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ABSTRACT

This paper presents the Functional Hazard Assessment (FHA) of a Propulsion Control System (PCS) designed for a hybrid

electric aircraft considering the Failure Conditions (FCs) that are novel due to the electrification of the propulsion system.

It will be worked out whether these FCs are covered by current certification regulations.

After defining the functionality, the FCs for a hybrid electric propulsion system are established, based on current standards

and also theWorkingGroup 113 (WG-113) recommendations. The FHA and Preliminary System SafetyAssessment (PSSA)

approaches are used to evaluate and improve the architecture of the control system. The system functions on propulsion

level are defined and allocated to different subsystems. Their FCs and effects are then established. Based on the applicable

standards and recommendations ofWG-113, these effects are classified, and the Safety Requirements (SRs) are then defined.

The FHA results include 23 FCs related to the hybrid system, some of which are not addressed by the current regulatory

framework.

In summary, this paper outlines how electrified powertrain systems will affect new propulsion architectures from a safety

perspective and how the current regulatory framework and the work of the WG-113 could be improved by addressing

new FCs resulting from the FHA. By suggesting SRs derived from the FHA, this paper also discusses what system/safety

activities need to be undertaken in order to design a propulsion architecture that is compliant with the applicable certification

documents.

KEYWORDS

propulsion control system, hybrid electric aircraft, functional hazard assessment, safety

This work is licensed underAttribution-NonCommercial-NoDerivatives 4.0 International (CC-BY-NC-ND)

See: https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

https://www.gpps.global
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode


INTRODUCTION

Prompted by stricter CO2 emission targets and growing societal expectations, the aviation industry is striving towards im-

plementation of new technologies which reduce the reliance on fossil fuels and make flying more environmentally friendly.

For example, as part of its Green Deal, the European Commission has formulated the goal of zero-emission aircraft being

ready for the market by 2035 (European Commission, 2020). Across the globe, a broad range of research initiatives is being

implemented which focus on electrified propulsion systems (Pohl et al., 2022; Hofmann et al., 2019; Hoelzen et al., 2018),

fuel cell technology (Miazga et al., 2021; Scholz et al., 2022) and sustainable aviation fuels (Abrantes et al., 2021; Holladay

et al., 2020). One such upcoming trend and transfer technology into full electrical propulsion systems will be hybridization

until sufficiently high energy densities are achieved for battery cells, as shown by Pornet et al. (2015). In comparison to

a conventional propulsion system, a hybridized powertrain consists of at least two different energy conversion systems, as

well as two different energy storages (Ehsani et al., 2021). A hybrid electric system is realized by installing an electric mo-

tor, as additional energy conversion system, and a high voltage (HV) battery, as energy storage system. If the conventional

engine, for example a piston engine as shown by Bravo et al. (2021), is mechanically connected to the shaft of the electric

motor and to a propeller, the propulsion system is considered as being a parallel hybrid electric powertrain, otherwise as

serial hybrid electric (Xie et al., 2021). Due to their shorter mission distances and lower payload, it is expected that small

aircraft for regional air mobility will be the first to be equipped with electrified powertrain systems in high-volume use

(Rendón et al., 2021).

In addition to ongoing research into new technologies, safety also plays a key role in the development of these new propulsion

technologies as emphasized in the EU’s Flightpath 2050 (European Commission, 2012). One tool for identifying safety-

critical components, evaluating failure effects, and implementing corresponding safety requirements in the early stages of

the design process is the FHA. A detailed description of the entire FHA and related processes has been presented in SAE

International (1996) and by Sheng (2019) and Kritzinger (2017). For these new electrified aircraft, new regulations are

required. Therefore, EUROCAE created a dedicated working group EUROCAE WG-113 “Hybrid Electrical Propulsion”

which draws up recommendations and best industry practices for future certification regulations (EUROCAE, 2019).

