range. Increasing Yy sce it can see the IL will increase
by analysing the equation. The actuation frequency range selected in the context of

this thesis is from 150 kHz to 10 MHz.

TABLE 4.3. Main filter type IL expression

Filter Type IL

Inverse Gamma | [L;c =1+ % + 5 + Yysce %
Gamma ILe =1+ Zlf:fzn + Yvscc - W
T-type ILp =1+ —Ziiﬂr’} + Yvsoc - (ZZC"LJFZZI;:Z)J}(ZZ,lejLZH)

Although examples of VSCC AEF solutions can be found in the literature, none of
the explored papers present a VSCC AEF design focused on obtained the Yy scoc fre-
quency response to validate the HEF Type II idea. Therefore, the present document
main contribution are two novel VSCC AEF solutions that fill this gap.

4.2 Active EMI mitigation solutions.

Active filtering has become an attractive solution for achieving high power density
converters, required in the future electric transport scheme, where the EMI filter
entails a big percentage of the total weight. Most common implementation ideas has

been presented in Figure 4-2.

In this section two novel AEF solutions that allow to modify the shunt capacitor
impedance along the actuation frequency range of any EMI filter are presented. Cir-

cuitry design of each solution and analytical study of both designs are presented,
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where mathematical expressions to model and design both are obtained. The non
ideal characteristics of the analog elements used are taken into account, analysing
their influence over the desired frequency response of the circuitry. Compensation
techniques are included in each design in order to minimize their impact. The first de-
sign is based on operational amplifiers (OPAs) and it is able to emulate the impedance
behaviour of a capacitor up to 10 MHz. A second design which incorporates a Linear
Power Amplifier (LPA) at the output has been theoretically studied. This second
design has potentially a higher power management capability. In the following lines,

the theoretical analysis and design of both solutions is explained.

4.2.1 Design I: AEF based on Operational amplifiers

The first implementation idea is based on an analog circuit based on OPAs. Some
technological requirements has been identified. The active system needs a wide-
band frequency operation capability. Some radio frequency OPAs offer regulation
bandwidth up to several GHzs, therefore they can be considered to be suitable can-
didates for implementing the AEF. Some AEF solutions using OPAs in the active
system can be found in the literature [178,184-187]. However, only a few focus on

VSCC [175,184,188).

Two main types of OPAs exist, the Voltage feedback (VFB) and the current feed-
back (CFB) OPAs. Taking a look into the cited literature it can be seen the most
used one is the VFB, except in [186,187,189]. To decide which type of OPA is used
for the development of the AEF proposals the close loop gain of both is studied. The
main claim for using a CFB OPA is they usually have wider bandwidths and higher

slew rates than the VFB operational amplifiers, what could be translated in faster
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responses. CFB does not have a Gain Bandwidth Product (GBP), that means that
the close-loop bandwidth does not decrease with the gain, f;. This is illustrated in
Figure 4-11, where the close-loop gain under different dc gains values is displayed. It
can be appreciated how in the case of VFB OPAs the close-loop response (red lines)

decreases its bandwidth as the dc gain is increased.

dB dB
§ OPA gain A
/
1/B =100
NI ™~
I\ 1/ =1 N
>
mobh\ f N » ¢
(a) Voltage Feedback OPA (b) Current Feedback OPA

Figure 4-11. Close loop gain

Even though the constant bandwidth feature makes CFB OPA attractive, the
close-loop bandwidth is determined by an internal capacitor and the external feed-
back resistor. The latter, must be fixed for optimum stability, stray capacitance
across the feedback will cause instability. Consequently, the degree of freedom in

the design is reduced.This is the main reason why the design presented here is based

purely in VEB OPAs.

The general scheme of the operational amplifier-based AEF integrated in a T-type
filter (i.e the topology chosen to implement the HEF) is displayed in Figure 4-12 .
The approach introduced here has mainly three different stages: the shaping stage,

a boosting stage, and the decoupling stage. In the following lines we will go into
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detail of each of them.

L1 LZ
oy Yo
Zc
Shaping || Boosting || Decoupling ‘
stage stage stage Injection
Branch

1 L L

Figure 4-12. General scheme of the VSCC approach

4.2.1.1 Shaping stage

The aim of the VSCC active element is to control the injected current based on the
input voltage measurement so the behaviour seen from outside looks like a shunt
capacitor. The admittance of the system displayed in should be equal to the one of

an equivalent capacitor of value C,. It is,

I,
Yvsce = o = Cea s (4.7)

s

Where, s is the Laplace operator.

The study of the system is oriented to impedance analysis. The shaping stage is
designed focus on shaping the frequency response of the circuit so the voltage-current

correlation is similar to a capacitor. The shaping stage together with the injection
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branch defines the active system impedance. In Figure 4-13, it can be seen a general
scheme of the shaping stage and the injection branch. This stage is implemented
with an inverting OPA configuration where Z; and Z; define the inverting gain of

the OPA and the injection branch can be seen as a load.

Injection
Branch

Shaping stage
Figure 4-13. Shaping stage plus injection branch scheme.

The analysis of the input admittance of the filter yields,

1 1 A
Yoo = Z T (1+7{‘). (4.8)

RC branches are used for implementing the three main impedances,

S-CZ"Ri‘f‘l
Ji= —— 4.
s C (4.9)
S-Cf-Rf+1
Je=__-0J "7 - 4.10
! s-Cy (4.10)
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s-C.-R.+1

7, — 411
S C. (4.11)
Thus, equation (4.8) turns into,
1+Cc/Ci-G
YI _ Rc + Rz : Gl L5 s+ Cc'(Rc"FRi'Gll) (4 12)
vsee R; - R, (s + ﬁ)(s +om) '
where (G is
Ci-(s-C¢-Rp+1

G, (s Cr - Ry + 1) (4.13)

:Cf'(S'Ci'Rl—Fl).

From (4.12) and (4.13) it can be deduced that if the term G, is a scalar, then
the admittance of the system is defined by two zeroes and two poles. One of the
zeroes is in the origin and another one at a position defined by the input and output
impedances. One pole is defined by the impedance connected to the negative input

of the OPA and the second one by the injection branch.

An initial design requirement is set for the feedback impedance. As mentioned is

wanted to make that G; remains constant at all frequencies. Therefore,

Cy-Ry=Ci- R (4.14)

Once this is applied, the rest of elements can be designed to keep a capacitive admit-
tance behaviour along all the frequency range of interest. The applied methodology
was based on locating the poles defined by the Z; and Z. branches out of the actua-
tion frequency range (i.e at frequencies higher than 10 MHz). Figure 4-14 shows the
admittance frequency response of the system shown in Figure 4-13. Two variants

of the AEF Desing I are shown, Design A and B. In the Design A, the Z; and Z.
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elements selection comply with equation (4.14), in contrast Design B illustrates the
effect of not taking that design requirement into account in the design. The values

of RC branches elements for both cases are displayed in Table 4.4.

80 T T T T
)
g i
o
©
3 i
= X Pole
jo)]
g O Zero 7
Design A|
—Design B
_68 1 1 1 T
T T
)
©
h=A
o 45 I
[2]
[19]
£
o
0 1 1 1 1
108 107 108 10° 100

Frequency (Hz)

Figure 4-14. Admittance frequency response of the active system.
As it has been mentioned before, the AEF is required to provide adequate atten-
uation in the range from 150 kHz up to 10 MHz. By appropriately selecting the

impedances, it can be seen how the active element admittance would behave as a

capacitance among the full range.
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TABLE 4.4. RC branches data for two study cases of Design I

. Value
Variable Design A | Design B
R; 1 mQ 1 mS)

Ci 79.6 nF 79.6 nF
Ry 0.79 m<2 0.79 m$2
Cy 100 nF 100 nF
R. 0.01 0.01
C. 15.9 nF 159 pF

The capacitor value emulated by the active solution can be attained from equations

(4.7) and (4.12), yielding,

C; C.
Coy = + - Gy. 4.15
TOVRC 2wl (R Ce2m-w) 1 ! (4.15)

The calculated equivalent capacitance value for Design A and B are 0.1 uF" and

24.3 pF', respectively.

4.2.1.2 Boosting stage

The first stage could work alone, however it has be seen in Figure 4-11 that the
close-loop bandwidth of the VFB OPA is reduces when increasing the dc gains.
Thus, although the capacitance could be increased by increasing the gain G, it is
preferable to add an additional stage to boost it by increasing the value of the term

G,. Figure 4-15 shows the AEF system with the shaping and boosting stage.

A straightforward way of implement the boosting stage is to use a non-inverting
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Figure 4-15. Active impedance circuit with a shaping stage and a boosting stage.

OPA to increase the gain by connected it to the output of the first stage. The
impedance equation 4.12 and capacitor value (4.15) does not change but the term

G will turn into GY,

~

o (10D (14 2)). w10

The theoretical admittance shown in Figure 4-16 compares the new design ,Design
C with the Design A presented before. Design C illustrates a two stage configuration.
As can be seen, the admittance magnitude along the actuation frequency range

increases equally. None frequency response change is observed.
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Figure 4-16. Admittance frequency response of the active system. Design A, only shaping
stage. Design C, Design A with an additional second stage with gain of 3

However, in a practical implementation the attenuation of high frequency noise is
needed to avoid oscillations in the AEF. The EPC at a certain frequency bypasses
the inductor resulting in a loss of attenuation. Therefore, the active system can
amplify any non-desired noise component, thus a recommended design practice is to
implement a low pass filter in the AEF loop to avoid noise components above the

cut-off frequency from harming the AEF operation.

