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Abstract— This paper presents and in-depth analysis of All-
Electric-Aircraft (AEA) architectures. The aim of this work 
is to provide a global vision of the current AEA state of art, 
to estimate main technological gaps and drivers and to 
identify the most promising architecture configuration for 
future electrical aircraft in the context of a twin propeller 
20 MW aircraft. The comparison between architectures is 
done based on three different figures of merit: reliability, 
efficiency and specific power density. The methodology 
presented and the trade studies are applied to a narrowbody 
aircraft of 20 MW, equivalent to an Airbus A320, and 
following current efforts of government agencies to achieve 
cleaner air mobility within the next two decades. 
 

Index Terms— Aerospace electronics, Aircraft 
propulsion, Air transportation, Turbogenerators, Hybrid 
power systems, Power system planning, Fault tolerance, 
Redundancy. 
 

I. INTRODUCTION 

HE contribution of the aerospace sector to CO2 global 
emissions amounts to 2.4% and it is expected to continue 

increasing due to the constant growth of the sector, where 
passenger operation aviation is the main source of CO2 

emissions. In 2018, the International Air Transport Association 
(IATA) forecasted that the civil aviation industry will grow at a 
3.5% rate for the next two decades [1] The impact of COVID-
19 on aerospace industry may reduce this prospect momentarily 
but efficient and greener solutions are of utter importance for 
the sector. 

Fig. 1 shows a classification of commercial aircraft CO2 
emissions by operation and subdivided in aircraft classes [2]. 
Passenger operation is responsible for the majority of CO2 
emissions (81%) and it is divided into three aircraft classes: 
narrowbody or single-aisle aircraft refers to aircrafts up to 295 
passengers, widebody or two-aisle aircraft refers to aircraft 
between 250 and 600 passengers, and regional aircraft refers to 
short-haul flights up to 100 passengers. Freight operation 
includes two aircraft classes. Dedicated freight or cargo aircraft 
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(i.e., designed for the carriage of cargo), and belly freight, that 
refers to the use of passenger aircraft deck for air cargo. As can 
be seen, narrowbody passenger aircraft class and widebody 
amount to 76% of the total CO2 emissions generated by 
commercial aircraft. Thus, emission reduction strategies focus  
their effort on studying those classes. The present work is 
focused on commercial narrowbody passenger aircraft class but 
it could be extended to the widebody passenger class. Military 
aviation has not been included in the presented classification. A 
study estimates military jet fuel amounts to 6.7% of commercial 
aviation emissions in 2018 [2]. Additionally, Boston University 
has recently published a study about the Pentagon fuel used 
where the impact of the US department of defense (DOD) in 
global CO2 emissions is reported. It is estimated that the 71% of 
the DOD energy used correspond to air domain [3]. 

 
Fig. 1. CO2 emissions generation by the aerospace sector and classified by 
operations and aircraft classes (2018 data). CO2 is expressed in Million Metric 
Tonnes (MMT) [2] 

Long-term roadmaps such as Advisory Council for 
Aeronautics Research in Europe (ACARE) Flightpath 2050 [4], 
aim to reduce CO2 emission per passenger kilometer by 75% 
and 90% reduction of NOx. Worldwide research programs, such 
as Clean Sky [5], encourage the development of innovative 
aircraft technologies [6]. Achieving these strategic goals 
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requires reconsideration of the underlying concepts of 
traditional aircrafts, which have not changed since the 1950s. 
However, the required changes are not limited to the 
architecture, the building blocks for electrical/hybrid 
propulsion need to be explored, as major technology 
breakthroughs are required to achieve the expected benefits of 
electrical aviation. 

The electrical distribution system of previous generation 
commercial aircraft supplies avionics and secondary loads, see 
Fig. 2 .a. These loads comprise hotel and galley loads, cabin 
lights, etc. and typically amount to a few kWs. In the last years, 
there has been an increase in the effort of electrification of 
pneumatic and hydraulics systems for improving aircraft 
system efficiency, although the idea is not such new [7], see 
Fig. 2 .b. These extra electric loads have increased the power 
consumption to hundreds of kWs dividing the aircraft in several 
power sections and have given rise to the More-Electric-
Aircraft (MEA) concept. Airbus A380 and Boeing 787 are 
some examples of MEA. The MEA Energy Power System 
(EPS) must manage higher power demand keeping low weight, 
high efficiency, and high reliability characteristics. Most 
promising MEA EPS architectures are analyzed and compared 
in [8]. 

(a) 

 
(b) 

Fig. 2. On board power systems in current commercial Aircraft (a) and in a 
MEA (b). 
 

Efforts on MEA have enhanced efficiency, reduced weight, 
improved comfortability of passengers and set a new paradigm 
in aviation systems. However, they are not enough to achieve 
the required emission reduction for future decades [4]. 

Therefore, the next steps are aimed at greener aircraft able to 
provide the same operation with reduced emission [9]. This can 
be achieved by increasing the electrification efforts and aiming 
at full or hybrid electric aircrafts, or by achieving operation with 
more sustainable fuels, such as, hydrogen or bio-fuels [11]– 
[14]. This paper will focus on replacing conventional fuel-based 
propulsion systems by electric alternatives and comparing their 
effectiveness. The utilization of full and hybrid electric 
propulsion for aircraft has been referred in recent years as All-
Electric-Aircraft (AEA) [14]. Fig. 3 represents different high 
level schematics of AEA based on [16]– [18] and which can be 
categorized as follow: 

a) Parallel hybrid: the electric motor is connected to the 
low-pressure spool of the turbine. Either or both gas 
turbine and motor driven fan can provide propulsive 
thrust independently [18], [19]. 

b) Series hybrid: the turboshaft drives an electric generator; 
this electric power is used to either drive the propulsion 
engines or charge an energy storage system (ESS). ESS 
also support power demand when required [20]. 

c) Series/Parallel hybrid: it combines mechanically driven 
and electrically driven fans. The latter ones can be 
powered by the turboshaft generator or ESS. 

d) All turboelectric: the turboshaft power is used to drive 
an electric generator. This electric power is used to drive 
motor driven fans.[21].  

e) Partial turboelectric: the turbofan provides both thrust 
and electric generator driven roles. The rest of the thrust 
is produced by motor driven fans.[23]. 

f) All electric: the ESS drives electrically the propulsion 
engines. ESS can be charged or replace when aircraft is 
on the ground [23], [24]. 

