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Abstract
The present work is a survey on aircraft hybrid electric propulsion (HEP) that aims to present state-of-the-art technologies
and future tendencies in the following areas: air transport market, hybrid demonstrators, HEP topologies applications, aircraft
design, electrical systems for aircraft, energy storage, aircraft internal combustion engines, and management and control
strategies. Several changes on aircraft propulsion will occur in the next 30 years, following the aircraft market demand and
environmental regulations. Two commercial areas are in evolution, electrical urban air mobility (UAM) and hybrid-electric
regional aircraft. The first one is expected to come into service in the next 10 years with small devices. The last one will
gradually come into service, starting with small aircraft according to developments in energy storage, fuel cells, aircraft
design and hybrid architectures integration. All-electric architecture seems to be more adapted to UAM. Turbo-electric hybrid
architecture combined with distributed propulsion and boundary layer ingestion seems to have more success for regional
aircraft, attaining environmental goals for 2030 and 2050. Computational models supported by powerful simulation tools will
be a key to support research and aircraft HEP design in the coming years. Brazilian research in these challenging areas is in
the beginning, and a multidisciplinary collaboration will be critical for success in the next few years.
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PEC Power Electronic Converter
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SAF Sustainable Aviation Fuel
SCM Superconducting Machines
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1 Introduction

Since the introduction of jet engines, the air transport indus-
try has doubled its size every 20 years, the highest rate in
transport sector, and it is expected to continue in a similar
rate in the next years. However, its environmental impact
in terms of noise and pollutant emissions has gained public
attention (IATA 2019).

In addition, the foreseen financial benefits of increased
energy efficiency have motivated the transport industry to
invest in propulsion alternatives (IATA 2019). Whereas air
transport industry is responsible for a considerable part of
greenhouse gas emissions, a concept where ICEs and elec-
tric motors (EM) are combined in the propulsion to increase
vehicle efficiency and reduce the impact is being analyzed
(Zhang et al. 2016). This alternative has been called by some
authors hybrid-electric propulsion (HEP) (Hung and Gonza-
lez 2012).

This hybridization can be achieved combining ICEs or
FCs with EMs and batteries (González Espasandín et al.
2014). Some of the main advantages of HEP compared
with the traditional propulsion are: (a) increasing the global
aircraft efficiency; (b) increasing aircraft reliability, power
distribution/quality, and flight range; (c) emissions and noise
reduction; (d) capacity of extending the market to smaller
airports (Sliwinski et al. 2017).

Hybrid-electric propulsion system (HEPS) appears as the
most viable solution for an energy efficient, cleaner and qui-
eter aeronautical propulsion, since it is able to combine the
advantages of the conventional propulsion system and the
all-electric approach (Sliwinski et al. 2017).Despite this, sev-
eral goals must be achieved to make the technology viable.
NASA’s Subsonic Fixed Wing project identified four “cor-
ners” to be overcome: noise, emissions, aircraft fuel burn,
and field length (Kim et al. 2008).

Recent advances in electrical motors, energy storage sys-
tems, and power electronics converters (PEC) are leading the
aircraft propulsion to become increasingly electrical (Sliwin-
ski et al. 2017). The concept More Electric Aircraft (MEA)
aims for changing the aircraft systems to be fully powered by
electricity. Currently, only monitoring devices and auxiliary

systems are electrical,whilemore powerful devices still work
with hydraulic or thermal systems (Buticchi et al. 2017).
Despite this, since 2010 developments with all-electrically
propelled aircraft have augmented, even faster from 2016,
especially in the area of urban air vehicles (UAVE) (IATA
2019).

The hybrid-electric propulsion offers operational flexi-
bility, due to the greater number of components. Fuel and
battery sources allow more possibilities for managing of the
propulsion system in the various stages of a mission, and
reduce the energy consumption, compared with traditional.
However, it implies an increase in the necessary load during
the design phase, and a greater complexity in the operation.
Proper management of the electrical components and com-
bustion ismandatory tomeet the environmental requirements
and reduce the fuel consumption (Riboldi 2019).

Aircraft propulsion will gradually evolve from small
all-electric UAVEs in the beginning, to medium size hybrid-
electric aircraft, and later to HEP regional aircraft in a lapse
of three decades. The study of HEPS requires a multidisci-
plinary combined approach to cope with all the related areas,
a challenging task to cope with. This present work is a survey
that depicts the state-of-art development inHEP identifies the
most challenging requirements in the short and mean times,
resumes the different approaches and alternatives, and points
the paths of future research.

2 Civil AviationMarket

Civil global aviation market has experienced a considerable
economic growth in recent years, and will keep increasing. It
is estimated that around 1300 new international airports will
be required, and the commercial aircraft fleet will double by
2050 (IATA 2017; Liu 2013). Brazil has a considerable stake
in this increment, since it is the second country in the world
in the amount of airports, and the third domestic commercial
market with 22,340 registered aircraft (ANAC 2019b, a).

The aeronautical sector generates considerable green-
house gas emissions, 781 million tons of CO2 were emitted
in 2015 (ATAG 2018). With no intervention by 2050 avi-
ation emissions could grow by 300–700% (ICAO 2016a).
Since aviation industry account for 2% of total CO2 emis-
sions worldwide, international aviation organizations aim to
achieve carbon neutral growth from 2020, and to reduce its
emissions by 50% by 2050 compared to 2005 levels (ICAO
2016b). A target for civil aviation set by ACARE (Advisory
Council for Aviation Research and Innovation in Europe) for
2050 demands a reduction of 75% in CO2 emissions, 90%
in NOx , and 65% in noise compared to 2000 levels (Table 1)
(ACARE 2018). These objectives will not be achieved with
conventional technologies.
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Table 1 CO2 and NOx emissions reduction ACARE goals (ACARE
2018)

CO2 and NOx reduction goals
2020 (%) 2035 (%) 2050 (%)

CO2 objective versus 2000 − 43 − 60 − 75

NOx objective versus 2000 −80 − 84 − 90

NASAN+3 goals aim to reduce noise in 71 dB, NOx emis-
sions in 75%, and fuel burn in 70% compared with 2005
levels, with timeframe of 2030–2035 (Bruner et al. 2010).
Other programs such as CLEEN in the USA, GARDN in
Canada,Clean Sky andCleanAviation in theEuropeanUnion
(EU) focus in developing certifiable aircraft technology for
fuel consumption reduction, silent flying, and reduced emis-
sions (IATA 2019).

To attend this increasing demand and environmental regu-
lations, revolutionary airplane concepts are needed, to reduce
the takeoff and landing noise on urban areas around the air-
ports, to decrease the energy consumption and emissions,
while remaining economically viable. Large airports with
runways longer than 3050 m are heavily utilized, while thou-
sands of smaller airports with runways shorter than 910m are
underutilized (Kim et al. 2008). These new aircraft concepts
with architectures that increase propelling torque and power,
for shorter takeoff distances, can enable future devices to uti-
lize smaller airports (Liu 2013). The HEPS is an evolution
where small planes can use airfields with smaller runways for
commercial applications. Electric motors have higher torque
at low speeds, making the aircraft’s acceleration during take-
off to be higher (Riboldi 2019). In Brazil, 98% of air traffic is
concentrated in 65 airports, about 2.6% of the 2, 499 airports
nationwide (Infrastructure Ministry of Brazil 2017). These
flight profiles are estimated ideal for future all-electric or
HEP aircraft.

Nordic countries are pointing to sustainable air travel, aim-
ing for short-haul flights anddomestic 100%electric air travel
until 2045. This time is needed since an electric airplane
requires to define charging standards, new infrastructure, and
new business models (Welstead et al. 2017).

Airports as Schiphol in Amsterdam encourage the use of
quiet and clean aircraft, while flag that infrastructure adjust-
ments with additional energy supply might be required for
electric aircraft, for battery storage and shipping. Airline
companies like Harbour Air, that employ aircraft with less
than 30 passengers expect to electrify its fleet in the next
years, aiming to reduce emissions and operational costs.
Small European airlines like SAS,Widerøe and EasyJet have
also initiated partnership to develop HEP aircraft for around
50 passengers (Berger 2020).

Aircraft electric propulsion (EP) will influence the avia-
tion business on the airports. A potential reduction of 50%

in aircraft maintenance costs is expected with expansion of
electric aircraft, as well as savings on the cost of standard
fuel (Welstead et al. 2017).

2.1 Urban Air Mobility

The expected penetration of EP aircraft into themarketwould
start with 1–2 passengers all-electric urban air taxis (UAT)
until 2025, 15–20 passengers HEP aircraft from 2025 to
2030, and battery or FC powered aircraft from 2035 to 2045
(IATA 2019). The first HEP aircraft with more than 50 seats
is expected by 2032 (Berger 2020).

The introduction of EP is revolutionary in the aviation
industry (IATA 2019). It has been developed since the 1970s,
at the beginning there were unmanned demonstrators with
small batteries and EMs with power of a few kilowatts.
The market availability of lithium-ion (Li-Ion) and lithium-
polymer batteries (Li-Po) since 2001 was a milestone for EP,
because of the higher battery energy density (BED) (Brelje
and Martins 2019; Linden and Reddy 2001).

UAM is a safe and efficient system for air passenger and
cargo transportation within an urban area, aiming to decon-
gest the road traffic, improve mobility, reduce transport time
and decrease pollution. The main applications are on airport
shuttle, taxi, ambulance, police andother first response public
services, in which small-size (less than 5 passengers) electric
and hybrid vertical and takeoff landing (VTOL) vehicles, are
being considered (Goyal 2018).

UAMwould provide public access to aerial transportation
within metropolitan areas. Research projects had received
high investments, most of them for all-electric VTOLs
(eVTOL) (Gnadt et al. 2019). Predictions state that flying
taxis and air package delivery will entry-into-service (EIS)
in the US market by 2023 (Swaminathan and Cao 2020). A
market of USD$2.5 bn is expected in the first years of oper-
ation in the USA, with a total available market of USD$500
bn (Goyal 2018).

However, to become a reality this technology must face
challenges such as approving regulations and standards,
obtaining redundancy certifications, dealingwith theweather
conditions, and installing the urban infrastructure. Actual
concepts involving VTOLs are quiet and would work for
flight times between 15 and 45 min, but recharging availabil-
ity must be analyzed. Another issue is that VTOLs have high
power demand at the beginning and end of a flight. This tech-
nology still holds high certification risk and failure modes,
since it doesn’t have actuator redundancy or glide capabil-
ity. Most of them require high BED, able to suffer thermal
failures, which raises certification concerns. Social barriers
related to safety, privacy and noise must also be analyzed. A
strong cooperation between governments and aircraft indus-
try to overcome these issues will be needed (Goyal 2018;
Gnadt et al. 2019; Amelang 2018).
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Short takeoff and landing (STOL) aircraft seem to be a
more-easily certifiable solution for UAM, since takeoff and
landing are similar to conventional aircraft, but in a shorter
distance, and are capable of gliding for emergency landing.
STOLgenerallymay achieve longer range and faster cruising
speed (Gnadt et al. 2019).