Consequently, a low pass filter is implemented in the second stage with a Sallen-Key
filter, which provides both amplification feature and high frequencies attenuation.
The final implementation of the boosting stage will be the one shown in Figure 4-17,
even if the previous non-inverting version is valid for theoretical analysis. A common

design cut-off frequency for the Sallen-key filter can be 5 MHz.
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Figure 4-17. Alternative boosting stage with Sallen-Key filter.

4.2.1.3 Decoupling stage

From a theoretical point of view, the approach shown in Figure 4-15 would allow
to control the capacitance as needed. Nonetheless, there are non-ideal properties of

OPAs which need to be considered to achieve proper performance of the AEF.

In real OPA it is expected to have an inherent output resistance, R,. If a capac-
itive load is connected to the output, the stability of the system is penalised. This
happens because R, in conjunction with the capacitance C';, form an additional pole
in the amplifier loop gain transfer function. Real OPAs have a loop gain with a dom-
inant pole at low frequencies (71) and another one at high frequencies (73), normally
higher than the GBP. The additional pole is potentially placed at frequencies lower
than the GBP, which contributes with -20 dB/dec and 90 lag. The stability of the
OPA can be studied based on the open loop gain (AfS). It can be seen in Figure

4-18 (b) how the phase margin is drastically reduced when a capacitor is connected

177



at the output, which makes the system unstable o making the system unstable.
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Figure 4-18. Open loop gain when a capacitive load is connected. (a) System scheme, (b)
Loop gain bode.

For both the non-inverting and inverting OPA configuration Af is defined by equa-

tion,
K e 1
AR — . . ) 4.17
b (s+7)-(s+m) Zr+Zg R,-Cp-s+1 ( )

Where the first term is the OPA gain (A), K is the DC OPA gain, and the second
term is feedback gain (Sopa)-

There are several techniques for compensating the effect of a capacitive load. The

simplest way is gain compensation by changing the close-loop gain parameters (i.e.,
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input (Zg) and feedback impedance (Zr)). In this way the open-loop gain can
be modified to attain a configuration with sufficient phase margin. For VFB the

capacitive load capability increases proportionally with the close-loop gain.

External compensation methods consist of adding extra resistors and capacitors.
For instance, adding a small output resistor (R,) in the compensation loop to decou-
ple the capacitive load and a small capacitor (C,) in the feedback loop that provides

high frequency bypass around the output capacitance.

Apart of stability reasons, the capacitive load will have a negative effect on the
close-loop gain. If the OPA is studied as a feedback system, it can be conclude that
the close-loop response (HC'L(s)) is given by,

Ap
1+ ApB’

HCL(s) = H, - (4.18)

where H, is the low frequency gain that will match the feedback loop gain. If A5 > 1

for the case of an inverting OPA the close-loop gain can be simplified by,

HOL(s) = Hy—1% (4.19)
1+ s/wH
where,
WH = 5opa * WGBP, (420)

and where wggp = 2-7- fapp, being fapp the GBP frequency of the close-loop gain.

The terms f,,, can be defined by

Za)(Zr + Zg). (4.21)
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When there is not a capacitive load connected. By design Zrp > Zg, therefore
wy < wggpp. However, when the capacitive load is connected, as seen in Figure 4-18,
there is an extra pole before GPB that will introduce an extra -20 dB/dec. This
affects w which will decrease rapidly after Rp-Cp -s > 1. It has been identified that
when the close-loop gain of the system starts decreasing the impedance behaviour
of the active system degrades. Additionally, the close-loop cut-off frequency reduces
when the feedback gain is increased. This is illustrated in Figure 4-19 , where the
close loop gain of a non-inverting OPA is shown for different feedback gains. Thus,

is has been concluded that the capacitive load effect should be decoupled from the

second stage.

Non-inverting close loop gain
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Figure 4-19. Close loops gain of the non — inverting OPA for different feedback gains.

The decoupling stage consists of an operational amplifier working as a buffer to
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provide a high impedance at the output of the second stage. The open loop gain
of the buffer matches the OPA gain and can be disregarded. It has, therefore, been
concluded that choosing an operational amplifier with a high capacitance loading
capability will help the system to decouple the injection branch from the previous
stages without introducing modifications on the admittance definition. The scheme

of the full Design I AEF is shown in Figure 4-20.

Zc
Injection
Branch

IUOOPA

Shaping stage Boosting stage Decoupling stage

Figure 4-20. Scheme of the AEF configuration with a shaping and a decoupling stage.

The influence of the decoupling stage has been verified in simulation using the
SPICE model of a real operational amplifier (i.e. macromodel). In Figure 4-21 it can
be seen the impedance frequency response for a system with only the shaping stage,
and the system described in Figure 4-20. The close-loop gain of the non-inverting
stage is also shown. It can be seen how the admittance behaviour is extended to
higher frequencies and the relation with the close loop gain of the non-inverting OPA.

The high frequency peak around 40MHz is due to first stage internal resonances.
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Figure 4-21. Admittance frequency response of a spice model of two stages system (blue)
and three stages (red) of the Design I.

4.2.2 Design II: Power amplifier output for current injection

increase

The main constrains of the previously presented active impedance solution based on
OPA are related to the power rating of the available VFB OPA technology which
constrain the mitigation capability of the solution. This will be further explored in
Section 4.3.1.4. To address this limitation some authors has already explored the
use of LPAs [190-192]. LPA provides higher compensation current levels but lower
design flexibility than a purely OPA based design. The impedance behaviour that is
shown for example in [192] does not covered the entire desired operation frequency

range (i.e., from 100kHz up to 150 MHz). Other approaches consist of combining a
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first pre-amplifier stage based on OPAs with an output LPA [193,194]. In the line
of the solutions seen in the literature it has been investigated how to modify the the

previous approach, Section 4.2.1, to incorporate a LPA in the output.

LPAs can be classified as A, B, AB and C based on the conduction angle of the
device. A Class A LPA is conducting all the signal period, it is 360 deg, in Class
B LPA the device is active half of the period, it is 180deg and the Class C , less
than half a period. Class AB LPA is a intermediate state between Class A and B
where the device is never totally turn off, where during half a period the total current
is conducted while at the other half period the device is slightly bias conducting a
small current value. Class B and Class AB are commonly presented in a push-pull

configuration where the full period of and alternating signal is amplified.

In a first trade-off, Class A and C LPAs has been discarded because of low ef-
ficiency and high signal distortion, respectively. Both Class B and AB have been
identified as potential candidates although Class AB LPA is finally chosen as it pro-
vides a good trade-off between efficiency and linearity and minimizes the cross-over
distortion [195]. The proposed active circuit scheme is displayed in Figure 4-22. The
impedance behaviour of the solution has been analysed paying attention to the LPA
high frequency elements introduced by the bipolar transistors and explain in the next

subsection.

4.2.2.1 LPA high frequency model

In order to define the new admittance expression of AEF Design II, it is important to
analyse the high frequency behaviour of bipolar transistors. Hybrid 7 model or also

called Giacoletto model is a well-known circuit model used for analysing small signal
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Figure 4-22. AEF approach II. General scheme.

behaviour of bipolar junction and field effect transistors. This can also be adapted to
high frequency study introducing the inter-electrode capacitances and other parasitic
elements. The Hybrid 7 model of a bipolar transistor looks like Figure 4-23 . Where

the main connection points are “c” collector, “b” base, “e” emitter.
In the Hybrid 7 model the main model elements are listed below:
o (), : It represents the early effect. The charge gradient is increased across

the base and consequently, the current of minority carriers injected across the

collector-base junction increases. This is in the range of pF.

e (. : Diffusion capacitance, minority carrier storage in the base. This is in the

range of pF.
e R, : Base connection contact resistance, base to active region contact.
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e R, : Ac input resistance associated with the base current. Resistance between
base and emitter. It is associated with the dynamic resistance (Re), Rm = SR..

e 2, : This is the resistance between the base and collector terminal, normally
it is neglected as this is in the range of M.

e R, : Output resistance, between the collector and the emitter terminal.

e [ : Bipolar transistor current gain (i.e. § = i/i, ).

e ¢,, : This is the transconductance of the bipolar transistor.

i R Ry
|b b VWA
c b o ¢
i -
Rz EE =C, Cu B -ip ;E Ro
e (gm'vbe) e
e

() (b)

Figure 4-23. Hybrid 7 model of a bipolar transistor. (a) NPN bipolar transistor. (b) High
frequency adapted hybrid 7= model.

4.2.2.2 Impedance modelling

The impedance described by (4.7) presented previously in Section 4.2.1 cannot be

used in this case as this has been calculated under the premise that the OPA behaves
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as a voltage source, while the LPA behaves as a current source. The new impedance
expression can be analytically calculated from the circuit displayed in Figure 4-22.
The symmetry property of the Class AB LPA allows to simplify the circuit analysis
by studying only half conduction period. Thus, only half push-pull circuitry needs
to be analysed to obtain the impedance expression. The system can be seen as a
common-emitter amplifier. After simplification and substituting bipolar transistor
by the Hybrid © model, the simplified circuit is the one in Figure 4-24. Parasitic

capacitances have been neglected for simplicity.

lo

Zc

Injection

R, Branch
e

B ip

Shaping stage

Figure 4-24. AEF approach II. Simplified scheme.