Increasing electrical power consumption from a hundred of 
kWs in MEA toward MW level AEA EPS design is not trivial 
and several figures of merit (FoM) need to be defined to 
correctly quantify which are the requirements for both the 
system and the building blocks, such as efficiency, specific 
power (kW/kg) or reliability (Failures in Time, FITs).The 
design of MW AEA EPS involves solving several challenges 
related to the volume of power required for these aircrafts, 
which be summarized by, how do we make the EPS lossless, 
compact and weightless to achieve zero fuel dependency or 
significant fuel savings. This comment translates into tackling 
several technological challenges: high voltage distribution, 
superconductivity, thermal management and power generation 
[25]. 

High voltage, at kV level, is required for MW applications to 
reduce otherwise extremely high current levels. The 
introduction of HV MW AEA EPS distribution systems brings 
new concerns related to HV challenges, such as, partial 
discharge, serial arc and space charge. Although, these 
phenomena have been solved in ground applications, for 
aviation due to the weight and volume restrictions and air 
density conditions due to high altitude, are yet to be solved. For 
MEA, SAE AIR6127 studies arc and electric discharge up to 
1.5 kV, but AEA EPS will be beyond the studied voltage [26]. 
Nonetheless, the analysis performed in [26] shows that based 
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on Paschen’s law [27] for aerospace application, conductors 
and power electronics in general will required much larger 
insulation, which is translated in additional unwanted weight 
and volume. 

Although greener solutions imply achieving advantages over 
traditional aircrafts, because the design constraints mentioned 
the specific power and power density of the EPS building 
blocks needs to be increased. The minimum EPS specific power 
and efficiency values required to outperform conventional gas 
turbine system has been presented in [28] for a 50% fuel burn 
reduction on an all turboelectric case. In this work those 
requirements are going to be set as target points for all the 
architectures. Therefore, specific power and efficiency 
requirements for a 20 MW AEA are 7.5 kW/kg and 93%, 
respectively. 

 
Current efforts include increasing the switching frequency, 

evaluation of new materials, new semiconductor devices and 
cooling solutions. Integration of power converters within the 
propulsion motors and generators is becoming attractive to save 
weight [29]. High power and high voltage under aircraft 
boundary conditions will require power modules with high 
switching speed, high voltage ratings and high operation 
temperature. Wide-bandgap (WBG) technology is a good 
candidate to expand actual limits of semiconductors power and 
voltage ratings although drop-in replacement of traditional Si 
based topologies creates complications. 

Current trends in electrical aircrafts discuss the use of 
superconductive and/or cryogenic cooled approaches to reduce 
the high losses in MW level architectures and improve power 
density of the whole EPS [30]–[36]. However, superconducting 
architectures still present several drawbacks and challenges. 
For instance, to achieve superconductive materials a cryogenic 
cooling system is required impacting size, weight, efficiency 
and specific power [37]–[39]. In addition, due to the novelty 
there is no clarity when it comes to the operation of such devices 

at high altitude. 
The study carried out in this work will perform a high level 

study of the different EPS building blocks without delving into 
the study of the technology. As it has been previously 
introduced, the criteria to classify the building blocks (i.e., 
power converters, storage systems, cables, generators and 
loads) of the EPS are specific power or power density (kW/kg), 
efficiency and reliability. For instance, Onera, the French 
Aerospace lab [40], has recently published some results of the 
DRAGON EU project [41]. Specific power and efficiency of 
more relevant EPS building block under three evolution levels 
towards 2035 are presented. Technology assumptions for a 
significant evolution are sown in Table I. This work will 
provide an update accounting for recent technological 
improvements in current technology. 

TABLE I 
ESTIMATED AEA EPS BUILDING BLOCKS SPECIFICATIONS TOWARDS 2035 

Building Block 
Specific Power or Specific 

weight 
Efficiency 

Generator 19 kW/kg 98.00 % 
Motor 25 kW/kg 99.00 % 

Inverter 25 kW/kg 99.00 % 
Cable 0.5 kg/m 99.60 % 

Circuit Protection 100 kW/kg - 
 

In summary, this work contributes to the analysis and 
comparison of the most promising propulsion architectures for 
AEA EPS. Both dc and ac distribution architectures are studied 
to understand which distribution is best. Dc distribution has 
been gaining popularity due to the amount of dc loads and 
weight benefits as demonstrated for shipboard power systems 
[42]. In the case of ac, the introduction of ac-ac converters 
reduces the number of conversion steps and benefits in weight 
and efficiency are expected. However, high altitude effects 
taking place could potentially eclipse these advantages, and 
careful evaluation and trade-off as proposed in this work is 
required. 

This paper is structured in the following sections. Section II 
defines the design requirements and the FoM to be considered 
for comparison purposes of this analysis. In Section III, the 
discussion focuses on the FoM calculation methods and the 
simplifications and assumptions which have been used. Section 
IV and V evaluate AEA EPS architectures for dc and ac 
distribution, respectively. Finally, a discussion is performed in 
the last section stating the conclusions that can be extracted of 
this work and the required future developments on these topics. 