Simultaneous to the development of electrified flight propulsion systems, initial studies have also been published on the

subject of system safety of electrified powertrains. For example, Beiderman et al. (2021) analyzed the safety and reliability

of new propulsion systems with a focus on Urban Air Mobility (UAM). Darmstadt et al. (2019) performed a FHA for four

different electric Vertical Take-Off and Landing aircraft (eVTOLs) concept vehicles, stating that there is a lack of vehicle

reliability requirements for UAM applications. In Bendarkar et al. (2021), the authors demonstrated the use of a Bayesian

SafetyAssessment in evaluating the reliability of an electric aircraft. Courtin and Hansman (2018) investigated possible cer-

tification pathways for small, purely electric aircraft and showed, that a battery thermal runaway is one of the key hazards.

Sohail et al. (2022) addressed safety concerns primarily caused by moisture in electrified aircraft. Besides those aircraft

related studies there are several publications focusing on the in-depth reliability and safety of a single component of an

electrified propulsion system, e.g the motor (Shu et al., 2020; Tallerico et al., 2022) or the battery (Duan et al., 2019; Wen

et al., 2012).

Initial studies on the safety of electrified aircraft have already been conducted, focusing on novel aircraft configurations

such as eVTOLs. Currently, a safety assessment for an electrified propulsion system using a generalized approach incor-

porating new recommendations such as those being developed in the WG-113 is lacking. Therefore, the purpose of this

paper is to show the standards applicable to the presented hybrid propulsion system designed within a conventional aircraft,

an example of a FHA performed on this new propulsion configuration and how the current regulatory framework and the

work of the WG-113 could be improved by addressing new FCs resulting from the FHA. First, the exemplary propulsion

system and its subsystems and functions are described. Afterwards an overview of certification standards is given. The

FHA methodology used within this paper is explained and the results are discussed. Examples are given where current

certification regulations are lacking with respect to hybrid electric propulsion systems. The paper ends with a conclusion

on how a FHA can be performed for new architectures with current certification standards and how the results of this study

can be incorporated into the work of the WG-113.

DESCRIPTION OF PROPULSION CONTROL SYSTEM

For the analysis presented here, consideration is given to an example hybrid parallel propulsion system. Prior to defining

the higher-level PCS with its respective systems and their functions, the overall working principle of the hybrid electric

propulsion system is explained.

Overall Powertrain System

The propulsion system under consideration here consists of an aircraft piston engine, combined with an electric motor in a

parallel architecture driving a single ducted propeller. Due to their performance characteristics, ducted fans are suitable for

operation by a hybrid electric powertrain (Weintraub et al., 2022). This system is already the subject of numerous publi-

cations in a similar form and is a common layout of hybrid electric propulsion systems (Brelje and Martins, 2019; Köhler

2



and Jeschke, 2021). The piston engine and electric motor are integrated into the fuselage of a horizontal takeoff fixed-wing

aircraft. The aircraft is twin-engine, with two completely redundant powertrain systems. The entire propulsion system is

shown in fig. 1. The piston engine is rotated 90°, unlike the usual pusher and puller configurations. Acting as an extension

of the crankshaft, the drive shaft exits the aircraft fuselage and passes through the pylon toward the propulsor. Within the

propulsor hub, there is a speed reduction and 90° deflection by a bevel gear. Connected directly to the the output shaft of

the bevel gear is the propulsor’s rotor. A similar transmission concept has already been investigated by Berg et al. (2020).

Direction
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Nacelle
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Figure 1 Parallel Hybrid Electric Powertrain System with Ducted Propellers

System Structure

The higher-level PCS is composed of seven systems. It is necessary to define the systems and subsystems previous to the

FHA, because the SRs are assigned to the systems during the PSSA. The systems and their subsystems are described below.

Piston Engine System

The piston engine system consists of the piston engine and its auxiliary components, cf. Rotax (2020). The main function

of this system is to convert fuel into shaft power. The associated subsystems include the ignition system, fuel system,

engine cooling and lubrication. In addition, the engine generates electrical power for the Engine Control Unit (ECU). The

engine management subsystem, including ECU, controls the engine. Other subsystems include the air intake and the exhaust

system.