From the circuit in Figure 4-24 the following expression of the input admittance is

derived,

11 VA 148
yiL — — . (1+2L). 4.22
ar =7t 7 (*zi) Ffn (11 D) (4.22)

The new admittance expression depends on [ and the R, bipolar transistor com-
ponents. R, is the diffusion resistance, and it determines the the slope of the input

characteristic between the base current and the base to emitter voltage (V4e) at the
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quiescent point Q, see Figure 4-25. Therefore, R, can be calculated with the equa-

tion,
Ve Y _BVe B (4.23)

Rﬂ' . —
i Ipg Icq Im

where Vi is the thermal voltage, it is the voltage in the depletion region due to

temperature, and Ipg and I¢g the base and collector current at the quiescent point.

1/R,

|
|
|
|
0 Viea

Figure 4-25. Input bipolar transistor characteristic relation with the diffusion resistance
Ry

The expression (4.22), can also be presented as impedance form,

i Z; (Re+ (1+B) - Z)
ABE T R 4 (0 +B) Ze+ (1+B)-(Z; + Z)

(4.24)

Substituting the impedances by their expressions (4.9), (4.10) and (4.11), the

impedance expression for the Design II yields,
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ZII _Cf ) (3 : OiRi + 1) ) (3 ) (Cc ) R7r + (1 ‘l'ﬁ) ) CCRC) + (1 “'6))
AEF — '

S
1
(Cp R+ (1+B)Cy(Re+ R+ R))+(1+08)- (Cp-Ci+C.-C; +C.. - Cf)

(4.25)

being C,, = C, - Cy - C;. In (4.25) two poles (p; and py) and two zeros (z; and z3)
can be identified. They are defined as,

p1=0 (4.26)

1 (1+5)-(Cf-C’i+C’C-CZ-+CC-Cf)

. 127
P=a R, + (1+ B)(R.+ Ry + Ry) (4.27)
1
_ 42
21 Cl ) RZ ( 8)
1 1
= — . +5 (4.29)

Cc R7r + (1 + B)Rc

The resistance values R., Ry and R; are expected to be small, in the order of
mf)s. Under this assumption, the p; and the z5 expressions can be simplified. In
p2, Ry > (1+ B) - (R.+ R; + Ry) so the denominator can be simplified by R,.
Considering (4.23), equation (4.27) turns into,

Y G . (4.30)
P2 = gm Cc Cf C@ . .

Similarly in (4.29), R, > (1 + ) - R. and (1 + ) ~ (. Considering (4.23) the
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position of z5 can be simplified to

1
29 = c “ Om (4.31)

The mathematical expression of the impedance obtained is verified with a LTSpice
simulation where actual models of the bipolar transistor are used. The main param-
eter values of the study case are summarized in Table 4.5. The frequency response
of the theoretical and the LT'Spice model are shown in Figure 4-26. The theoretical
impedance expression matches quite accurately the simulation result. The slight dif-

ferences can be caused by the parasitic capacitances that have not been considered.

20
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O Zero T

10
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Magnitude [dB]
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Figure 4-26. Impedance frequency response comparison with a LTspice simulation using
spice models of bipolar transistors.
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TABLE 4.5. Design II. Study case data

Variable | Value
Viias 0.7V
Transistor 52 ¢ }.7177 g
R, 150 Ohms
C’i 79 nF
R; 1 mQ
OPA Cy 100 nF
elements | Ry 0.79 mf2
C. 0.53 pF
R, 10 m m2

From the previous expression it can be seen that zy at such low frequency is the
main culprit of the capacitive behaviour degradation in Design II. This is directly
related to the injection branch capacitance and g, of each of the bipolar devices
that comprise the LPA. This fact reduces the capability of extending the capacitive
behaviour without reducing the injection capacitor. Therefore, the capacitive be-
haviour could be extended by operating the LPA in a more linear operation point,
such as Class A. This means, g,, increases. However, a relevant drawback is that the
efficiency will decrease. Table 4.6 shows the main parameters of a Class AB and a

Class A LPA. Basically, by changing the V BE( the position of z5 changes.
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TABLE 4.6. Parameters used in the comparison of a Class AB and a Class A LPA operation

Veeg | 0.75°V Veeg | 1V
Bpc | 177 Bpc | 50

Class AB | g, 1.17 S Class A | gm 20.7 S
R, 150 Qs R, 8.5 Qs
29 350 kHz 2o 1.7 MHz

An alternative solution for extending the capacitive behaviour operating the LPA
as a Class AB is explored. The solution proposed consists on compensating the zs.
To do so, the approach explored in here is to design the feedback impedance of the
first stage in such a way the effect of 25 on the impedance behaviour is cancelled.
Admittance expression is used because the cancellation is identified clearer. If we

extend the expression (4.22) we can reach the following equation,

VI 1 +1 R; + Ry R,
ABE Zsen Zo Rz R7r + (]- + /B) : Ro
C+C; 4.32
g Stoomary  stam 32
( ‘|‘B) ' s + 1 ' (1+58)
Ci-R; s+ Co (Rr+(1+8)-Ro)
Where the 2, effect is defined here by the term,
1+
P22 = S+ (1+5) (4.33)

Co- (Rr+(1+5)-R,)

As it can be observed the p., term can be cancelled if the input and feedback

impedances are selected carefully as follow,

se _Ci+G (1+5)

(CiCr(Ri + Ry) Co-(Rr +(1+B)-Ry)’ (4:34)

191



Considering the initial values displayed in Table 4.5, the new feedback impedance
parameters that satisfied (4.34) are,

Cp =10 uF
! (4.35)
R; =51

The admittance expression after applying (4.34) and arranging the terms yields

1 K, s
V=(=4+22). —° 4.36
(RZ-JFRO) P (4.36)

where K, is a constant term which varies with the resistance values and the bipolar

transistor parameters

_Ri—FRf R,

K,

& (10, (4.37)

Figure 4.34 illustrates the frequency impedance response after applying the pro-
posed compensation. It has been verified that the active solution shows an extended
capacitive behaviour along all the frequency range. However, it has been noticed
that even though the capacitive behaviour is extended the actual active capacitance
is equal to the injection capacitance (C.). Therefore, the next step is to explore how

to amplify the equivalent capacitance.
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Figure 4-27.
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4.2.2.3 Amplification of the effective capacitance

Following a similar strategy to Design I, an additional non-inverting OPA stage

has been added. Figure 4-28 shows the scheme of the final proposed Design II.

The admittance expression is slightly modified, the “Boosting stage” gains (G3) is

included,

11 Ri+R;-G R,
—RZ S_’_CZIRZ Rl RW+(1+B)RO
Cr+C;i-Ga
S+ st 1
(1+ ) — O BE R G (4.38)

1
5+ Ci-R;
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where,

Gy=1+—2. (4.39)

Injection
Branch

Figure 4-28. AEF Design II with a boosting stage

However, the impedance amplification is not direct and some considerations have
to be considered. Two design conditions have been identified to influence the ampli-

fication through circuit elements. The first condition is,
R; < Rf - Gs. (440)

This condition simplifies the position of the compensation pole (p..), helping to predict

its variation with G.
- Cf + C; - Gy
Pe = Cr Ry - Go

(4.41)

Additionally, based on (4.40), it is possible to simplify the term that provides the
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gain variation (K,,.) to the admittance impedance as follows,

Ri—i-Rf'Gg _)Rf'AGQ

Kvar =
R; R;

(4.42)

However, under this design condition it can be see that if Cy > C; - G5 then the pole

position yields,
1

==\ 4.4
e (4.43)

Pe

This means that for keeping the pole position, R needs to be inversely proportional
to G2. Furthermore, observing (4.42), it can be seen that K, it will not change.

For achieving a variable gain a second design condition is required,
Cf < Cz - (3. (444)

Based on the condition set in (4.44), the position of the pole is only determined by
the feedback OPA branch impedance and the K, is proportional to the boosting
stage gain. In conclusion, if design conditions (4.40) and (4.44) are applied, Design 11

will provide active variable capacitive impedance in the frequency range of interest.