II. DESIGN REQUIREMENTS 

The analysis to be carried out in this work will be focused on 
narrowbody passenger aircraft class architectures taking into 
account that they are the main contributor of CO2 emissions 
related to commercial aircraft. The paradigm shift when moving 
from MEA narrowbody to AEA requires to reconsider voltage 
and power levels to make this effort fruitful. Based on the 
current power required the estimated electrical power to 
properly operate an AEA narrowbody, such as the A320, would 
be around 20 MW [28]. It is worth noting that distributed 
propulsion is highly regarded in electrical aircraft to enhance 

  
(a) (b)  

  
(c) (d) 

  
(e) (f) 

Fig. 3. High level schematics of AEA architectures Power conversion stages 
are ignored. (a) Parallel hybrid. (b) Series hybrid. (c) Series/Parallel hybrid. 
(d) All turboelectric. (e) Partial turboelectric. (f) All electric.  
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the fuselage aerodynamics [43], [44] However, distributed 
propulsion negatively impacts power, weight and volumetric 
requirements for the electric system [45]. The evaluation of this 
kind of propulsion systems would require the use of Model 
Based Systems Engineering (MBSE) analysis [46], [47] to 
correctly identify the benefits in terms of weight at system level. 
This is out of the scope of this work. Thus, all the analysis is 
going to focus on the electrical architecture of a twin-propeller 
A320 based aircraft. 

Current trends on high voltage operation of aircraft study 
voltages above 1 kV, where 3 kV can be considered as a 
potential new standard if the E-FANX project is assumed as 
reference [20]. For simplicity in this work, 3 kV is selected as 
the dc distribution voltage, and ac distribution voltage is 
established as the equivalent rms line to line 3 kV rectified 
voltage under SPWM modulation and maximum modulation 

index, it is 
√

. 
Aside from the voltage distribution the figures of merit: 

reliability, specific power, and efficiency need to be carefully 
studied. Particularly for reliability a certain FIT rate will need 
to be ensured to comply with the regulation and will be set in 
the analysis as a mandatory condition (i.e., all EPS proposals 
must satisfy the reliability requirement). As regards the other 
FoMs, a correlation exists between them requiring the 
definition and estimation of all the building blocks within the 
architecture (e.g., a dc-dc converter can be made extremely 
power dense, but its efficiency and reliability may suffer in the 
process.). Details about the three FoMs design requirements are 
given in the following paragraphs. It should be noted that 
voltage and current levels will impact the aforementioned FoMs 
for the building blocks, but for the sake of simplicity the 
average and a 3 kV dc or ac bus will be considered as a matter 
of example, even if the actual analysis considers all different 
voltage and current levels. 

TABLE II 
 DO-254 DESIGN ASSURANCE LEVELS (DALS) 

Design 
Assurance 
Level (DAL) 

Description 
Target System 
Failure Rate 

Level A 
(Catastrophic) 

Failure causes crash, 
deaths. 

< 10-9 chance of 
failure/flight-hr. 

Level B 
(Hazardous) 

Failure may cause 
crash, deaths. 

< 10-7 chance of 
failure/flight-hr. 

Level C 
(Major) 

Failure may cause 
stress, injuries. 

< 10-5 chance of 
failure/flight-hr. 

Level D 
(Minor) 

Failure may cause 
inconvenience. 

No safety metric. 

Level E (No 
effect) 

No safety effect on 
passengers or crew. 

No safety metric. 

 
Design Assurance Guidance for Airborne Electronic 

Hardware (DO-254) is a formal safety standard that provides 
guidance for design assurance of all inboard electronics of an 
aircraft. It classifies hardware equipment into five levels of 
compliance (from A to E) depending on the failure effect in the 
aircraft operation. They are displayed in Table II. 

In the case of the EPS architecture main hardware failure is 
allocated in the most stringent category, defined as Level A or 

Catastrophic event. Additionally, special abnormal operation 
conditions can be set from actual regulation [48]–[50] or pilot 
guides [51]. Following those indications, in this study the EPS 
architecture hardware catastrophic effect failure will be defined 
as all possible events that could reduce EPS power generation 
under 1/3 of the whole aircraft EPS rated power (i.e., failure 
occurs if the available power is less than 6.67 MW), being 
allowed single engine operation. This power is assumed as the 
minimum power required to continue flying at 200 nmi and to 
perform an emergency landing. 

 
Fig. 4. Representation of the SAEARP4761 security processes. 

 
Aircraft systems reliability is a complex endeavor from the 

initial design stage until the final certification. For the sake of 
simplicity, SAE ARP4761 recommended practices guidance 
has been followed in this work. Fig. 4 shows a block diagram 
summarizing the process [52]. This work has carried out both 
Functional Hazard Analysis (FHA) and Preliminary System 
Safety Analysis (PSSA) of the EPS. In accordance with FHA, 
DO-254 Level A failure potential causes have been identified. 
PSSA aim is to identify the needed redundancy to fulfill 
reliability requirements. 

TABLE III 
EPS BUILDING BLOCKS SPECIFICATIONS. 

Failure rate [FITs] 
Specific Power 

[kW/kg] 
Efficiency [%] 

Motor 30000 21 96.00 
Inverter 1100 37 99.50 
Cable* 60 - - 

Generator 30000 21 96.00 
Rectifier 1100 49 99.00 
Fuel Cell 45000 5 60.00 
Battery 4500 700** 60.00 
dc-dc 3000 62.5 99.00 
CBs 1 31 99.50 

(*) Cable specific power and efficiency are calculated based on 
a conductor model presented later in this paper. (**) Energy 
density [W.h/kg]. 
 