Electrical Propulsion System

The electric propulsion system is used as a support during takeoff as investigated by Köhler and Jeschke (2021) and as a

power generator during flight to charge the battery. The main function of the electric propulsion system is to convert electric

power into shaft power and to convert shaft power into HV DC electric power. The electric propulsion system consists of

the inverter subsystem, the electric motor, which also acts as a generator to supply power to the battery, other actuators of

the PCS and the rectifier subsystem.

Battery System

In the powertrain configuration presented here, there are two different sources of electrical energy. Two low voltage (LV)

batteries in the 14 to 24VDC range supply the auxiliary components. The LV batteries are connected to the redundant power

bus. As the second source, each powertrain has its own 270 VDC HV battery with the voltage level defined according to

SAE International (2017). In addition to a cross-feed capability between the PCS across the aircraft, one HV battery is

connected to each electric motor system.

The battery system of the PCS includes a HV and a LV battery each, whose main function is to store electrical energy. The

HV battery includes the battery cells to store the electrochemical energy and the components to convert it into electrical
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energy. In addition, a battery management system monitors the balancing of the cells, as well as their other state variables,

such as open circuit voltage, State of Charge (SOC), temperature and State of Health (SOH), cf. Cheng et al. (2011).

Control System

The control system (Powertrain Control Computer (PCC)) communicates with the Flight Control Computer (FCC) by pro-

viding input and target data for the propulsion system, e.g. environmental parameters and thrust requirements. In return, the

PCC provides indications and necessary alarms from the other systems. Another function of the system is commanding sig-

nals according to the thrust request from the FCC to the piston engine and electrical propulsion system. The communication

between the left and right propulsion systems also runs through this system.

Ducted Propeller System

The main functions of the ducted propeller system are to convert mechanical shaft power into thrust and to protect the PCS,

the aircraft and the passengers from high-energy debris by containment in case of burst as stated by Zhang and Barakos

(2020). The scope of the system includes the propeller and its control. The nacelle itself and the anti-icing protection on the

propeller and nacelle leading edges are also part of the system. The system includes the gearbox, lubrication and overspeed

protection subsystems for the power transmission.

Interconnection System

The interconnection system connects the components of the powertrain electrically, structurally and for data communication.

The system distributes the electrical power on the HV bus and the LV bus. It also controls the cross-feed of the two DC

buses of the left and right powertrain systems. The DC/DC conversion from HV to LV bus is also one of the system’s tasks.

The electrical connection or disconnection is also controlled by the system, which prevents the system from damaging the

electrical circuit due to overcurrent. In terms of data, the system monitors the communication of the PCS. The structural

connection of the actuator and airframe is also part of the system.

Thermal Management System

The main function of thermal management is to monitor and control the temperature of the HV battery, inverter and electric

motor. In addition to cooling these components with a water-glycol mixture, the functions also include additional heating,

e.g. to warm the battery to its minimum operating temperature. The cooling of the combustion engine is part of the piston

engine system.

Flight Mission

For the following analysis, a standardized flight mission profile is chosen, as illustrated in fig. 2. The mission profile and

power distribution define, in part, the functions of the components and therefore, directly influence the FHA. Besides the

familiar phases of flight, the mission profile has some characteristics that are specific to electrified powertrains. These

characteristics are explained in this section. In addition to the altitude profile, fig. 2 also shows the power curve of the

combustion engine and electric motor, as well as the power of the hybrid powertrain, which corresponds to the sum of both

individual outputs. The sign convention for the power distribution is defined, so that a positive power drives the propulsor.

A negative power decelerates the propulsor.

During the warm-up and taxi phase, the combustion engine is used. The electric motor works as a generator to supply power

to the aircraft and its systems. The electric motor thus takes power from the system and therefore its power has a negative

value. This means that the total power is lower than the individual power of the combustion engine. In order to achieve

the necessary power for the takeoff, the electric motor supports the combustion engine and thus has a power output defined

as positive. Both motors provide their maximum power in this phase in order to realize the shortest possible takeoff roll

distance. During this phase, the aircraft systems are supplied with energy from the battery system. Therefore, in addition

to the power for the electric motor, the battery is also discharged by the power consumption of the aircraft systems. During

the climb phase, the combustion engine delivers its maximum continuous power and the electric motor supplies the aircraft

systems as a generator.