Many start-ups and manufacturers are developing UAVE
designs. Volocopter is a two seats, VTOL multi-copter, able
to fly up to 27 km at 70 km/h (Lenton 2018). Lilium Jet works
on a eVTOL for two persons and an autonomy up to 300 km.
Joby Aviation, Zee Aero andKitty Hawk are working in other
VTOL concepts, where the range is limited by the specific
BED of batteries, while a HEP approach is considered to
extend this range (Bacchini and Cestino 2019; Misra 2018).

Boeing NeXt program developed the passenger air vehicle
prototype, an eVTOLwith a range up to 80 km (Hilfer 2019).
An eight-propeller aircraft concept with eVTOL is part of the
EmbraerX approach (EmbraerX 2019).

3 Aircraft Hybrid-Electric Propulsion

HEP is considered an effective substitute for conventional
short and medium-range aircraft, and companies as Airbus,
Siemens, Rolls-Royce and Boeing are strongly investing in
this technology (IATA 2019).

Five categories are defined for HEP architectures: series
hybrid, parallel hybrid, series/parallel hybrid, turbo-electric
hybrid, and all-electric (IATA 2019). Some variation of
hybrid topologies use FCs instead of ICEs. Each architec-
ture has its own characteristics related to energy efficiency,
application, complexity and technical challenges (Dean et al.
2018). DP is a concept that combined with some of these
architectures may render advantages from the synergy.

3.1 Series Hybrid Architecture

In series hybrid architecture, depicted in Fig. 1, only the EMs
are mechanically connected to the fans. The ICE drives an
electric generator, which electrical output drives the motor or
charges the batteries with the help of PECs. In flight phases
that require low propulsive effort (e.g., cruise phase), the
energy converted by the generator may also recharge the bat-
teries. Series architecture can be combined with DP concepts
(National Academies of Sciences, Engineering andMedicine
2016).

The main advantage of the series architecture is that the
ICE is not mechanically coupled to thrust generation, and
thus can constantly run in its best operating power and speed.
Additionally, the simplicity of the concept leads to an easy
propulsion control. As a disadvantage, the EM has to provide
the entire propulsion power alone, so that it needs to be spec-

Fig. 1 Series hybrid architecture

Fig. 2 Parallel hybrid architecture

ified for the maximum power, which represents more weight
in the drivetrain (Ehsani et al. 2004).

The series configuration is suitable for high-torque, low-
speed applications, but is less efficient than parallel. It also
requires larger batteries and electrical machines, increasing
the mass and volume of the powertrain (Donateo et al. 2018).

3.2 Parallel Hybrid Architecture

In parallel hybrid architecture, depicted in Fig. 2, there are
two parallel propulsion shafts, powered by combustion and
electric sources, which are mechanically coupled. Battery-
powered EM and ICE shafts are both coupled to a shaft
that drives a fan or propeller, so either or both can provide
propulsion (National Academies of Sciences, Engineering
and Medicine 2016). This hybrid architecture also allows
charging the batteries, when the ICE drives the propeller and
the EM through the coupling. In this case, the EM operates
as an electric generator.

Differently from series and series-parallel, there is no elec-
tric generator on the ICE’s shaft, and machines may be sized
smaller since the propelling power is provided by both, with
corresponding weight reduction (Wall andMeyer 2020). The
disadvantages of this configuration are the extra mass by the
mechanical coupling, and the need for a more sophisticated
propulsion control system. Additionally, the ICE’s operation
may be less optimal in different flight stages than in a series
configuration, since it is involved in thrust generation (Schoe-
mann 2014).
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Table 2 Comparison of architectures

Hybrid architectures: series versus parallel
Series Parallel

+ Simple propulsion − Sophisticated propulsion

control system control system

− Oversized EM + Smaller EM

+ Optimized ICE − ICE operation

operation less than optimal

− Electric generator + No electric generator

required required

+ Two independent − Energy sources

energy sources closely coupled

Fig. 3 Series/parallel hybrid architecture

Table 2 summarizes series and parallel configurations
main characteristics and presents a comparison between
them.

3.3 Series/Parallel Hybrid Architecture

This architecture is a combination of the two described
before. As depicted in Fig. 3, ICE, EM, electric generator and
propeller are mechanically connected through a coupling.
Thus, the ICE’s mechanical power may be used to drive the
propeller or converted into electric power by a generator to
charge the batteries.

The main advantage of this configuration is that it allows
an easy topology change during operation, and is the most
used architecture in hybrid vehicles. As a disadvantage, this
architecture presents a high level of complexity on control
and weight estimation (Ehsani et al. 2004).

Some concepts are testing a variation of this architecture
combined with DP, in which one or more fans are mechani-
cally driven by ICEs,while others exclusively byEMs,which
are poweredby abattery packageor by the ICE-driven electri-

Fig. 4 Turbo-electric hybrid architecture

cal generator (National Academies of Sciences, Engineering
and Medicine 2016).

3.4 Turbo-Electric Hybrid Architecture

This architecture is similar as series but do not rely on batter-
ies for propulsion energy, and several HEP concepts employ
it due to the actual low BED. The ICE drives an electric gen-
erator and PECs with EM drive electric a fan or propeller. All
the power comes from the fuel, and there are no additional
energy storage devices (Welstead and Felder 2016; National
Academies of Sciences, Engineering and Medicine 2016).
The same way as in series, decoupling the ICE propulsive
from the EM thrust-producing devices enables higher perfor-
mance in the propulsion, and design flexibility in the aircraft.
ICEsmay operate close to its peak efficiency power vs. speed
conditions, and can be located at optimum locations in the
aircraft (Welstead and Felder 2016; Kim et al. 2008).

This architecture is well suited to combine with DP con-
cepts, where the power is distributed to several EM-driven
fans, positioned to provide synergistic integration in the air-
frame, and also with superconducting electrical systems.
Power lost in energy conversion from mechanical to elec-
trical and reverse is overcome with distributed fans which
increase the effective bypass ratio (BPR) while reducing fan
pressure ratio. When combined with BLI, it increases the
overall efficiency, reducing vehicle wake dissipation (Wel-
stead and Felder 2016; Kim et al. 2008).

Full turbo-electric architecture employs all the power from
ICE to generate electrical energy. Partial turbo-electric is a
variant where the EMs provides part of the propulsive power,
the rest is generated by a turbofan mechanically driven by
ICE-driven turbofans. This way the electrical components
can be sized smaller with corresponding weight reduction
(Welstead and Felder 2016; National Academies of Sciences,
Engineering and Medicine 2016; IATA 2019). STARC-ABL
concept is an example of partial turbo-electric design (Wel-
stead et al. 2017).

Since fans usually operate at lower speed than common
EMs, turbo-electric and series hybrid architecturesmay drive
geared turbofan engines that reduce shaft speed,with the ben-
efit of shaft speed decoupling from ICE (Brelje and Martins
2019). An advantage of this architecture is the possibility of
using “green fuels” such as Hydrogen. State-of-the-art turbo-
electric developments combine SOFCs fueled by hydrogen
that supply EMs to drive fans, and cryogenic superconduct-
ing components (Ji et al. 2020; Filipenko et al. 2020).
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Fig. 5 All-electric architecture

3.5 All-Electric Architecture

All-electric architecture employs batteries as the only source
for aircraft propulsion (IATA 2019; National Academies of
Sciences, Engineering and Medicine 2016). The advantages
are the higher efficiency on energy conversion of EMs and
PECs compared with ICEs, and the simpler control strate-
gies required to manage a unique power source. The main
disadvantage is the low BED of actual batteries technolo-
gies, which makes it not viable for most aircraft.

Another drawback is that, different from aircraft propul-
sive ICEs that operate outside the fuselage and release heat
directly to the atmosphere, electric devices may be located
inside the aircraft and heat may be an issue. Actual devices
are not designed towork on these conditions, andwill be nec-
essary to develop components capable of operating at higher
temperatures. Thermalmanagement systems (TMS) for elec-
trical components are necessary andmay be included in HEP
design, with corresponding additional weight (Rajashekara
2014).

The development of all-electric aircraft is encouraged by
the fact that it is a scalable technology, allowing a step-by-
step implementation from 1-seat and 2-seat aircraft, toward
the 100-seat configurations (IATA 2019). Since 2000, at least
17 manned electric fixed-wing aircraft have been developed,
first theAntares 20E, and later the Electraflyer C, Yuneec 430
and Cri-Cri. Over the last years, it was observed an increase
on EM’s power density and efficiency, which supports this
architecture (Brelje and Martins 2019).

3.6 Distributed Propulsion

One promising concept for integration of aircraft HEPS is
the synergy with DP. It replaces the ICE fan on conventional
aircraft with several small EM-driven fans embedded into
the upper rear surface of the airframe. In conventional ICEs
the fan or propeller speed is coupled to the speed of the ICE,
while in DP both are decoupled, enabling each device to be
operated at their ideal point. This decoupling enables higher
BPRwith efficiency increasing estimated in 4–8%. Subdivid-
ing the thrust, the concept aims for noise reduction, increased
efficiency, reducing weight, shorter takeoff and landing dis-
tances, reduced fuel consumption and improved stability.
Drag reduction, lift augmentation and swirl cancellation are
also advantages from DP (Sliwinski et al. 2017; Liu 2013;
Brelje and Martins 2019).

Since ICEs generally decrease performance and efficiency
when scaled down in size while EMs scale more linearly,
the latter is more viable for DP. With small size motors, the
installation on wingtip or tailcone is feasible, to cover the
wing and body and even benefit fromBLI (Brelje andMartins
2019).

A DP configuration with great potential is named Leading
Edge Asynchronous Propellers Technology
(LEAPTech), with many small propellers distributed span-
wise along the wing, which blows the wing on takeoff and
landing. This increases the dynamic pressure over the wing,
and reduces the wing area with reduction in cruise drag (Stoll
and Bevirt 2014).

A DP variation employs two types of propellers: “high-
lift” smaller propellers distributed upstream of the wing’s
leading edge, and two “cruise” propellers, one at each wing
tip. The first ones are operated only at low speeds, and during
higher speed, flight props are folded and stowed against the
nacelles to reduce drag. The last ones reduce the induced drag
on wing tips, and provide all the thrust during higher-speed
flight (Patterson et al. 2016). Analysis based on Virtual Disk
Model and developed on CFD software show that wing tip
distributed propellers reduce the induced drag, and increase
the high lift capabilities. Distributed propulsion improves the
wing design and aircraft performance (Della Vecchia et al.
2018).

4 Developments in Hybrid-Electric
Propulsion

Accounting the components’ individual efficiencies, a con-
ventional propulsion system (ICE and propeller); operates
with 20–36% of global efficiency. The same way, an EP sys-
tem (batteries, PECs, EMs and propeller) global efficiency
is 75–83%. EP can be considered about three times more
efficient than the ICE propulsion. However, since the high-
est declared BED of actual batteries (400 Wh/kg) is roughly
30 times lower than the ICE’s jet fuel, the propulsive power
relation of ICE with EP is about 10–1. The difference is so
high that for all-electric aircraft to be viable on limited range
missions (25–50% of conventional aircraft), the BED battery
needs to be above 1,000 Wh/kg (Sziroczak et al. 2020).