Individual EPS architecture building blocks FoMs have been 
estimated with a 10-year horizon based on expected technology 
progression. A summary of these estimations is displayed in 
Table III. This data is presented as the average of all the results 
obtained for a range of operation conditions (i.e., range of 
voltages and currents). The information related with the specific 
power include packaging and cooling penalization factors. This 
information serves to enhance the data previously shown in 
Table I. 
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Table III summarizes the expectations for technologies in the 
futures years [53]–[55]. In the case of electric machines non-
cryogenic solutions such as permanent magnet synchronous 
machines and high temperature superconducting (HTS) 
machines were considered. Fuel cell analysis studies proton 
exchange membrane (PEM), as it is the most mature 
technology, and also solid state oxide fuel cells as a more 
disruptive technology. Metal air and lithium air technology are 
the most promising battery solutions in terms of power density 
and therefore of interest for their implementation in aircraft 
applications. Regarding protection devices, solid state 
protection circuits (SSPCs) are considered a clear candidate to 
substitute conventional circuit breakers in MW applications 
[56]. From SoA technology, such as [57], technical 
specifications could be extrapolated. Power electronics analysis 
was carried out taking into account three-level 
inverters/rectifiers and three-level bidirectional boost/buck 
converters using next generation Silicon Carbide (SIC) for the 
switches [58]. 

III. FOM CALCULATIONS 

Before starting the description on how each FoM has been 
estimated the assumptions taken need to be described: 
 Reconfiguration is not considered for reliability concern 

(i.e., elements only have one active stage, for instance, 
power converters have not a degradation mode which 
allows them to continue working if they lose a leg).  

 Only stand-by redundancy is assumed. Spare unit idle 
failure rate is considered for the switch and the Fail to Run 
(FTR) or Fail to Start (FTS). 

 Only “Open stage” failure mode is evaluated. 
 Propellers, turboshaft or turbofan elements are not 

included in the analysis. The analysis is focused only on 
the electrical system. 

 In case there are ‘n’ power sources, it is considered all are 
designed for giving the minimum required propulsion 
power in abnormal operation (i.e., 1/3 of the total power). 

 Power sources are excluded from EPS architecture 
efficiency calculation. 

FoMs calculation follows the calculation methodology 
described by Fig. 5 flow chart. 

For PSSA analysis, Fault Tree Analysis (FTA) has been used. 
In [59], a similar validation method based on FTA has been 
performed for Boeing 747 aircraft subsystems. Additionally, 
FTA analysis has been based on the weakest-link technique, 
which consists in identifying the element or subsystem with the 
highest failure rate (i.e., weakest-link) and then improving its 
reliability by applying redundancy. An example is illustrated in 
Fig. 6. 

Reliability of elements with spare units can be good 
approximated by the first ‘n’ terms of the Poisson expression,  

R(t) = ∑ 𝑒 ∗ ·
∗

( )!
, ( 1 ) 

being ‘n’ the total number of elements and ‘𝜆’ the failure rate 
expressed in “failures/hr.” and ‘t’ the flight time in seconds 
[60]. However, it is worth noting that this calculation method 

ignores the failure of the standby element before running. 
A better approach is made by using a “Priority AND gate” 

that imposes an AND gate condition with specific execution 
order among its inputs, see Fig. 6.b. Thus, reliability of 
elements with spare units can be modelled with this gate, where 
the inputs are the active and the standby units. The spare unit 
reliability is defined with an OR gate which inputs, in this case, 
are the following three events: a) Automatic switch fails to 
switch on demand to start standby component; b) Standby 
element FTS given successful operation of the automatic 
switch; c) Standby element fails during running (FTR) after 
successfully substituting the failed element. 
 

 
Fig. 5. FoM calculation flow chart. 

 

 
(a) (b) 

Fig. 6. Example of application of the weakest-link technique. (a) Fault tree model 
of a system with one component representing the weakest link (highlighted in red). 
(b) Fault tree model with a standby component represented by a logical “Priority 
AND’ Gate (highlighted in red). 

 
As shown in Fig 6.b, adding the standby component results 

in lowering the failure rate of the system (Top event) from 2000 
to 2 FITs. 

Following the steps defined in Fig. 5, once redundancy 
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requirements are fulfilled at architecture level, specific power 
density and efficiency are calculated for future comparison. 
System specific power is given by, 

ρ =
∑

, ( 2 ) 

where Ptotal is the EPS architecture total power. “Wx” is the 
weight of each EPS architecture building block except the 
transmission cable, which is represented by “Wc”. “Wx” is 
computed assuming Table III average power density (ρx) times 
the building block power rate (Px), 

W = 𝜌 𝑃 . ( 3 ) 

Cable weight comes from the addition of the conductor and 
the insulation weight, 

W = 𝑊 + 𝑊 . ( 4 ) 

The conductor is sized following the design method 
presented in [61], where the conductor diameter is computed 
based on thermal limitations. The resultant conductor mass 
expression (Wcond) can be simplified as  

W = 𝐾 𝐿 , ( 5 ) 

being “Kcond” a constant that depends on the power flowing 
through the transmission line (Pcab), the dc voltage (VDC), the 
maximum current density (Jcab) for a maximum operation 
temperature, the specific gravity of the conductor material (ρ) 
and a multiplication factor that is equal to 2 in the case of dc 

distribution and √

 ( )
 for ac systems (being cos(𝜑) the power 

factor). “Lcond” is the cable length.  
Insulation weight (Winsul) is given by the insulation thickness 

needed and the length of the cable. As have been 
aforementioned in the Section I, AEA power ratings, frequency 
and high altitude conditions make it a unique application when 
compared to other installations of similar voltage or power 
levels. In fact, current space high voltage cable technology may 
not be suitable. For instance, GORE High voltage cables [62] 
cover up to 36 kV but their design is focused on spaceflight 
applications and therefore they are mainly designed for vacuum 
conditions. 