Once the cruising altitude is reached, a lower total hybrid power is required. It is therefore possible to increase the generator

power of the electric motor to recharge the high-voltage battery, which was previously discharged by the takeoff boost.

During this recharge phase, the electric motor operates at continuous power. Once the battery is fully charged, the power

from the electric motor is reduced and only covers the current power demand of the remaining systems. Since the total power,

which is required to maintain the cruise condition, remains constant, the power of the combustion engine is also reduced.

In the remaining phases, power for the propulsor is provided exclusively by the combustion engine, and the electric motor

continues to work as a generator. The total power of the hybrid system is therefore below the combustion engine power for

the rest of the regular flight mission.
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Figure 2 Flight Mission and Power Distribution

FHA METHODOLOGY

In the aerospace industry, it is common to work according to SAE International (1996) and SAE International (2010) along-

side the development process. The development process breaks down the requirements from the aircraft level to the system

level and again to the item level so that the item can be subsequently designed. The categorization into a system and item

level is carried out individually for each project. Within this paper, the PCC is the item to be developed. After the design,

it must be verified that the item meets its requirements. At the end of the process, a further check is made as to whether

the system requirements and the aircraft requirements have been fulfilled. In the V-Model in fig. 3 according to SAE In-

ternational (2010), the FHA carried out here is anchored at the system level. It is subordinate to the aircraft FHA, which is

performed in advance and provides input information for the assessment at system level. On the left-hand side of the model,

the FHA is followed by the PSSA and the Fault Tree Analysis (FTA).

Aircraft Category

In order to find applicable standards as a basis for the FHA it is first necessary to determine the aircraft category. The

example used here is an aircraft in the CS-23 Class II with the type code 2MRMLNLN according to ASTM International

(2020), as shown in table 1.
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Table 1 Aircraft Category

Code Description Aircraft under Study

2 Airworthiness level 2 (up to 6 passengers) 4

M Number of Engines: (multi engine aircraft) Two engines

R Type of engines Reciprocating engine

M Stall speed between 83 km/h and 113 km/h

L Cruise speed ≤ 463 km/h

N Meteorological conditions Day and Night Visual Flight Rules (VFR) conditions only

K Altitude < 7620 m altitude, ops ceiling Flight Level 130

N Flight maneuvers non-aerobatic maneuvers

Overview of Certification Standards

After defining the aircraft category, the applicable certification standards must be identified. In addition to known certifi-

cation standards, the recommendations of the WG-113 (EUROCAEWG-113, 2020) have also been taken into account as it

includes a list of standardization needs for electrified propulsion systems. The standards, that are suitable for the subsequent

FHA of the hybrid powertrain configuration presented here, are briefly explained below.

In CS-23 Amendment 4 (EASA, 2015) and Amendment 5 (EASA, 2020b), the airworthiness standards for normal cate-

gory airplanes are defined. SC-E-19 (EASA, 2021) and ASTM F3316 (ASTM International, 2019) cover the certification

of electrified propulsion system and are therefore taken into account for this study. Further regulations are taken from

CS-E (EASA, 2020c), which contains applicable rules for engines, while CS-P (EASA, 2020d) was used for the propeller.

AMC-20-3B (EASA, 2020a) has been applied to the electronic engine control system. Further rules have been extracted

fromASTM F3061 (ASTM International, 2020) for small aircraft and fromASTM F3064 (ASTM International, 2018) for

control, indication, and operational characteristics.
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Procedure

The objective of the FHA is to define the SRs for the PCS, so that the PCS can subsequently be developed in a way to meet

its SRs. In order to identify the probabilities for the quantitative SRs of the PCS, it is necessary to determine the share of the

safety budget for all systems of the propulsion. For this reason, all other systems are also evaluated, which in turn means

that the FHA is performed at the system level. The FHA is documented in a so-called FHA table that lists all information

sources, conclusions, and the final deduced SRs.