Since EP is still not commercially viable in the short term,
several aircraft manufacturers around theworld, such asBoe-
ing, Airbus, EMBRAER and Pipistrel are working on the
development of HEP aircraft. Some other companies and
institutions, such as Rolls-Royce, Siemens, NASA, TU Delft
and DLR are also engaged in these processes through part-
nerships.

There is not a unique solution for aircraft HEP. Some stud-
ies claim that actual technologyHEPS in parallel architecture
is best suited for aircraftwith fluctuating power requirements,
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this means short duration of high-power requirements (Fin-
ger et al. 2020).

HEP offers operational flexibility due to the variety of
components and possibilities, but this may imply an increas-
ing in weight. Consequently, it is necessary increasing in
thrust during takeoff, whichmust be considered in the aircraft
design phase. HEP increases the complexity in operation
and design, but with a management system operating the
engines close to their maximum efficiency operation condi-
tions, and with proper energy storage control, environmental
requirements and reductions in energy consumption may be
achieved (Riboldi 2019).

4.1 Hybrid Concepts and Demonstrators

NASA classifies the aircraft concept with a scale of progress-
ing levels ofmaturity, theTechnologyReadinessLevel (TRL)
(IATA 2019). Some concepts are listed below following this
parameter as a reference.

4.1.1 Technology Readiness Level 6–7

A partnership between Airbus, Siemens, and Rolls Royce
started in 2017 to manufacture the hybrid E-Fan X, from
the aircraft BAe 146, with 50–100 passengers. The airplane
propulsion system substituted one of its four ICEs with a
2 MW EM (TRL6–7 (Noland 2020; HECARRUS 2021)).
An electrical supply with a distribution voltage of 3000 VDC

was employed. The demonstrator explored the challenges of
a high-power HEPS in series architecture, thermal effects,
electric thrust management, altitude and dynamic effects on
electric systems, and electromagnetic compatibility. The goal
is to build a commercial aircraft for 50–100 passengers on
regional and short-range routes with 25% of emissions, and
EIS by 2035. The demonstrator tests ended on April 2020
(Airbus 2017, 2020; Brelje and Martins 2019; IATA 2019).
Figure 6 shows an image of this demonstrator.

Alice is a 9-passenger all-electric aircraft developed by
EVIATION. The power source is a Li-Ion 920 kWh battery
pack that contributeswith 60%ofMTOW.Built in composite
material, the design employs two EM driven propellers on
wingtips, and a tail EM propeller, with a combined power of
260 kW . BLI architecture reduces drag, increases stability
and distributes propulsion. With a cruise altitude of 10,000
m and speed of 123 m/s, declares autonomy of 1,000 km,
MTOW of 6,350 kg, and payload of 1,134 kg, with a TRL
of 6–7 (HECARRUS 2021). Certification is aimed on 2022
(EVIATION 2020; AIN/McIntosh and Alcock 2020). The
Extra 330LE is a single seat, 1,000 kg, all-electric acrobatic
plane, powered by a Siemens lightweight EM of 50 kg and
260 kW . It presents a TRL of 6–7 (HECARRUS 2021), with
a power density including power converters and TMS of 5.2

Fig. 6 E-Fan X (Airbus 2020)

Fig. 7 Demonstrator Hypstair (Hypstair 2018)

kW/kg (ExtraAircraft 2016;Martini andHaller 2017; Brelje
and Martins 2019).

4.1.2 Technology Readiness Level 5–6

Another partnership between Pipistrel, Siemens, University
of Maribor, University of Pisa, and MBVision, under the
European Union programHypstair, developed the HEP Pan-
thera aircraft. The motor is a series architecture with an
adapted Rotax 914 ICE, with maximum power of 100 kW.
The Siemens EM has a maximum power of 200 kW, a con-
tinuous power of 160 kW, and a power density of 5.2 kW/kg.
The aircraft is undergoing ground testing and is scheduled to
launch in the next years (Hypstair 2018), with an estimated
TRL of 5–6 (Ludowicy, 2019). In Fig. 7, an image of the
aircraft is shown.

e-Genius is a two-seat motor glider series HEP aircraft in
series architecture developed by the University of Stuttgart.
Powered by a battery pack and a Wankel ICE that drives a
generator, with an EM-driven propeller on the tail. The take-
off is supplied by batteries, while the ICE powers on cruise.
It is able to fly up to 230 km/h with a declared autonomy of
504 km and cruise altitude of 6,000 m. e-Genius aims to be
a test bed for research able to demonstrate technologies up
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Fig. 8 Zunum (Zunum 2018)

to TRL demonstrate technologies up to TRL 5–6 (Bergmann
2019).

Zunum Aero is a start-up created by Boeing and JetBlue,
that aims to develop a passengers 12-passenger HEP aircraft
in series architecture. The small airliner with one 500 kW
ICE-driven electric generator, powers two EM-driven fans
with a cruising speed of 483 km/h, declared range of 1,110
km, takeoff distance of 670m, and bays onwings formodular
battery packs. An EIS is envisaged by 2023, and plans to
integrate technologies with a TRL of 5–6 (Knapp et. al 2018;
HECARRUS 2021). However, the company is currently in
financial difficulties. In Fig. 8, an image of the demonstrator
is shown (Zunum 2018; Misra 2018; IATA 2019).

The German Aerospace Center (DLR) developed the
HY4, a twin-fuselage, four-seat, 1500 kg aircraft. Each fuse-
lage can seat two occupants. The power source is composed
by a PEMFC for cruise flight at an altitude between 470 and
930m, and a speed of 40m/s, with lithium batteries for take-
off and climbing extra power. It employs an 80 kW EM and
develops a maximum speed of 56 m/s. The airplane is well
suited for short flights with low noise and emissions, and is
able for takeoff and land on short runways, with a TRL of 5–
6 (HECARRUS 2021). The goal is being used as an electric
air taxi % and to develop in the future 19-passenger regional
hoppers (Lettenmeier 2020; Kallo 2015; Ghosh et al. 2018;
Misra 2018).

4.1.3 Technology Readiness Level 4–5

In 2007 Boeing, engineers modified a two-seat Dimona
HK36motor-glider airplane with an electrical drivetrain sup-
plied by a Polymer Electrolyte Membrane FC (PEMFC) and
Li-ion batteries, with amaximum takeoff weight (MTOW) of
770 kgwithout payload, and amaximumL/D ratio of 27. The
original ICEwas replaced by theHEPS in series architecture,
to feed a DC voltage 30 kW EM that drives a variable pitch
propeller. The thermal energy comes from a FC, the main
power source for level flight at 1,000 m consuming 17.5 kW
at 27.7 m/s, while batteries supply extra power of 27.5 kW

Fig. 9 Demonstrator Tecnam P2010 H3PS (Tecnam H3PS 2020)

Fig. 10 Demonstrator HK36 (Koehler 2008)

Fig. 11 Demonstrator HY4 (Lettenmeier 2020)

for takeoff and climb. FC technology level is estimated TRL
4–5 (IATA 2019; HECARRUS 2021). The overall weight
increased was of 150 kg, from this 12% is from the FC and
10% from the batteries (Lapeña-Rey et al. 2007; Koehler
2008; Misra 2018).

The Parallel Electric-Gas Architecture with Synergistic
Utilization Scheme (PEGASUS) is a 48-passenger regional
aircraft concept based on the ATR 42-500, and holds a TRL
of 4–5 (HECARRUS 2021). It combines two parallel HEPS
on the wingtips, with EP inboard and at the aft of the vehi-
cle (Capristan and Blaesser 2019; Brelje and Martins 2019).
NASA is investing in research on airplane concepts, electrical
power systems, component materials, and test facilities. The
X-57 Maxwell is a small experimental all-electric architec-
ture airplane, converted from theTecnam2006T,with electric
motors in DP powered by a lithium-ion battery pack. It aims
to reduce noise, fuel consumption and emissions, with a TRL
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Fig. 12 Demonstrator eGenius (Stuttgart University 2020)

Fig. 13 Demonstrator Ipanema (WEG 2019)

Fig. 14 Demonstrator Alice (AIN/McIntosh and Alcock 2020)

Fig. 15 Demonstrator Extra 330LE (Extra Aircraft 2016)

Fig. 16 Concept N3-X (NASA 2019)

of 4–5 (HECARRUS2021) (NASA2020;Misra 2018;Brelje
and Martins 2019).

4.1.4 Technology Readiness Level 3–4

ECO4 is a four-seat airplane developed by the University of
Stuttgart, with a cruise speed of 222 km/h, declared fuel con-
sumption of 40% less than conventional airplanes, declared
range of 2200 km, with a TRL of 3–4 (Stuttgart University
2020; HECARRUS 2021).

NASA is also testing gas turbine generator interactions
with BLI. In Fig. 16 is the largest HEP aircraft seriously
studied called N3-X. A hybrid wing body (HWB) concept
twin aisle passenger was designed, and wing-mounted liq-
uid hydrogen-fueled turbo-generators with 30 MW in a full
turbo-electric HEP architecture. 14 EM-driven propellers on
a DP concept are located on the trailing edge, a BLI con-
figuration. These distributed propellants help to reduce fuel
burn by efficiently producing thrust while re-energizing the
aft boundary layer. System safety analysis of high-power
propulsion, and superconducting with associated cryogenic
subsystems have being considered, claiming a 70% fuel burn
reduction compared with the Boeing 777-200, with a TRL of
3–4 (HECARRUS 2021). It is envisioned to EIS in the 2040s
(NASA 2019; Brelje and Martins 2019; Kim et al. 2008).

With the base of concept N+3 conventional configura-
tion (N3CC)NASA developed the Single-aisle Turbo-electric
AiRCraft with Aft Boundary Layer (STARC-ABL). It is
a 150-passenger, single-aisle tube-and-wing concept. Two
underwing geared turbofan engines with attached generators
to fan, generate electrical power sent to a rear fuselage, EM-
driven fan in BLI. The influence of TMS was not analyzed.
Turbofans contribute 80% thrust on takeoff and 55% on top
of the climb. The partial turbo-electric architecture has the
advantage that electrical machines independently vary the
torque and speed, increasing efficiency and operability in
off-design conditions. With similar weight in both designs,
a fuel burn reduction of up to 12% and emissions reduc-
tion of 10% compared with the base concept were related,
because of the efficiency increase from rear fuselage BLI,
and due to the downsizing of the turbofans, with a TRL of 3–
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Fig. 17 Concept STARC-ABL (NASA 2019)

Fig. 18 Concept SUGAR Volt (NASA 2019)

4 (HECARRUS 2021). EIS is envisaged between 2035 and
2040 (Welstead and Felder 2016; Welstead et al. 2017; Yoon
et al. 2019; Brelje andMartins 2019; IATA 2019). A research
was full and partial turbo-electric hybrid architectures were
compared for a N3-X aircraft, concluded that partial design
is the best unless radical advances in superconducting and
cooling techniques are developed (Liu 2013).