For these reasons, the insulation is going to be calculated 
based on extrapolating aerospace cables specifications, by 
using the insulation thickness of terrestrial cables as a baseline. 
From these analyses an empirical relation between the thickness 
and the voltage level is yielded as,  

r _ = 0.25𝑉 + 1.3. ( 6 ) 

The insulation weight (Winsul) is calculated based on the 
insulation volume and an insulation material density, ρinsul, 

equal to 1400 kg/m3  

𝑤 = 𝐴 · ρ  . ( 7 ) 

The global system efficiency is defined as the ratio between 
the real useful power and the generated power, 

η =  
𝑃

𝑃 + 𝐿𝑜𝑠𝑠𝑒𝑠
 . ( 8 ) 

The generated power is computed as useful power plus 
system losses, which are defined as ( 8 ). Please note that 
system losses ( 9 ) are broken down into cable losses and 
building block losses, ( 10 ) and ( 11 ) respectively. 

Losses = Losses + ∑ 𝐿𝑜𝑠𝑠𝑒𝑠 . ( 9 ) 

Transmission line losses (Lossesc) are defined as the total 
EPS conductor joule losses. Ac and dc cable resistance is 
obtained from [61] transmission line model. 

Losses = 𝐿𝑜𝑠𝑠𝑒𝑠 + 𝐿𝑜𝑠𝑠𝑒𝑠 = 

 𝑅 𝐼 + 3𝑅 𝐼  . 
( 10 ) 

Building block losses (Lossesx) are calculated with the 
estimated average efficiency, given by Table III, assuming it 
remains constant for the whole power range, 

Losses = (1 − 𝜂 )𝑃  . ( 11 ) 

IV. DC DISTRIBUTION ARCHITECTURE ANALYSIS 

In EPS architectures the integration of power electronics with 
the electric motors and generators is considered as a promising 
approach to decrease system weight. The ac transmission line 
length can be reduced, and therefore the cable weight by using 
dc distribution to the motor end, see Fig. 7 .b.  

 

  
(a) (b) 

Fig. 7. Potential EPS building blocks location in the aircraft for power 
electronics. (a) Installed in the pressurized cabin and (b) integrated within the 
electric machines 
 

From the definition of conductor mass given and explained 
in Section III, it can be deduced that even assuming unity power 
factor (i.e., the most beneficial situation for ac cable) ac 
transmission line mass is approximately 20% higher than a dc 
transmission line, assuming the same cable material and length. 
Thus, power electronics integration with the electric machines 
leads to a trade-off between power electronic design complexity 
(i.e., safety design) and weight reduction. Power electronics 
design complexity is dramatically increased because of the 
tough environmental conditions (i.e., present of loads of noise, 
un-pressured environment, dirt, etc.) 
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A set of 17 dc EPS architectures has been analyzed based on 
the future propulsion systems shown in Fig. 3 and the design 
requirements defined in section II. All of them have been design 
giving priority to the reliability by ensuring the reliability 
requirement is fulfil at system level. 

  

(a) (b) 
  

(c) (d) 
 

 

(e) (f.1) 

 

 

(f.2)  

 

 

Table IV presents a brief description of all dc EPS study 
cases and Fig. 8 shows simplified diagrams of the EPS 
architecture types under study. It should be noted that the EPS 
architecture type is related with the EPS labels presented in 
Fig. 3. Since A320 aircraft has been taken as a reference, all 
EPS cases are designed considering a twin propulsion 
configuration. Electric motors and generators are assumed to 
be located under the wings (i.e., next to the propellers). 

TABLE IV 
BRIEF DESCRIPTION OF THE STUDY CASES 

Type ID Description Ref. 

A 

A1 
Electric propulsion system is rated at 2/3 
of the total power. Fuel cell is used as 
ESS. 

[18], 
[19] 

A2 
Electric propulsion system is rated at 5/6 
of the total power. Fuel cell is used as 
ESS. 

A3 
Electric propulsion system is rated at 2/3 
of the total power. Li-Ion battery is used 
as ESS. 

A4 
Electric propulsion system is rated at 5/6 
of the total power. Li-Ion battery is used 
as ESS. 

B 

B1 
One turboshaft moves one generator. Two 
independent fuel cells are used to assist 
peak power demands. 

[20] 

B2 

One turboshaft moves one generator. 
Three independent fuel cells are used to 
assist peak power demands. Main DC bus 
is split in two, the fuel cells can supply 
power to either or both of them but power 
flow from one to another is forbidden. 

C 

C1 
STARC-ABL concept plus fuel cell as 
ESS. 1/3 of the propulsion is provided by 
tail propeller. 

[22] 

C2 
STARC-ABL concept plus fuel cell as 
ESS. 2/3 of the propulsion is provided by 
the tail electric propeller. 

C3 
STARC-ABL concept plus battery as 
ESS. 1/3 of the propulsion is provided by 
the tail electric propeller. 

C4 
STARC-ABL concept plus battery as 
ESS. 1/3 of the propulsion is provided by 
the tail electric propeller. 

D 

D1 Two turboshafts drive two generators. 

[21] 
D2 

Two turboshafts, each one drives two 
independent generators (1/3 and 1/6 rated 
power). 

E 

E1 
STARC-ABL concept. 1/3 of the 
propulsion is provided by the tail electric 
propeller. 

[22] 

E2 
STARC-ABL concept. 2/3 of the 
propulsion is provided by the tail electric 
propeller. 

F 

F1 

Three independent fuel cells supply the 
power. Main DC bus is split in two, the 
fuel cells can supply power to either or 
both of them but power flow from one to 
another is forbidden. [23], 

[24] 
F2 

Two independent fuel cells supply the 
power to two electric fans. 

F3 
Three independent fuel cells supply the 
power to two electric fans. 

 

Fig. 8 Diagrams of dc EPS architecture: a) Type A cases, parallel hybrid 
architecture (A), b) Type B cases, series Hybrid architecture (B), c) Type 
C cases, series/Parallel hybrid architecture (C), d) Type D cases, all 
turboelectric (D), e) Type E cases, partial. 
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Circuit breakers have been placed following a fault-isolation 
strategy similar to those used in ship microgrid [42]. In EPS 
types C and E, a third motor is located in the aircraft tail 
following STARC-ABL propulsion system configuration [22]. 
Fig. 9 provides the dimensions used for cable length estimation. 

