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EXECUTIVE SUMMARY   

 

The purpose of this report is to introduce the concept of a modular propulsion system architecture, 

suitable to cover a wide set of implementations on different hybrid-electric aircraft. The core 

components identified allow for modularity of power creation, power routing and power delivery from 

an arbitrary number of power generation modules (technology agnostic) to an arbitrary number of 

electric drive motors. In this novel approach to conceptual design of hybrid-electric powertrains, two 

research achievements are particularly worth mentioning. 

 

The first is the identification of functionality, power and data interfaces for each module. In total seven 

types of modules have been identified as the foundation of every serial hybrid architecture, forming 

an effective toolset for the conceptual design of the next generation hybrid-electric aircraft. To 

demonstrate the versatility of this concept, several well-known hybrid-electric aircraft projects were 

represented using the developed modules. 

 

A reliability-driven shaping of powertrain architectures is the second notable achievement of this 

research work. Starting from reliability prediction tools and databases, each module has been assessed 

for the possible failure rates and criticalities and their arrangement in a powertrain’s architecture was 

analysed.  It is important to highlight that the data used for the analyses often came from non-

aerospace environments, where reliability requirements are less stringent. While this seemingly being 

a disadvantage, this work demonstrates how the use of lower reliability industrial grade components, 

employed in a redundant architecture, can meet and exceed the reliability targets set for aviation.  

 

The overall implications of this research results for the next generation hybrid-electric aircraft will be 

presented in a forthcoming research paper. 
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PMCD – Power Management, Control and Delivery 
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RI – Reliability Importance 

RPM – Revolutions Per Minute 

SiC – Silicon Carbide 

SOC – State Of Charge 

SOH – State Of Health 
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INTRODUCTION 

 

The hybrid-electric powertrain architecture has been used on serially produced automobiles for a 

couple of decades now (it premiered on Toyota Prius at the end of the 20th century) and has shown 

convincing and dependable qualities. In recent years, its proven advantages and the advancements of 

components characteristics have fostered intense studies and developments aimed at its application 

to different classes of ground, sea and air vehicles. 

Since suitability of hybrid-electric powertrain architecture to aircraft has been thoroughly 

demonstrated by several successful projects, at present many different endeavours are actively being 

pursued to develop a wide range of hybrid-electric aircraft, from single-seater ultralights to business 

airplanes including regional airliners. 

MAHEPA project fits in this highly dynamic context with the overall objective to address the gap 

between research and product stage of a low (zero) emission propulsion technology, delivering a 

solution capable of meeting the environmental goals for aviation towards the year 2050. Two variants 

of a low emission, high efficient, hybrid-electric propulsion architecture will be advanced to TRL 6: the 

first uses a hydrocarbon-fuelled internal combustion engine and an electric generator, while in the 

second configuration a hydrogen fuel cell is used. In a modular approach, the hybrid-powertrain 

architecture-using common building blocks-will be developed and used for in-flight demonstrations 

on two different aircraft. Additionally, a visionary implementation study towards commercial and 

transport category aircraft will round up the project confirming the scalability of the develop concepts. 

Since hybrid-electric powertrain architectures have been around for not too long, and are being 

actively and continuously developed, no widely-accepted lexicon and taxonomy is available for their 

description, modelling and classification. 

In addition, although reliability is a parameter of crucial importance in aerospace, for the cited recent 

introduction very little reliability data is available, and above all no reliability-driven design has ever 

been performed on hybrid-electric powertrains architectures for aircraft application. 

The first aim of the present document is therefore to provide a solution to this problem, identifying all 

modules that can possibly be part of any hybrid-electric architecture, analysing their function, 

characteristics and interfaces and eventually providing a universally applicable approach to their 

description, modelling and classification. 

Secondly, a structured approach to the general reliability analysis of a hybrid-electric powertrain for 

aircraft application will be presented, giving an overview on different methods to assess the overall 

reliability of the system and identifying the most critical aspects to consider when performing such 

analysis. Data used for the analyses has been taken from available databases and reliability prediction 

standards that do not always refer to aerospace environments application. 

For the aforementioned reasons, it is important to remark that obtained and presented results should 

not be taken as reference figures and values, but rather as a sample output of the proposed 

methodology. Numeric results will become more and more precise as actual reliability data of 

components and parts used in aerospace operating environment will become available. 
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1 CURRENT HYBRID-ELECTRIC ARCHITECTURES 

 

The  MAHEPA project will design, develop, build and eventually fly two different serial hybrid-electric 

aircraft. The first will be hybridised employing an internal combustion engine (ICE) connected to a 

generator, while the other will integrate a hydrogen-fed fuel cell system. Plans of one of the 

consortium members after the conclusion of MAHEPA project are to finalise the development of the 

former all the way to bring it to the market as the very first production hybrid-electric aircraft available. 

MAHEPA approach to hybrid powertrain is to adopt a series architecture, but many other different 

solutions are being studied by the different design teams involved in the various experimental 

developments. For this reason, it seems useful to present an overview of all possible hybrid-electric 

powertrain architectures being investigated for aircraft application, that will be detailed in the next 

sections. 

 

1.1 SERIES, PARALLEL AND SERIES-PARALLEL HYBRID-ELECTRIC ARCHITECTURES 

 

Three main powertrain architectures can be identified for a hybrid-electric aircraft: series, parallel and 

series-parallel. 

As a general definition, a particular architecture is defined series when only one mechanical source of 

power driving the propeller (or the wheels) can be identified, while in a parallel one multiple sources 

of mechanical power are present.  

Figure 1 shows an example of series hybrid architecture. In all reported examples it has been assumed 

that hybrid-electric architecture is always composed of batteries and ICE. Obviously, different sources 

of power could be employed in the place of ICE, like for example turbo-generators or fuel cells. 

 

 

Figure 1: Series hybrid-electric architecture 

 

In the presented hybrid architecture, the ICE runs at constant RPM and drives a mechanically-coupled 

electric generator that produces electric power. The latter is then delivered to the system where it is 

combined with electric power coming from the batteries. In order to feed the AC electric motor, DC 

power coming from batteries and/or generator shall be converted to AC (this is accomplished by power 

converters, sometimes referred to as inverters), so that it can finally operate the electric motor that 

eventually drives the propeller. 
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Series hybrid-electric architecture features a great flexibility that enables different operation 

strategies. For example, when power demand is high (like during take-off), both ICE and batteries 

deliver electric power to the electric motor. On the contrary, when power demand is low, the electric 

motor can be powered either from the batteries (in this case the aircraft operates in all electric mode) 

or from the ICE-generator system. If power demand is even lower, batteries can be re-charged by using 

the excess power generated by the ICE. 

Operation strategies of the powertrain depend on several factors such as mission duration, aircraft 

configuration, aircraft usage and available system power. An example is shown in Table 1. 

 

FLIGHT PHASE POWER DEMAND BATTERIES ICE 

Taxi Very low Discharging OFF 

Take-off Maximum Discharging ON 

Climb High Discharging ON 

Cruise Normal Being charged by ICE ON 

Descent Low Stand-by or being recharged by recuperation 

power coming from propeller 

ON 

Table 1: Example of operation strategies in an ICE-based hybrid-electric aircraft 

 

One of the major benefits of the series architecture is that the ICE operates at constant speed, where 

it is possible to obtain the maximum thermodynamic efficiency; compared to a traditional usage, in 

fact, in this way the engine can be optimized for a given fraction of the maximum overall requested 

nominal power. 

An additional advantage is that the series architecture is very simple; in fact, the propeller is always 

driven by the electric motor, and the latter can be designed to have a nominal operating RPM low 

enough to get rid of complex, bulky, heavy and inefficient reduction gearboxes. As an unprecedented 

design freedom, series architecture also enables the implementation of a Distributed Electric 

Propulsion (DEP) configuration, where multiple electric motors are positioned in different locations on 

the aircraft (normally along the wing span). It is evident that, for practical reasons, DEP is simply not 

achievable with other architectures. 

Series hybrid architecture, however, brings also in some disadvantages. The main drawback comes 

from the fact it is necessary to have a generator to convert mechanical power coming from ICE to 

electrical power, and this has a negative impact on the overall powertrain volume, weight and 

efficiency. 

The second hybrid-electric powertrain architecture is the parallel one, which is presented in Figure 2. 

In this architecture the propeller can be driven either by the electric motor or by the ICE or by both 

simultaneously.  
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Figure 2: Parallel hybrid-electric architecture 

 

The parallel hybrid-electric architecture is more complex than the series one. In fact, in order to have 

the possibility to have the propeller driven by the ICE and the EM simultaneously, a complex gearbox 

is needed. Moreover, the ICE does not always operate at its peak efficiency point, but rather it is asked 

to function along at a wide range of RPMs, making it generally less efficient. Conversely, parallel 

architecture gives the advantage that the EM can be less powerful (and, consequently, smaller and 

lighter) than in series architecture, since it does not have to provide all by itself the maximum power 

requested for the propeller. Since there is no need to convert ICE mechanical power to electrical power, 

the electric generator is not present, but the advantages of getting rid of it are diminished by the 

aforementioned necessity for the complex piece of mechanical transmission and gearbox used to 

distribute mechanical power between EM, ICE and propeller. 

The third and final architecture presented in this document is the series-parallel or “mixed” one, as it 

is sometimes referred to. As the definition suggests, this architecture somehow merges the series and 

parallel ones. Figure 3 illustrates how a series-parallel architecture could look like, although many 

other different options have been experimented, especially in the automotive field. The main 

advantages of this architecture are that it permits to have a smaller ICE that works optimally and 

directly during cruise mission phase, and also enables batteries charging without traction transmission, 

a possibility that traditional parallel architectures do not permit. This powertrain architecture is widely 

used in the automotive sector, but due to its complexity and weight penalties is not suitable for 

aeronautical applications. 

 

Figure 3: Series-parallel (mixed) hybrid-electric architecture 

 



  

 

 

Deliverable D1.1.: Concept of Modular Architecture 

for Hybrid Electric Propulsion of Aircraft 

|   MAHEPA Consortium 

  

 
 
 
 

|  Page 17 of 87 
 
 

 
 

A comparison between the presented different hybrid-electric architectures is given in Table 2. 

 

 PROS CONS 

Series  ICE always operates at its peak 

efficiency RPM; 

 Efficiency loss can be reduced 

thanks to fewer gear pairs and 

absence of transmission; 

 Control system is relatively simple; 

 Possible to have DEP. 

 Overall efficiency suffers at high 

speed; 

 Electric motor must be sized for 

maximum power, increasing its 

cost, weight and volume; 

 Necessity for an additional electric 

generator. 

Parallel  Higher overall efficiency in cruise; 

 Smaller electric motor required; 

 Large design flexibility. 

 Necessity for a complex 

mechanical transmission; 

 ICE does not always operate at its 

peak efficiency RPM. 

Series-Parallel  Maximum power flow management 

flexibility; 

 Smaller and more efficient ICE. 

 High complexity; 

 Efficiency of the electrical path is 

lower. 

Table 2: Comparison between different hybrid-electric architectures 

 

After a through comparison of all different pros and cons of the three different hybrid powertrain 

architectures, it has been decided for MAHEPA project to adopt the series one. Among the different 

advantages, the possibility to scale-up the system applying the Distributed Electric Propulsion 

approach has been considered pre-eminent, since it perfectly fits with the highly important part of the 

project that will concentrate on developing common building blocks solutions not only for the two 

prototypes being evaluated, but also for different aircraft configurations, enabling the proliferation of 

powertrain modules between various aircraft. All building blocks will be developed and tested for 

performance and reliability in flight. For the future, this concept unlocks the possibility of tailored 

distributed propulsion by using a combination of several appropriate building blocks to accomplish 

megawatt-class hybrid propulsion systems. DEP, as it has been emphasised, is practically not viable 

with a parallel hybrid-electric powertrain architecture. 

An additional practical advantage deriving from series is that it allows ICE/Turbine shaft not to be 

mechanically aligned with the propeller shaft, giving more design freedom when structural integration 

is considered. Even though such solution is theoretically also conceivable for parallel architecture, it 

would bring in additional, hardly manageable intricacy to the already highly complex mechanical 

transmission, that will end up in a remarkable decrease in the overall reliability and efficiency of the 

system. 

Despite most of development and innovations on hybrid-electric architectures taking place in the 

automotive sector, there are some examples, concepts and prototypes of hybrid-electric aircrafts that 

have been or currently are being developed. In the following paragraphs a brief explanation of the 

most relevant projects will be given. 
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1.2 HYBRID-ELECTRIC AIRCRAFT EXAMPLES 

 

In this section several examples of existing and concept hybrid-electric airplanes will be briefly 

presented. 

 

1.2.1 HYPSTAIR PROJECT 

 

Successfully concluded in 2016, HYPSTAIR was a project funded by the European Commission for the 

development and validation of hybrid propulsion systems, components and sub-systems for electrical 

aircraft application. The consortium was led by Pipistrel d.o.o. Ajdovščina with partners being Siemens 

AG, University of Maribor, University of Pisa and MBVision. 

The main goal of this project was the development of a series hybrid-electric powered aircraft. Using 

the four-seater Pipistrel Panthera airframe as reference, HYPSTAIR team designed, developed and 

tested the most powerful series hybrid-electric propulsion system ever built for an aircraft: the 

developed powertrain obtained a maximum power of 200 kW. 

Figure 4 shows the layout of the HYPSTAIR hybrid-electric propulsion system. 

 

Figure 4: Hypstair aircraft 
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HYPSTAIR utilized a customized Rotax 914 engine as ICE, used to drive an electric generator designed 

and developed by Siemens; this sub-system demonstrated the capability to generate 100 kW of 

continuous power. Two lithium-ion battery packs, installed in the wings, could provide up to 200 kW 

of electrical power necessary for a four seat hybrid aircraft to take off and climb in all-electric mode, 

being in this way very quiet and emission-free in the proximity of airports. Results obtained by 

HYPSTAIR are the foundation for the development of MAHEPA ICE-based hybrid-electric single engine 

aircraft. For more information about HYPSTAIR see (1). 