Figure 4-29 displays the frequency response of the no compensated and the com-
pensated plus gain amplification active circuit. The boosting operation amplifier is
set to have a gain of 10 and the equivalent emulated capacitance is 5.3 uF' (i.e. 10

times C..).
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Figure 4-29. Frequency response of the approach II. (a) Analytical result. (b) LTspice
simulation using OPA858 and 2N222/2N2907 BJTs

4.3 Active filtering experimental validation

The Design I presented in the section 4.2.1 has been experimentally evaluated in
a lab environment. In this section, it is shown the experimental validation of the
solution implemented in a T-Type filter. The HEF filter response has been verified
with an Virtual Network Analyser (VNA) and compare with an equivalent passive
solution. Additionally, the solution operation boundaries have been identified by
performing an analysis of the maximum power it would need to manage along the
frequency range of operation. A preliminary comparison of weight and volume has
been carried on to rise awareness of the advantages of the active solutions versus

their passive counterpart.
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4.3.1 Design I, experimental verification

To select the OPA technology for the implementation several Radio Frequency (RF)
OPA response have been evaluated with the help of manufacture SPICE macromod-
els. In a first step, from the bunch of pre-selected OPAs only the ones with higher
closed-loop bandwidth have been chosen as candidates. Secondly, various combina-
tions of OPA types have been tested by analysing the frequency response of Design I
solution. Finally, the combination defined in Figure 4-30 resulted to be the one with
broader frequency operation range, presenting a good impedance behaviour up to

10 MHz with proper tuning of the parameters.

A lo
IS —_— —
i__ _____ L | |_ _____ |[r—— == 1
| Ri Rec Rec Il R: R, I Rs Rg | | Re
G RV I M\ I MW | +sv |
U | ' T ‘v‘v[v I il [l +25V X +25v/45V || | | Cc
sl s |11 Rs R4 OPAZD I |1 @» —l—-l Injection
N H—WA——WA— 2 [ I .. Branch
| OPABSE | C Ry K L | I -5V 1| Uo
= | g H :IT: ||CZ I . l l I~
l___i_;z'si_H_ _______ LIy TP [ |
Shaping stage Boosting stage Extra Boosting ~ Decoupling stage
stage

Figure 4-30. Schematic of the prototype tested based on Design I.

4.3.1.1 Prototype characteristics.

The final appearance of the prototype is displayed in Figure 4-31. As it can be
observed in both the schematic, Figure 4-30, and the prototype photo, the three
stages have been implemented. A brief description of the main elements is given in

the following lines.
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The prototype board main input supply connector is plugged to an external 12 V
power supply (P;). In the board it can be seen that a coaxial port is used to con-
nect the AEF between the measuring point, M, and ground (P). A jumper (P;)
is installed to make able testing the circuitry in open- or close-loop. DETN02M-
05N isolate de-dc converter and, ADP122AUJZ and MIC5271YMS5 linear regulators
provide the supply voltage to the different OPAs. The “Shaping stage” has been
implemented with a OPA858 because it was the one reporting the best closed-loop
bandwidth during the evaluation done with the SPICE macromodels. In the case of
the “Boosting stage”, compensated OPA856 has been selected. This OPA belongs
to same family than the OPA858, and both have an excellent high frequency per-
formance. The reason of using it instead of the OPAS858 at this stage is that its
minimum gain is 1 V/V instead of 7 V/V. A high minimum gain at this stage would
constrain the design flexibility. Minimum gain is common in decompensated OPAs
[ref]. Additional options for this second stage has been explored such as the AD8067
OPA. This OPA has much lower GPB but higher supply voltage what provides wider
output voltage range and then potential higher amplification. For the “Decoupling
stage” an embedded closed loop buffer specific for high frequency signals, LMHG6559,

has been chosen.

4.3.1.2 Impedance behaviour testing

In order to verify the impedance response of the Design I, frequency response mea-
surements have been done. In Table 4.7, two study cases designs to emulate an
300 nF equivalent capacitor are shown. The equivalent capacitance has been calcu-

lated using a numerical integration of the active impedance over the frequency range.
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Figure 4-31. Prototype photo. (a) Top view. (b)Bottom view.

As matter of example, the frequency response of the 300 nF capacitance with the

frequency response results of Case 1 design are displayed in Figure 4-33.

In both cases, the Sallen-Key filter was design with a cut-off frequency of 5 MHz.
Case 1 represents a design with high impedance injection RC branch and Case 2
is a design that provides a good frequency response up to 10 MHz, which injection
impedance is considerably lower. The measured input impedance magnitude of both
cases has been compared with the result obtained from the LTSpice simulation and
theoretical results. This is displayed in Figure 4-33. During the testing of these
study cases, some extra empirical correction measures had to be applied. Noisy
grounding was detected at the higher frequencies when testing Case 1. As a first
action, ferrite beads were added at the OPA power supply pads, as this is considered
as a good practice in power electronics for high speed PCB circuities to mitigate
the high frequency components that could loop into the OPA supply. Additionally,
it was identified that Case I presents a low impedance injection branch and that

the noisy response of the circuit happens only under feedback operation. A solution
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found is to design the AEF so the impedance of the injection branch is high enough

to avoid the high frequency looping phenomena.
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Figure 4-32. Frequency response of the equivalent capacitance of the passive solution with
the expected response of theCase 1
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Figure 4-33. Impedance frequency response. (a) Case 1. (b)Case 2.

As it can be appreciated at Figure 4-33 the magnitude of the impedance response
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has been measured with higher detail as it was easier to calculate it based in the
data obtain from the oscilloscope than the phase. Nevertheless, enough points have
been calculated of both magnitude and phase to verify the high accuracy of the the-
oretical results with the experimental ones. It can be observe that the design Case 1
response does not achieve totally the target frequency operation range. The capac-
itive behaviour starts to degrade around 200kHz, but in contrast this design solves
the noisy grounding problem that appears in Case 2 at frequencies higher than 100
kHz. For the latter, despite the noise in the response, the magnitude impedance
measurement was obtained for the whole frequency range by filtering this high fre-
quency ripple. It can be seen that the design provides a good frequency response
overall. However, practically speaking the noise injected in the ground should be
avoid . The phase data mismatch with the theoretical one it is a consequence of the

filtering and measurement errors.

TABLE 4.7. 300 nF prototype design.

Component | Case 1 | Case 2
Ci 470nF | 470nF
Stage I Ri 100 © | 100 ©
Cf 100nF | 100nF
Rf 470 Q | 4709
R1 2.5kQ) | 2.5k
R2 301 Q2 | 301 Q
Stage T R3 2.5k Q | 2.5kQ)
R4 2.73kQ2 | 2.73k2
C1 10pF 10pF
C2 16.2pF | 16.2pF
Co 58nF 58nF
Stage I =0 5010
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4.3.1.3 Implementation of the solution in a T-type filter

After validating of the impedance behaviour of the active solution, the AEF design
Case 1 has been incorporated in a CM EMI filter. The scheme of the resultant HEF
under study is represented in Figure 4-34, the CM T-type filter prototype is shown

in Figure 4-35 and the components values are displayed in Table 4.8.

TABLE 4.8. Component values of the scheme seen in Figure 4-34

Component | Value
L1 & Lg 600 uH
prl & Opyg 33 nF

J— AEF

T prl Cyl

1 :
AEF

prZ Cyz
° Ly . L2
o=y M l ~Y\g

Figure 4-34. CM filter configuration of the HEF prototype

L

The attenuation response of the HEF is compared with an equivalent pure passive
solution, it is, a PEF with identical passive capacitance than the one generated
actively (i.e, 300 nF). The frequency response of the two cases are displayed in
Figure 4-36. An additional case with the active filter disconnected has been also
evaluated. Thus it can be seen what it would be the HEF response if the AEF

should be shut-down because of the reasons described previously in this chapter. As

202



can be seen the active attenuation response of the HEF solution is quite similar to

its passive counterpart.

. (a) Side view, and (b) Top view.
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Figure 4-36. T-Type filter frequency response of the HEF and the PEF with equivalent
passive capacitance
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4.3.1.4 Evaluation of the design limitations

After validating the proper frequency behaviour of the Design I, the next step has
been to identify the operation limits. The aim is to generate an useful mask to
understand in a preliminary evaluation if the solution fits the noise attenuation of
the application. This mask will be defined based on the maximum power capability
among the frequency range, this would be label as peak power spectrum envelope
(PPSE). This is directly related with the OPA electric ratings. To compute the
PPSE of the active circuit, the maximum voltage swing of the first and second stage,

as well as, the maximum output current of the buffer are evaluated.

Table 4.9 summarizes the main absolute maximum electric ratings of the three OPA
technology used in the prototype. Because of the characteristics of the OPA used
and the role inside the active circuit OPA858 (Shaping stage) and OPA856 (Boosting
stage) limiting electric feature is the maximum swing voltage. While in the case of
LMH6559 (Decoupling stage), it is the maximum output current. Considering those
absolute values, it is possible to get the maximum input voltage and output current

envelopes of operation of the system explored.

TABLE 4.9. Main maximum absolute ratings

OPA Type | Parameter Value

OPAS58
OpAssg | Vout [V] [-1.45,1.6]

LMHG6559 | Ioutmax [mA] | 75

At low frequencies the impedance is higher and therefore the current to compensate
is smaller. Consequently, at low frequencies the limiting rating that will determined

the PPSE of the circuit is the maximum input voltage that the system can proceed
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without saturating the two first stages output. Saturation would produce a non-linear
behaviour that degraded the compensation capability. Therefore, the maximum
input voltage envelope to be applied to the circuit has to be calculated. Based on

the shaping and boosting stages, this can be defined as,

Vm(l(E

Urer =~ (4.45)
G

where V)7 indicates the maximum absolute swing voltage of the last OPA in the

total

chain (i.e the boosting stage) and G§% is the product of all OPA stages gains.

At medium and high frequencies, the PPSE is no longer limited by the maximum
voltage but the maximum output current of the decoupling OPA. The reason is that
the injection impedance decreases with the frequency causing the output current to
increase. Therefore, the voltage imposed over the injection branch should be limited
to prevent the injection branch from imposing an overcurrent on the buffer.Figure
4-37 shows the calculated envelope limits for U"** and I*** along the frequency
range from 2 kHz up to 30 MHz. Based on them the PPS is calculated, see Figure
4-38.