 
Fig. 9. Main aircraft measurements considered for the study. 
 

Because of the weight reduction, the studied dc EPS 
architectures are based on Fig. 7.b. For comparing dc EPS 
architectures, a third index has been added to the three FoMs: 
fuel dependency. Fuel dependency index has been defined as 
the percentage of the total power that directly (i.e., conventional 
propellers) or indirectly (i.e., turboshaft) is produced by fuel 
burn. 

The evaluation of the 17 cases follow the flow chart 
described in Fig. 5 and FoM equations given in section III. The 
study has been performed for a generic flight profile for a CS-
25 aircraft operating during an hour and a half, considering 
climb, cruise and descent phase for a full power operation of 20 
MW reaching an altitude at cruise of 25000 ft. Efficiency (red), 
fuel dependency (blue) and specific power (green) results of all 
the dc EPS cases have been represented in Fig. 10. From left to 
right it can be seen the data obtained for parallel hybrid, series 
hybrid, series/parallel hybrid, all turboelectric, partial 
turboelectric and all electric cases. Table V summarizes the data 
included in the diagram. Additionally, Table VI presents details 
about the weight and losses calculations for B1 series hybrid 
study case as a matter of example. Firstly, Fault Tree Analysis 
(FTA) reported the need of redundancy in the dc bus. This 
affects the total weight of the system. The resulted total weight 
and losses are 6339.33 kg and 1496.73 kW respectively. With 
equations ( 2 ) and ( 8 ) specific power and efficiency values 
displayed in Table V are obtained. 

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

Fig. 10. Specific power density, efficiency and fuel dependency results for all study cases. 
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TABLE V 
 NUMERICAL RESULTS OF FIG.10. DC EPS ANALYSIS FOM RESULTS. 

FoM 
Efficiency 

[%] 
Fuel dependency [%] 

Specific power 
[kW/kg] 

A1 94,16 33,33 2,71 
A2 94,16 16,67 2,71 
A3 94,16 33,33 0,43 
A4 94,16 16,67 0,43 
B1 93,04 33,33 3,15 
B2 92,45 50,00 3,02 
C1 93,62 73,33 1,79 
C2 93,62 77,78 3,14 
C3 93,62 73,33 0,40 
C4 93,62 73,33 0,78 
D1 90,60 100,00 3,46 
D2 90,57 100,00 3,16 
E1 90,68 100,00 3,05 
E2 90,68 100,00 4,41 
F1 94,14 0,00 2,56 
F2 94,15 0,00 2,30 
F3 94,14 0,00 2,29 

 
In terms of efficiency, depicted in red in Fig. 10, the all 

electric EPS architectures cases with fuel cells exhibit the 
highest efficiency (i.e. less conversion stages from generation 
to motors reduce the losses) and a zero-fuel dependency. 
However, they are the next heavier cases with an average 
estimated specific power density of 2.3 kW/kg. It is worth 
noting that the all electric cases present future fuel cell 
technologies, which include a small battery for stability and fast 
transient reaction, as ESS and that this value would be lower if 
only batteries would have been used instead (i.e., lower than 1 
kW/kg). Therefore, it can be concluded that even though the 
ideal solution, in terms of CO2 emissions, would be full electric 
propulsion, ESS technologies, even fuel cells, will not be 
prepared in a short-medium term to make all electric EPS 
architectures a reality in narrowbody aircrafts. Instead, hybrid 

systems using fuel cells or turboelectric EPS architectures 
seems to be more suitable candidates. Partial turbo-electric 
system (E2) achieves a high specific power density. However, 
system efficiency drops under 91%. and system is totally 
dependent of fuel burn. The turboelectric concept is based on 
the idea of reducing the fuel consumption, by improving the 
aircraft efficiency, and could be a good solution during the 
transition from MEA to AEA or other aircrafts types, such as 
future widebody aircrafts, which perform longer missions. 

Based on the analysis, the most promising EPS architectures 
are those that reach a good trade off among the three FoM. 
Parallel hybrid and series hybrid EPS architectures, using fuel 
cell as ESS are the four cases with best performance (i.e., A1, 
A2, B1 and B2), Fig. 10. They present high efficiency that is in 
most of the cases above the minimum target of 93% and a 
reduction of at least a 50% on the use of fuel. Nevertheless, the 
achievable specific power drops far from the set target of 7.5 
kW/kg indicating the necessity of a major technological 
challenge to happen in the next 10 years. However, in the 
context of the current work the target is comparing and finding 
out the most promising EPS architectures that can reduce the 
CO2 emissions by increasing the electrification effort on the 
aircraft, and consequently, lowering fossil fuel dependency. 
Series and parallel hybrid EPS architecture have a low fuel 
dependency due to the introduction of batteries and fuel cells. 
In the case of parallel hybrid, the electric motors powered by 
the ESS will provide most part of the thrust reducing the size of 
conventional turbines. In series hybrid, the battery will provide 
most part of the power so the fuel utilized to power up the 
generator will be reduced. A lower size turboshaft can be 
translated into lower fuel dependency of the EPS architecture. 
Furthermore, those turboshafts can be operated more efficiently 
in the case of series hybrid. In parallel hybrid systems the 
turbofans only operate during peaks of power demand (e.g., 
take off or transitions) [18]. 