Since 2006, Boeing, in partnership withNASA, is working
on Subsonic Ultra Green Aircraft Research
(SUGAR) program to achieve the N+3 goals. Ideas such
as alternative fuels, electric aircraft, improved aerodynamics
and propulsion, and sustainable materials are being analyzed
on a 900 nmi and 154 seats aircraft. Concepts called High,
Volt and Freeze are being tested on simulation or laboratory.
SUGAR Volt uses two hybrid turbofans on takeoff, and EMs
while flying, with long, braced, high aspect ratio wings to
decrease drag. It is the only concept able to meet the N+3
goal of 70% reduction on emissions, with a TRL of 3–4
(HECARRUS 2021). On 2019, wing design tests declared a
reduction of 8–10% on fuel burn (Droney 2017; Brelje and
Martins 2019; Boeing 2019).

The Wright 1 is a 186-passenger all-electric aircraft con-
cept developed in partnership with the airline EasyJet, with
a TRL of 3–4 (HECARRUS 2021), and projected to fly on
2035 (Wright Electric 2020; Misra 2018; IATA 2019).The
Bauhaus Luftfahrt concept Ce-Liner is a 189-passenger and
1670 km autonomy aircraft, with C-wing configuration, and

Fig. 19 Concept VerdeGo (EEPower 2020)

envisaged EIS by 2035 (IATA 2019), also with a TRL of 3–4
(HECARRUS 2021).

4.1.5 Technology Readiness Level 2–3

A 150-passenger regional aircraft is the ECO-150, a turbo-
electric DP concept developed by Empirical Systems Aero-
space (ESAero) and Wright Electric (E/S/Aero 2020; Brelje
and Martins 2019), with a TRL of 2–3 (HECARRUS 2021).
Other demonstrators and concepts have been developed
over the last few years. A small aircraft based on the
EMB-203 Ipanema with 100% EP is currently under devel-
opment by EMBRAER. The EM and controller are being
manufactured by the partner company WEG, and Parker
Aerospace will supply the cooling system. The aim is to
evaluate vibrations, shocking, electromagnetic interference,
performance, etc. of the electrical drivetrain. Actual stage
is on test bench, and the first flight is scheduled for 2021
(WEG 2019). On 2014 the SORA-e demonstrator, a Brazil-
ian 2-seat all-electric aircraft developed by ACS Aviation in
partnership with ITAIPU Binacional was tested (ACS Avia-
tion 2019). The CENIC C-1 is an all-composite EM glider
aircraft, also from a Brazilian manufacturer (Barufaldi et al.
2020).

A partnership of Rolls-Royce and Tecnam is developing
the H3PS, a modified 4- passenger aircraft model P2010.
A HEP in parallel architecture was installed with a Rotax
104 kW 4-cylinder ICE, and a 30 kW EM. The propeller is
powered most of the time by the ICE, and the EM adds extra
torque when needed. The EM serves as a starter-motor for
the ICE, a thrust booster in the climb, and shifts to generator
in cruise for battery recharge. The ICE size was reduced and
provides maximum power most of the time, increasing the
efficiency. With downsizing of ICE, the battery extra weight
is less significant. Previously these partners developed the
eFlyer 2, with series architecture (Tecnam H3PS 2020).

Ahybrid-electricVTOLaircraft powertrain concept called
Integrated Distributed Electric Propulsion, is being devel-
oped by VerdeGo Aero in partnership with Continental. It is
a 3,400 kg aircraft that employs a Jet-A fueled piston ICE, a
hybrid-electric system in series architecture, and several EM-
driven propellers in DP (Continental 2019; EEPower 2020).
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Pipistrel has developed several all-electric demonstra-
tors. Alpha Electro is a 2-seat trainer airplane (Pipistrel
2020a). In 2007 it was released the Taurus Electro, a two-
seat self-launching glider (Pipistrel 2020b). Puma 3 AE is an
electrically powered fixed wing easier to hand-launch aerial
vehicle developed byAeroVironment. It has been tested using
a FC to supply the electrical system (AeroVironment 2020;
Sliwinski et al. 2017). Antares DLR-H2 is a mono-glider
in HEP series architecture that uses hydrogen-fueled FC as
power source (Ballard 2008). The SR20h is a modified Cir-
rus SR20 equipped with HEP in parallel architecture (Wall
and Meyer 2020).

TheNASA Scalable Convergent Electric Propulsion Tech-
nology and Operations (SCEPTOR) is a flight demonstrator
project that retrofit the ICEpoweredTecnamP2006Taircraft,
removing the wing and replacing it with an experimental
wing integrated with EMs (Borer et al. 2016; Patterson et al.
2016).

A version from the company Bauhaus Luftfahrt is the
“Claire Liner”, a box-wing with propulsive fuselage and full
annular BLI, with turbo-electric architecture (Frediani et al.,
2012).

Some other developments are the turbo-electric aircraft
Ampaire Tailwind with BLI, and the HEP VTOL aircraft
XTI TriFan 600 propelled by three ducted fans (Brelje and
Martins 2019; Brown et al. 2019; Olcott 2016).

5 Developments in Aircraft Design and
Systems Integration

Aircraft design will be the critical synergy to support the
technological advances on HEP. The first step on aircraft
design is the conceptual phase, in which the major elements
and properties of the aircraft are defined. The aircraft design
starts with the requirements and specifications, and later the
definition of constraints derived from airworthiness, aerody-
namics, safety, etc. Propulsion system specification on HEP
must evaluate the engines, ignition system, fuel supply, cool-
ing control, exhaust management, etc. (González Espasandín
et al. 2014). The second step is the conceptual design,
determining shape, size, weight and performance, and apply-
ing optimization methods. The conceptual design is based
on aerodynamic, propulsion and structural solutions, and
utilizes user-friendly software such as Advanced Aircraft
Analysis (AAA) byDAR, RDSWin, Simulating Aircraft Sta-
bility and Control Characteristics (SimSAC), and Stanford
University Aerospace Vehicle Environment (SUAVE), this
last developed in collaboration with EMBRAER (Sziroczak
et al. 2020). Aircraft design optimization requires integrated
modeling and simulation capabilities. Software tools such as
ESAero’s, PANTHER,GT-HEAT, LEAPS, andOpenMDAO

are also employed in demonstrators and concepts develop-
ment (Brelje and Martins 2019).

Using this classification the prevision until 2035 is that
aircraft design will work on evolutionary tube-and-wing
configurations combined with HEP, with turbofan engines
powered by jet fuel or equivalent, improving fuel efficiency
up to 30% compared to 2005. Advances on ICE’s design,
electric taxiing systems (Lukic et al. 2018), PECs, and FCs
auxiliary power units (Daggett et al. 2003) aim to reduce fuel
consumption.

From 2035 onward, it is expected revolutionary aircraft
configurations, to achieve the long-term climate goal (reduc-
ing CO2 emissions by 50% in 2050 compared to 2005).
However, economic and commercial constraints may delay
or even prevent their implementation (IATA 2019).

Novel aircraft configurations such as hybrid wing body
(HWB) (Kim et al. 2008), blended wing body
(BWB) (Yang et al. 2018b; Boeing 2017; IATA 2019), strut-
braced wings (SBW) (Harrison et al. 2020; Bradley and
Droney 2012), Fixed Wing (FW) (Van Oppen et al. 2020)
Transonic Truss-Braced Wing (TTBW) (Boeing 2019), and
Box-WingTasca (2021); Palaia (2021) aremore environmen-
tally friendly and quieter than conventional designs.

Box-Wing employs Prandtl plane architecture to achieve
higher payload and passengers capacity, with lower fuel per
pax-kilometer and lower emissions, compared with conven-
tional designs. A CFD model of a medium range aircraft
was developed, and results claim an estimated fuel consump-
tion reduction of 22% (Tasca 2021). Conceptual tools are
employed for unconventional design such as the box-wing.
A regional aircraft model was developed with one of this
tools, and results concluded a significant decrease in fuel con-
sumption, but actual low values of BED reduce the design
space (Palaia 2021). Other configuration, such as double-
bubble fuselage and box/joined-wing, combineBLIwith new
designs for fuselage or wings to reduce drag and improve
efficiency. The compactness of EMs enables to be used on
wingtip propellers, that aim to cancel some swirl in the vor-
texes, with estimated drag reduction between 5% and 10%
(Brelje and Martins 2019).

Considerable weight reduction is being achieved with
composite materials and light metal alloys. NASA is testing
shape memory alloy (SMA) and morphing wings, for aircraft
wings able to modify its shape and obtaining a better lift
(Young et al. 2019; IATA 2019).

Studies indicate that HEPS is a viable solution in small-
to-medium size aircraft, and synergy with DP is one of the
most promising concepts. A design trend on hybrid-electric
architectures is to employ the EMs to deliver the additional
thrust during takeoff, while the ICE could be reduced in
size (Sliwinski et al. 2017). Software tools as “FAST-CS25”
are employed to evaluate the feasibility of DP architectures
(Ruscio et al. 2021). The effect of HEP with DP on aircraft
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performance is studied with the help of a weight estima-
tion method called Class-II, to size the aircraft including
aero-propulsive interaction, and to estimate the energy con-
sumption (Hoogreef et al. 2019). Other sizing method for
conceptual design involves the powertrain architecture, and
calculates thewing area, powerplant size, and takeoff weight.
Thiswork states thatDP increaseswing loading and improves
the lift-to-drag ratio (de Vries et al. 2019).

On parallel architecture ICE could keep operating on its
nominal power, obtaining additional power fromEMof take-
off or climb stages, and using excess ICE power to charge
the batteries on cruise stage (Wall and Meyer 2020).

Critical design aspects are: constrains on mass frac-
tion, constraints for energy fractions of flight mission legs,
hybridization factor, radically new elements and technolo-
gies, and developing unconventional aircraft. Maximum
takeoff mass is the most often used objective function in
aircraft design process. Constraints are derived from air-
worthiness, aerodynamics, safety, structural integrity, etc.,
and are also critical. The requirements analysis considers
determining the shape, size, weight and performance of the
planned aircraft, and applying optimizationmethods, consid-
ering the constraints. Under this frame the battery sizing is
performed considering the low BED (Sziroczak et al. 2020).
The design space for propulsion requires evaluation of safety
and regulatory compliance.Varying values ofBEDneed to be
explored for optimization of electric aircraft. EP eliminates
fuel risks but introduces new ones. Constraints of electri-
cal devices thermal management systems are coupled with
the rest of aircraft design problem. Multidisciplinary opti-
mization of electrical, propulsion, thermal management and
aerodynamics must be developed (Brelje and Martins 2019).

6 Developments in Aircraft Electrical
Systems

Themajor drivers for aircraft electrification are the reduction
of emissions and operating costs, and increase in efficiency
(Misra 2018). From this, specific power of EMs and PECs is
a key parameter in the design problem (Brelje and Martins
2019).