205



Design I. Operation limit envelopes

e | J MAX

jmax |+
c

107

Figure 4-37. Maximum voltage and current masks of Design I.
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Figure 4-38. PPSE mask of Design 1.

The operation envelopes calculation has been verified with the simulation of a 5 KW
propulsion system scenario, Figure 4-39. To integrate the active solution displayed
in Figure 4-30. A high-pass filter had to be added at the connection nodes of the
active capacitance. The reason is the active solution cannot be connected directly

to the positive rail to the ground connection as the Cp,, will be charged to a DC
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voltage equal to half of the DC bus voltage. The active solution is design to process

only the EMI noise, this means ac variations.

3-phase motor
ANPC Inverter 3-phase cable

540V, 10A 5 kW PF: 0.8
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Figure 4-39. 5 kW scaled propulsion system. General scheme of the simulation case used
for validation

The spectrum of the voltage and current manage by the HEF solution implemented
in the T-Type input EMI filter are superimposed with the previous theoretical en-
velopes, see Figure 4-39 . It can be appreciated that they well define the expected
response of the active capacitance. Additionally, the power managed by the equiva-
lent passive solution and the active proposal are calculated and compared. Based on
the previous maximum envelope graphs the maximum peak power that the solution
can manage is 0.0231 W. This peak power might limit the performance at certain fre-
quencies, but the filter might be able to perform and provide attenuation for much
higher power systems. Ultimately, the consideration for design may be related to

maximum peak power and thermal performance of the OPAs.

From Figure 4-39 , it can be seen the main power difference of the active solution
with a passive equivalent occurs at the switching frequency. However, as has been

mentioned before, the solution is intended for the frequency range from 150 kHz to
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10 MHz. If we compared both options at this range the behaviour is quite similar.
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Figure 4-40. Operation limitation analysis of the design I for the 5kW scaled system model.

4.3.1.5 Weight/Volume comparison with a passive equivalent solution.

Apart of the feature of bypassing the limitations of maximum impedance connected
tot he ground imposed by airframes regulations, another claims of the active impedance
solution here presented is the reduction of wight and volume when comparing with

an equivalent passive alternative.

Using the expected voltage spectrum at the connection node of the C), see Figure
4-39, a passive 330 nF (i.e., the equivalent active capacitance) capacitor has been
selected. The idea is to compare the weight and the volume of the passive technology

available with the Design I done. In Table 4.10, passive capacitor FKP1T023306D
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and active circuit weight and volume are compared. Please note that the data dis-
played here is for one element. It can be concluded that the proposed active solution

provides a lighter and smaller solutions.

TABLE 4.10
Manufacture Votlage Rating Dimensions Volunme | Weight
numbers (VDC) WxHxL (mm) (cm3) (2)
FKP1T023306D 1600 31 46 | 41.5 | 59.179 62.5
Active Circuit - 50.8 | 48.9 | 1.15 2.8 20

However, in terms of power managed, the active solution will have certain limita-
tions mentioned previously . The Design II, where the buffer is replaced by a LPA
can help to take over the current injection limitation. As it was explored previously
in the document, the design add certain level of complexity though. How to take
over those operation constraints to improve the performance of the approach is future

work objectives.

4.4 Conclusions

Active EMI mitigation solutions, which enable to overcome the PEF size reduction
limitations, have been explored in this chapter. An overview of the current SoA of
AEF and HEF has been provided. Based on a study case scenario of a future electric
aircraft propulsion system, the main EMI limits has been presented identifying the

key EMI filter locations.

Two active solutions, based on VSCC AEF configuration, have been proposed for
being implemented in a HEF. Design methodology has been provided for both pro-

posals, Design I and Design II. The aim of the design method proposed consists on
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the replication of the behaviour of a passive shunt capacitor. Design I, which is an
analog electronic circuit base on VFB OPAs, has demonstrated to be able to guar-
antee an active amplification of the Cy, capacitance of a CM filter up to 10 MHz. A
study case, in which the () is amplified nearly 10 times has been successfully ex-
perimentally verified. Limitations on the maximum compensation current and EMI
voltage magnitude processing capabilities have been detecting. Design II, has been
proposed to overcome the maximum compensation current constrains identified, a
LPA increase the magnitude of the current injection of the solution. Special indi-
cations to compensate the effect of the high frequency parasitic components of the
BJTs has been explained. Design II, has been only verified analytically scheduling

the experimental verification as future work.

Weight and volume comparison of the Design I prototype with an equivalent passive
capacitor has been provided. The active solution achieves lower volume and weight,

being an additional benefit the PCB integration flexibility versus a passive capacitor.
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Chapter 5

Conclusions and future work

This last chapter of this PhD thesis provides a summary of the main outcome and
proposes several ideas to further research the concepts developed in the document.

At the end, the publications and patents resulted from the research are listed.

5.1 Conclusions

The development of MEA or AEA/HEA to replace the current aviation fleet will
require a multi-disciplinary research effort to advance the required disruptive tech-
nologies. Chapter 1 contributes on the understanding of the aircraft electrification
challenge nature, providing the main insights into the conventional aircraft electric
power system and the main challenges to upgrade it to the new aircraft concepts,
while keeping weight and safety requirements. A full redesign is needed to scale the

conventional EPS to a tends of MWs system with voltages levels in the range of
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kV. Furthermore, the operation environment mainly influenced by the high altitude,
adds additional constrains in terms of weight and safety. One of the main obsta-
cles detected is the technological immaturity. High power and energy density ESS,
high specific power converters and electric machines and light distribution cables
and shot-circuit breakers are some of the EPS elements where technological devel-
opment is needed. Consequently, technology such as fuel cells, weight and efficiency
optimized multi-level power converters and EMI filters, optimized PMSM or HTS
machines and DC SSCB are currently investigated as enablers of AEA /HEA.

The technological development effort of the mention elements needs a clear def-
inition of the EPS architecture and deep analysis of the system requirements. In
Chapter 2, EPS trade-off analysis and identification of the most promising propul-
sion architectures for commercial aviation is covered. In depth-analysis of all the
main AEA propulsion architectures to identify the most promising architecture con-
figuration for future electrical aircraft in the context of a twin-propeller 20 MW
plane is proposed. The analysis is based on the study of three FoM, reliability, ef-
ficiency and specific power density. One of the main outputs of the analysis is the
general higher achievable specific power of EPS architectures based on DC distribu-
tion. Additionally, the following conclusion is resulted from the analysis. In terms of
propulsion configurations, parallel hybrid, series hybrid and turboelectric solutions
report the highest specific power. However, the last two are penalised by extra con-
version stages which lower the efficiency. Additionally, it has been concluded that
in any of the cases, an important limiting factor to achieve desired specific power
values is the ESS technology available. Being DC circuit breakers the second main
element leading the system specific power down. At commercial aircraft level, the

prediction is that hybrid propulsion systems, with a limiting hybridization degree,
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will be selected for medium-term electric aircraft solutions.

In Chapter 3 the thesis contributes to the pursuit of power converters that aims high
voltage compatibility and weight reduction. A distributed input multiport topology
is proposed based on the use of a MMC. The DIMMC is based on the application of an
MMC to multiphases systems, such as multiport generators or multiport transform-
ers. The chapter provides a methodology to study the C..; reduction capability for a
study case in which a PFVSR is connected to each cells of the modular configuration.
Up to 50% of reduction on the C,; value is achieved, being the cell voltage variation
constrain to a 10% band. This demonstrates that there is a weigh reduction oppor-
tunity for this type of converters. Nevertheless, certain limitations on the control
algorithm design has been detected and further analysis of the real reduction weight
efficiency and EMI of the proposed solutions are pending to explore. For instance,
taking into account the additional elements implications. Additionally, short-circuit

handling capability result reported advantages with respect the conventional MMC.

As a rule of thumb, it can be said that EMI filters can contribute to the 30% of the
total volume and weight of a power converter. Consequently, their size optimization
is of big importance. In Chapter 4 new active EMI mitigation solutions with potential
to reduce the EMI filter weight are explored. The study has resulted in the proposal
of two novel approaches based on analog circuits. A step-by-step design procedure
is described in order to reach an actuation frequency range which covers from 150
kHz up to 10 MHz. Both solutions has demonstrated active enhancing of the shunt
capacitance value of a CM EMI filter (e.g. 10 times in the study case presented).
Concluding that the use of this type of approaches could give an additional degree
of freedom in the EMI filter design optimization. The first approach, based on

OPAs, has been prototyped, resulting in a smaller and lighter alternative to an
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equivalent PEF. It is, 30% weight reduction and 95% volume reduction. However,
power processing limitations has been detected during the study of the integration
of the hybrid AEF in the power train of an electrified aircraft. The second solution
is proposed to increase the current injection capability of the circuit by integrating
a LPA in the last stage. Volume and weight reduction advantages of this approach

has not been explored and are pending for future work.

As a general conclusion, it can be said that the development of advanced power
converters for the electrification of the future aircraft involves more aspects than the
converter design itself. The current research effort is focused on exploring potential
power converters solutions while the power system architecture characteristics are not
definitely defined yet and the requirements are not clear and vary with the aircraft
platform. All constrained by the very demanding operation conditions of aviation
application. It is, due to the high altitude working conditions, safety requirements
and weight and volume constrains. Making the EPS design for MEA or AEA/HEA

aviation concepts result in a problem with many synergies.