 

1.2.2 BOEING FUEL CELL DEMONSTRATOR 

 

In 2008 Boeing flew the first manned, fuel cell-powered airplane: the Boeing fuel cell demonstrator 

airplane, shown in Figure 5. It was powered by a combination of lithium-ion batteries and Proton 

Exchange Membrane (PEM) fuel cells fed by hydrogen. Designed on the Diamond Dimona aircraft, the 

Boeing fuel cell aircraft flew at an altitude of 1000 m above sea level for 20 minutes at a speed of 

around 100 km/h powered solely by the fuel cells, becoming then the first manned aircraft to do so in 

history. Lithium-Ion batteries were needed for the flight phases with higher power demand, namely 

during take-off and climb. With zero emissions (the only emission produced by PEM fuel cells is water), 

this aircraft demonstrated the feasibility of having fuel cell powered aircraft. Even if nowadays the 

technology does not allow to expand this system to large airliners, due to the weight of batteries and 

hydrogen tanks, it set the starting point to design and produce greener general aviation airplanes. 

More information about the Boeing fuel cell demonstrator airplane is given in (2) and (3). 

 

 

Figure 5: Boeing Fuel Cell Demonstrator airplane  
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1.2.3 ENFICA-FC 

 

Project ENFICA-FC (Environmentally Friendly Inter City Aircraft powered by Fuel Cells), led by 

Politecnico di Torino and involving a total of eleven partners, was funded within the European Union 

Sixth Framework Programme (FP6). Launched in October 2006, ENFICA-FC’s main objective was to 

develop and validate the use of a fuel cell-based power system for the propulsion of more/all electric 

aircraft (4). Hosted on Rapid 200, the ultra-light aircraft built by Jihlavan, ENFICA-FC adopted a series 

hybrid-electric powertrain architecture, with the batteries contributing during flight phases requiring 

high-power, such as take-off and climb, or acting as a standby energy reservoir in case of malfunction 

of the fuel cell system. The overall power of the aircraft is 40kW, with half of it supplied by the fuel 

cells and half by the Lithium-Polymer batteries. Particular attention was given to safety and reliability: 

in fact, the sophisticated electronic control system developed for the project included redundancies 

to improve the whole system reliability. Both available energy sources could be used to drive the 

propeller, so in case of failure of the fuel cell subsystem, the airplane could safely continue the flight 

being powered solely by batteries. The total weight of the ENFICA-FC aircraft was 550 kg, a figure much 

lower than the Boeing project (860 kg).  

On 26th May 2010, Rapid 200 FC set a new world record (previously established by the Boeing Fuel Cell 

demonstrator airplane), flying at 135 km/h for 40 minutes. ENFICA-FC team believes that the aircraft 

can cruise at a speed of 150 km/h for one hour. 

ENFICA-FC aircraft is shown in Figure 6. References (4), (5), (6) and (7) contain more details. 

 

 

Figure 6: ENFICA-FC aircraft 
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1.2.4 DLR - HY4 

 

HY4 (8) was the world’s first four-seater aircraft to fly solely powered by a hydrogen fuel cell system 

and electric propulsion. Led by DLR, project HY4 consortium partners included Pipistrel d.o.o. 

Ajdovščina, Hydrogenics, H2Fly, University of Ulm and Stuttgart Airport. HY4 first flight took place in 

2016. 

The airplane (Figure 7) was built connecting two fuselages of the Pipistrel Taurus, and to drive the 

propeller a single 80 kW electric engine was chosen. HY4 reached a maximum speed of approximately 

200 km/h and, depending of the flight profile, could fly over a range of up to 750 km. Power system is 

composed by a couple of hydrogen tanks (each of which could store 9 kg of hydrogen at a pressure of 

350 bar), four low temperature PEM fuel cells modules (providing 45 kW of total power) and two Li-

Po battery packs (with a nominal power of 45 kW). The total weight of the aircraft was 1500 kg  

According to Josef Kallo, program manager for the HY4 project at DLR, unlike previous projects HY4 

was the first fuel cell-powered aircraft that envisions the possibility “of being used for regional 

transport as electric air taxis and offer a flexible and rapid alternative to existing means of transport”. 

More details on the project can be found in (8), (9), (10) and (11). 

 

 

Figure 7: DLR - HY4 aircraft 
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1.2.5 AMPERE 

 

AMPERE is a project led by the French aerospace laboratory, with the aim to develop the concept for 

a new 4/6-seater DEP aircraft powered by PEM Fuel Cells and batteries. Even if the project is still at its 

conceptual phase, AMPERE is quite interesting. It envisages the use of 40 Electric Ducted Fans (EDF) 

for propulsion, where only 32 of which are needed for safe flying. This is a paradigmatic example of 

how DEP architecture can contribute in augmenting reliability and safety for future airplanes. Electric 

motors, installed the leading edge of the wings, by energising the boundary layer on the wing can 

provide extra lift for shorter take-offs, and can also be used to manoeuvre the aircraft during the flight, 

thus reducing the area needed for the classical control surfaces. This has a positive impact on drag 

reduction, increasing the overall aircraft efficiency. Wind tunnel tests are being performed at the time 

of writing (12) (13) this report. 

 

 

Figure 8: AMPERE project by ONERA 
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1.2.6 SUGAR VOLT 

 

SUGAR Volt (where SUGAR stands for Subsonic Ultra Green Aircraft Research) is a hybrid aircraft 

concept conceived by a team led by Boeing Research & Technology. It is one of a series of concepts 

being submitted in response to a request for proposals for future aircraft issued by NASA. 

SUGAR Volt would use two hybrid turbofans that will either run burning conventional jet fuel when 

maximum thrust is needed (i.e. for take-off) or use only electric motors to drive the engines for less-

power demanding flight phases (i.e. cruise). Adding energy-plus points, SUGAR Volt's higher aspect-

ratio wings allow for lower induced drag; such high aperture wings will have the possibility to be folded 

to reduce dimensions to the value necessary for using current airport gate space. SUGAR Volt is a 

concept that is expected to fly in its first-generation configuration in 2035, and in its second-generation 

that will bring in additional improvements in 2050. SUGAR Volt aircraft sizing and performance will be 

comparable with the latest generation of Boeing 737, with a range in the order of 3500 nautical miles. 

Even if it is still a pure concept plane, several in-depth studies and analyses have been carried out by 

the development team, demonstrating that SUGAR Volt emissions will be approximately 70% lower 

than average today’s airliners. The concept plane is shown in Figure 9 with more details in (14), (15) 

and (16). 

 

 

Figure 9: Boeing Sugar Volt 

  

https://en.wikipedia.org/wiki/NASA
https://en.wikipedia.org/wiki/Jet_fuel
https://www.stratosjets.com/aircraft/Boeing-737/
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1.2.7 NASA X-57 MAXWELL 

 

Nasa X-57 Maxwell is a purely electric concept airplane that, even if not strictly hybrid-electric as the 

other projects in the list, includes a number of very interesting features, especially on architecture 

configuration. 

The X-57 is derived from Italian Tecnam P2006T twin engine aircraft but, as shown in Figure 10, it has 

a much thinner wing and 14 electric motors distributed along the wing leading edge. These motors 

accelerate the airflow on the wing, providing extra lift during take-off, climb and descent. When the 

aircraft reaches cruise, the small wing-distributed propellers are folded and only the two motors on 

the wingtip remain active providing the necessary thrust, making then the X-57 very efficient-since the 

very reduced wing surface produces less drag.  

Nowadays battery technology could allow the aircraft to fly for just one hour, but thanks to the 

expected and predicted growth of batteries energy density, NASA believes that the X-57 will be 

competitive with regional airliners in near future term (16) and (18). 

 

 

Figure 10: NASA X-57 Maxwell 
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1.2.8 PIPISTREL ALPHA ELECTRO 

 

Pipistrel Alpha Electro is the first all-electric airplane available on the market. Derived from Pipistrel 

Alpha Trainer, it is equipped with a 75-kW electric motor and two lithium-ion battery packs that 

guarantee a total capacity of 21 kWh. Alpha Electro can fly the one-hour plus reserve design mission 

at a cruise speed of 90 knots. Designed for flight schools, it is an example of how electric flight is an 

actual possibility even with nowadays available battery technology. Its batteries can be fully charged 

in one hour and, in order to minimise inter-mission turn around time, they can be replaced in less than 

five minutes. Moreover, batteries can be charged during the descent using the propeller to recuperate 

energy. 

Details about the aircraft can be found in (19). 

 

 

Figure 11: Pipistrel Alpha Electro 
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1.2.9 SUMMARY 

To summarize, characteristics of all the aircrafts presented and other literature examples are shown in Table 3. 

 

AIRCRAFT ARCHITECTURE MTOM 

[kg] 

PEAK 

POWER 

[kW] 

BATTERY 

PEAK POWER 

[kW] 

ICE/ TURBINE 

PEAK POWER 

[kW] 

FC TOTAL 

POWER 

[kW] 

BATTERY 

ENERGY 

[kWh] 

ENDURANCE 

[h] 
SEATS 

Hypstair Series N/A 200 200 84 N/A 12 N/A 4 

Boeing FC demonstrator Series 860 75 50-75 N/A 24 5-8 1 1 

ENFICA-FC Series 550 40 20 N/A 20 6 49 min 2 

DLR-HY4 Series 1500 80 80 N/A 40  90 2:45 + h 4 

Onera Ampere* Series 2400 400 Unknown N/A 400 40 ~2 4-6 

Boeing Sugar Volt* Parallel 70k-85k 1300-5300 Unknown Unknown N/A 1360-4081 3500 nm 154 

X-57 Maxwell* N/A 1360 132  132 N/A N/A 47 1 4 

Pipistrel Alpha Electro N/A 550 75 75 N/A N/A 21 1+ 2 

Cambridge Uni. SONG Parallel 235 15 10 7,4 N/A 2.4 Unknown 1 

e-Genius extender 

version 

Series 850 60 60 20 N/A 56 300-1000 km 2 

Diamond DA36 E-Star Series 770 70 70 30 N/A Unknown Unknown 2 

Table 3: Hybrid-Electric aircraft characteristics1 

 

                                                           
1  For concept planes (*) data may vary during development. 
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2 MODULARITY OF HYBRID-ELECTRIC ARCHITECTURES: FUNCTIONS AND INTERFACES 

 

The example aircraft in Chapter 1 show that the hybrid-electric power system concept can be 

translated into many different architectures. Yet there are some recurring functional blocks which are 

common to all considered designs.  

In this chapter, a classification of these modules is presented first, defining their typical features, input 

and output. The primary aim of this effort is that of reducing all hybrid-electric architectures to a 

combination of a reasonably low number of separate functional blocks. By assembling such blocks to 

form a specific architecture, it is possible to highlight the power and data links required to assure all 

connections. This analytic step also paves the way to a reliability analysis.  

In the final subsection, some examples of the application of this functional modelling approach to 

describe some of the existing hybrid-electric designs will be provided. 

 

2.1 COMMON MODULES IN HYBRID ELECTRIC AIRCRAFT 

 

The common modules to be found in hybrid-electric aircraft are the following: 

• Thrust generation system 

• Electric motor 

• Inverter system 

• Power generation system 

• Energy storage 

• Power management, control and delivery (PMCD) 

• Human machine interface (HMI) 

A description of these modules will be provided in the next paragraphs. 

 

2.1.1 THRUST GENERATION SYSTEM 

 

In its most typical operating condition, the thrust generation system is a module where mechanical 

power received from other modules is converted into thrust. This module only consists of the thrust 

generator device, so there is usually no power electronics in it. The performance of this module has a 

direct impact on aircraft performance, especially on propulsive efficiency.  

This module constitutes an end-point of the powertrain, but it can both receive or provide mechanical 

power, depending on the phase of the flight. For the major part of the mission profile, the thrust 

generation system will receive power from the powertrain to propel the aircraft, but to reduce fuel 

consumption and emissions, when properly designed, the thrust module can be profitably used to 

exploit windmilling for energy recuperation and battery recharging in those phases of the flight, like 
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descent and approach, when the power required is lower than power available even in powertrain 

idling condition. 

A relevant choice in designing the thrust generation module is selecting which type of thrust 

generation to use. Examples of thrust generation modules are propellers or ducted fans.  

Most hybrid-electric aircraft concepts rely upon propellers or ducted fans for thrust generation. 

Propellers are standard propulsion devices in aviation, and can be fixed-pitch or variable-pitch 

depending on the desired performance and extension of the operating envelope. Fixed-pitch 

propellers are most commonly found on smaller aircraft with limited performance, whereas more 

expensive variable pitch propellers are used even in general aviation for high performance designs. 

Ducted fans exploit the idea of suppressing tip vortices typical to usual propellers by encasing a suitably 

designed propeller in a streamlined nacelle. These devices usually have shorter blades and can operate 

at higher rotational speeds.  

Ducted fans produce typically higher static thrust than a propeller of comparable size. Furthermore, 

they are less noisy – and hence more acceptable to the communities around airports – and possibly 

safer to operate for handling staff on ground. On the cons side, the efficiency of ducted fans can be 

lower than for propellers in cruise, and their design is generally more challenging, due to the very small 

clearance between the tip of the blades and the duct, and to the unfavourable ratio of weight to power. 

 

2.1.2 ELECTRIC MOTOR 

 

Electric motors convert electrical energy into mechanical energy. There are several types of electric 

motors, including synchronous/asynchronous, single phase/multi-phase, alternate (AC)/direct (DC) 

current, etc..  

The main characteristics of interest for selecting a motor in a preliminary hybrid-electric powertrain 

design are the power-to-weight ratio and operating rotational speed. At the current technological level, 

a reasonable power-to-weight ratio value for an electric motor is between 6-8 kW/kg, which entails a 

smaller size and lower weight of the electric motor with respect to internal combustion engines – 

typically found on general aviation aircraft – with the same power output. This feature allows to place 

electric motors where internal combustion engines simply do not fit, for instance in the wings, like 

mostly typical for distributed propulsion architectures. A relevant design parameter of electric motors 

is rotational speed, which needs to be chosen accounting for an intended rotational speed of the 

propeller. 

Electric motors are attractive for aviation also for operational reasons. Thanks to the lower number of 

moving parts, electric motors are easier to service and maintain and less exposed to component 

failures than internal combustion engines. They usually operate in a lower temperature range, and for 

this reason there is no need for a warm-up phase. By constitution, an electric motor may act as an 

electric generator receiving mechanical power from outside. On aircraft, this makes energy 

recuperation easier in phases of the flight with low demanded propulsive power. 
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The most important components that are present in an electric motor are the stator, rotor, windings, 

bearings, shaft and motor case. 

As already pointed out, there are many types of electric motor. For aircraft propulsion applications the 

most usual choice is that of alternate current (AC), axial-flux, synchronous, permanent magnet motors 

(20). 