EMs are usually specified from the short-termburst power,
higher than the maximum continuous power. High electrical
components efficiencies near 100% are within reach nowa-
days (Brelje and Martins 2019).

The operation of an aircraft 100% supplied with electrical
energy is a great challenge, since loads in the vehicle have
different priorities along the flight phases. This may affect
the voltage levels and stability, and make the electrical dis-
tribution to suffer radical variations (Buticchi et al. 2017)

6.1 Developments in Power Electronics

PECs are essential components to combine the different
power sources and drives on a HEP architecture. Dedicated
controllers may apply intelligent and rule-based strategies
to integrate components and achieve maximum global effi-
ciency (Sliwinski et al. 2017). New PEC concepts and
challenges are being tested to optimize HEPS, and some of
them will be briefly described.

Starting current in converters can cause a lot of damage
to electronic equipment in the long run. For this, there are
several types of PECs to correct the power factor on buck-
boost operation. Control algorithms are used to minimize
the EM’s starting current and achieve a power factor close
to one. Two PEC rectifier controls are presented in a work,
a nonlinear for voltage and a type 2 for current, aiming to
minimize the starting time to a minimum. The start-up time
is significantly reduced (Mallik and Khaligh 2017).

An advantage of using electric systems on aircraft is
that highly dynamic PECs and EMs may instantly develop
torque over a wide range of speeds, increasing security when
required to perform a go-around procedure on the mission.
Also, these equipmentwork independently of the air pressure
(Henke et al. 2018).

Direct current (DC) distribution is favorable for electric
power distribution, since it eliminates the need to synchronize
multiple electrical generators and EMs and simplifies “throt-
tling” for DP applications, but adds weight due to AC/DC
converters (Brelje and Martins 2019).

In the MEA framework an efficient and versatile elec-
trical distribution is required. Quad-Active-Bridge (QAB)
topology in conjunction with variable virtual resistor control
manage different load priorities in the MEA distribution sys-
tem, extracting power from multiple buses on peak demand,
reducing the need to over-designing the EMs. The QAB con-
verter can be used as a storage manager ensuring galvanic
isolation between ports, and prioritizing power consumption
from fast power sources. The main challenge is to control the
energyflowbetween different sources. Simulations show that
in small rapid variations, the feedforward control strategy is
sufficient to guarantee good performance. Experiments in
a high voltage (HV) scenario show that the converter can
achieve very good efficiency with the use of Silicon Car-
bide (SiC) devices. The QAB can effectively replace three
single input/output power converters for storage integration
(Buticchi et al. 2017).

The key elements of a DC/DC converter on MEA are
galvanic isolation and fully controllable power. To increase
efficiency, the topologies of Packed E-Cell must be of the
resonant type. Converters can be of the types Series Reso-
nant Converter, or Dual Active Bridge. The first one presents
problems in the regulation of voltage and current, while the
second improve power control with high performance. The
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Dual Active Bridge converter with SiC present good results.
High switching frequencies increased the PEC’s power den-
sity, but cause high variations in voltage and current, increase
electromagnetic interference, and capacitive effects and dete-
rioration of the transformer (Buticchi et al. 2017).

In Alberto et al. (2019), an algorithm for adaptive con-
trol is presented for a PEC that transfers the power between
a HV bus, and a DC electric generator, and a battery bank
that operate on the low voltage side. The interface between
these two voltage sides is by a buck-boost converter PEC.
The algorithm charges of the operation of the isolated gate
bipolar transistors (IGBT) gates, keeps the generator current
operating at a defined value, andmaintains the state of charge
(SOC) of the batteries, preventing it from discharging com-
pletely. A sliding order mode control strategy is said to be the
next approach aiming to reach the highest optimal condition.

To increase the HEPS reliability it is highly recommended
to use modular PECs, which present high efficiency and a
high power handling. They satisfy the redundancy require-
ments, but energy management leads the equipment to high
temperatures and is prone to failure.A structurewas designed
with a routing algorithm, in order to optimize energymanage-
ment between the HV and low voltage bars, which increases
the useful life of the entire system. The sensitivity to the vari-
ation of the thermal parameters is studiedwith aMonte-Carlo
analysis (Raveendran et al. 2019).

A configurationwith three PEC inverters powered by indi-
vidual PEC rectifiers is proposed for an all-electrical aircraft.
With this configuration, control can be done individually for
each of the phases, whereby, for nonlinear loads, harmonic
distortion can be compensated more effectively. Integration
voltage regulators are used for the first to the ninth odd har-
monics. The control was simulated using the programming
language C (Anuchin et al. 2015).

A work describes a HEPS on series architecture with FC
and three battery packs. It proposes to connect the battery
voltage of each pack in series with each AC phase of the EM,
generating a short power boost during high power demand.
This way it eliminates the DC/DC converter. However, the
switching of the batteries requires a complex circuit for a
careful synchronizing (Ghosh et al. 2018).

In some electric aircraft topologies power sources, such as
AC generators and FCs, provide the base power, while batter-
ies and supercapacitors supply short-termpeak power on load
transients. All of them are commanded by the electric power
distributed system
(EPDS). Batteries, supercapacitors and FCs are DC energy
sources that level at low voltage, and require converters to
integrate with the DC bus. High-conversion high-voltage
(HCHV) DC-DC converters with higher DC bus voltages
are a trend in electric aircraft development, aiming to reduce
size and weight and to increase power density. However,
electromagnetic interference, safety and reliability are a pri-

mary concern. Two-port converters and multiport converters
architectures are analyzed for HCHV. The first one endures
reliability, while the second, that improves the power density.
Multiport converters architecture would be the best option
for aircraft because of the power density, despite of lower
reliability (Swaminathan and Cao 2020).

Power density and efficiency are two of the major met-
rics to evaluate PEC in aircraft HEPS, since electric devices
are required to be more power dense. To reduce losses and
weight in conductors, DC distribution in the kilo-Volts range
is a demand for aircraft EP. Conventional PEC for applica-
tions in the megawatt (MW) power range operates on low
switching frequency, and does not meet the requirements of
high frequency, medium voltage and MW power level for
aircraft BLI applications. A 1 MW three-phase three-level
inverter with DC bus voltage of 2,400 V and fundamental
output frequencyof 1,400Hz, is proposed tomeet the require-
ments for aircraft HEP applications. The inverter utilizes SiC
metal oxide semiconductor field effect transistors and silicon
IGBTs, with active neutral point clamped (ANPC) (Pan et al.
2020).

Poly-phase drivers have advantages such as reduction in
EM torque pulsation, increasing in frequency, reduction in
power per leg of inverter, reduced volume, lower DC link
current harmonics and reduced rotor copper losses (Gupta
et al. 2020).

PECs based on SiC switches show a significant size reduc-
tion compared with silicon devices, and further reduce the
cooling requirements (Rajashekara 2014).

An electrical extension of the HEPS model is proposed
in (Bongermino et al. 2017), that includes the EM and a
DC/AC converter. It is a high-speed EM with synchronous
resistance assisted by a Permanent Magnet-Assisted Syn-
chronous · Reluctance Motor, in which the model is reduced
to the stator’s equations. The permanent magnets cause a
reduction in the flow in the square component term, and an
increase in the torque. In the model, the inverter is used to
drive theEM in a function blockwith a codewritten inC. This
model considers the behavior in the line of IGBT transistors.

Some works on PECs applied to aircraft HEP are being
developed to compose a test bench that aims to study the
performance of several hybrid architectures. In Nascimento
et al. (2019) a back-to-back PEC connects a permanent mag-
net synchronous generator driven by a gas turbine, with a
DC bus and EM-driven propeller. Power and control simu-
lation is performed, and performance is analyzed. In Torres
et al. (2019); Bastos et al. (2020), an interleaved bidirec-
tional DC-DC converter that regulates the battery pack of the
cited test bench is modeled with a small-signal state space
approach, and simulation results are presented. In Gomes et
al. (2020), a dynamic model for a PEC inverter that drives a
permanentmagnet EM, through an integral–proportional (IP)
control law for current and speed, is simulated and analyzed.
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In Nascimento et al. (2020), resonant controllers applied to
a three-phase PEC rectifier of a high frequency electric gen-
erator are analyzed.

6.2 Developments in Electrical Machines

EMs convert electricity into kinetic energy which in turn
is fed to a propeller, fan, or rotor, with reduced mechani-
cal noise and thermal signature. Electricity is required not
only for the aircraft propulsion but for communications, and
recent advances in weight saving of EMs have allowed HEP
to be more competitive (González Espasandín et al. 2014).
EMs with high power-to-weight ratios (PWR) are required
for HEP applications (Corduan et al. 2020).

Several parameters may be optimized in EMdesign. Rect-
angular wire winding results in smaller machines. Increasing
the number of phases strengths the fundamental wave,
resulting in higher torque and efficiency, while higher-order
harmonics are significantly reduced (Henke et al. 2018).
Employing a multi-phase EM, the machine can continue
to provide power even with a fault in one of the phases.
EM switched reluctance is fault tolerant, stable to operate at
high speeds and in harsh environments, with relatively high
power density. It is a prime candidate for embedded gener-
ation in aircraft applications (Rajashekara 2014). Design of
EMs may be based on material characteristics. The mass of
soft-magnetic parts can be reduced by higher saturation, and
high current density materials, such as aluminum instead of
copper, can reduce theweight ofwinding (Henke et al. 2018).

Electric motors (EM) on operation do not produce emis-
sions which makes them a critical technology for reaching
the aircraft environmental goals for 2050. Also, EMs are
well suited for DP architectures, since they require much less
maintenance than ICEs. A larger number of separate EMs on
an aircraft does not lead to higher maintenance costs (IATA
2019).

One of the main concerns in the design of EM for air-
craft propulsion is the overall efficiency. A fraction of the
input energy is lost in the circuit resistance, another in the
commutation inside the PEC, an another in the dispersion of
the magnetic flux. Some energy is lost in the ferromagnetic
material, and some in the friction of the moving parts.

NASA expects EMs in the 1 MW power class to achieve a
power density of 13–16 kW/kg and efficiency of 96–99% by
the N+3 time frame (Brelje and Martins 2019).

Superconducting materials (SM) are being tested for air-
craft electric components, aiming for weight reduction. SM
has a significant decrease on electrical resistance bellow a
“critical” temperature (usually between 20 and 65 K), and
is able to can carry high current values in conductors with
reduced dimensions (Malkin 2013). EMs with high tem-
perature superconducting (HTS) materials such as bismuth
strontium calcium copper oxide (BSCCO) (critical temper-

ature 110 K) have already been designed. HTS materials,
would be used on HEP aircraft with ICEs fueled by liq-
uid hydrogen. The fuel could cool the electrical components
before being burned (Masson et al. 2007).

Two types of superconducting machines (SCM) are being
studied, full SCM with superconducting materials at arma-
ture winding and rotor field coils, and conventional SCM
with superconducting field coils and conventional copper
armature winding. Full SCM has the potential of achieving
higher power density. If magnesium diboride MgBe2 wires
are employed, the required diameter is about 25% of current
copper wires (Terao et al. 2018).