5.1.1 Publications and patents related with the work pre-

sented

Some of the mentioned outcomes of this work has ben translated into publications

and intellectual property disclosure (IPD). They are listed below:

e T. C. Cano et al., "Future of Electrical Aircraft Energy Power Systems: An
Architecture Review,” in IEEE Transactions on Transportation Electrification,

vol. 7, no. 3, pp. 1915-1929, Sept. 2021, doi: 10.1109/TTE.2021.3052106.
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T. C. Cano, D. Pedroso, A. Rodriguez, I. Castro and D. G. Lamar, ”On the
reduction of output capacitance in two-level three phase PFC boost rectifier
for pulsating loads,” 2022 24th European Conference on Power Electronics and

Applications (EPE’22 ECCE Europe), Hanover, Germany, 2022, pp. 1-9.

e T. C. Cano, A. Rodriguez, I. Castro and D. G. Lamar, ”Distributed Input
Multiport MMC Based Power Converter for AC and DC Loads,” in IEEE
Transactions on Power Electronics, vol. 38, no. 7, pp. 7971-7975, July 2023,
doi: 10.1109/TPEL.2023.3260719.

e [. Castro, T. C. Cano, “Power converter” U.S. Patent US20220209680A1, June
30, 2022.

T. C. Cano, “EMI Active Filter” U.S. Patent US20230421134A1, Dec 28, 2023.

5.2 Future work

Several potential research ideas to extend and improve the work develop here pre-

sented are proposed:

e Extension of the trade-off analysis proposed to different aircraft platforms and
different hybridization levels to study the influence on the outcome. Addition-
ally, a potential improvement could be performing the integration of of flight
profiles in the analysis, which defines the power consumed along the operation
of the aircraft, and simulating the EPS within an MBSE to characterise the

efficiency of the system.
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e Further experimental validation of the capacitance reduction estimation method-
ology. Additionally, this would bring additional information of the detected

limitations in the control algorithm.

e Evaluation of different control algorithms to implement in the PFVSR that
might provide high-power density achievements at lower switching frequen-
cies. They could overcome the implementation difficulties experience during

the testing with GaN modules.

e Enhancement of the DIMMC study by evaluating the topology from a dynamic
perspective and evaluation of the EMI implications involved on the faster vari-
ations on the C.; voltage. Being interesting to perform the evaluation of the
converter with a flight profile. Re-definition of the design of the L., to achieve

a minimized inductor size.

e Proposal of novel insertion methodologies for the DIMMC to provide thermal

improvements.

e Further validation of Design II of the hybrid EMI filter proposal, based on
LPAs.

e Integration of the Desing Ilof the hybrid EMI filter solution on the application
test setup to achieve higher technology readiness levels (TRLs).
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Capitulo 6

Conclusiones y trabajo futuro

Este tltimo capitulo de tesis proporciona un resumen de los principales resultados
y propone varias ideas para continuar investigando los conceptos desarrollados. En

ultimo lugar, se enumeran las publicaciones y patentes resultado de la investigacion.

6.1 Conclusiones

El desarrollo de “MEA” o “AEA/HEA” para reemplazar la flota actual de aviacion
requerird un esfuerzo de investigacién multidisciplinario para alcanzar las tecnologias
disruptivas necesarias. El Capitulo 1 contribuye a la comprension de la naturaleza del
desafio de la electrificacion de aeronaves, presentando las principales caracteristics del
sistema eléctrico de los aviones convencionales y explicando los principales desafios
para su adaptacion a los nuevos conceptos de aeronaves, mientras se mantienen re-

quisitos de peso y seguridad. Se necesita un rediseno completo para escalar el sistema
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“EPS” convencional a un sistema que maneje decenas de MW con niveles de tensién
en el rango de kV. Ademas, el entorno de operacién anade severas restricciones adi-
cionales en cuanto a peso y seguridad. Uno de los principales obstaculos detectados
es la inmadurez tecnoldgica actual. Sistemas de almacenamiento de energia con al-
ta densidad de potencia y energia, convertidores de potencia y méquinas eléctricas
compactas, y cables de distribucién y disyuntores de cortocircuito ligeros son algu-
nos de los elementos del “EPS” donde se necesita més desarrollo tecnolégico. En
consecuencia, tecnologias como las pilas de combustible, los convertidores multinivel
y filtros “EMI” optimizados en peso y eficiencia, asi como, maquinas “PMSM” o
“HTS” optimizadas y “SSCB”de DC estén siendo investigadas como habilitadores
de “AEA/HEA”.

El esfuerzo tecnoldgico de los elementos mencionados necesita una definicién clara
de la arquitectura “EPS” y un analisis profundo de los requisitos del sistema. En
el Capitulo 2, se presenta un andlisis comparativo de sistemas de distribucién. Su
objetivo es la identificacién de las arquitecturas de propulsién més prometedoras
para un avion de tipo comercial. Se propone un analisis de todas las principales
arquitecturas de propulsion “AEA/HEA”, con el fin de identificar la arquitectura
méas prometedora en el contexto de un avién bimotor de 20 MW. El analisis se basa
en el estudio de tres “FoM”: fiabilidad, eficiencia y potencia especifica. Uno de los
principales resultados del andlisis es la mayor potencia especifica alcanzable de las
arquitecturas “EPS” basadas en distribucion de DC. Ademas, el anélisis concluye lo
siguiente: en cuanto a configuraciones de propulsién, las soluciones hibrido paralelo,
hibrido serie y turbo-propulsién eléctrica proporcionan la mayor densidad de potencia
especifica. Sin embargo, estas dos ultimas se encuentran penalizadas por etapas de

conversion adicionales que reducen la eficiencia global. Ademas, se ha concluido que,
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en cualquiera de los casos, un factor limitante importante para alcanzar los valores
deseados de potencia especifica del sistema es la tecnologia “ESS”disponible. Siendo
los disyuntores de cortocircuito, el segundo elemento que mas reduce la potencia
especifica del sistema. A nivel de aviones comerciales, se predice que los sistemas
de propulsiéon hibridos, con un grado de hibridacién limitado, seran la alternativa

preferida a implementar a medio plazo.

En el Capitulo 3, la tesis contribuye a la buisqueda de convertidores de potencia
que apunten a la compatibilidad de alto voltaje y la reduccién de peso. Se propone
una topologia de entrada distribuida multipuerto basada en el uso de un “MMC”.
El “DIMMC” se basa en la aplicaciéon de un “MMC” a sistemas multifasicos, como
generadores o transformadores multipuerto. El capitulo proporciona una metodologia
de estudio de la capacidad de reduccién del valor de C,.y, para un caso de estudio en
el que un “PFVSR” estd conectado a cada celda de la configuraciéon modular. Se ha
logrado demostrar una reduccién de hasta el 50 % en el valor de C.y, restringiendo la
variacién de tension de la celda a una banda del 10 %. Esto demuestra que existe una
oportunidad de reduccion de peso para este tipo de convertidores. Sin embargo, se
han detectado ciertas limitaciones en el diseno del algoritmo de control y se necesita
un analisis adicional de la capacidad real de reduccién del peso. En el que se tenga
en cuenta las implicaciones de los elementos adicionales. Ademas, la capacidad de

manejo de cortocircuitos reporta ventajas respecto a un “MMC” convencional.

Como regla general, se puede decir que los filtros “EMI” pueden contribuir al
30 % del volumen y peso total de un convertidor de potencia. En consecuencia, la
optimizacién de su tamano es de gran importancia. En el Capitulo 4, se exploran
nuevas soluciones activas para la supresion de ruido, con potencial para reducir el

peso del filtro “EMI”. El estudio ha resultado en la propuesta de dos nuevas soluciones

219



basados en circuitos analégicos. Se describe un procedimiento de diseno paso a paso
para alcanzar un rango de frecuencia de actuaciéon que cubra desde 150 kHz hasta
10 MHz. Ambas soluciones han demostrado amplificar activamente el valor de la
capacidad conectada a tierra de un filtro “EMI” de modo comin (por ejemplo, 10
veces en el caso de estudio presentado). Se concluye que el uso de este tipo de
enfoques podria dar un grado adicional de libertad en la optimizacién del diseno del
filtro “EMI”. El primer enfoque, basado en OPAs, ha sido prototipado, resultando en
una alternativa mas pequena y ligera que un “PEF” equivalente. La solucién presenta
una reducién de peso del 30% y una reducién de volumen del 95%. Sin embargo,
se han detectado limitaciones en la maxima potencia procesada durante el estudio
de su integracion en el tren de potencia de un aviéon con propulsion electrificada. La
segunda solucion, se propone para aumentar la capacidad de inyeccién de corriente del
circuito. Para ello se integra un “LPA” en la tltima etapa. Las ventajas de reduccion
de volumen y peso de este enfoque no han sido exploradas y estdn pendientes para

futuros trabajos.