 

2.1.3 INVERTER SYSTEM 

 

As previously highlighted, most electric motors for aviation work with alternate current (AC), and 

electric generators produce AC power. On the contrary, batteries or fuel cells invariably work with 

direct current (DC). Hence inverters – converting DC power to AC and vice versa – are needed to make 

power connection between the corresponding modules. 

The main characteristics to consider when sizing an inverter are its power-to-weight ratio, the 

switching frequency and the allowable maximum continuous power. The higher the switching 

frequency the better the signal resolution, but with an adverse effect on components life. 

With today’s technology, a reasonable value of the power-to-weight ratio of an inverter is about 15 

kW/kg. 

Inverters are very critical components in terms of temperature limitations. Currently inverters can 

operate only up to a temperature of 60-70°C. In order to avoid overheating, a suitable cooling system 

should be included in the design of the power system.  

Inverters are typically made of different components, including transistors, capacitors, filters, 

temperature sensors, etc.. Among the several types of inverters available on the market (chapter 3), 

those adopted more typically in the automotive and aeronautical field are based on Silicon IGBTs 

(Insulate Gate Bipolar Transistors). Another viable alternative is the Silicon carbide (SiC) IGBT 

technology, providing higher efficiency thanks to the higher switching frequency and less stringent 

temperature limits, but this technology is generally more expensive.  

 

2.1.4 POWER GENERATION SYSTEM 

 

The power generation system is a module where electric energy is obtained from the conversion of 

energy stored as hydrocarbon fuel or Hydrogen. This module usually supplies a substantial share of 

the total power flowing in the powertrain.  

The constructive elements in this module may change depending on the form of energy storage. An 

internal combustion engine (ICE) or a turbine engine are used to treat hydrocarbon fuel, whereas a 

fuel cell system is needed to convert energy stored as Hydrogen.  
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In an ICE-based hybrid-electric aircraft, the power generation module may consist of the ICE itself, 

connected in series to an electric generator. Before being added up to the DC power coming from the 

batteries, the AC power from the generator will be converted by an inverter. A DC-DC converter is 

usually needed to reduce the DC voltage of the power flow from the generator and batteries before 

feeding it to the avionic system.  

In a fuel-cell-based hybrid-electric aircraft a DC-DC converter may be needed to match the voltages of 

the battery and fuel-cell, since these elements might operate at largely different voltage levels.  

When included in the design, fuel cells with all subcomponents – like pumps, elements of the cooling 

systems, etc. – are part of the power generation module.  

 

2.1.5 ENERGY STORAGE 

 

Depending on the selected architecture of the power source, the energy storage module may include 

batteries, hydrocarbon fuel tanks and high-pressure Hydrogen tanks. The purpose of the storage 

module is to feed the power generation module.  

Currently the main shortcoming when selecting batteries as a power source for aircraft is their low 

energy density compared to that of hydrocarbon fuels. As an instance, the energy density range for 

Lithium-ion batteries, already adopted in many and diverse applications including the automotive field, 

is 200-250 Wh/kg, but multiple independent studies state that this value may increase up to 500-800 

Wh/kg in the near future (21), allowing these batteries to become lighter and more attractive for new 

aircraft designs.  

A relevant technological issue related to Lithium-ion batteries is that of thermal runaway when 

operating at excessive temperatures, in turn reached when high power flows are involved. This brings 

in the necessity of a battery cooling system. Furthermore, Lithium-ion batteries may become unstable 

when impacted with a sufficiently intense force.  

Gaseous Hydrogen has a very high energy density of around 40 kWh/kg, i.e. about four times higher 

than most hydrocarbon fuels for aviation, when stored at a pressure of 700 bar (22). This makes it an 

attractive energy storage system. On the other hand, in standard conditions the specific volume of 

Hydrogen is extremely low, thus greatly reducing also the energy density figure. For this reason, 

Hydrogen tanks must be intensely pressurized to raise energy density to a level of practical interest. 

This in turn makes the complete storage system heavier and bulkier, thus reducing its actual overall 

energy density – which besides Hydrogen takes into account all the tanks, piping and pumps which do 

not contribute in terms of stored energy, while imposing a significant mass and volume toll. 
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2.1.6 POWER MANAGEMENT, CONTROL AND DELIVERY (PMCD) 

 

The versatility of a hybrid-electric powertrain allows to adapt the mode of operation to cope with 

different power requirements, typical to different phases of the flight, thus optimizing energy 

expenditure in many diverse scenarios. Among the most typical modes of operation are the all-electric 

mode (see chapter 1), boost mode, charging mode, recuperation mode, etc.  

The power management, control and delivery module (PMCD) has the authority to assign the power 

flows from the energy storages and power generation systems. In order to work properly, the PMCD 

needs to have access to the state parameters of all modules. Based on these measurements, the PMCD 

will apply pre-defined logics to manage power flows.  

The PMCD is usually based on an electric hardware part, including electric and electronic 

subcomponents like power switches, relays, fuses, diodes, and all that is necessary to practically 

manage power routing. There is also a controller, composed of an electronic hardware and a software 

part (typically referred to as PMCD master). The latter is usually designed with good robustness, due 

to its central role in aircraft operation. Redundancies are typically considered and, in case of a PMCD 

failure, the pilot should be able to control all power sources manually. 

 

2.1.7 HUMAN MACHINE INTERFACE (HMI) 

 

The human-machine interface module is primarily needed to allow the pilot to monitor the state of 

the powertrain – measured through temperatures, energy levels and power flows. It may enable the 

pilot to operate on selectable energy management profile options, which affect the logics 

implemented in the PMCD, or to operate directly on key components of the hybrid-electric system, 

especially in case of malfunctions of the PMCD or of other modules. To allow pilot’s decision-making 

and manual operability, the HMI has access to the state and control variables of all modules. 
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2.1.8 MODULES INTERFACES 

In order to finalize a powertrain architecture based on the presented modules, it is necessary to define 

what interfaces are needed between modules, and what are the data and power connections. This 

clarifies what are the physical connections to be implemented. Table 4 summarizes the data and power 

link between different modules. 

 

MODULE POWER LINK DATA LINK 

Thrust generation system  Electric motor  PMCD 

Electric motor  Thrust generation system 

 Inverter system 

 PMCD 

 HMI 

Inverter system  Electric motor 

 Power generation system 

 PMCD 

 HMI 

Power generation system  Inverter system 

 Energy storage 

 PMCD 

 HMI 

Energy storage  Power generation system 

 Inverter system  

 PMCD 

 HMI 

Power management, control 

and distribution (PMCD) 

 n/a 

 

 HMI 

 Energy storage  

 Power generation system 

 Inverter system 

 Electric motor 

Human-machine interface 

(HMI) 

 n/a 

 

 PMCD 

 Energy storage  

 Power generation system 

 Inverter system 

 Electric motor 

Table 4: Power and data link between modules 

 

In order to properly manage power flows the PMCD must be given access to measurements of the 

state of the other modules, and mediate between the instantaneous requests of the pilot and the 

global state of the power system. The variables describing the current state of the system in its entirety 

are many and depend on the chosen architecture, i.e. what modules have been included in the design 

and whether there are multiple similar modules, as for instance in the case of distributed propulsion. 

However, it is possible to identify a series of basic measures characterizing the state of each module – 

and which the PMCD should have access to in order to operate efficiently. The list of input and output 

signals, as well as measures and corresponding limits to be provided to the PMCD, is presented for 

each module in Table 5, together with the basic design parameters affecting the design of the module. 
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MODULE DATA INPUT DATA OUTPUT  PARAMETERS 

NEEDED FOR 

PMCD OPERATION 

DESIGN 

PARAMETERS 

Thrust 

generation 

system 

 n/a  Blade pitch 

 Current RPM 

 

 Optimal RPM 

 Max RPM 

 Efficiency  

 Weight 

 Size 

 Power input 

 Max RPM 

Electric 

motor 

 n/a 

 

 Winding     

temperature 

 Voltage 

 Current 

 Available power 

 Recuperation 

power 

 Power chart 

 RPM range 

 Voltage range 

 Current range 

 Temperature 

limits 

 Efficiency 

 Weight 

 Size 

 Max continuous 

power 

 Max peak power 

 Power to weight 

ratio 

 Max RPM 

Inverter 

system 

 Power demand 

 Demanded 

blade pitch 

 Demanded RPM 

 Inverter 

temperature 

 

 Power chart 

 Temperature 

limits 

 Efficiency 

 Weight 

 Size 

 Power to weight 

ratio 

 Voltage range 

input/output 

 Max power 

Power 

generation 

system 

 Battery power 

 % Power 

ICE/Turbine/FC 

 

 ICE/Turbine info 

 DC-DC converter 

info 

 FC SOH 

 FC Temperature 

 Power charts 

 ICE/Turbine best 

RPM 

 ICE/Turbine RPM 

limit 

 FC Voltage limits 

 FC Temperature 

limits 

 Generator best 

RPM  

 Efficiency 

 Weight 

 Size 

 Max power 

 

Storage 

module 

 Battery power  Fuel quantity 

 Fuel flow 

 Fuel tank 

pressure 

 H2 quantity 

 H2 flow 

 H2 tank pressure 

 Battery capacity 

 Battery C-rate 

 Battery 

temperature 

limits 

 H2 tanks 

pressure limit 

 Battery weight 

 Battery energy 

density 

 Battery capacity 

 Battery 

maximum power 

 H2 tanks weight 

 H2 tanks volume 
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 H2 tank 

temperature 

 Battery SOC 

 Battery SOH 

 Battery 

temperature 

PMCD All  Power demand 

 Battery power 

 % Power 

ICE/Turbine/FC 

 Demanded blade 

pitch 

 Demanded RPM 

 n/a 

 

 Weight 

 Volume 

HMI All  Power requested  n/a 

 

 n/a 

 

Table 5: Input and output data for each module, PMCD measurements and limits, basic design parameters  

 

Considering the volume of input and output data, as highlighted in Table 5 the PMCD and HMI are the 

most requiring among the considered modules in terms of data links. Thanks to the complete 

knowledge of the system acquired through a relevant data input/output flow, in normal operation 

mode the pilot may just operate by setting the power demand, leaving all the management of the 

powertrain and power sources to the PMCD. As previously pointed out however, the pilot is granted 

authority over all modules, in case overriding PMCD operation is required.  

 

2.2 ARCHITECTURE IMPLEMENTATION  

 

In this section it will be shown through examples how the modular approach introduced in the 

previous subsection can be used to characterize the architectures of three aircraft presented in 

chapter 1.  

2.2.1. HYPSTAIR 

 

The Hypstair project implements a series hybrid-electric power system. The power generation module 

consists of a Rotax 914 ICE coupled with a Siemens generator. The AC power produced is sent to two 

inverters that convert it into DC power. The DC power from the batteries is added at this stage, and 

the resulting flow is converted back into AC power by dedicated inverters and fed to the electric motor. 

The latter is connected through a direct drive to the propeller, which is the thrust generation system. 

Batteries and fuel tanks, constituting the energy storage module, are installed in the wings.  
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Using the modules introduced previously, the Hypstair architecture can be presented as in Figure 12 

and Figure 13, where each module is associated to a different colour, except for batteries and fuel, 

which together constitute the energy storage module.  

The interface map of the system is different depending on whether power or data links are considered. 

Figure 12 presents the power links between all modules. It is noteworthy that the PMCD and HMI do 

not have any power connections to any other module, hence they appear disconnected from the 

others in this scheme. Figure 13 shows the data links between all modules. Differently from the 

previous figure, here the PMCD communicates with every block. 

 

 

Figure 12: Hypstair architecture, power connections  

 

 

Figure 13: Hypstair architecture, data connections  
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2.2.2. DLR HY4 

 

A similar analysis is presented for the DLR HY4 aircraft. In this case, the power generation module is 

physically implemented as a batch of four fuel cell stacks mounted in the central nacelle, as shown in 

Figure 14. From the architectural scheme it is possible to see how the electric motor would receive 

power even in the event of a complete breakdown of the fuel cell system, or in case the batteries get 

disconnected. The data link sketch on the HY4 is not shown, since it is equal to the one of Hypstair 

(previous example), where the PMCD is connected to every single module. 

 

 

Figure 14: HY4 architecture, power connections  

2.2.3. ONERA AMPERE 

 

Similarly to the NASA X-57, the ONERA AMPERE implements a distributed electric propulsion (DEP) 

concept. An array of 40 independent electric ducted fans (EDF) has been hypothesized, sized to 

manage 10 kW each and yielding a total electric power input of 400 kW. Batteries on board are 

designed for a total capacity of 500 kWh (12). The power generation module implemented in the 

AMPERE aircraft consists of 10 different fuel cell units designed to provide 40 kW each – with the 

exception of two fuel cell systems with an augmented power of 44 kW, necessary for supplying also 

the on-board instrumentation – plus 10 battery packs. A single fuel cell unit and battery form a power 

cluster. Each cluster is connected to four different EDFs situated in symmetric positions along the wing, 

so that the failure of a cluster and the ensuing motors deactivation does not compromise the stability 

of the aircraft. 

A scheme of how the EDFs are connected to each cluster is given in Figure 15. 
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Figure 15: Fuel cell/battery clusters and corresponding EDFs, AMPERE concept (12)  

 

Each colour on Figure 15 corresponds to a single fuel cell/battery cluster. A single cluster powers four 

EDFs, two on the right wing and two on the left wing. Furthermore, the four EDFs controlled by the 

same cluster are located in the furthest possible position on the half wing to decrease the instability 

effect created by the motor failures.  

Making use of the modular approach previously introduced, the following representation of the 

architecture of the AMPERE concept can be given as in Figure 16. 

. 

 

 

Figure 16: AMPERE architecture, power connections - power connections between clusters and inverters is 

shown for three clusters only, for better clarity  

 

Figure 16 shows the power connections between the modules in the AMPERE architecture. For 

improved clarity, the connection between only three of the clusters and the corresponding inverters 

have been shown. The functional scheme does not reflect the material implementation, where 

batteries are located right ahead of the Hydrogen tanks, whereas in Figure 16 batteries have been 

located close to fuel cells to represent a power cluster. Each of the ten clusters, composed by a fuel 

cell system and a battery, feeds four different inverters and motors.  
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The energy storage module includes 10 Hydrogen tanks for supplying fuel cells. The proposed 

architecture is such that a cluster failure would not compromise the stability of the aircraft. To further 

enhance safety by properly keeping a good thrust symmetry in case of power supply failure the PMCD 

needs to have knowledge of the dynamic behaviour of the aircraft, thus making possible the prediction 

of the effect of a single or multiple motor failure, and consequently allowing switching down motors 

in specific positions.  