Even using HTS cooling is a challenge. Rare earth bar-
ium and copper oxides (YBCO) are the most commonly
used, with threshold temperatures up to 125 K. Cooling flu-
ids include liquid hydrogen or liquid neon, and incorporate
them into an aircraft is difficult, but the size of the machine
would be reduced by 70%, reaching power-to-weight ratios
up to 8 kW/kg, and torque densities up to 2 Nm/kg (Henke
et al. 2018).

Actual EMhas a PWRup to 5.2 kW/kg (Terao et al. 2018).
For concepts such as the N3-X, EMs with a PWR of at least
12.7 kW/kg are required. Varying parameters such as the
number of pole pairs p, rotor and stator dimensions, and
coils characteristics, designs of fully (rotor and stator) and
partial (only in the rotor) SCMmay be calculated looking for
the highest PWR (Corduan et al. 2020).

6.2.1 Permanent Magnet Motors

Permanent magnet synchronous motors (PMSM) and cage
induction motors (IM) are some concepts that may achieve
high torque density or high power density. EMs with high-
speed operation design have the advantage of lower volume
for the same power output. PMSMs are widely used on rail-
way traction, ship propulsion, generators, etc. Since they
do not have field winding perform higher efficiency, higher
power density and lower heat in the rotor, they are the most
feasible to be used on aircraft (Henke et al. 2018).

High specific power density EM is a key technology
for HEP, and high fundamental frequency combined with
genetic algorithms is an approach for air core machines
design (Zhang et al. 2016). A motor with slotless topol-
ogy that retains high specific power at low rotation may
be designed. Low rotation is a condition employed in BLI
propulsors (Yoon et al. 2019).

Rare earth magnets such as NdFeB and SmCo with high
energy densities are especially used for the rotor, but are
rather expensive. For aircraft applications, the weight, iron
losses andmechanical stability are critical. Cobalt-iron CoFe
alloys provide the necessarymagnetic flux in rotorwith lower
material. Phosphorus-copper CuP, BerylliumBe or some alu-

123



1258 Journal of Control, Automation and Electrical Systems (2021) 32:1244–1268

minumAl alloys may be used for high-speed and high power
density rotors (Henke et al. 2018).

6.3 Developments in Energy Storage Technologies

Energy storage is one of the fundamental technologies to
support HEP for larger aircraft. The main energy storage
technologies for aircraft are the batteries, but FCs and super-
capacitors are also being tested. Harvesting systems such as
solar photovoltaic cells can be added to any of the cited stor-
age technologies.

Nowadays batteries are the most used electrical energy
storage device. Current technologies are: alkaline, lead-acid,
nickel–cadmium (Ni–Cd), nickel metal hydride (Ni-MH),
lithium-ion (Li-ion) and lithium-ion polymer (Li-pol), the
latter two are the most available (Gao et al. 2015). Innova-
tive technologies include lithium-air, lithium-sulfate (Li-S),
zinc-air, aluminum-air, magnesium ions and graphene (Sli-
winski et al. 2017). Despite the evolution in the last years,
batteries still need to increase the BED to make purely elec-
tric flight more feasible. This parameter for aviation fossil
fuels is about 12000 Wh/kg, while for Li-pol is about 250
Wh/kg (González Espasandín et al. 2014). In the case of a
regional hybrid-electric aircraft, 500Wh/kgwould be needed
to achieve around 50% hybridization factor.

The biggest challenge for batteries supply aircraft EP is
that it has around 50 times lower specific energy than liquid
fuels. Since batteries do not losemass during flight compared
to jet fuel, they still carry a “hidden” weight that induces a
drag penalty (Brelje and Martins 2019).

Energy density inWh/kg and specific power in kW/kg are
important constraints on the design problem. In some stages
of flight such as takeoff of a HEP aircraft, it is required more
power from batteries. This would be a critical design param-
eter since batteries have relatively high specific energies but
moderate specific power (Brelje and Martins 2019).

Li-ion batteries are the current commercial for automotive
applications with specific energy in the order of 250 Wh/kg.
There are claims that achieving values up to 400 Wh/kg is
possiblewith silicon or silicon-carbon anodes. Cathode alter-
natives include high-Ni NMC and sulfur. Some optimistic
projections claim that cells with 400–500 Wh/kg could be
available in the 2022–2025 time frame. Since high power
batteries are required at the beginning and end of the flight,
the cycle life is expected to be lower than for the automo-
tive sector. High specific energy batteries would have a lower
cycle life (Misra 2018).

Lithium-air batteries have theoretical high BED in the
order of five to ten times of Li-ion. It has an anode of Lithium
and an “air” cathode made of a porous material that draws in
oxygen (Rajashekara 2014).

Li-S battery is a promising technology for aircraft use,
with a theoretical specific energy of 2600 Wh/kg, suitable to

operate at very low temperatures, and to be installed in thin-
film layers along thewingdistributing theweight and reduced
cost of sulfur (Gao et al. 2015; Sliwinski et al. 2017). The
low BED (Wh/L) and short life cycle of Li-S batteries were
improved with a new lithium-metal technology (Sion Power
2020; Placke et al. 2017). Actual commercial Li-S batteries
declare specific energy up to 500 Wh/kg. A full-scale pro-
duction plant is under construction in Juiz de Fora, Brazil
(OXIS Energy 2020).

FCs convert chemical energy from fuels directly into elec-
tric energy by combining hydrogen in the fuel with oxygen,
with higher efficiency and less pollution than ICEs. Accord-
ing to the DLR, HEP powered with FCs in substitution to
ICEs is a promising approach, and are being studied to sup-
ply aircraft HEPS (Amelang 2018).

FCshold a higher energydensity, but its concentratedmass
introduces a complexity into the aircraft design dynamics.
They offer modularity, fuel flexibility, low noise, and do not
generate greenhouse gas emissions but water and heat that
can even be used for requirements in large aircraft. FCs do
not need to be recharged while fuel and oxidizer are sup-
plied, and are well suited for unmanned aerial vehicles that
do not have life support systems for crew and passengers.
Regenerative FCs may achieve energy densities above 400
Wh/kg. Combining FCs with PECs, EMs and propellers is
the typical architecture for FCpoweredUAVEs.However, the
high weight, low power density, high cost, and lack of hydro-
gen availability are some disadvantages (Brelje and Martins
2019; González Espasandín et al. 2014; Gao et al. 2015;
Misra 2018).

PEMFC fueled by hydrogen have a lower weight than
solid oxide FCs (SOFC), and work in low temperature, high
current densities, quick start-up, high energy density (600–
800 Wh/kg) and low power density (0.5–1 kW/kg). The use
of hydrogen as a fuel may have disadvantages as high gen-
eration cost, extra weight needed for compressed/liquefied
storage, lowenergyper volume, and risk of explosion.Hydro-
gen has a high heating value and reaction products in the FC
are water and heat, but auxiliary systems may be needed for
thermal control or water management. Its low power density
limits its application to small airplanes. For being a viable
option for a Boeing 737-class airplane, the power density
must be around 8–10 kW/kg. Advanced technologies for
increasing the PEMFC power density such as lightweight
bipolar plate, low catalyst loading, thinner membrane, and
lightweight TMS are being studied (González Espasandín
et al. 2014; Sliwinski et al. 2017; Misra 2018).

SOFC uses a solid ceramic oxide electrolyte for ion trans-
port and operates at higher temperatures (600◦–900◦), it uses
hydrogen as a fuel with an efficiency of 60%. Its low power
density of< 500 W/kg limits its application to small electri-
fied aircraft (Misra 2018).
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The use of methanol as a fuel for FCs has advantages
in storage, energy density and cost. Direct Methanol FCs
(DMFC) have less power density but higher energy density.
Regenerative FC (RFC) is a new concept where the stack
operates as an electrolyzer or as a FC (González Espasandín
et al. 2014).

A growing trend is observed in the use of FC in these
UAVEs. Using FCs in a small-size UAVEs is feasible, but
there are several types of FCs and particular characteristics
define the most appropriate application. Due to its low power
density and efficiencies, near 50%, hybridization of FCswith
electric batteries is necessary in most cases, where FC is
used as the primary power source, and batteries for boost
supplying during high power demand. High temperature FCs
are not appropriate for UAVEs due to its large size, weight
and start time, and the auxiliary system required for thermal
management (González Espasandín et al. 2014; Ghosh et al.
2018).

Supercapacitors are receiving attention because of their
high efficiency, rapid charge and discharge capability (power
density around 10 kW/kg), simple support circuitry, long
cycle life (> 15 years) and safety. The drawback is their
low energy density (< 10Wh/kg). Research is under way on
hybrid battery-supercapacitor, to increase this parameter to
30–40 Wh/kg, keeping power density on 3–5 kW/kg, with
80% of efficiency (Misra 2018).

Solar powered aircraft employs photovoltaic cells covered
on the wing to extract energy from the sun, and rechargeable
batteries on the fuselage. They can be employed in unmanned
HALEmissions, charged in daytime and discharged in night-
time. Also in forest fire fighting, ground tracking, precision
agriculture, and even in Venus and Mars exploration. How-
ever, structural material, aerodynamic efficiency, control and
power supply systems need further refinement to achieve reli-
ability in aircraft. Just a few photovoltaic cell types can be
applied on aircraft due to efficiency, weight, cost, environ-
mental adaptability and reliability. Silicon type is the most
used with efficiency of up to 22%. The problem is the appli-
cation of the brittle crystalline materials along the smooth
aerodynamic contour of airfoil. Thin-film cell types espe-
cially of gallium arsenide (GaAs) are being tested with a
theoretical efficiency of up to 44%. However, it is three times
heavier than silicon,with less cost-effectiveness. Silicon pho-
tovoltaic cells are the main solar-cell available nowadays,
despite higher energy efficiency of GaAs, because of the
weight and cost-effectiveness (Gao et al. 2015).

6.4 Considerations of Using Electric Devices on
Aircraft

Replacing ICEs and jet fuel with EMs and batteries is
supposed to reduce the maintenance cost in an all-electric
aircraft, but this is not supported yet by a quantitative study.

Electricity is cheaper than jet fuel on a per-unit-energy basis,
which may result in operating cost savings. However, elec-
tric power generation is not actually emissions-free, since
it requires considering generator fuels, transmission/grid
losses, and life-cycle analysis of battery production and dis-
posal. Today’s electric power generation in world average
produces roughly 0.6 kg CO2/kWh. A reduction of 80% in
CO2 emissions is expected after 2040, thanks to a strong
trend toward renewable energies (Brelje and Martins 2019;
IATA 2019). As the development of batteries with enough
BED will take about 15 years, HEP aircraft will EIS before
to attain the environmental goals and market demands.