TABLE VI. 
B1 SERIES HYBRID CALCULATION DATA EXAMPLE 

 

Specific 
power 

[kW/kg] 

Efficiency 
[%] 

Total 
Power 
[kW] 

Total 
length 

[m] 

Total weight 
[kg] 

Power Losses 
[kW] 

Table III Table IV Fig.9 Eqn. (3)-(5) Eqn. (9)-(11) 

Building 
Blocks 

Motors 21 96.00 20000 - 952.38 800 
Inverters 37 99.50 20000 - 540.54 100 

Generator 21 96.00 6667 - 317.46 266.67 
Rectifier 49 99.00 6667 - 136.05 66.67 
Fuel Cell 5 60.00 13333 - 2666.67 Not considered 

dc-dc converter 62.5 99.00 13333 - 213.33 133.33 
Circuit breakers 31 99.50 20000 - 1290.32 100 

Dc able - - - 47.16 199. 
30 

Ac cable - - - 3 23.48 

Subsystems 

Propulsion  1492.92 

- 
Power source  3333.51 
Distribution  222.58 
Protection  1290.32 

 Total 6339.33 1496.73 
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V. AC DISTRIBUTION ARCHITECTURE ANALYSIS. 

The second part of the analysis focuses on ac EPS 
architectures. In this kind of EPS, ac-ac converters become a 
key piece. The main functions of ac-ac converters are to drive 
the electric motors and to interconnect two different ac 
networks. However, ac-ac converters, such as matrix or back to 
back converters, were not analyzed in the building block study 
presented in TableTABLE III. Therefore, for ac EPS 
architectures study, first it has been evaluated the specific 
power and efficiency requirements of ac-ac converters. 

 
A simplified scheme of the most relevant ac EPS 

architectures analyzed can be seen in Fig. 11. Fig. 11.g case is 
taken as a baseline; it is designed following a full turboelectric 
propulsion configuration with three generators. The power flow 
is controlled by ac-ac converters from ac bus 3 to the other two 
buses avoiding the power flow between buses 1 and 2. From 
PSSA it has been deduced that three generators increase the 
reliability of the power source subsystem to the target 
requirement. For designing Fig. 11.h case, Fig. 11.g has been 
derived into a series hybrid EPS architecture by replacing the 
third generator by two ESS units. It is assumed that each ESS 
is rated to 1/3 of the propulsion power. In normal operation ac 
buses are working independently but both buses can be 
connected in case of failure. Fig. 11.i, is similar to Fig. 11.h but 

ESS is connected to the electric motor terminals with the aim of 
reducing the ac-ac requirements by decreasing the power 
managed. Finally, Fig. 11.j explores the influence of buses 
interconnection elimination considered in Fig. 11.h 
architecture. 

As dc EPS architecture, the same EPS building block average 
specifications (Table III) have been considered. Equally, the 
FoMs calculations presented in Section III have been followed. 
For the ac-ac converter building block specifications a system 
of equations was solved for each of all the cases imposing the 
best achievable system requirements (i.e., boundary conditions 
that provide a valid system solution), it means, the highest 
possible system efficiency and specific power density, to get ac-
ac converter needed requirements. As the most demanding 
scenario is considered the possibility of having redundancy of 
any building block is not assumed. Table VII summarizes the 
results. 

TABLE VII 
AC EPS AND AC-AC FOM VALUES 

Case G H I J 

System 

Failure rate 
[FITs] 

1 1 1 1 

Specific 
power 

[kW/kg] 
4.5 2.75 2.7 2.7 

Efficiency 
[%] 

92 93 93 93 

ac-ac 

Failure rate 
[FITs] 

1502 1503 
No 

restricted 
1501 

Specific 
power 

[kW/kg] 
48.47 67.65 43.25 38.23 

Efficiency 
[%] 

99.90 99.61 99.61 99.61 

 
The study concludes that ac-ac converters failure rate should 

be below 1500 FITs to fulfil DO-254 reliability requirement. It 
is worth noting that in Fig. 11.c the reliability of the ac-ac is not 
critical (labeled as no restricted) because the motor can be 
driven from the ac-dc converter in case of ac-ac failure. In 
addition, Fig. 11.d reports the most restrictive ac-ac reliability 
requirement because there is only one possible power flow path 
from power sources to motor. Additionally, ac-ac converters 
should achieve a very high efficiency (i.e., higher than 99%) to 
allow system efficiency to be over the 90%. The double 
conversion stage needed to integrate ESS in the ac EPS system 
is the main efficiency penalization. In terms of specific power, 
the average of all the results, it is 50 kW/kg specific power 
density, can be set as the target value. 

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

  
(g) (h) 

  
(i) (j) 

 
Fig. 11. Diagrams of ac EPS architecture: g) Case G, full turboelectric, 
baseline case, h) Case H, ESS merged with generators and interconnected buses, 
i) Case I, direct ESS assistance to motor, ac-dc converter can drive the motor in 
case of emergency and j) Case J, separated buses with merged ESS. 
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target value 50 kW/kg ac-ac converter specific power has been 
used for the comparative study. Fig. 12 presents the three FoMs 
data, where A1, A2, B1 and B2 are the dc EPS architecture 
cases and G, H, I and J, the ac EPS architecture cases.  

 
(a) 

 
(b) 

 
(c) 

Fig. 12. FoMs comparison between most promising dc cases and ac cases: 
a) efficiency, b) weight and c) fuel dependency. 
 
Fig. 12.a shows that the dc EPS architecture systems can 

achieve higher efficiency values than ac EPS architecture 
systems. In terms of weight, from Fig. 12.b it can be observed 
that ac distribution weight is higher than dc distribution weight 
due to cable mass as has been aforementioned. Ac distribution 
architectures also present heavier power systems (i.e., 
generators, ESS and needed power converters) when comparing 
them to dc distribution. One of the biggest drawbacks is the 
difficulty or the extra power stages required to include ESS 
making ac distribution not of particular interest for hybrid 
approaches but particularly interesting for turboelectric 
architectures. In general, ac EPS systems are heavier than dc 
EPS systems, the only exception is G because is a turboelectric 
architecture that does not consider the use of any ESS. In the 
future for greener aircraft dc distribution systems should prove 
more useful for either of the distribution cases depicted in Fig. 
3 that leverage an ESS.  