The NASA X-57 deals with a distributed propulsion architecture accounting for a similar approach to 

safety and controllability. This approach is of primary relevance especially for one of the test phases 

scheduled for this aircraft where only the two cruise motors located on the wingtips are going to be 

installed. In that scenario, if one motor fails, the moment created by the still running motor would be 

too strong to be equilibrated by the action of the vertical tail, and the aircraft would become 

uncontrollable. In order to avoid this effect, once detected the failure of one mother, the other need 

to be shut down in the shortest time possible. This can be attained by a proper design of the PMCD 

and related data link. From a reliability point of view, it can be argued that, in order to avoid 

catastrophic failures due to malfunctions in the propulsion system, a reliable motor switch-off system 

may be more relevant than the reliability of motors. 
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3 GENERAL RELIABILITY ANALYSIS OF A HYBRID-ELECTRIC AIRCRAFT 

 

In this chapter, the reliability analysis of a generic hybrid-electric airplane will be presented. Starting 

from an overview of the current reliability prediction methods/standards, reliability of all modules 

identified in chapter 1 will be calculated. Finally, two single engine serial hybrid-electric architectures, 

one hybridised with an ICE and one with a FC system, and a distributed electric propulsion architecture 

will be analysed in order to understand which components might be the most critical in a hybrid-

electric aircraft and how to evolve the powertrain architecture considering reliability. 

 

3.1 HOW TO ESTIMATE THE RELIABILITY OF A SYSTEM 

 

Reliability is one of the most important characteristics of an aircraft. In aeronautics, reliability is 

normally expressed in terms of failure rate. Failure rate indicates the number of failures that a certain 

system is expected to have in a period of time. More precisely, failure rate l(t) is the probability that a 

component, which is still operational at time t, fails in the time interval [t, t + Δt], where Δt → 0. Usually 

failure rate (FR) is expressed in failure per million hours (fpmh) or failure per billion hours (FIT, Failures 

In Time). The reason why FR is used in aeronautics is that in different regulations there are safety 

requirements that are expressed in terms of FR. For example, in the AC 23.1309 (23) a maximum failure 

rate is required for different failure conditions and different airplanes categories. Often reliability goals 

depend on the severity of the failure (that could be minor, major, hazardous or catastrophic) and to 

each severity a maximum failure rate is associated. Another common parameter used in reliability 

engineering is the Mean Time Between Failures (MTBF) that is the reciprocate of the FR: 

 

𝑀𝑇𝐵𝐹 =
1

𝐹𝑅
 [hrs] 

 

Failure rates can be calculated with a statistical approach using the on-field data of the components 

under analysis; knowing the operative time of a component and the number of times that it failed, on 

large scale it is possible to calculate its FR simply dividing the number of failures by the operative time. 

Unluckily, often on-field data are not available, especially for innovative technologies such as the ones 

used in a hybrid-electric aircraft.  

To solve this issue, there are different failure rate prediction standards in literature. These standards 

offer a variety of analytical procedures to estimate the failure rate of simple components.  

Historically, the first prediction standard available and one of the most widely used is the MIL-HDBK 

217F (24). It gives a method of calculating the failure rates of some electronic components depending 

on their physical characteristics, stress ratio, temperature ratio, operating environment etc. Other 

prediction standards for reliability of electronic components are the Bellcore TR-332 (25), the 

Tellcordia SR-332, the RDF 2000 (26) and FIDES (27). FIDES especially is very useful in the aeronautic 
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sector since it has been compiled by aeronautical companies such as Airbus, Eurocopter, Thales and 

many others.  

Unluckily there are almost no prediction standards for the calculation of failure rates of mechanical 

components. One of the few standards is the NSWC (28).  

If the component under analysis is not present in any of the prediction standards mentioned above, it 

is possible to refer to some failure rate databases available in literature. These databases are a 

collection of failure rates and failure modes of components that have been recorded in many years of 

operation of a wide variety of parts. One of the biggest database is the NPRD/EPRD (Non/Electronic 

Part Reliability Data) (29) (30); in this database thousands of components’ failure rates have been 

collected and classified according to the environment in which they were used. In this way, it is possible 

to look for a component in the database that is similar to the one under study, check in which 

environment it was used and estimate its failure rate by looking at the historical data collected in the 

database. NPRD/EPRD mainly contain data coming from the military sector. Other databases have 

been built especially concerning the nuclear powerplant sector, such as the “Generic component 

reliability data for research reactor PSA” (31) or the “Component Reliability Data for Use in Probabilistic 

Safety Assessment” (32), both issued by the International Atomic Energy Agency (IAEA).  

After the introduction to reliability prediction standards and databases, a general estimation of the FR 

of different modules, using the prediction standards, databases and literature study, will be presented. 

 

3.1.1 ELECTRIC MOTOR MODULE RELIABILITY ESTIMATION 

 

For the estimation of the FR of the modules the Lambda Predict software by Reliasoft has been used. 

This software includes all the prediction standards shown above and allows the user to perform 

various analyses, such as allocation analysis, parametric plots, degradation analyses etc. 

For estimation of the electric motor reliability, the liquid cooled EMRAX 348 medium voltage motor 

has been taken as a reference. The reason why this motor has been taken as a reference is that EMRAX 

motors are already being used on different aircrafts (such as the Pipistrel Alpha Electro, Eurosport 

Aircraft, Sunseeker Duo etc.), have a comparable power range of the motors that will be installed in 

MAHEPA airplanes and could also be used in a distributed propulsion architecture. Since in most of 

failure rate prediction standards it is necessary to insert various parameters in the model, in this study  

the EMRAX 348 motor’s characteristics have been used (see appendix in chapter 6 for more details) 

because the MAHEPA motors are still under development. 

MIL-HDBK 217F includes prediction models for electric motors, but all of them have a very small power 

rating (below 1 horse power). NSWC standard indeed offers a prediction method for AC polyphase 

electric motors of greater rated power, so it has been used for the reliability prediction.  

NSWC standard divides the failure modes of the electric motor in the failure modes of its components: 

1. Bearings 

2. Windings 
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3. Brushes (if applicable) 

4. Shaft 

5. Casing 

6. Gears 

 

Without entering too much in detail of the calculation method, NSWC accounts for temperature 

effects, altitude effects, power factors, quality factors and many others. For the purposes of this work, 

the electric motor has been subdivided in bearings, windings, shaft, gear and casing. NSWC standard 

needs various parameters for every component to estimate its failure rate; the list of all parameters 

used can be found in appendix (chapter 6), while the final failure rates of the components of the 

electric motor are shown in Table 6. The operating temperature of the motor has been set to 70°C. 

 

NAME FAILURE RATE (FPMH) MTBF (HRS) CONTRIBUTION 

Motor [Assembly] 5.93 1.69E+05 1 

Bearing 0.03 3.17E+07 5.00E-03 

Motor Winding 5.34 1.87E+05 0.90 

Shaft 1.00E-04 7.36E+09 2.29E-05 

Gear 0.55 1.82E+06 9.30E-02 

Housing or Casing 1.00E-03 1.00E+09 2.00E-04 

Table 6: Electric motor components failure rates. NSWC-07 

 

As it can be seen in Table 6, the major contribution to the total failure rate is given by the motor 

windings, with more than 90% of the total failure rate. The failure rate of the entire motor assembly 

is around 6 fpmh. Figure 17 shows the temperature effects on the failure rate of the electric motor. It 

is clear how the motor windings reliability is strongly dependent on temperature; in fact, failure rate 

increases exponentially as the temperature arises. It is very important then to cool down the motor 

windings as much as possible.  
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Figure 17: Temperature effect on electric motor FR. NSWC-07 

 

The reason why NSWC-07 has been used instead of NSWC-11 is now explained. The only difference 

between the two versions of the prediction standard is that the latter has more components and 

updated failure rate calculation methods. Nevertheless, the temperature dependence of the windings 

of the motor in NSWC-11 is much different from the one in the NSWC-07; Figure 18 shows that, given 

the same operating conditions, NSWC-11 failure rate temperature dependence is much higher than in 

the NSWC-07 (FR more than 200 times bigger than in NSWC-07 at high temperatures). Since this 

disagrees with literature, manufacturer’s experience and other standards, NSWC-11 method has been 

discarded.  

 

Figure 18: Comparison between NSWC-07 and NSWC-11 temperature effect 
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To understand if the estimation done was reliable, data from the NPRD/EPRD database and from 

literature have been collected and compared with the previously obtained results.  

Data present in the NPRD/EPRD database are mostly taken from low power electric motors and are 

shown in Table 7. The database collects the data in the following way: for every component or system, 

various  grades can potentially be available, namely Military, Commercial or Unknown. All data are 

also classified by operating environments similar to the ones used in the MIL-HDBK 217F prediction 

standard; for example, AC stands for “Airborne Combat”, N for “Naval” (refer to (24) for an explanation 

of the environment abbreviations). Finally, the failure rate of the component/system, together with 

its grade level and environment is recorded and inserted in the database. 

 

DEVICE TYPE DESCRIPTION GRADE ENVIRONMENT FAILURE RATE (FPMH) 

Motor (general) Military All (summary) 0.20 

  AC 0.05 

  ARW 4.29 

  N 1.06 

Motor, AC: alternating 

current 

Military All (summary) 2.72 

  AC 2.40 

  N 3.77 

Motor, Electric, 

Synchronous 

All All (summary) 6.64 

 Commercial GF 8.41 

 Military AIC 8.68 

Table 7: EPRD database failure rate data - Electric motor 

 

Data presented in Table 7 give a useful comparison with the electric motor failure rate estimation 

performed previously. Failure rates differ slightly from one device type/environment to the other, but 

the order of magnitude is the same as the failure rate estimated with the NSWC standard. 

To have more data about the electric motor failure rate, a literature survey has been conducted in 

parallel with the development of this work. 

In his study (33), Penrose collected failure data of electric motors from different investigations carried 

out in the past. Even if the studies he analysed were performed on large electric motors (from 500 hp 

up), results obtained are in line with the prediction done in this work. Penrose found that an electric 

motor of 500 hp running between 1800 and 3600 rpm (the fastest analysed in his work) has a failure 

rate between 0.052 and 0.073 FPU (Failure per Unit per Year), which translated into fpmh becomes a 

range between 5.93 and 8.33 fpmh. 

Cao et al. (34) and Al Badawi (35) have studied the reliability of different classes of electric motors. In 

(34), the reliability of electric motors used in more electric aircrafts (MEA) was assessed while in (35) 
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the motors used in hydrocarbon industries were analysed. Both works show a higher failure rate for 

electric motor, 66 fpmh and 27 fpmh respectively. However, in both works the motors are not used 

for critical purposes so on one hand reliability requirements were less stringent, on the other 

maintenance was less frequent, it is therefore possible to state that the failure rate they presented is 

overestimated.  

Table 8 summarizes the main results obtained from the electric motor reliability prediction study. 

 

PREDICTION METHOD FAILURE RATE (FPMH) 

NSWC prediction standard 5.93 

NPRD database 6.64 

Literature 5.93-8.33 

Table 8: Summary of results obtained for electric motor failure rate prediction 

 

3.1.2 INVERTER MODULE RELIABILITY ESTIMATION 

Inverters aim to convert DC power into AC power or vice versa. When connected to an electric motor 

they are also called motor controllers. There are several types of inverters available in the market, but 

the most widely used in aeronautical and automotive sectors are based on silicon IGBTs. Future 

inverters will probably use SiC IGBTs, which generally have a higher efficiency. 

Differently from the electric motor, there is not a predefined assembly described in any of the 

previously introduced reliability prediction standards; for this reason, it is necessary to model the 

inverter in its basic components. The works (36) and (37) have been taken as a reference for the 

modelling of the inverter. Figure 19 shows the block diagram of an inverter. 

 

 

Figure 19: Block diagram of an inverter (37) 
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For the inverter failure rate estimation, only its main hardware components have been considered in 

the analysis. The main components of an inverter are: 

 Transistors, 

 Diodes, 

 Capacitors. 

 

Various prediction standards (like MIL-HDBK 217F, Bellcore/Tellcordia and Siemens SN29500) have an 

inverter failure rate prediction model so a comparison between different standards has been 

conducted to check if the results were comparable. Components have been selected to be the most 

similar between all the prediction standards and, when possible, all the parameters such as the 

operative temperatures and other characteristics were set identical. In particular it has been chosen 

to estimate the reliability of the inverter system considering 6 IGBTs, 6 diodes and 8 capacitors. 

Components' characteristics have been chosen following the steps done in (37). 

The comparison analysis results are shown in Figure 20. 

 

Figure 20: Inverter - Failure rate comparison between different reliability prediction standards 

 

All the prediction standards give a similar result with a failure rate between 2 and 4 fpmh. Nevertheless, 

Bellcore and Tellcordia were not considered because of the difficulty in defining the components 

properties. Siemens SN 29500 is the one that best describes the IGBTs, but due to the higher flexibility 

of the MIL-HDBK 217F and since it gives almost the same results as the Siemens SN 29500, the MIL-

HDBK 217F has been chosen. 
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The component that most affects the failure rate of the inverter system, as shown in Figure 21, is the 

transistor with more than the 80% of the total FR contribution. 

 

 

Figure 21: Inverter system. Components failure rate estimation - MIL-HDBK 217F 

 

Various parametric analysis can be performed in a way as it has been done for the electric motor.  

First, the failure rate dependence on temperature has been studied. As it is shown in Figure 22, 

temperature does not have an important effect on the inverter failure rate. This is in contrast with the 

operative and field experience where strict inverter temperature limits are always defined, so to better 

analyse the temperature dependence of the inverter’s failure rate, the Bellcore prediction standard, 

even if previously discarded, was used as a cross-check. 
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Figure 22: MIL-HDBK 217F failure rate temperature dependence 

 

Results from the temperature analysis performed with the Bellcore method are presented in Figure 

23. Bellcore standard offers a much more realistic failure rate temperature dependence, so it has been 

assumed that the failure rate temperature dependence is as described by the Bellcore TR-332 

prediction standard. Another interesting result is the failure rate dependence on the voltage ratio, that 

is the ratio between the operative voltage and the maximum rated one. This relationship is shown in 

Figure 24, where it is clear how the higher the voltage ratio the higher the failure rate of the inverter 

system. On the contrary, no current ratio dependence has been found as shown in Figure 25. 
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Figure 23: Bellcore TR-332 failure rate temperature dependence 

 

 

Figure 24: Inverter FR dependence on voltage stress 
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Figure 25: Inverter FR dependence on current stress 

 

As for the electric motor, data obtained from the prediction standards have been compared with the 

one from the database and literature.  