In contrast to ICEs, electric devices, such as EMs, PECs
and FCs, are located within the aircraft and do not dissipate
heat through exhaust gases. For this reason, a TMS with liq-
uid cooling radiators is required (Lapeña-Rey et al. 2007).
This additional equipment is estimated to contribute with
around 6% of weight of corresponding PECs. Safety issues
related to thermal runaway of batteries, vibrations, shocking,
and HV of aircraft electrical systems are also aspects that
will demand attention. Corona effect in HV electrical com-
ponents will require to take care of degradation on isolation
materials, and optimization in size andweight of components
(Brelje and Martins 2019). Another aspect to be considered
is the need for high-power electricity supply infrastructure
for recharging electric aircraft in the airports (IATA 2019).

Electrical propulsion will succeed if new technologies
attain the required specific power, weight, and reliability
(National Academies of Sciences, Engineering andMedicine
2016). Conventional electric devices developed for the auto-
motive area should migrate to aviation, but these equipment
are still too heavy to be used on aircraft. Insufficient BED,
and the necessary addition of other electrical components,
such as generators, PECs and EMs, impose severe weight
and volume penalties (Sliwinski et al. 2017).

The use of superconductingmaterials for EMs is seriously
considered for aircraft propulsion systems. Conceptual stud-
ies favor superconducting architectures for very high power
applications. The NASA NX-3 concept proposes to reach the
low temperatures with a reverse Brayton cycle cryocooler.
However, this technology requires overcoming several tech-
nical challenges and is not expected to be ready for an aircraft
within the next 30 years (Brelje and Martins 2019).

Some key improvements are necessary for the viability of
small-size electric and HEP aircraft: Communications tech-
nology, GPS accuracy, smaller sensors and microprocessors,
energy storage optimization and artificial intelligence (AI)
applied in autonomy of flight (Goyal 2018).

Most of the times, the primary HEP power source is
an ICE, supported by electric sources such as batteries,
FCs or solar panels. Different from batteries, liquid fos-
sil fuels have high energy density, and may be stored in
complex geometries such as aircraft wings. The solid char-
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acteristic of batteries must be considered in the design stage
(González Espasandín et al. 2014; Sliwinski et al. 2017).

Some challenges faced by batteries include thermal insta-
bility, limited life (charge–discharge cycles), and long charg-
ing time (Sziroczak et al. 2020). Battery-powered all-electric
aircraft will needmore time until EIS than HEP. Studies indi-
cate that hybrid technology will be possible for low power
aviation when BED attain above 400 Wh/kg, and will not be
practical for regional aircraft until it achieves more than 800
Wh/Kg (National Academies of Sciences, Engineering and
Medicine 2016). Other previsions state that it will need more
than 500 Wh/kg to make viable all-electric UAVE, compet-
itive with today’s systems. These values are not expected
before 2030 (Henke et al. 2018; Brelje and Martins 2019;
Berger 2020). Besides, low temperatures at cruise altitudes
will affect the battery capacity of future aircraft (Welstead
et al. 2017).

Since the most viable FC technologies use hydrogen, they
will require a regular supply of fuel for a long scale use in the
aircraft industry. Their implementation for on-board power
supply in the next decades is likely, once a worldwide hydro-
gen supply structure is being promoted as a clean energy
source for various industry sectors (IATA 2019; IEA 2019).

7 Developments in Aircraft Internal
Combustion Engines

Aircraft thermal propulsion can be classified by the type of
heat source (ICE or FC). ICE is the most usual method,
classified in jet or reciprocating engines. Jet engines are clas-
sified in turbojet (for combat aircraft), turbofan (for large
commercial aircraft), or turbo-prop (for medium aircraft)
(González Espasandín et al. 2014). Reciprocating engines
are heat engines that uses one or more reciprocating pistons
to convert pressure into a rotating motion.

The most efficient aircraft ICEs are turbofans with high
BPR, found in most commercial aircraft. Some turbofan’s
model based design methods have being published (Henke
et al. 2018). The biggest contribution to fuel burn reduction
in recent commercial aircraft comes from new turbofan tech-
nologies, with higher BPRs. Rolls-Royce is working on the
designsAdvance (2020)with an expected reduction of 20% in
fuel burn and CO2, and Ultrafan (2025) with expected 25%,
both relative to the engine Trent 800 (Norris 2017b). Safran
works on theUltra-High-Bypass Ratio (UHBR) design, with
extensive use of composite materials to achieve a BPR of 15,
and an expected reduction of up to 25% in fuel burn relative to
conventional engines (Vetters et al. 2014). General Electric
works on the GE9X design with expected improvement in
efficiency of 10% relative to previous design (Norris 2017a;
IATA 2019).

General ElectricCatalyst is a turbo-prop ICE that claims to
explore the full range of pitch using a Full Authority Digital
Engine Control (FADEC) with integrated propeller control
for an improvement of 15% in fuel consumption (GE Avi-
ation 2020). Rolls-Royce has developed ground tests on a
hybrid system with the M250 gas turbine, an engine usu-
ally employed on helicopters. Three operatingmodes: Series,
Parallel and Turbo-Electric, will produce a power from 500
kW to 1 MW to be used on propulsion for eVTOLs, general
aircraft and hybrid helicopters (Rolls-Royce 2019).

The vibrations of reciprocating engines are suitable for
small aircraft (MTOW until 1,250 kg), in low-speed and
short-range operations.Wankel rotary engine (RE) is gaining
acceptance with lower level of vibrations
(González Espasandín et al. 2014). It is a four-stroke rotary
combustion ICE, with vantages such as simple structure,
multi-fuel, higher speed, high power density, low noise and
low vibration (Chen et al. 2017; Yang et al. 2018a). A
triangular-shaped rotor coupled to an eccentric shaft accom-
plishes a sinusoidal variation of volume in the rotor housing.
This power section generates the output torque and drives
the cooling and lubrication systems (Yewale et al. 2017).
However, incomplete combustion, high fuel consumption
and poor emissions are some issues. REs are more suitable in
mobile electricity generators, hybrid vehicles and small air-
craft. Over the past few years, the use of turbochargers, direct
injection, and optimizing seals increased the performance of
REs. Employing hydrogen fuel enrichment this technology
achieved better combustion levels, lower CO emissions and
controllable higher NOx emissions (Chen et al. 2017; Yang
et al. 2018a).

New propulsive designs, such as open rotor, are expected
to reduce fuel burn and CO2 emissions by 30%. It is a hybrid
between a propeller and a turbofan engine, characterized
by two counter-rotating unshrouded fans. Open rotor can
increase the BPRwithout significantly increasing theweight.
Research isworking on reducing the higher noise levels espe-
cially at takeoff compared with conventional turbofan, and it
is envisaged to EIS on 2030 (Pitera et al. 2011; IATA 2019;
Liu 2013).

The full annular BLI is other approach where the fuselage
acts as a propulsive thrust. Studies performed with this tech-
nology expect a fuel burn reduction of 8.5% (Gipson 2017;
Marien et al. 2018). The engines are located near the rear
of the aircraft to increase propulsive efficiency by ingesting
slower air from the fuselage or wing boundary layer, which
changes the pressure distribution upstream, increasing the
propulsion efficiency and decreasing the drag (Brelje and
Martins 2019; IATA 2019). However, BLI benefits are very
sensitive to inlet distortion (Liu 2013).

COVID-19 is the biggest shock on aviation since WW2,
with an estimated shrunk of 66% in 2020. Global passenger
flown reduced dramatically, much more than global cargo.
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Baseline forecast is that the pre-COVID-19 levels be recov-
ered on 2023 (Pearce 2020). The global pandemic has slowed
down the air traffic growth, and the most probable effect will
be to postpone the greener aviation development.

ICEs supplied by biofuels may help to achieve envi-
ronmental goals (Welstead et al. 2017). Research efforts
have developed environmentally friendly sustainable avia-
tion fuels (SAF) that produces up to 80% less CO2 emissions
than conventional jet fuel. Several approaches from biogenic
sources are being tested, as well as non-biogenic, such as
power-to-liquid. The main drawback is that these fuels are
produced at a non-competitive cost (IATA 2019).

Cheap kerosene is a big obstacle to a more rapid progress
on electric flying, but may be charged with a tax over CO2

emissions. Studies about SAF technologies state that HEP
aircraft with 40– passengers will be a reality in the medium-
term, while bigger airplanes would keep flying powered by
ICEs, but fueled with synthetic kerosene (Amelang 2018).

In order to be used in aircraft engines, SAF must com-
ply with standard jet fuel specifications such as the ASTM
D7566. Some approved SAFs are based on the follow-
ing techniques: Fischer–Tropsch conversion of syngas to
kerosene, hydro-processed esters and fatty acids conver-
sion (HEFA), hydro-processed fermented sugars conversion
(HFS), Fischer–Tropsch conversion to syngas to kerosene
and aromatics, and alcohol thermo-chemical conversion
(ATJ) (National Academies of Sciences, Engineering and
Medicine 2016).

8 Developments in Flight Control and
EnergyManagement

With a HEP system there is a reduction in fuel consumption
with respect to conventional designs, but the results hardly
attain the necessary levels to justify new propulsion architec-
tures. A way to improve performance is to optimize energy
management on board (Leite and Voskuijl 2020).

HEPS studies claim to render fuel burn reduction com-
pared with conventional designs, but the results are hardly
enough to justify a new design. One way to improve these
designs is to optimize on-board power management. Energy
management is the coordination of the different energy
sources during a mission (Leite and Voskuijl 2020).

Rule-based, fuzzy logic and neural network control tech-
niques focused on optimal power conditions are currently
applied in HEP. In Wall and Meyer (2020), the control of a
HEP Cirrus SR20h with parallel architecture was analyzed.
Behavioral modeling opposed to highly first principles was
employed, since it eases the numeric computation. Two oper-
ation modes were analyzed, battery discharging with ED
propelling, and battery charging with ED generating. Two
rule-based optimization control problems were analyzed, the

first one adjusts the propeller power and speed to minimize
the profile flight error. The second manages the power flows
to minimize the fuel consumption. A model predictive con-
trol (MPC) for power management was also studied. The
HEP with MPC rendered fuel savings of 15.6% over the pro-
duction aircraft, while with the rule-based approach it was
just 4.3%.

AnEnergyManagement System requires an aircraftmath-
ematical model to render information regarding the optimal
trajectory under some optimization criteria. The main prob-
lem in this task concerns the collection of the database
required to calculate propulsive forces and ICE fuel con-
sumption, due to confidential and commercial interests
(Suchkov et al. 2003).

In Ghazi and Botez (2017), a methodology to com-
pute the vertical trajectory (climb, acceleration and cruise)
of a Cessna Citation X aircraft using the Aero-Propulsive
Database method is presented. The method uses a flight
plan with waypoints and estimates the parameters related to
the flight cost: Distance traveled, Top of Climb localization,
flight time and fuel burned.

Optimizing the propulsion configuration and mission pro-
file are among the major difficulties. Research efforts focus
in developing theoretical controlmethods and analyzing their
effects on aircraft. For example, in a series HEP architecture
the ICE runs at its most efficient condition to charge the bat-
teries when needed, achieving significant fuel reduction, and
even lesser noise on takeoff due to the EM operation. Energy
harvesting management applied to more than one renewable
energy sources, such as PV and FC, opposed to relying on
just one power source (ICE), may optimize the propulsion
and mission profile, and enhance endurance and range per-
formances. Flight endurance, range and velocity are critical
optimization parameters for HEPS (Sliwinski et al. 2017).