The FHA procedure is illustrated in fig. 4. After defining all functions of the propulsion system, these are then combined

with appropriate Failure Modes (FMs). The resulting effect of a function with a specific FM is evaluated by its severity

and then classified. To ensure that an effect only occurs after a certain flight time, depending on its severity, the probability

of each SR is derived from the FHA. The SRs complement the technical requirements of the item and thus significantly

influence the design process. The individual steps of the FHA are described in more detail below.

Functions

Failure Modes

F1 FM01

FM02

F2 FM01

F3 FM01

FM02

FM03

⋮ ⋮

Classifications

F1 FM01 MIN

FM02 MAJ

F2 FM01 MIN

F3 FM01 HAZ

FM02 MIN

FM03 NSE

⋮ ⋮ ⋮

Safety Requirement 1

Safety Requirement 2

⋮

System 1

System 2

System 3

System 1

System 2

⋮

Figure 4 FHA Procedure

Function Definition

As a first step, all functions on PCS, system and subsystem level are defined. These include internal functions of each

subsystem and functions between them, as well as external functions between the propulsion system and the rest of the

aircraft. In addition, each function is allocated to one or more systems that perform that function. This step is necessary to

allocate the suitable requirements to each system at a later stage.

Failure Modes

For each function, all possible FMs are determined. A FM describes a state or defect that does not allow the function to

be executed correctly. For this, the worst reasonable case scenario for each phase is considered. The phase of operation,

the normal and degraded environments, and the environmental and emergency configuration list are identified. The FMs

are established on the basis of the applicable standards (page 6), other FHA examples (e.g. EUROCAE (2020)) and the

WG-113 recommendations and take into account both single and multiple failures. Typical functional FMs are described in

table 2.

Table 2 Failure Modes

Failure Mode Description

FM01 loss of function

FM02 detected malfunction (detected by a monitoring mean or by the pilot)

FM03 undetected malfunction (un-detected by a monitoring mean or by the pilot)

FM04 partial loss (in case of redundancy, e.g. the power bus)

FM05 Inadvertent/spurious activation of the function

FM06 more than intended to perform the function

FM07 less than intended to perform the function

FM08 Inability to start the function

FM09 Inability to stop the function
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Effects and Classification

Based on the applicable standards and the WG-113 recommendations, one or more effects of each FM are identified. The

operational consequence on the aircraft, mission, and people involved (crew, occupants) are considered as well. In addition,

reference is made to unusual or abnormal external factors that might alleviate or intensify the severity of the FC. These

relate to adverse operational or environmental conditions, or corrective action required on the part of the pilot if the failure

is announced. If a function can no longer be executed properly, this will have an effect on the aircraft, its crew and its

passengers. In the results of the paper the effects are not displayed because they do not add value for this paper. Each

effect is then classified according to its severity. Empirical data, such as accident and incident data, regulatory guidance,

and previous design experience are used for this purpose. If possible, flight crew can also be interviewed. If an effect is not

well-known or understood, its severity should be justified by supporting material, such as analysis, studies, simulation, and

testing. According to ASTM International (2021), the conventional classifications are shown in table 3.

Table 3 Severity Classifications

A Catastrophic (CAT)

B Hazardous (HAZ)

C Major (MAJ)

D Minor (MIN)

E No Safety Effect (NSE)

Safety Requirements

As a final step, the quantitative and qualitative SRs are generated. The quantitative SRs are based on the aforementioned

criteria and specified with an appropriate failure rate according to ASTM International (2020). Each quantitative SR is then

allocated to one or more systems of the propulsion system. Usually, this step is part of a PSSA, but is included in this FHA

to define the share in the safety budget for the PCC for later analysis. In order to keep the example simple, only AND and

OR logics are used in the FTA. Also, in case a quantitative SR is applicable to several systems, the occurrence rate is simply

distributed evenly among these systems. The qualitative SRs do not specify a failure rate but instead, state design constraints

as for example the FCs that should and shall be signaled by means of warning lamp in the cockpit, or state recommended

actions for flight crew or maintenance personnel that shall be documented in instructions manual. The architecture of the

PCC can be developed on the basis of these results. A subsequent PSSA will check if the chosen architecture satisfies the

FHA SRs. For this purpose, quantitative and qualitative verification means must be identified.