The NPRD database contains a generous amount of data for inverters. Only the data coming from 

military grade and airborne environment have been considered; results obtained are shown in Table 

9. 

 

DEVICE TYPE DESCRIPTION GRADE ENVIRONMENT FAILURE RATE (FPMH) 

Inverter Military All 6.01 

  AA 1.50 

  AC 7.41 

Inverter 2.5 KVA Military AC 4.28 

Inverter, Power, Static Military AC 1.54 

Inverter, Power, Static, 2.50KVA Military AC 6.06 

Inverter Military All 6.01 

  AA 1.50 

  AC 7.41 

Inverter 2.5 KVA Military AC 4.28 

Table 9: NPRD. Inverter data 
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From data in Table 9, it is possible to average the failure rate weighted on the number of operative 

hours (data present in the database but not shown in this document). The mean value obtained is a 

failure rate of 4.30, which is very similar to the results obtained previously using the prediction 

standards. 

In (37), Burgos and his team obtained a failure rate of the inverter proposed between 2.53 and 4.49 

fpmh, while in (36) Saridakis' team inverter failure rate estimation lays between 3.25 and 6.23 fpmh.  

All the different methods used for the reliability estimation of the inverter module showed comparable 

results; a high temperature dependence has been shown, so particular attention on the inverter 

cooling must be accounted for when designing the cooling circuit of a hybrid-electric powertrain. A 

summary of the results obtained for the inverter failure rate prediction is shown in Table 10. 

 

PREDICTION METHOD FAILURE RATE (FPMH) 

MIL-HDBK 217F prediction standard 3.81 

NPRD database 4.31 

Literature 2.53 - 6.23 

Table 10: Summary of results obtained for inverter failure rate 

 

3.1.3 BATTERIES (STORAGE) RELIABILITY ESTIMATION 

The third major module under analysis is the battery module. Batteries are part of the more general 

storage module, but since fuel and hydrogen tanks are very simple and known components, only 

batteries’ failure rate is analysed. For hydrogen and fuel tanks the failure rate is supposed to be much 

lower than any other module so their contribution on the overall system reliability is negligible.  

The most widely used batteries for automotive and aerospace purposes are based on rechargeable 

lithium-ion cells. These cells offer much higher energy density (around 200 Wh/kg) than the older 

nickel/aluminium cells, and technology is improving at such a fast pace that it is foreseeable that 

energy density of 500-800 Wh/kg will be reached in the next decades (21). 

Due to the novelty of these type of batteries, there is not much data about their reliability. 

Nevertheless, lithium batteries’ risk of explosion has been thoroughly studied, and several analyses 

are still undergoing. If a cell temperature goes beyond its safety limits, there is a chance that the cell 

self-ignites. This fire is particularly hazardous, since it doesn’t need any external oxygen to burn 

because it self-sustains. Cells should also be protected against over/under voltage and over current 

situations. 

Regarding the reliability prediction standards, only the FIDES dedicates a specific section to lithium 

batteries. It calculates the failure rate of the battery depending on its chemical composition, that can 

be li-ion polymer, li-ion, li-metal phosphate and nano titanium. All these types of batteries have a 

similar failure rate; Figure 26 shows the results obtained by creating a battery composed in total by 

960 cells (battery from the Pipistrel Alpha Electro has been taken as reference). 
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Figure 26: Battery - Failure rate (960 cells) 

 

The cells that have been selected for the analysis are the lithium-ion since they are used in most of 

automotive and aerospace applications.  

FIDES prediction standard allows to analyse how the batteries’ failure rate depends on temperature. 

FIDES defines two different variants of thermal stress: the thermal factor and the thermal cycling factor. 

The former considers all the factors related to the high operation temperature of the component while 

the latter models the stresses deriving from temperature variation during operation (temperature 

cycles). Figure 27 shows how the batteries are affected by these factors in various flight phases (flights 

phases are described by various parameters such as phase duration, phase temperature, humidity, 

environments contamination etc. See chapter 6 for more details). As it is shown, during take-off and 

climb the primary source of stress for batteries are the thermal cycling factor since their temperature 

always rises during these phases. On the contrary, during cruise phase the stress that mainly affects 

the batteries is the thermal factor because in absence of active cooling, batteries temperature is 

supposed to stay almost constant. In the climb phase the two factors are almost equal since 

temperature is rising (thermal cycling) and it reaches elevated temperatures (thermal factor).  
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Figure 27: Battery - Factor contribution by different phases of flight 

 

The NPRD/EPRD database offers various data about batteries. Unluckily, batteries present in this 

database are mostly small secondary batteries used for powering the aircraft instruments. 

Nevertheless, some data about lithium batteries are presented and shown in Table 11. 

 

DEVICE TYPE DESCRIPTION GRADE ENVIRONMENT FAILURE RATE (FPMH) 

Battery, Lithium Military All 4.15 

  AA 9.32 

Battery, Lithium Thionyl Chloride Military AA 1.49 

Cell, battery Military All 2.63 

  N 1.66 

Table 11: NPRD database failure rate data - Lithium batteries 

 

Values shown in Table 11 are in line with the failure rate predicted by FIDES. 

There are many literature studies about lithium battery reliability, but only few of them tackle the 

failure rate prediction. Most of literature studies focus on how the lithium batteries could have a 

thermal runaway and offer different approaches to avoid any potentially hazardous situation, but 

generally they never mention any failure rate estimation. Ganjeizadeh and his team investigated (38) 

the reliability of lithium-ion batteries used in automotive application. Two types of batteries were 

analysed: the LiFePo4 (LFP) and LiMn2O4 (LMO) ones. The authors tested various batteries and 
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analysed the failure data using a two parameters Weibull distribution (for more information about 

Weibull distribution consult (39)) and obtained the following results: 

 LFP battery: β = 11.17, η = 926.78 

 LMO battery: β = 5.75, η = 144.20 

 

Parameters β and η indicate how the probability density function (PDF) is characterised. β is the “shape” 

parameter and it indicates the dependence of failure rate on time: if β is minor than 1, the failure rate 

reduces with time, if β = 1 the failure rate is constant (as supposed in all the reliability prediction 

standards) while if β is bigger than 1 the failure rate increases with time. The parameter η is known as 

the “scale” parameter that is the characteristic life of the component expressed in hours. In (40) the 

same study on secondary lithium batteries has been performed testing various cells having a nominal 

voltage of 3.7 V and a capacity 1000 mAh. Results showed a shape parameter (β) of 3.5 and a scale 

parameter η of 1140.  

The cited works have analysed the reliability of lithium batteries in terms of Weibull distribution, thus 

it is not possible to compare the failure rate obtained with the prediction standard FIDES and the 

NPRD/EPRD database because the Weibull distribution depends on time. As it can be seen from Figure 

28, the three batteries analysed have different probability density functions. The LMO battery 

distribution has a much lower η if compared to the other batteries, and for this reason its pdf is shifted 

to the left, while results coming from (40) have a wider pdf due to the high η and relatively low β 

values.  

 

 

Figure 28: Battery probability density function - literature studies 
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All the analyses performed on the battery reliability prediction show that the battery failure rate is 

hard to predict. Moreover, often it is not very clear when a battery is considered failed, since it could 

either be considered as failed when it does not perform its intended function (no output), or also when 

its capacity falls below a certain level.  

Another key factor that has not been considered for the reliability of the battery is the Battery 

Management System (BMS). The BMS is responsible of controlling the battery parameters to prevent 

any possible over/under voltage, over temperature, over current and other possible dangerous 

operations of the batteries. If the BMS fails to control the battery, also the battery could fail. Since the 

BMS is a very specific system composed by hardware and software, it has not been possible to 

generalize its reliability. For the intentions of this work it is supposed that the BMS has an equivalent 

DAL B reliability (see 3.1.5 for an explanation of DAL) making its contribution to the battery’s failure 

rate negligible.  

 

3.1.4 POWER GENERATION MODULE RELIABILITY ESTIMATION 

 

The power generation module contains different components aimed to convert energy coming from 

the energy storage module(s) to electrical power. Due to its natural complexity and differentiation 

depending on the actual systems adopted, only a general overview of the most common systems will 

be given. 

 

GENERATOR 

Generators are used to convert mechanical power to electrical power. Their function is equal to the 

one of the electric motors, except that they work in the opposite way. Refer to the electric motor 

reliability estimation section for more details. 

 

INTERNAL COMBUSION ENGINE (ICE) 

Nowadays, most of the fuel-based hybrid-electric powertrains adopted in the aerospace sector used 

internal combustion engines (ICEs) to convert the chemical energy of the fossil fuel into mechanical 

power.  

Unluckily, it is not possible to assess the reliability of an ICE using the reliability prediction standards 

since ICEs are too complex systems. 

Nevertheless, a brief analysis has been conducted to estimate ICEs’ failure rate. Data provided from a 

preeminent aircraft engine manufacturer stated a failure rate of 0.58 fpmh; this value is extremely low 

for an ICE. This is because in the aerospace sector engines must be certified to be installed, and 

regulations reliability requirements are very stringent. Reliability in certified engines is a primary 

design driver, while in other non-certified environments reliability is of secondary importance.  
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For this reason, the above mentioned failure rate will only be considered as the minimum ICE failure 

rate achievable.  

To have a better overview on the reliability of ICEs, the NPRD databases has been analysed. Results 

obtained with the NPRD database are presented in Table 12. 

 

DEVICE TYPE DESCRIPTION GRADE ENVIRONMENT FAILURE RATE (FPMH) 

Engine, Gasoline Commercial GF 16.38 

   7.25 

   10.01 

   208.52 

   19.02 

   5.95 

Engine Block, Diesel Military N 0.56 

   4.16 

   0.76 

   0.93 

   0.58 

Engine, Diesel Military N 3.15 

   3.12 

   4.03 

   2.45 

   3.51 

Table 12: NPRD database failure rate data - ICE 

 

As it can be seen from Table 12, there is a significant difference between components coming from 

the commercial and the military sectors. In a non-certified environment, there is no need to satisfy 

any reliability requirement, so failure rates are much higher. Since in the MAHEPA project certifiability 

issues are being considered in the powertrain design for a possible future certification, the EASA 

regulation CS-E has been followed as a reference (41). The CS-E 510 paragraph states that the failure 

rate for a hazardous condition produced by the engine must have a failure rate not greater than 0.1 

fpmh, while if the failure condition is major the failure rate must be lower than 10 fpmh. Since the 

regulation has been written considering the ICE as the only source of power, by engineering judgment 

it is possible to state that in a future hybrid-electric aircraft certification campaign, the total powertrain 

will have to satisfy the reliability requirements stated above, not the single ICE. Therefore, considering 

the previous statements and the averaged data presented in Table 12, it has been decided to set a ICE 

reliability requirement that is to have a failure rate not greater than 10 fpmh.  

Moreover, it will be shown in the following sections that the FR of the ICE does not affect much the 

overall reliability of the powertrain (considering the complete loss of power failure condition); in fact, 

having multiple sources of power, thrust can be delivered following various paths. Not all the paths 
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give the same amount of power (for example, batteries are often used only for the take-off and 

climbing phases and they just cover the peak power demands), but in case of an emergency all power 

sources could be used to perform a safe continued flight and landing.   

 

TURBINE 

When aircraft’s power demand grows, ICEs cannot satisfy the power requirements therefore turbines 

are usually used. These turbo machines are very well-known, widely used and very reliable. Some 

examples of turbines’ failure rates collected in the NPRD database are given in Table 13. 

 

DEVICE TYPE DESCRIPTION GRADE ENVIRONMENT FAILURE RATE (FPMH) 

Engine, Turbo-Prop Military AC 1.25 

Engine, Air, Turbine Military ARW 1.43 

Engine, Gas Turbine Military All 4.64 

  AA 6.60 

  AC 1.93 

Turbine Military ARW 5.88 

Turbine Assembly Cooling Military AC 0.34 

Turbine Fuel, Aviation Military AA 1.49 

Turbine Unit Assembly Military AC 0.34 

Table 13: NPRD database failure rate data - Turbine 

 

In the NPRD database, there is no detailed information on which is the exact type of failure. For 

example, a failure where a turbine does not give any thrust anymore is less critical than if a turbine 

goes on fire. To know which is the exact type of failure, it is necessary to study also the failure modes 

of a component. In the NPRD/EPRD database there is a package (called FMD, Failure Mode Data) that 

includes all different failure modes recorded. These data are rarely available or detailed, but they give 

a first idea on how a particular component fails. An example of these data is given in Figure 29, where 

the total failure rate is subdivided into different failure modes/mechanisms. By knowing this, it is 

possible to estimate more precisely how frequent a particular failure mode of the component is. For 

example, in case of a Gas Turbine (Figure 29), the most frequent failure mode is the loosening of the 

turbine, with more than 50% of the total failures. At the same time, it is also evident how more critical 

failures, such as a burning turbine, have a very low percentage of the total failure rate (0.4% of the 

times the turbine burned out). 

For the purposes of this work a turbine’s failure rate of 1 fpmh has been assumed; this value has been 

chosen starting from data in Table 13 that have been averaged and lowered to 1 fpmh following the 

considerations done on the turbine’s failure modes.  
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Figure 29: FMD - Example of failure modes/mechanisms of Gas Turbine 

 

FUEL CELLS 

A fuel cell is an electrochemical cell that converts chemical energy from its fuel directly into electricity 

through an electrochemical reaction of hydrogen-containing fuel with oxygen or another oxidizing 

agent (42). An example of a fuel cell operation is given in Figure 30.  

There are several types of fuel cells, but the most used ones in recent aerospace projects are the 

proton exchange membrane fuel cells (PEMFCs). The PEMFCs are composed by a proton-conducting 

polymer membrane that separates the anode and cathode sides. The main components of a PEMFCs 

are (for more details consult (10) and (43)): 

 Bipolar plates, 

 Electrodes, 

https://en.wikipedia.org/wiki/Electrochemical_cell
https://en.wikipedia.org/wiki/Chemical_energy
https://en.wikipedia.org/wiki/Electrochemistry
https://en.wikipedia.org/wiki/Oxidizing_agent
https://en.wikipedia.org/wiki/Oxidizing_agent
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 Catalyst, 

 Membrane, 

 Hardware.  

 

 

Figure 30: Operation of a fuel cell. Source: Wikipedia 

 

Unluckily there are no prediction standards that consider fuel cells, and in the NPRD/EPRD database 

there are no data about them. 