Como conclusion general, se puede decir que el desarrollo de convertidores de po-
tencia avanzados para la electrificacién de aeronaves futuras implica mas aspectos
que el disefio del convertidor en si. El esfuerzo de investigacién actual se centra en
explorar soluciones de convertidores de potencia, mientras se definen las caracteristi-
cas de la arquitectura del sistema de potencia y se comprueba el cumplimiento de
los requisitos. Estudios que varian con el tipo de plataforma de aeronave. Todo esto,
restringido por las muy exigentes condiciones de operacién en aviacién (altitud, los
requisitos de seguridad y las restricciones de peso y volumen). Lo que hace que el
diseno del “EPS”para conceptos como el “MEA.© “AEA /HEAresulte en un problema

con muchas sinergias.
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6.1.1 Publicaciones y patentes relacionadas con el trabajo

presentado

Algunos de los resultados mencionados en este trabajo han dado lugar a una serie

de publicaciones y patentes. Estas, se enumeran a continuacion:

T. C. Cano et al., "Future of Electrical Aircraft Energy Power Systems: An
Architecture Review,.® IEEE Transactions on Transportation Electrification,

vol. 7, no. 3, pp. 1915-1929, Sept. 2021, doi: 10.1109/TTE.2021.3052106.

T. C. Cano, D. Pedroso, A. Rodriguez, I. Castro y D. G. Lamar, .°n the re-
duction of output capacitance in two-level three phase PFC boost rectifier for
pulsating loads,” 2022 24th European Conference on Power Electronics and Ap-
plications (EPE’22 ECCE Europe), Hanover, Germany, 2022, pp. 1-9.

T. C. Cano, A. Rodriguez, I. Castro y D. G. Lamar, ” Distributed Input Mul-
tiport MMC Based Power Converter for AC and DC Loads,.®® IEEE Transac-
tions on Power Electronics, vol. 38, no. 7, pp. 7971-7975, July 2023, doi:
10.1109/TPEL.2023.3260719.

I. Castro, T. C. Cano, “Power converter” Patente de EE. UU. US20220209680A1,
30 de junio de 2022.

T. C. Cano, “EMI Active Filter” Patente de EE. UU. US20230421134A1, 28
de diciembre de 2023.
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6.2 Trabajo futuro

Se proponen varias ideas para extender el trabajo de investigacién y mejorar el

trabajo desarrollado:

e Ampliacion del andlisis comparativo de arquitecturas de propulsién con la in-
corporacion de diferentes tipos de aeronaves y la consideracion de diferentes
niveles de hibridacién. Esto permitiria detectar su influencia en los resultados
del estudio. Ademas, otra posible mejora podria ser la integracion de perfiles
de vuelo en el analisis, que definan la potencia consumida durante la operacién
del avion, asi como, el estudio del EPS en un MBSE que permita caracterizar

la eficiencia todos los sitemas presentes en la aeronave.

e Validaciéon experimental adicional de la metodologia de reducciéon del valor de
condensador de celda. Esto permitiria obtener informacién adicional sobre las

limitaciones detectadas en el diseno del algoritmo de control.

e Evaluacién de diferentes algoritmos de control para el PFVSR que puedan
lograr una reducion de peso similar con frecuencias de conmutacién mas bajas.
Esto podria evitar las dificultades de implementacion experimentadas durante

las pruebas con moédulos GaN.

e Mejora del estudio del DIMMC mediante la evaluacion de la topologia desde
una perspectiva dinamica y la evaluacion de las implicaciones de EMI involucra-
das en las variaciones mas rapidas de la tension de C..;. Ademas, se considera
interesante realizar la evaluacion del convertidor con un perfil de vuelo y el

rediseno de la inductancia de rama, L., para minimizar el su tamano.
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e Propuesta de una metodologias de insercién de celdas nueva para el DIMMC

que proporcione mejoras térmicas.

e Validacién adicional del Diseno II de la propuesta del filtro EMI hibrido, basado
en LPAs.

e Integracion del Diseno I de la solucién del filtro EMI hibrido en un sistema
escalado experimental de la aplicacion para lograr niveles de preparacion tec-

nolégica (TRLs, en inglés) mas altos.
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Appendix A

Two-level voltage source rectifier

prototype

During the development of this PhD thesis work a test prototype of a 10kW scaled
version of the PFCVSR presented in Chapter 3 was built. The aim was to demostrate
experimentally the capacitance reduction results explained and verified by simulation
in Section 3.2.2.1. Figure A-1, shows a general picture of the prototype. It has been
designed as three independent PCB boards: a sensing board, a power stage and a
signal adaptation board. The details of the three main parts are explained in the
following lines. The fully test of the prototype could not be completed during the
process of the PhD due to contingencies but it is though to be of interest to show

the work developed.
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measurements
Board

Figure A-1. General picture of the PFCVSR prototype

A.1 Input measurement board

The input AC voltage and currents are measured at the source connection, Figure A-
2. Voltage AC signals are used by the phase-locked loop (PLL) in order to synchronize
the PFCVSR system with the phase of the input voltage signal. This synchronization
is essential to perform the d-q transformation of the voltage and current signals,
needed in the control loop algorithm. AC currents are measured to be transformed
in the DSP into their d-q components and then be used in the current control loop

(Loop 2) , Figure 3-3.
Close loop Hall effect sensors have been used to measured both voltage and current
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Figure A-2. Input Measuremnts board details

signals. Part number and main data of the sensors used are displayed in Table A.1.
Figure A-3, shows simplify schemes of the LV25-P and the LA25-NP sensors. For
the current sensor, Figure A-3.a, the connection of the pins have been performed for
a nominal primary current of 25 A., resulting in a turn ratio (Np/Ns) 1/1000. The
current to voltage measurement resistor (Ry,) is not included in this board, instead
the current signal Is, is sent to the control/ signal adaptation board. Voltage sensor,
Figure A-3.a, R; resistor is design to limit the maximum input power to 10 mA at
the maximum input peak voltage. Similarly to the current sensor, the measurement

current signal is sent to the control/signal adaptation board.

The sensor voltage supply is provided by an independent 1W dc-dc isolated con-
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TABLE A.1. Voltage and current sensors general data

Signal Part number Data
I, RMS current 10 mA
I,y RMS current 25 mA
Van,Vbn,Ven LV25-P Np/Ns 2500,/1000
Supply voltage (V) +/- 12-15V
tdelay 40 us @ R1 25 kQs
I;;,, RMS current 25 A
I,y RMS current 25 mA
Ta, Ib, Ic LA25-NP Np/Ns 1...5/1000
Supply voltage (V) +/-15V
tdelay 1/45
R +V ' +Vs
AV > I—o—o—o—o
>MW-— 11— =
(7 Rwv Iy Rui I
-V
_ *
_VS 'VS

(a)

Iout

(b)

Figure A-3. Close loop hall effect sensor configuration. (a) LV25-P and (b) LA25-NP

verter with a dual +/- 15 V output (TMA1515D).

A.2 Power board

The power board consist of three GaN power modules, a current and voltage sensor

similar to the ones presented before and a DC bus connection. The gate signals

are transmitted through optical fiber, optical receivers are placed close to the power

modules.

Figure A-4 shows a picture of the power board, where the mentioned

elements are identified. The input inductances present at the input of the 2-level
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three phase bridge have been connected externally to the power board at the input

power connections.

Figure A-4. Power board board details

Two evaluation board have been considered to build each the three half-bridge
modules of the PFCVSR, the GS66508B-EVBDB1 and the GSP65R13HB-EVB. To
evaluate the behaviour of each module, a de-dc boost converter was build with each
of them. Each module was operated until continuous conduction mode up to 1 kW.
The board temperature has been observed during the process, as is well known one of
the main weakness of GaN devices is the heat evacuation, which causes many times

the destruction of the device. Figure A-5 shows a photo of the modules evaluation
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set-up.

Figure A-5. GaN modules evaluation set-up

During the evaluation the GS66508B-EVBDB1 board has shown noise problems
at the gate to source signal of the GaN devices, which cause the failure of few
modules. Additionally, GSP65R13HB-EVB has reported better thermal behaviour
during the testing. Consequently, GSP65R13HB-EVB is selected to build the power
stage shown in FigureA-4. Figure A-6, display thermal pictures taken under the

operation conditions described in Table A.2.

TABLE A.2. GaN modules test data operating as a dc-dc boost converter.

Variable Value

Vin 200V
Vout 400 V
fsw 100 kHz
L 2 mH

Rload 238 Ohms
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Figure A-6. GaN power modules evaluation, thermal photo. (a) GS66508B-EVBDBI1 and
(b) GSP65R13HB-EVB

GSP65R13HB-EVB evaluation boards are equipped with a Insulated Substrate
(IMS) PCB which increases the heat transfer from the GaN devices to the heatsink.
The module combined two GS66516B GaN transistors in parallel. Figure XXX

displays a closer picture.

A.3 Control/signal adaptation board

The control/signal adaptation board contains the Digital signal processor (DSP),
which is responsible of the PWM signals generation,analog-to-digital (ADC) trans-
formation of the sensor signals, and control algorithm execution. The PWM signals

that govern the GaN drivers are sent through optic fiber to the power board.