In Dean et al. (2018) parallel and series topologies were
simulated in a Tecnam P2006T aircraft. Three “motor frac-
tion” (MF) ratios of 12.5%, 25% and 50% were tested in
a mission in which the length was limited by the maxi-
mum weight of fuel and batteries. To fit the MF in each
case, the drivetrain devices (ICE, EM, converters and bat-
teries) were adjusted from data available in previous works.
BED was varied from 200 until 1,500 Wh/kg, and SOC was
maintained above 20%. Results indicate that lower MFs, and
higher BEDs allow longer mission ranges. Series architec-
ture range would be 85%–90% lower than baseline, while
parallel 71%–87%, with actual battery technology. On the
other side, fuel consumption efficiency parameters are better
for series architecture, since the ICEs are operated only in
the most efficient operation condition. Parallel showed the
greatest ranges with current technologies, but if BED and
EM energy density are increased, series architecture will be
better. Future HEP aircraft would switch from parallel to
series.
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In Riboldi (2019), a HEPS design for a single-engine
propeller plane is carried out, considering a flight mission:
climb, cruise and descent. Constant efficiencies of devices
were considered except for the ICE. The behavior of the ele-
ments under partial conditions was studied. The results feed
a database of a digital control system capable of optimally
determining the use of ICE and EM during the phases of
flight. The optimization function is the amount of energy
consumed and the optimization algorithm implemented is a
type of gradient.

In Leite and Voskuij (2020), the Pipistrel Panthera HEP
aircraft on series architecture is analyzed. It is powered by
Li-ion batteries and a turbocharged ICE driving an electric
generator. For optimum energy management, a performance
model and a Dynamic Programming method are used to
quantify theperformanceof a controller in real time.Thevari-
ables to be optimized were the weight of the aircraft and the
battery charge. The goal of the controller is to decrease fuel
consumption. Sensitivity studies showed that battery charg-
ing efficiency has a great impact on control. 20% of battery
charge is used for takeoff and initial climb, and used again
in the final part of the cruise.

In HYPSTAIR (Development and validation of hybrid
propulsion system components and subsystems for electrical
aircraft) project, develops a hybrid airplane simulator called
HyPSim, a simulation tool that allows simulating any type of
mission profile has been described, also taking into account
the human factor in the loop (Cipolla and Oliviero 2016).

In Bongermino et al. (2017), a complete model of an
UAVE on parallel architecture HEP was developed, and a
control strategy for energy management and optimization
of the propulsion system was developed. The hybrid archi-
tecture reduced the dimensions and weight of an original
aircraft, reducing fuel consumption. The control algorithm
commands the power division ratio and the Continuous Vari-
able Transmission (CVT) relationship. The battery charge
status is used as a state variable. The optimization function
aims to minimize the used fuel consumption and energy. An
iterative algorithm is based on dynamic program in which
the mission is divided into stages and the code starts at the
beginning of each of them, which reduces the working space
and the processing time.

An optimal energy management problem is analyzed for
a propulsion system consisting of an ICE and a battery-
powered EM in HEP on parallel architecture. It combines an
aircraft dynamic model of electrical and mechanical losses
on the propulsion system. A nonlinear real-timeMPC is pro-
posed, using convex optimization. The simulations are based
on a representative 100-seat aircraft. TheMPCstrategymain-
tains almost constant electrical power throughout the flight
(Doff-Sotta et al. 2020) .

In Wall and Meyer (2020) the modeling, control design
and simulation of a Cirrus SR20 is presented with a HEPS

composed of a combustion engine and batteries. Two opti-
mization control problems are developed. The first calculates
the elevator deflection and the power and speed of the pro-
peller shaft that minimizes the tracking error of the desired
flight profile. The second manages HEP energy flows, while
compensating for fuel usage and drift in battery charge level.

In Friedrich and Robertson (2015), it was applied a rule-
based control in a simulation using an ultralight fuselagewith
a gasoline engine and a Honda EM. It is determined in this
study thatHEPcomponents produce or consumepower based
on the current battery charge level and the power required for
desired flight operations. Their study found, at most, a fuel
saving of 37% with the new system.

A HEP control with an artificial neural network is
described presenting the results of an optimization strategy,
and minimizes the power consumption of the ICE from the
electrical source on an UAVE. The controller achieves a fuel
consumption saving of 72%. Comparing rule-based control
with neural network, the last one renders an additional fuel
savings of 7% (Harmon et al. 2015).

In Hung and Gonzalez (2012), employing a rule-based
control logic in HEP UAVEs aims to operate a gasoline
engine on its ideal operating line and provide additional
torque from the electric motor when needed, or even charge
batterieswith excess power from the ICE.An integratedflight
mission and the HEP model were simulated in a MATLAB-
Simulink environment that achieves a declared fuel saving
of 6.5%.

In Zhu et al. (2020), a simultaneous two-level multi-
objective optimization of the system components of a HEPS
is proposed, which performs component sizing (upper level)
and energy management (lower level). Multi-objective parti-
cle swarm optimization is developed for the upper level due
to its reduced computational. An adaptive strategy of mini-
mizing energy consumption with lower computational load,
has been performed for the lower level, considering the state
of charge of the battery and the efficiency of the motor.

A sensitivity analysis is performed in a HEPS for a
defined aircraft in series architecture, to study the influence of
variations on specific power and efficiencies of electric com-
ponents (PECs and EMs), on the MTOW and fuel burn. The
HPES is composed by two turboshaft ICEs that drive electric
generators with rectifiers supplying a HV distribution unit,
supported by batteries or FCs. The HV distribution supplies
four inverter-fed EMs which drive propellers through gear-
box. Hydrogen-fueled FCs are used during full electric taxi
and descent phases, the ICEs are employed for other phases.
Models of each component of the HEPS based on simplified
analytic derivation address the integrated design process. The
process links weight variations on thrust (Pettes-Duler et al.
2020).

A challenge in HEP is to define proper control strate-
gies to balance the requirements on a mission flight, such
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as increasing efficiency or energy specific air range (ESAR).
The first step is to establish relationships among the sys-
tem components throughmathematical models to support the
formulation of the problem. Some works use this approach
to develop computational strategies using artificial intelli-
gence tools, and assist the energy-based decision process, the
basis for future optimization. In order to test this approach,
it is being mounted in Brazil a HEP test bench, to map the
advantages several strategies with three hybrid architectures
(series, parallel and turbo-electric) (Rendón et al. 2020a, b).

A large improvement in the power density of themotor and
the energy density of the battery is expected in the next 15
years, with different scenarios of batteries and motors and
with the multiple methodologies implemented to optimize
the energy management; with this, it is possible to better
understand and exploit the hybridization potential in this field
of application (Donateo et al. 2018).

9 Conclusions

The aviation industry has increased in an accelerated rate in
last years, and even after the COVID-19 impact, it is envis-
aged that will recover and keep this rate in a scenario for
the three next decades. Aircraft greenhouse gas emissions
have also grown despite the advances in fuselage and propul-
sion design. Ambitious environmental restrictions have been
stated since 2005 with goals until 2050. To attain these goals,
new propulsion technologies are in course, that will change
the aviationmarket introducing competitive price transporta-
tion for shorter distances, and employing smaller unused
airports. The most critical aspects for aircraft industry in the
next years are sustainable growth, low operational costs and
look for opportunities coming from the new technologies.

To attain environmental goals, all-electrical and hybrid-
electrical propulsion will modify the aircraft market next
years. Four aspects are critical for this technologies: noise,
emissions, fuel consumption and flight range.

In the short term, the first significant change will come
from UAM, a revolutionary market envisaged to EIS from
2023 on applications such as airport shuttle, taxi, ambulance,
and police. The biggest challenge in UAM in the next years is
related to certifications and energy density. Most of research
advances point to all-electric eVTOLs for 1–2 passengers, a
technology that require a BED of around 500 Wh/kg. This
density is envisaged to be available in the next 5 years.

Several HEP architectures are being studied, with char-
acteristics suitable to different applications. All-electrical
seems to be well suited for UAVEs, while turbo-electric is
the base of the most cited HEP concepts for medium size air-
craft, in concepts that combine it with DP and BLI. Parallel
architecture is well suited for vehicles with short time and
varying power requirements. Series architecture seems to be

applicable for small aircraft combined with FC or Wankel
ICEs. Thermal power sources such as improved ICEs and
FCs are in focus, as well as higher energy density batteries
and supercapacitors.

Various HEP demonstrators have been developed, most
of them on small-size aircraft of up to 4 passengers, with
series or parallel architectures, and powered by ICEs or FCs.
Commercial regional HEP aircraft are still on the concept
stage. Simulation analysis is in course, because of the low
BEDmost of approaches suggest partial or full turbo-electric
architectures.

Evolutionary aircraft design is expected to EIS in the next
15 years, while revolutionary designs are envisaged for the
following 15 years. FW is a revolutionary configuration for
regional aircraft that has already tested a small-scale aircraft
on flight. Concepts that combine BLI, HWB and engines
fueled with liquid H2, or turbo-electric propulsion with DP
and superconducting devices, are just some of the approaches
under analysis.

Aircraft electrification is the core of HEP, and several
researches are in course. PECs are testing different topolo-
gies and control strategies, aiming to deal with challenging
demands of aircraft environment such as HV circuits, fast
changing operation conditions of EM-driven propellers, low
pressure environments and TMS. Working on higher fre-
quencies on PEC increases the power density, but also the
electromagnetic interference, and capacitive effects. To attain
high level of efficiency, control strategies based on artifi-
cial intelligence and model based adaptive control are being
tested. Silicon carbide commuters seem to offer better per-
formance for PEC.

Improvements on EM design with newmaterials and con-
figurations are under development. To achieve high power
density SMs are being tested, considering the impact on air-
craft performance of the cooling systems additional weight.
PMSM and IM seem to be more fitted for aircraft applica-
tions.

The improvements on thermal engines are also remark-
able. New designs are in course to improve the BPR of
turbofan ICEs, combined with EM-driven turbofans. For
small-size airplane state-of-the-art, RE is a promising solu-
tion. Open rotor ICE designs are being improved to reduce
the operation noise. SAF is being studied too, especially
synthetic fuels obtained with environmentally friendly pro-
cessing techniques.

Several approaches are being tested for HEPS man-
agement and control. Rule-based and artificial intelligence
strategies are being analyzed on simulation approaches with
optimistic results.

Brazilian aviation industry is one of the biggest in the
world, with the third world aircraft manufacturer, and one
of the biggest number in commercial flights. Despite this,
few experiences have been published on EP and HEP, all
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of them small-size all-electric airplanes. Last years, the avi-
ation industry has established partnerships with research
institutions aiming to encourage the study of HEPS. This
partnership has initiated a multidisciplinary research on
ICEs, EMs, PECs, energy storage systems, management,
control and propeller design. The actual scenario demands
to establish the trends for a time lapse of the next 30 years.
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