To assess the reliability of a fuel cell system, the DLR-HY4 has been taken as reference. DLR and H2Fly 

conducted an intensive reliability analysis of the entire system, including FHA and FMEA analyses. The 

catastrophic failures identified were then analysed in different FTAs, which included the following 

probable causes of catastrophic/hazardous failures: 

1. Loss of information about gas, 

2. Loss of refuelling function, 

3. Loss of storage fuel, 

4. Fail of fuel dumping, 

5. Fail of supply propulsion system, 

6. Fail of explosion prevention measurements. 

 

Since failure rates of all the components that are included in the fuel cell system were not known, the 

NPRD/EPRD database was used in the analysis performed by DLR and H2Fly. Components in the 

NPRD/EPRD have been selected to be as similar as possible to the actual system components, and the 

failure rate obtained for the whole fuel cell system resulted to be 8.43 fpmh. This result has a big 

uncertainty since no failure rates on the actual components were available as well as no means of 

verifying the results with literature studies. 
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3.1.5 RELIABILITY OF OTHER MODULES 

The reliability analyses done in this work focused mainly on physical systems like electric motors and 

batteries. Nevertheless, the overall system reliability highly depends on the software installed in the 

systems. Nowadays powertrain systems are always controlled by complex software, especially when 

dealing with multiple power sources such in the case of a hybrid-electric aircraft. The assessment of 

the reliability of these software is not possible at this level of detail. In fact, reliability of software 

extremely depends on how the software is coded and implemented on the system. There are various 

guidelines to develop a reliable software, such as the DO-178C guideline (44). This guideline deals with 

the safety of safety-critical software used in airborne systems. The DO-178C introduces the concept of 

Development Assurance Level (DAL) of the software. DAL is determined from the safety assessment 

process and hazard analysis by examining the effects of failure conditions in the system (44), which 

are categorized by their effects on aircraft, crew and passengers. Corresponding to any failure 

condition there is a relative DAL, to which a failure rate is associated. Table 14 shows this 

correspondence. 

 

DAL FAILURE CONDITION FAILURE RATE (1/HR) 

A Catastrophic 10E-9 

B Hazardous 10E-7 

C Major 10E-5 

D Minor 10E-3 

E No effect n/a 

Table 14: DAL definitions - DO-178C 

 

For the purposes of this work, it has been assumed that any software controlling the power routing of 

the entire powertrain has a DAL B, which means a failure rate of 10E-7/h, or 0.1 fpmh. The reason why 

this DAL has been chosen is that a failure of the software has been considered as hazardous since its 

failure do not entirely compromise the aircraft overall reliability and the possibility for the aircraft, 

crew and passengers to perform a continued safe flight and landing. 

The modules identified in this work that are affected by this choice are the PMCD and the HMI modules. 

For these modules it has been assumed that a failure rate of 0.1 fpmh will always be achievable and 

thus becomes a requirement for their design. Table 15 summarizes this. 

 

MODULE FAILURE RATE (FPMH) 

PMCD 0.1 

HMI 0.1 

Table 15: PMCD and HMI failure rate requirement 
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Another module that has not been analysed in this work is the Thrust Generation module. The reason 

is that the Thrust Generation module is assumed to be very simple and of common design, since it 

does not include any important novelty in the system. Moreover, in the EASA CS-P regulation (45), it 

is stated that a propeller must have a failure rate not greater than 0.1 fpmh. For this reason, for the 

Thrust Generation module a failure rate of 0.1 fpmh has been chosen. 

 

3.2 HYBRID-ELECTRIC ARCHITECTURES RELIABILITY 

 

In this section some complete hybrid-electric powertrain architectures will be analysed in terms of 

reliability and some recommendations will be given to meet the reliability requirements stated in the 

AC 23.1309-1E (23) for class III airplanes (typically single reciprocating engine with MTOM greater than 

6000 pounds). In the AC 23.1309-1E document, hazardous failure conditions for class III airplanes must 

have a failure rate lower than 0.1 fpmh. The reason why this requirement has been chosen is to be 

more conservative; in fact, MAHEPA aircraft would not classify in class III but in class I airplanes (single 

reciprocating engine with MTOM lower than 6000 pounds) where reliability requirements are less 

stringent. Nevertheless, it will be shown these more stringent requirements could be satisfied by 

choosing the correct powertrain architecture. 

Moreover, it will be shown how a preliminary assessment of the reliability of a complex system as a 

hybrid-electric powertrain could be done, which could be the more critical modules and how the 

overall reliability could be improved.  

It is important to state that not having all the details of the powertrain, it is not possible to perform a 

complete reliability analysis and it is not possible to estimate how a single module failure could affect 

the entire system, so it has been assumed that anytime a module failed, the complete system was lost 

(no power output). 

Software used for the reliability analysis is BlockSim from Reliasoft. This software allows to analyse a 

system with its reliability-wise connections, including redundancies, stand-by blocks, load sharing etc. 

Hybrid-electric architectures have been built using the modules analysed previously. Having used the 

software Lambda Predict to estimate the failure rate of each module, it has been possible to import 

the reliability models of each module into BlockSim and use them in the architecture analysis. The 

modules imported and their failure rates, supposed constant over time, are shown in Table 16. 

 

  



  

 

 

Deliverable D1.1.: Concept of Modular Architecture 

for Hybrid Electric Propulsion of Aircraft 

 

|   MAHEPA Consortium 

  

 
 
 
 

|  Page 61 of 87 
 
 

 
 

 

MODULE CALCULATED FAILURE RATE (FPMH) 

Electric motor 5.93 

Inverter System 3.81 

Battery  4.95 

Generator 4.38 

ICE 0.582 -103 

Turbine 1.00 

Fuel Cell System 8.43 

Thrust Generation  0.10 

HMI 0.10 

PMCD 0.10 

Table 16: Modules failure rates 

 

Table 16 opens a very interesting discussion topic. Looking at the data presented one could think that 

conventional power generation systems such as ICEs and turbo-generators are much more reliable 

than the other modules. Why to go to hybrid-electric then? The answer to this question is that, as 

already stated, in the aerospace sector reliability is of crucial importance, and to achieve it various 

regulations have been written (such as EASA CS-E for engines, EASA CS-P (45) for propellers etc.). In 

these regulations there are many reliability requirements in terms of failure rates, therefore 

aeronautic ICEs and turbines have been designed to meet these requirements. This makes their failure 

rates smaller if compared with modules that have never been used specifically in a certified aircraft 

powertrain such as inverters or electric motors. In a hybrid-electric powertrain certification campaign, 

it is the entire system that has to meet the reliability requirements, so there is not the need of having, 

for example, an extremely reliable ICE since the failure of the entire system does not depend only on 

it anymore. However, a certified hybrid-electric aircraft will always have the same reliability of a 

conventional aircraft as both aircrafts must meet the same reliability requirements. From a reliability 

point of view, the main advantage of a hybrid-electric aircraft lays in its natural power sources 

redundancy that simplifies the achievement of the overall reliability requirement. In case of DEP 

architectures, as it will be shown in the following paragraphs, this advantage is even bigger. 

 

A general reliability analysis of various hybrid-electric powertrain architectures will be presented next. 

It must be reminded that the studies presented are approximate since no detailed analyses are 

possible in absence of complete design data of components. Moreover, all the software included in 

the operation of the powertrain was assumed to have a DAL B making its effect on the overall system 

reliability negligible. The purpose of these analyses is to understand how a certain module affects the 

failure rate of the system, and how different architectures achieve different reliability levels. 

                                                           
2 Certified aeronautic engine 
3 Non-certified engine 
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The first architecture analysed is the MAHEPA ICE-based hybrid-electric aircraft. Its architecture is 

based on the one of project Hypstair. Hypstair’s powertrain consisted of two battery packs, four 

inverters, one ICE, one generator, one electric motor, the PMCD and the HMI. It is possible to model 

its normal mode operation scenario as shown in Figure 31; notice that the scheme presented in Figure 

31 (and in the next figures in general) is a reliability scheme which aim is not to show how the system 

is physically connected but how the system is reliability-wised connected (refer to Figure 12 for the 

actual Hypstair power scheme). In Figure 31 all the blocks are connected in series, meaning that if a 

single module fails, the entire system is subject to failure. There are two load sharing blocks, one 

including the inverters of the first block (the ones that convert the electric AC power coming from the 

generator to DC power routed to the DC bus) and the other including the two battery packs. These 

blocks are needed to model the fact that the total load is subdivided among different components; for 

example, the power coming from the batteries is always divided equally between the two different 

battery packs. This changes the reliability calculation, since the duty cycle of the components in the 

load sharing block is lower. Note that if the inverters of the first block are in a load sharing block, the 

same cannot be done for the inverters of the second. The reason why this is not possible is that in the 

Hypstair architecture both inverters needed to work at their maximum duty cycle. The maximum 

power that these inverters receive from batteries and generator is 200 kW, meaning that the two 

inverters, which are rated for a maximum power of 100 kW, have a unitary duty cycle. On the contrary, 

the inverters of the first block (that are equal to the ones present in the second block) never had to 

work both at 100 kW since the maximum power coming from the generator is never above 100 kW. 

 

Figure 31: BlockSim RBD for Hypstair normal operating mode 

 

Having analysed the normal operating mode scenario, it is now more interesting to analyse the total 

loss of power scenario. The reliability-wised scheme of this failure condition is represented in Figure 

32. 
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Figure 32: Hypstair total loss of power RBD 

 

The scheme presented in Figure 32 can be explained as follows. First, the PMCD is not present in the 

scheme since the PMCD can always be excluded and the pilot can then manage the power manually; 

as basic assumption it has been considered that a PMCD failure is always manageable by the pilot. 

The first block represented is the HMI; if the pilot cannot communicate the requested power to the 

system, the powertrain is considered subject to a failure (the power delivered be stuck to a certain 

value, but this is also considered a loss of the system). To drive the propeller, either the batteries 

branch or the ICE branch must work. The batteries branch need at least one battery to work and this 

is modelled with the load sharing block. If one battery fails, the remaining takes also the entire load 

changing its load cycle to keep the block output constant. On the ICE side, the power is delivered if 

both the ICE and the generator work and if at least one of the two inverters is functioning. Before the 

electric motor there are other two inverters; giving 100 kW each, one functioning inverter is sufficient 

to keep flying the Hypstair concept. The last module examined is the electric motor, where the failure 

clearly interrupts all the power flow to the propeller (not considered in this analysis). 
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In the following section the MAHEPA ICE-based hybrid-electric architecture will be developed  building 

upon the Hypstair project with the overall goal to achieve the above-mentioned reliability target.  

To have an ICE-based hybrid-electric powertrain, at least the following modules are needed: 

• HMI, 

• Internal combustion engine branch, composed by: 

o ICE, 

o Generator, 

o Inverter, 

• Battery branch, composed by: 

o Battery, 

• Inverter, 

• Electric Motor.  

 

The first architecture concept is then composed only by the modules above. The reliability-wise 

scheme of this architecture, in case of complete loss of power scenario, is shown in Figure 33. 

 

 

Figure 33 MAHEPA ICE-based powertrain architecture - step 1 

 

With the BlockSim software it has been possible to calculate the total loss of power scenario failure 

rate for the powertrain architecture shown above. The overall system failure rate is reported in Table 

17. 

 

MAHEPA ICE-BASED STEP 1– COMPLETE LOSS OF POWER  

Failure rate (1/hr) 9.84E-06 

Table 17 MAHEPA ICE-Based architecture failure rate - Step 1 
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Results from Table 17 clearly shows how the failure rate obtained is too high and the reliability 

requirement (failure rate lower than 0.1 fpmh, or 1.00E-07/hr) is not achieved. 

To increase the powertrain reliability, it is necessary to insert some redundancies in the system (it has 

been assumed that, at this level, is not possible to increase the reliability of the modules). One 

possibility could be to use two batteries in parallel instead of one, as illustrated in Figure 34. Having 

two batteries in parallel tolerates the failure of one battery, hence the system reliability might increase.   

 

 

Figure 34 MAHEPA ICE-based powertrain architecture - step 2.1 

 

Results for the step 2.1 architecture are shown in Table 18. 

 

MAHEPA ICE-BASED STEP 2.1– COMPLETE LOSS OF POWER  

Failure rate (1/hr) 9.84E-06 

Table 18 MAHEPA ICE-Based architecture failure rate - Step 2.1 

 

As it can be seen, the failure rate of the powertrain remained the same; this means that the 

contribution of the two batteries on the total loss of power failure rate is negligible.  

Another option to increase the reliability could be to double the inverters after the generator and 

maintain one single battery, as shown in Figure 35. Table 19 shows the obtained system failure rate, 

that once again is the same as in the step 1 architecture; this means that also the contribution of the 

first inverter to the total system failure rate is negligible. 
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Figure 35 MAHEPA ICE-based powertrain architecture - step 2.2 

 

MAHEPA ICE-BASED STEP 2.2– COMPLETE LOSS OF POWER  

Failure rate (1/hr) 9.84E-06 

Table 19 MAHEPA ICE-Based architecture failure rate - Step 2.2 

 

While doubling the battery or the inverter only did not change the system failure rate, the next 

examined architectural change is doubling both the battery and the inverter would increase the 

powertrain reliability. This architecture in shown in Figure 36.  

 

Figure 36 MAHEPA ICE-based powertrain architecture - step 2.3 
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MAHEPA ICE-BASED STEP 2.3– COMPLETE LOSS OF POWER  

Failure rate (1/hr) 9.84E-06 

Table 20 MAHEPA ICE-Based architecture failure rate - Step 2.3 

 

Results obtained (Table 20) showed again no change in the failure rates. The reason why the 

modifications done in the architecture did not affect the powertrain failure rate is that they have been 

done in a part of system that is already very reliable. In fact, it is assumed that the powertrain just 

needs one of the two power branches (the ICE or the battery one) to work, so there is already a 

redundancy present in this part of the system and adding other modules in parallel does not change 

the total reliability. This is confirmed by Table 21, where the failure rates of the part of the system 

under investigation (shown in Figure 37) in the step 1, 2.1, 2.2 and 2.3 architectures are calculated; it 

is possible to see that the failure rates of this part of the powertrain, in all the combinations of modules 

studied, are very low and for this reason this part of the system does not affect the entire powertrain 

reliability. It is interesting to notice that in case of doubled batteries and single inverter, the failure 

rate of this part of powertrain is much lower than in the case of doubled inverters and single battery. 