VI. CONCLUSIONS 

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

covering both dc and ac distribution systems. 

TABLE VIII  
ESTIMATION OF BUILDING BLOCK REQUIREMENTS TO FULFIL SYSTEM 

TARGETS 

Case A2 
Specific power [kW/kg] Efficiency [%] 

Old New Old New 

Motor 21 50 96 96 
dc-ac 37 60 99.5 99.5 
Generator - - 96 96 
ac-dc - - 99 99 
Fuel Cell 5 18 100 100 
dc-dc 62.5 75 99 99 
CBs 31 150 99.5 99.5 
System 2.71 7.52 94.16 94.16 

 

Case B2 
Specific power [kW/kg] Efficiency [%] 

Old New Old New 
Motor 21 50 96 97 
dc-ac 37 55 99.5 99.5 
Generator 21 50 96 96 
ac-dc 49 55 99 99 
Fuel Cell 5 14.5 100 100 
dc-dc 62.5 80 99 99 
CBs 31 150 99.5 99.5 
System 2.71 7.58 92.45 93.31 

 

 
In the case of dc EPS architectures, it has been highlighted the 
benefits regarding the reduction of cable weight and the ease of 
implementation for both turboelectric and hybrid propulsion 
systems. From the analysis, it has been concluded that the 
parallel hybrid and the series hybrid configurations can be 
considered promising future aircraft EPS architectures in the 
medium-term for CO2 emissions reduction. However, the 
resultant specific power for those EPS architectures conclude 
that the 10-year horizon FoM building block estimations do not 
achieve the fixed target objectives of specific power for 
narrowbody aircrafts requiring a technological breakthrough in 
some technologies. Although the main limiting factors is the 
ESS additional weight, progression of all building blocks 
technology is needed. Furthermore, circuit breakers lead the 
system specific power down and are identified as elemental 
parts in the EPS architecture target achievement. Table VIII 
displayed an estimation of the building blocks specific power 
values needed to achieve the system design requirements (i.e., 
7.5 kW/kg specific power and 93% efficiency) for the cases A2 
and B2. 

The conclusion is that a new paradigm of power electronics, 
insulation conductors and electric machines technologies needs 
to be explored. Insulation requirements can be highlighted as 
critical with power density requirements. Nowadays, the effort 
of many AEA designers is focused on the pursuit of insulation 
technologies that address high voltage phenomena without 
penalizing size or weight. It can be done by adapting terrestrial 
insulation materials or with alternative solutions such as, micro-
multilayer insulation technology [63]. 

The challenge for electric machines design is to achieve high 
specific power solutions with high efficiency considering 
current technologies seem to have reach the physical limit. The 
study presented in [64] analyses electric machines design for 
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AEA application. The impact of several design parameters on 
the power density and the efficiency is explored for non-
superconducting and superconducting machines. This study 
demonstrated that superconductivity materials allow to go 
beyond non-superconducting achievable specific power ratings 
but at the same time it introduces extra complexity to the design. 

Thermal management becomes an important concern for 
achieving the power density requirements needed in new 
aircraft propulsion concepts. In conventional aircrafts the heat 
power produced by the propulsion system is evacuated through 
the turbine. But, in AEA EPS a thermal management system 
has to be incorporated to deal with heat power produced by the 
power train and mainly by power converters. Some authors 
propose cryogenic cooling and thermal management system 
integration [65] or the integration of power converters within 
the propulsion motors to use the bypass flow in the duct to cool 
the power modules [66]. 

Conclusions regarding power converter topologies requires a 
through study and it is considered to be out of the scope of this 
paper. However, it is worth mentioning that modular or 
multilevel topologies reduce the power semiconductor 
requirements and bring AEA EPS power converters 
requirements closer to state of the art technology. In addition, 
research on widebandgap devices is critical to improve 
efficiency and power density. 

Technology development will reduce the fuel dependency 
for these hybrid architectures achieving higher specific power 
densities and eventually transitioning into a full green electrical 
system. The significant weight addition of battery ESS as a 
main source, such as Li-Air (i.e., expected battery technology 
used in 2030) demotivates their application in the future 
narrowbody AEA unless a breakthrough technology is 
discovered to improve their energy density for the power levels 
discussed in this work. Lighter aircrafts pertaining to EASA CS 
23 classification may still benefit from battery use on the lower 
power end [67]. For instance, over the last years several projects 
around light aircrafts that propose all electric EPS architectures 
have been presented [23], [24]. As regards ac EPS architectures, 
it has been assumed that ac-ac converters must achieve a high-
performance (i.e., very high reliability, over 99% efficiency and 
high specific power density). These requirements stress the 
design of this component making it extremely difficult to 
achieve the requirements and thus falling short in comparison 
to simple dc EPS architectures. 

Note that the conclusions expounded above are based on an 
analysis focused on narrowbody aircrafts. Although, similar 
analysis could be applied to other types of aircrafts the 
conclusions expounded may differ due to the characteristics of 
flight profiles, altitude, distances, or flight time. Several 
projects around widebody aircrafts can be found, which focus 
on turboelectric propulsion architectures, such as N3-X 
prototype [68]. In that case, the fuselage aerodynamic 
performances become more important, benefiting from 
distributed propulsion architectures. This EPS architecture 
presented in [68] combined with innovative superconducting 
electrical systems can supposed around a 70% of fuel burn 
reduction. 

The benefits of using dc architecture for either hybrid or fuel 
electric have been concluded in this work. Nonetheless, in terms 
of the required building blocks there are several technological 

gaps such as: understanding of high altitude and high voltage 
operation, achieving fast and power dense dc breakers, or 
increasing the overall efficiency of the system. Currently efforts 
in superconductive systems, special insulation materials and 
hydrogen fuel cells will be key for the future of greener and 
electrical aircrafts. 
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