The control adaptation board receives the AC and DC sensors signals which needs
to be adapted and processed before inputting them in the ADC. Figure A-8, il-
lustrates the adaptation and processing circuitry used for the AC signals, Figure

A-8 .(a), and DC signals, Figure A-8 .(b).
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Figure A-7. Control/Signal adaptation board

The adaptation stage is responsible of converting the sensor signal, which is a
curren, into a voltage signal within the range [0V,3V]. Firstly, the current signal is
transformed into a voltage signal which absolute maximum value is 1V. It is, RM is
designed so the AC sensor signal received is converted into a voltage level between
-1V and 1V, and the DC sensor signal received is translated in a voltage from 0 V
to 1V. afterwards, a non-inverting OPA is used to adapt the voltage signals into the

[0V,3V]. This is designed following the equation,

L]
R,

Ry

V.= (1 2
(1+ R

)'V;:_ "/ref- (Al)

In the next stage an anti-aliasing filter is place to attenuate any undesired frequency
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+15V

TLCO8 2ACP

b

Adaptation stage Antialiasing filter Protection stage

(b)

Figure A-8. Adaptation and processing signal circuit. (a) AC signals and (b) DC signals

component that can caused errors in the ADC conversion. A Bessel filter topology
has ben chosen with a cut-off frequency set to the Nyquist frequency, which is equal
to half the sampling frequency. In this case, the sampling frequency selected is equal

to the switching frequency.

The board has been designed with an isolated ground from the power an measure-
ment boards, the OPAS, DSP and optic transceivers are supplied by dc-dc isolated
converters which transform a input 15V power supply into The voltage levels needed.
Two TMA1515D are used to supply the OPAs, the optic transceivers are supplied
with 5 V by a dedicated TMA1505S. The DSP used is the F28377S LaunchPad and
can be supplied by a 3.3V port, a TMA1505S is combined with a linear regulator to
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generated this voltage level. Additionally, the TMA1515D used to supply the DC

voltage and current sensor is placed in this board.

The correct operation of the adaptation and processing signal has been verified
comparing the theoretical value expected at the ADC register with the values mea-
sured by the sensors. Figure A-9 displays the three input AC voltage magnitudes
obtained. After, the PLL functionality is tested. A three phase 400 Hz voltage has
been applied at the input of the measurement board. Figure A-10 shows a screenshot
of the DSP software interface. It can be seen the correct identification of the input
AC signals frequency, f,. Furthermore, to test the PWM the three phase AC 400 Hz
is measured and used as the modulated signal. The PWM generated is compared

with the modulated signal. An example is seen in Figure A-11.

ADC registers

S —— ADC A

22500 et ? ADC_B

£2000 e -

B 1500 - ADC_C
000 e ADCReg_th

Voltage amplitude (V)

Figure A-9. ADC registers values of the input AC voltage during a sweep of the magnitude.
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v (= spll struct splll {v_g=[-0.0170296431,-0.0157966... Ox00004B26@ Data

*=vq float[2] [-0.035194397,-0.005530186] Ox0000AB26@ Data
=i float[2] [-6.93362904,8.15054131] Ox0000AB2A@Data
()= fo float 399.393433 Ox0000AB2E@Data
(9= fn float 400.0 Ox0000AB30@Data
(= theta float[2] [0.18610917,0.466258556] Ox0000AB32@ Data
(9= delta_t float 3.9%999975e-03 Ox0000AB36@ Data
(= |Ipf_coeff struct <unnamed> {b1=-234.920593,b0=237.079407} (x0000DAB38@Data
v = fo_array int[60] [395,394,402,409,398...] Ox0000AAZ0E@Data

Figure A-10. PLL implementation test.

‘WK»EVS H»T 30347, MrS6311145, 04
P 1

g

»
il

Sensor output

(V)

@l panel frontal

Figure A-11. PWM generation test

A.4 Prototype power testing

With the sensing, signal acquisition and processing and PWM generation tested,
the next step is to verify the prototype under power conditions. As an intermediate
test, it has been decided to test each phase independently first. In order to do so,
each phase of the three phase rectifier is configured as a dc-dc boost converter and
tested at nominal voltage and low power and finally a nominal voltage and 1 kW, see
Figure A-12. Figure A-13 , shows the boost inductor current and the voltage at the
bottom switch for each of the phases at 1 kW under the test conditions displayed in
Table A.3.
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Figure A-12. Independent phase test under a dc-dc boost configuration.

TABLE A.3. Independent phase test waveforms.

Variable Value

Vin 200 V
Vout 400 V
fsw 20 kHz
L 2 mH
Rload 128 Ohms

An open-loop tested has been performed for a low voltage case of the three phase
rectifier. The input inductances are set to 550uF’, the input RMS voltage is set to
12.7 V in order to generate a 40 V DC bus. Initially the DC bus is charged witht

he three phase rectifier operating as a passive rectifier, it is all the switches are kept
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D50-X 30347, Mr5631114:

Figure A-13. Individual rectifier phase testing. dc-dc boost configuration with an output
power of 1 kW

open. Once the DC bus voltage reached the voltage value defined by,

Vbe = 3 v9 \/gvp’“
7

ph -

(A.2)

The modulation is activating afterwards boosting the voltage to 40 V under a mod-
ulation Dy = 0.9 and a load equal to 148 €2s. Unfortunately, waveforms records have
not been saved and further testing has been interrupting due to the start of an intern-
ship in the company. Because of certain circumstances, that might not be relevant

to describe in this document, the final close-loop test could not be performed.
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Glossary

2L-CSI Two level current source inverter.
2L-VSC Two level Voltage Source Converter.

2L-VSI Two Level Voltage Source Inverter.

AC Alternating current distribution.

ACARE Advisory Council for Aeronautics Research in Europe.
AEA/HEA All-electric/hybrid-electric propulsion Aircraft.

AEF Active EMI Filter.

APU Auxiliary Power Unit.

ATM International American Society for Testing and Materials.
ATRU Auto-Transformer Unit.

ATU Auto-transformer..

BJT Bipolar Junction Transistor.

BLI Boundary Layer Injection.

CB Circuit Breaker.
CB Solid State Circuit Breaker.

CFB Current Feedback.
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CHB Cascaded H-bridge.
CM Common-mode conducted EMI.

CONCERTO Construction of Novel Certification Methods and means of compli-

ance for disruptive technologies.
COVID-19 CoronaVirus Disease.
CSCC Current Sensing - Current Compensation.
CSD Constant Speed Drive.

CSVC Current Sensing - Voltage Compensation.

DAL Design Assurance Levels.

DC Direct current distribution.

dc-ac Direct current - alternating current.
dc-dc Direct current - direct current.
DM Differential-mode conducted EMI.

DPCU Distributed Power Center Unit.

EAP NASA Glenn’s research in Electrified Aircraft Propulsion.
EASA European Union Aviation Safety Agency.
EASIER Electric Aircraft System Integration Enabler.

ECS Environmental Control System.
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EMC Electromagnetic Compatibility.
EMI Electromagnetic Interference.
EPC Equivalent Parallel Capacitance.
EPR Equivalent parallel Resistance.
EPS Electric power system.

ESL Equivalent Series Inductance.
ESR Equivalent series resistance.
ESS Energy Storage System.

EU European Union.

EVs Electric Vehicles.

FAA Federal Aviation Administration.
FHA Functional Hazard Analysis.
FIT Failure in Time.

FoM Figures of Merit.

FTA Fault Tree Analysis.

FTR Failure-to-run.

FTS Failure-to-start.

GalN Gallium Nitride.
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GHG Greenhouse gases.

GPU Ground Power Unit.

HEF Hybrid EMI Filter.
HERA Hybrid Electric Regional Architecture.

HVDC High voltage direct current.

IGBT Insulated-gate Bipolar Transistor.
IM Induction Machine.

IMMD Integrated modular motor drive.

LISN Line Impedance Stabilization Network.

LPA Linear Power Amplifier.

MEA More-Electric Aircraft.

ML-FC Multi Level Flying Capacitor.

ML-VSI Multi-Level Voltage Source Inverter.

MMC Modular Multilever Converter.

MOSFET Metal Oxide Silicon Field Effect Transistor.

MTOW Maximum Take-off Weight.

NPN bipolar Negative-Positive-Negative bipolar transistor.
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OEM Original Equipment Manufacturer.

OPA Operational Amplifiers.

PCB Printed Circuit Board.

PEF Passive EMI Filter.

PEM Proton exchange membrane Fuel Cell.

PFCVSR Two level power factor correction six-switch voltage source rectifier..
PMSM Permanent Magnet Synchronous Machine.

PPSE Peak Power Spectrum Envelope.

PSSA Preliminary System Safety Analysis.

RC branch Series connection of a resistance and a capacitance.
RF Radio Frequency.
RMS Root Mean Square.

RPDU Remote Power Distribution Units.

S/G Starter-Generator.
SAF Sustainable Aviation Fuel.

SMR ACAP Small/Medium Regional Aircraft architecture and technology inte-

gration Project.

SoA State of the Art.
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SOFC Solid Oxide Fuel Cells.
SPICE Simulation Program with Integrated Circuit Emphasis.

SRIA Strategic Research and Innovation Agenda of Clean Aviation Joint Under-
taking.

SRM Switched Reluctance Machine.
SSPC Solid-State Power Controllers.
SST Solid State Transformer.

STARC-ABL Single-aisle Turboelectric Aircraft with an Aft Boundary-Layer propul-

SOor.

SVPWM Space Vector pulse width modulation.
TRU Transformer rectifier unit.

VFB Voltage Feedback.

VNA Virtual Network Analyser.

VSCC Voltage Sensing - Current Compensation.
VSVC Voltage Sensing - Voltage Compensation.
WAI Wing Anti-Icing.

WBG Wide band-gap.

WHO World Health Organization.

WSRSM Wound-Rotor Synchronous Machines.
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