This is due to the fact that in the battery branch there is only the battery itself that contributes to the 

branch failure rate while the ICE branch can fail also if the ICE or generator fail; therefore, doubling 

the batteries has an enormous effect on the battery branch while doubling the inverter has not 

because of the presence of other modules in series with it (ICE and generator). 

For the purposes of the MAHEPA project, it is assumed that the complete redundant (hardware and 

software) batteries and double inverter architecture will be implemented to be more conservative. 

 

 

Figure 37 MAHEPA ICE-based, part of the architecture 
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MAHEPA ICE-BASED – PARTIAL SYSTEM  

Architecture Failure rate (1/hr) 

One battery + One inverter 

(architecture of step 1) 

1.80E-10 

One battery + Two inverters 1.42E-10 

Two batteries + One inverter 1.34E-15 

Two batteries + Two inverters 1.06E-15 

Table 21 MAHEPA ICE-Based, partial powertrain failure rate 

 

As shown by the previous analysis, to achieve the reliability requirement it is necessary to put more 

redundancies in the system. The next architecture step is doubling the second stage of inverters as 

shown in Figure 38. Notice that this architecture is exactly the one implemented in Hypstair shown in 

Figure 32. 

 

 

Figure 38 MAHEPA ICE-Based architecture failure rate - Step 3 

 

For this architecture a more detailed reliability analysis has been conducted. The complete results 

obtained for the complete loss of power scenario are shown in Table 22. 
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MAHEPA ICE-BASED ARCHITECTURE – STEP 3 – FAILURE RATES CALCULATION 

 Analytical solution 

(certified ICE) 

Analytical solution 

(non-certified ICE) 

Simulation 

Failure Rate (1/hr) 6.03E-06 6.03E-06 6.05E-6 

MTTF (hr) 165837 165837  165289 

Block Name Calculated Failure Rate 

(1/hr) 

Calculated Failure Rate 

(1/hr) 

Calculated Failure Rate 

(1/hr) 

HMI 1.00E-7 1.00E-7 1.37E-07 

ICE 5.79E-7 1.00E-5 5.02E-07 

Generator 4.38E-6 4.38E-6 4.12E-06 

Batteries  3.22E-12 3.22E-12 2.28E-08 

Electric Motor 5.93E-6 5.93E-6 5.87E-06 

Inverter 1 - Block 1 1.91E-6 1.91E-6 2.14E-06 

Inverter 2 - Block 1 1.91E-6 1.91E-6 1.75E-06 

Table 22: MAHEPA ICE-based architecture, step 3 - Complete loss of power failure rates  

 

In Table 22 the results obtained with the analytical analyses and the simulation analysis are shown. In 

simulation analysis, random failure times are generated from each component's failure distribution. 

These failure times are then considered in accordance with the way the components are reliability-

wise arranged within the system. Refer to (46) for more details.  

The failure rate of the system with the certified ICE and the system with a non-certified ICE are equal. 

This is because the analysis considers the complete loss of power condition, which happens if both 

power branches fail. Since the two branches are reliability-wise connected in parallel, the overall 

failure rate is dictated by the most reliable path, which in both cases (certified and non-certified ICE) 

is the parallel system made by the two batteries. The result would be different if the battery branch 

had a failure rate higher than the ICE's one. In this case the overall failure rate would have been 

dictated by the ICE's reliability, so in case of the usage of the non-certified ICE, the system reliability 

would have been lower. 

Results obtained from the analytical and simulation analyses are very similar, with an overall failure 

rate of the system close to 6 fpmh. BlockSim also allows the user to see the Cut Sets of the system, 

which are all the possible components failure combinations that lead to a complete system failure. 

The Minimal Cut Sets of the step 3 architecture in case of complete loss of the system are shown in 

Table 23. 
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MINIMAL CUT SETS FAILURE RATE (1/HR) BLOCKS INVOLVED 

Set 1 5.93E-6 Electric motor 

Set 2 1.00E-7 HMI 

Set 3 1.45E-11 Inverter 1 – Block 2 +  

Inverter 2 – Block 2 

Set 4 Negligible Batteries + 

Inverter 1 – Block 1 +  

Inverter 2 – Block 2 

Set 5 Negligible  Batteries +  

ICE 

Set 6 Negligible  Batteries +  

Generator 

Table 23: MAHEPA ICE-based architecture step 3 complete loss of power - Minimal Cut Sets 

 

For certification purposes, in the aerospace sector the system failure rate is often a requirement to 

meet. The analysis of how it is possible to achieve a certain reliability requirement is called allocation 

analysis.  

The allocation analysis is a very powerful tool that permits to understand which are the components 

that most affect the reliability of the entire system and how their reliability should improve to achieve 

the overall reliability requirement. In Reliasoft BlockSim it is possible to perform an allocation analysis 

in three different ways: 

 The equal allocation type achieves the specified target reliability for the system by 

determining a single target reliability value that all selected blocks must reach, regardless of 

their current reliability or reliability importance. 

 The weighted allocation type allows to specify a weight for each selected block, which is used 

in determining the block's target reliability. 

 The cost optimized allocation type allows to meet the system's target reliability at the lowest 

possible cost. This allocation type determines the target reliability for each selected block 

based on the maximum reliability that can be achieved for the block and the relative difficulty 

or cost of increasing the block's reliability. 

 

Before starting with the allocation analysis, the reliability importance of all the blocks that compose 

the architecture has been calculated. The reliability importance is an indication of how much a 

particular component affects the overall system reliability (46). Table 24 shows the reliability 

importance of the blocks in the step 3 architecture. 
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BLOCK NAME RI  

ICE (not certified) 3.23E-12 

Inverters block 1 3.23E-12 

Batteries 1.44E-05 

HMI 9.99E-01 

Generator 3.23E-12 

Electric Motor 9.99E-01 

Inverter 1 - Block 2 3.81E-06 

Inverter 2 - Block 2 3.81E-06 

Table 24: Reliability importance of modules in step 3 architecture 

As it can be seen in Table 24, the modules that are more important for the system reliability are the 

HMI and the Electric Motor. This was already demonstrated by looking at the minimal Cut Sets showed 

in Table 23. It is clear than the system reliability will improve if the reliability of the modules with the 

highest reliability importance will also improve: this is the scope of the allocation analysis. As a first 

example of allocation analysis, the equal type has been chosen. In this type of allocation analysis, the 

common failure rate value that all modules should have to achieve the reliability target is shown. Table 

25 shows the results obtained by the equal allocation analysis performed. 

 

BLOCK NAME RI  CURRENT FR 

(1/HR) 

TARGET FR (1/HR) EQUIVALENT 

PARALLEL UNITS 

ICE 3.23E-12 1.00E-05 5.00E-08 1.46 

Inverters block 1 3.23E-12 3.65E-12 5.00E-08 0.61 

Batteries 1.44E-05 3.23E-12 5.00E-08 0.64 

HMI 9.99E-01 1.00E-07 5.00E-08 1.04 

Generator 3.23E-12 4.38E-06 5.00E-08 1.36 

Electric Motor 9.99E-01 5.93E-06 5.00E-08 1.40 

Inverter 1 - Block 2 3.81E-06 3.81E-06 5.00E-08 1.35 

Inverter 2 - Block 2 3.81E-06 3.81E-06 5.00E-08 1.35 

SYSTEM RESULTS 

CURRENT FR (1/HR) TARGET FR (1/HR) 

6.03E-06 1.00E-07 

Table 25: MAHEPA ICE-based architecture step 3- Equal allocation analysis results 

 

Results shown in Table 25 are not representative of the actual architecture. Instead of giving a very 

high reliability value to all modules it makes more sense to optimize the reliability of HMI and Electric 

Motor that are main responsible for the total failure rate of the system. This is possible by choosing to 

perform the allocation analysis only on the blocks with the highest reliability importance, which are 

he HMI and the Electric Motor. Table 26 shows the results obtained with the second allocation analysis. 
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BLOCK NAME RI CURRENT FR 

(1/HR) 

TARGET FR (1/HR) EQUIVALENT 

PARALLEL UNITS 

HMI 9.99E-01 1.00E-07 4.91E-08 1.04 

Electric Motor 9.99E-01 5.93E-06 4.91E-08 1.40 

SYSTEM RESULTS 

CURRENT FR (1/HR) TARGET FR (1/HR) 

6.03E-06 1.00E-07 

Table 26: MAHEPA ICE-based architecture step 3 - Equal allocation analysis results (only on HMI and Electric 

Motor) 

From Table 26 it is clear how to achieve the reliability goal of a system FR lower than 0.1 fpmh it is 

sufficient to increase the reliability of the HMI and the Electric Motor. Moreover, the allocation 

analysis provides the number of parallel units of a single block that would be necessary to achieve the 

target FR. Table 26 shows how the reliability goal would be achieved with only 1.4 Electric Motors in 

parallel and almost no other HMI units.  

Another interesting allocation analysis is the cost optimized one. In this analysis, reliability of 

components is optimized following certain criteria based on the cost and technology difficulty to 

improve the reliability of the components. These data are chosen only by experience and engineering 

judgment. Table 27 shows the results obtained for the proposed architecture in case of a cost 

optimized allocation analysis.  

 

MAHEPA ICE-BASED ARCHITECTURE STEP 3 – TOTAL LOSS OF POWER – ALLOCATION ANALYSIS (COST 

OPTIMIZED) 

BLOCK NAME MAX. 

ACHIEVABLE 

FR (1/HR) 

FEASIBILITY RI CURRENT 

FR (1/HR) 

TARGET 

FR 

(1/HR) 

EQUIVALENT 

PARALLEL 

UNITS 

HMI 1E-09 Moderate (4) 9.99E-01 1.00E-07 2.44E-09 1.23 

Batteries 1E-12 Hard (7) 1.44E-05 3.23E-12 1.03E-12 1.04 

ICE 1E-07 Hard (7) 3.23E-12 5.79E-07 5.79E-07 1.00 

Generator 1E-06 Moderate (5) 3.23E-12 4.38E-06 1.01E-06 1.12 

Electric Motor 1E-08 Moderate (6) 9.99E-01 5.93E-06 9.75E-08 1.34 

Inverter 1 - Block 1 1E-06 Moderate (5) 6.15E-18 1.91E-06 1.91E-06 1.00 

Inverter 2 - Block 1 1E-06 Moderate (5) 6.15E-18 1.91E-06 1.91E-06 1.00 

Inverter 1 - Block 2 1E-06 Moderate (5) 3.81E-06 3.81E-06 1.01E-06 1.11 

Inverter 2 - Block 2 1E-06 Moderate (5) 3.81E-06 3.81E-06 1.01E-06 1.11 

SYSTEM RESULTS 

CURRENT FR (1/HR) TARGET FR (1/HR) 

6.03E-06 1.00E-07 

Table 27: MAHEPA ICE-based architecture step 3 - Cost optimized allocation analysis results 
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Table 27 shows how, inserting different feasibility values (from a scale from 1 (easy), to 10 (very hard)), 

the target FR of components changes from the equal allocation analysis. Since it does not make sense 

to increase the reliability of all the modules but only the one with the highest reliability importance 

only the HMI and Electric Motor will be analysed, as it has been done for the equal allocation analysis. 

 

MAHEPA ICE-BASED ARCHITECTURE STEP 3 – TOTAL LOSS OF POWER – ALLOCATION ANALYSIS (COST OPTIMIZED) 

BLOCK NAME MAX. 

ACHIEVABLE 

FR (1/HR) 

FEASIBILITY RI CURRENT 

FR (1/HR) 

TARGET 

FR 

(1/HR) 

EQUIVALENT 

PARALLEL 

UNITS 

HMI 1E-09 Moderate (4) 9.99E-01 1.00E-07 4.50E-08 1.05 

Electric Motor 1E-08 Moderate (6) 9.99E-01 5.93E-06 5.50E-07 1.39 

SYSTEM RESULTS 

CURRENT FR (1/HR) TARGET FR (1/HR) 

6.03E-06 1.00E-07 

Table 28: MAHEPA ICE-based architecture step 3 - Cost optimized allocation analysis results (only HMI and 

Electric Motor) 

 

Table 28 gives comparable results to the one obtained with the equal allocation analysis (Table 26).  

The allocation analyses performed  enabled to understand how a  failure rate requirement could be 

achieved. In particular, the usage of two parallel Electric Motors seems to be the best solution. A 

possible architecture that could achieve the 0.1 fpmh requirement in shown in Figure 39. 

 

Figure 39: Possible architecture to meet the 0.1 fpmh requirement (step 4 architecture) 
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Analysis of the failure rate of the architecture shown in Figure 39 is presented in Table 29, where it is 

clear how the reliability requirement is met and that the electric motors reliability importance is 

drastically reduced. 

 

BLOCK OUTPUTS 

BLOCK NAME FAILURE RATE 

(1/HR) 

RI 

HMI 1.00E-7 9.99E-01 

ICE 5.79E-7 3.22E-12 

Generator 4.38E-6 3.22E-12 

Inverter 1 - Block 2 3.81E-6 3.81E-6 

Inverter 2 - Block 2 3.81E-6 3.81E-6 

Batteries 3.23E-12 4.96E-6 

Inverters block 1 1.94E-12 3.22E-12 

Electric Motor 1 5.93E-6 5.93E-6 

Electric Motor 2 5.93E-6 5.93E-6 

QCP OUTPUTS 

Failure Rate (1/hr) 1.00E-07 

Table 29: Results obtained with the MAHEPA ICE-based architecture step 4 

 

As it can be seen from Table 29, the step 4 powertrain architecture failure rate is basically dictated 

only by the HMI. In fact, to be more precise, the entire failure rate of the system is 1.001E-07 failures 

per hour: this means that, being the HMI failure rate 1.00E-07/hr all the modules except the HMI have 

a failure rate of 0.001E-07/hr, or 1E-10/hr. 

The reliability requirement of 0.1 fpmh is marginally achieved and for this reason more architecture 

options have been analysed. More in particular in the next architectures also the HMI module will be 

doubled. In order not to make the presentation too long, only the summary results will be presented. 

The double HMI architectures studied have the following HMI modifications: 

• Step 5 architecture: double HMI with DAL B (original module), 

• Step 6 architecture: one HMI DAL B and one HMI DAL C, 

• Step 7 architecture: double HMI with DAL C. 

The example of one of these architecture is shown in Figure 40. 
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Figure 40 MAHEPA ICE-based architecture step 5 

The results obtained doubling the HMI module are shown in Table 30. 

 

MAHEPA ICE-BASED – DOUBLE HMI ARCHITECTURE FAILURE RATE 

Architecture step Failure rate (1/hr) 

5 (both HMIs DAL B) 4.66E-11 

6 (one HMI DAL B and one DAL C) 4.86E-11 

7 (both HMIs with DAL C) 2.47E-10 

Table 30 MAHEPA ICE-based double HMI architectures failure rates 

 

Results in Table 30 shows how it is sufficient to have a double HMI module with a DAL C instead of DAL 

B; this reduces the cost and complexity of the HMI making the ICE-based powertrain architecture more 

reliable.  

A summary of results obtained with all the ICE-based hybrid-electric powertrain architectures analysed 

is show in Table 31. 
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MAHEPA ICE-BASED – DOUBLE HMI ARCHITECTURE FAILURE RATE 

Architecture step Modifications from previous architecture Failure rate (1/hr) 

1 - 9.84E-06 

2 Double battery/inverter/both 9.84E-06 

3 Double inverter (2nd stage) 6.03E-06 

4 Double EM 1.00E-07 

5 Double HMI DAL B 4.66E-11 

6 HMI DAL C + HMI DAL B 4.86E-11 

7 Double HMI DAL C 2.47E-10 

Table 31 Summary of results for the MAHEPA-ICE based powertrain failure rates 

 

Results obtained for the ICE-based hybrid electric powertrain show how the reliability requirement set 

could be achieved by having a double electric motor, that could practically be done by doubling the 

windings of the motor, and two HMIs with DAL C. This concludes the demonstration of how the 

architecture of hybrid-electric powertrain can increase the reliability of the system. 

 

The same analyses have been performed for the MAHEPA FC-based aircraft. The MAHEPA FC-based 

aircraft is based on the DLR HY4 airplane.  

Only the complete loss of system case is presented here. The powertrain is composed by few modules: 

the Thrust Generation module, the Electric Motor, one Inverter System, four Fuel Cells stacks 

connected in series and two battery packs. As it can be seen Figure 41, the system is very simple; to 

provide power to the propeller either the fuel cell system or one of the two batteries must work.  

 

 

Figure 41: MAHEPA FC-based aircraft BlockSim RBD - total loss of power 
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Table 32 shows the results obtained with the analytical and simulation analyses. Both analyses show 

a failure rate of the complete loss of power condition around 10 fpmh which for an experimental 

category aircraft is acceptable. 

 

MAHEPA FC-BASED ARCHITECTURE – COMPLETE LOSS OF POWER FAILURE 

 Analytical solution Simulation 

Failure Rate (1/hr) 9.84E-06 9.29E-6 

MTTF (hr) 101626 107642 

Block Name Calculated Failure Rate (1/hr) Calculated Failure Rate (1/hr) 

HMI 1.00E-7 8.37E-08 

Inverter 3.81E-6 3.88E-06 

Electric Motor 5.93E-6 5.51E-06 

Fuel cell System 8.43E-6 7.75E-06 

Batteries 3.23E-12 3.04E-08 

Table 32: MAHEPA FC-based aircraft - Complete loss of power failure rates 

 

The minimal Cut Sets for the MAHEPA FC-based aircraft powertrain architecture is showed in Table 33.  

 

MINIMAL CUT SETS FAILURE RATE (1/HR) BLOCKS INVOLVED  

Set 1 5.93E-6 Electric motor 

Set 2 3.81E-6 Inverter 

Set 3 1.00E-7 HMI 

Set 4 Negligible Batteries + FC system 

Table 33: MAHEPA FC-based aircraft complete loss of power - Minimal Cut Sets 

 

The last analysis performed in this work considers a distributed electric propulsion architecture 

concept. A DEP architecture with 40 electrical motors and inverters has been modelled in BlockSim. It 

was assumed also to use a distributed power generation of 10 FC units and 10 batteries. Reliability 

data about the DEP architecture concept nominal operation mode is given in Table 34. The failure rate 

in this scenario is close to 500 fpmh. This value is dictated by the fact that in the architecture proposed 

there are more than 100 modules (40 EMs, 40 Inverter systems, 10 FC systems and 10 Batteries). 
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DEP ARCHITECTURE – NOMINAL OPERATION 

 Nominal operation 

Failure Rate (1/hr) 5.24E-4 

MTTF (hr) 1904 

Block Name Calculated Failure Rate (1/hr) 

HMI 1.00E-7 

PMCD 1.00E-7 

Inverter 1.52E-4 

Electric Motor 2.37E-4 

Fuel cell System 8.43E-5 
Batteries 4.95E-5 

Table 34: DEP architecture – Normal operating mode failure rates 

 

Furthermore, it is considered that 20% of the motors can fail not affecting the system functining 

resulting into 32 operating motors sufficient to power the aircraft.  

The scheme of Figure 42 can be explained as follows. To deliver enough power for the continued flight, 

there must be at least 32 thrusters working. The thrusters are here represented by the series 

connection of one inverter system and one electric motor. The electric motors are powered by fuel 

cell systems plus batteries; in particular, each Fuel Cell plus battery system powers four different 

electric motors. To power all four electric motors, both the fuel cell system and the battery must work 

at the same time. Due to the high complexity of the system, it is reasonable to think that the pilot 

could not control the system without the PMCD module. For this reason, differently from the previous 

cases, also the PMCD has been considered for the reliability analysis of the architecture. Results 

obtained are shown in Table 35Error! Reference source not found.. 

 

DEP architecture – Complete loss of power failure 

 Analytical solution Simulation 

Failure Rate (1/hr) 2.01E-7 1.42E-7 

MTTF (hr) 4.98E+6 7.04E+6 

Block Name Calculated Failure Rate (1/hr) Calculated Failure Rate (1/hr) 

HMI 1.00E-7 8.26E-8 

PMCD 1.00E-7 8.78E-8 

Inverters 3.81E-6 3.84E-6 

Electric Motors 5.93E-6 4.94E-6 

Fuel cell Systems 8.43E-6 8.12E-6 

Batteries 4.95E-6 4.88E-6 

Table 35: DEP architecture - Total loss of power failure rates 
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Figure 42: DEP architecture - total loss of power RBD 

 

 

In Error! Reference source not found. it is visible how the failure rate drastically decreased from the 

nominal operating mode scenario. The total loss of power failure rate is almost three orders of 

magnitude lower than the nominal operation’s one, showing how the natural redundancies present in 

a DEP architecture are very effective in reducing the failure rate of the entire powertrain. 
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4 CONCLUSIONS AND RECOMMENDATIONS FOR MAHEPA PROJECT 

 

The aim of this work was to develop a concept of modular architecture for hybrid-electric propulsion 

of aircraft. The definition of functional modular architecture has been achieved identifying seven main 

modules which permit to describe any hybrid-electric architecture. Based on the functions and 

interfaces of the modules, the modular architecture introduced help designers to analyse a hybrid-

electric propulsion system performances and reliability. 

To verify the real modularity and versatility of the analysis, several existing and concept airplanes have 

been modelled using the proposed modules; by doing this, it emerged that the Power Management, 

Control and Delivery (PMCD) module is the one that need more data to operate since it controls all 

the power flow. 

A general reliability analysis of a hybrid-electric powertrain was also conducted. The aim of this 

analysis was to give a general overview of how a reliability analysis of a hybrid-electric propulsion 

system could be performed and which could be the most crucial aspects to consider. It must be stated 

that the data obtained by the analyses performed are very general and could not represent the actual 

reliability of the system. In fact, to perform a precise analysis it is needed to have all the design details 

of the architecture and this was not possible in this work. 

Nevertheless, the analyses conducted showed interesting results. First, temperature and voltage 

stress ratio highly affect the reliability of electric and electronic components; it is then crucial to design 

an optimum cooling system and to size the electronic components not to work at high voltage stress 

ratios. Second, it has been showed how a Distributed Electric Propulsion (DEP) architecture is very 

reliable having natural redundancies in the system. Moreover, redundancy in hybrid-electric aircraft 

is easily achievable thanks to the usage of smaller and lighter components than in the classical 

architectures. This has been confirmed with the dual electric motor example on the MAHEPA ICE-

based architecture, where the usage of a redundant electric motor, that could be physically done 

doubling the windings of the motor, extremely reduces the system failure rate. Moreover, it has been 

showed how the usage of two HMI modules with DAL C could highly increase the system reliability 

reducing the module software complexity due to its lower DAL. 

Reliability analyses confirmed that the architectures studied are already very reliable even if the 

components selected were generally not designed for aerospace usages and with high reliability 

standards. This is the most important message of this work: hybrid-electric powertrains have many 

power flows that permit the system to be very reliable also with non-reliability optimized components. 

The implications of this message for future hybrid-electric aircraft design will be presented in a 

forthcoming research paper. 
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6 APPENDIX 

 

In the following appendix date used on software Reliasoft “Lambda Predict” are listed. 

 

6.1.1. COMPONENTS DATA 

In Table 36 all the most important parameters needed for the prediction of the modules failure rate 

with the software Reliasoft Lambda Predict are shown. 

  

Data used for the reliability estimation 

Electric Motor (NSWC-11) 

Parameter Value Unit Note 

Bearing 

Bearing Type Ball - 
Reference: Schaeffler Angular 

contact ball bearing 3308-DA-MA 

Equivalent Radial Load 1000 lbs - 

Specification Radial Load 13000 lbs - 

B10 Life 15000 hrs - 

Percentage of Water in 

Lubricant 
0 % 0% -5% recommended 

Operating Lubricant Viscosity 1E-07 Lb/min/in2 Nominal 

Spec Lubricant Viscosity 1E-07 Lb/min/in2 Nominal 

Operating Temperature 70 °C 
From EM Max Temperature in 

Pipistrel Alpha Electro 

Motor Winding 

Motor Enclosure 
Totally 

Enclosure 
- - 

Altitude 25000 ft - 

Sea Level Temperature Rise 20 °C - 

Life Expectancy Method 
Manufact

urer Data 
- - 

Base Failure Rate 40 fpmh As in NSWC-11 

Life Expectancy 20000 hrs As in NSWC-11 

Operating Temperature 70 °C 
From EM Max Temperature in 

Pipistrel Alpha Electro 

Rated Temperature 120 °C From EM in Pipistrel Alpha Electro 

Actual Voltage 400 V From EM in Pipistrel Alpha Electro 

Rated Voltage 680 V From EM in Pipistrel Alpha Electro 

Gear 
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Parameter Value Unit Note 

Base Failure Rate 0.00492 fpmh Calculated as in NSWC-11 

Operating Load 1000 lbs  

Design Load 2000 lbs  

Operating Lubricant Viscosity 1E-07 Lb/min/in2 Nominal 

Spec Lubricant Viscosity 1E-07 Lb/min/in2 Nominal 

Misalignment Angle 2 ° As in NSWC-11 

Operating Speed 8000 rpm From MAHEPA specifications 

Design Speed 12000 rpm From MAHEPA specifications 

Gear 

Housing Type Motor - - 

Inverter (MIL-HDBK 217F) 

Transistor, LF Bipolar 

Application, LB Switching - - 

Environment AIC - - 

Quality, Discrete Semicon JAN TX - - 

Applied Voltage 400 V From (37) and Pipistrel Alpha Electro 

Rated Voltage 650 V From Infineon FS800R07A2E3 

Ambient Temperature 70 °C 
From Inverter Max Temperature in 

Pipistrel Alpha Electro 

Junction Temperature 150 °C From Infineon FS800R07A2E3 

Capacitor 

Capacitor Style 

Plastic/M

etal 

plastic,ER 

- 
From (37) and Kemet 

C4AEGBW6100A3NJ 

Capacitance 100 μF From (37) 

Circuit Resistance 0.6 Ω/V Kemet C4AEGBW6100A3NJ 

Environment AIC - - 

Quality, Capacitors Class R - - 

Applied Voltage  400 V  

Rated Voltage 450  Kemet C4AEGBW6100A3NJ 

Ambient Temperature 60 °C 
From Inverter Max Temperature in 

Pipistrel Alpha Electro 

Diode, Low Frequency 

Application Switching - - 

Construction 

Metallurg

ically 

Bonded 

- - 

Environment AIC - - 

Quality, Discrete Semicon JanTX - - 

Applied Voltage  400 V  
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Parameter Value Unit Note 

Rated Voltage 650 V From Infineon FS800R07A2E3 

Ambient Temperature 70 °C 
From Inverter Max Temperature in 

Pipistrel Alpha Electro 

Junction Temperature 150 °C From Infineon FS800R07A2E3 

Battery (FIDES) 

Li-ion battery 

Battery Type Li-ion - - 

Number of Cells 960 - 
Based on a single battery pack of 

Pipistrel Alpha Electro 

Time Between Preventive 

Maintenance Operations 
8760 hrs As suggested in FIDES 

Calendar Life Duration (L10) 

Due to Charge/Discharge Cycles 
20000 hrs As suggested in FIDES 

Calendar Life Duration (L10) 

Due to Time in Service 
20000 hrs As suggested in FIDES 

Weibull Shape Factor 5 - As suggested in FIDES 

Pi Ruggedizing 1.7 - As suggested in FIDES 

Pi Part Manufacturing 1.6 - As suggested in FIDES 

Table 36 Components data used in Reliasoft Lambda Predict 

6.1.2. PHASES USED FOR BATTERY  

In Table 37 the parameters describing the phases used for the characterization of the battery failure 

rates with the FIDES prediction standard are presented. 

 

FIDES – Phases used for battery failure rate prediction 

Parameter Storage Taxi Take-off Climb Cruise 

Calendar Time 

(hrs) 
5922.125 92.25 9.125 273.5 2463.75 

On/Off Off On On On On 

Ambient 

Temperature 

(°C) 

15 25 25 25 25 

Relative 

Humidity (%) 
50 70 70 70 70 

Delta T (°C) 0 10 20 10 10 

Parameter Storage Taxi Take-off Climb Cruise 

Number of 

Cycles (/yr) 
365 1095 1095 1095 1095 
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Cycle Duration 

(hrs) 
16.225 0.083 (5 min) 

0.0083 (30 

sec) 
0.25 2.25 

Max 

Temperature 

During Cycling 

(°C) 

25 40 50 60 45 

Random 

Vibrations 

(Grms) 

0 0 0 0 0 

Saline 

Pollution 
Low Low Low Low Low 

Environmental 

Pollution 
Low Moderate Moderate Moderate Moderate 

Application 

Pollution 
Low Moderate Moderate High Moderate 

Table 37 Parameters needed to describe phases in FIDES prediction standard 