FHA RESULTS

The FHA results of the here presented example are collected in a FHA table and in a FHA document. This document

gives an overview of the propulsion system, the applicable standards, the assumptions made, and lists the quantitative and

qualitative requirements. In the following, those parts of the FHA are presented which were previously outlined in chapter

Procedure and which show those properties of hybrid systems that are not yet covered by existing standards. All functions

from the entire propulsion system on PCS supersystem, system and subsystem level were defined. Each function is also

allocated to one or more subsystems that perform that function. As an example, the table 4 shows only the functions on the

supersystem and system level, and declares those functions that are specific to a hybrid configuration. The function on the

supersystem level are formatted in bold.

The different applicable FMs for each function were identified, described and classified as shown in table 5. Only the

failures F100-FM03, F100-FM06, and F100-FM09 are covered by existing standards. In all the other cases, the FCs effects

assessment relies on the engineering judgment of cross-functional assessors and considers the most severe plausible effects.
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Table 4 Functions and their Allocation to the Systems

● allocated to system Allocation to Systems

○ not allocated to system

ID Function C
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e
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ry
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P
ro
p
el
le
r

In
te
rc
o
n
.

T
h
er
m
.

Hybrid

F100 generate controlled thrust ● ● ○ ○ ● ○ ○ Yes

F110 command propulsive force in response to thrust demand ● ○ ○ ○ ○ ○ ○
F120 convert fuel to shaft power (engine) ○ ● ○ ○ ○ ○ ○
F130 convert electrical power to shaft power (inverter/motor) ○ ○ ○ ● ○ ○ ○ Yes

F140 convert shaft power to thrust (propeller) ○ ○ ○ ○ ● ○ ○
F150 synchronize propeller rotation speed (control) ● ○ ○ ○ ○ ○ ○
F160 broaden the operating range ○ ○ ○ ○ ● ○ ○

F200 communicate externally and internally ○ ○ ○ ○ ○ ● ○
F210 get demands and input data from cockpit/flight management ● ○ ○ ○ ○ ● ○
F220 provide indications to cockpit/flight management system ● ● ● ● ● ● ●
F230 provide warning to cockpit/flight management system ● ● ● ● ● ● ●
F240 provide caution to cockpit/flight management system ● ● ● ● ● ● ●
F250 provide advisory to cockpit/flight management system ● ● ● ● ● ● ●
F260 provide message to cockpit/flight management system ● ● ● ● ● ● ●
F270 exchange information/data in the PCS ● ● ● ● ● ● ●
F270 exchange information/data between two PCS ● ● ● ○ ● ● ●

F300 provide electrical power control and distribution ○ ○ ○ ○ ○ ● ○ Yes

F310 convert shaft power to HV DC electrical power ○ ○ ○ ● ○ ○ ○ Yes

F320 store HV electrical power (HV battery) ○ ○ ● ○ ○ ○ ○ Yes

F330 distribute HV electrical power (HV electrical bus) ○ ○ ○ ○ ○ ● ○ Yes

F340 cross feed DC electrical power between left and right PCS ○ ○ ○ ○ ○ ● ○ Yes

F350 convert electrical power from HV to LV (DC/DC converter) ○ ○ ○ ○ ○ ● ○ Yes

F360 store LV electrical power (LV battery) ○ ○ ● ○ ○ ○ ○ Yes

F370 distribute LV electrical power to PCS/airframe ○ ○ ○ ○ ○ ● ○
F380 control electrical connection/disconnections (contactors) ○ ○ ○ ○ ○ ● ○
F390 protect electrical circuit from damage ○ ○ ○ ○ ○ ● ○

F400 provide structural and environmental integrity ○ ○ ○ ○ ○ ○ ○
F410 provide protection against external conditions/event ● ● ● ● ● ● ●
F420 regulate temperature (thermal management system) ○ ○ ○ ○ ○ ○ ●
F430 provide protection against internal fault ● ● ● ● ○ ● ●
F440 respect installation constraints/endure structural stress ● ● ● ● ● ● ●

F500 provide accommodation to crew, passenger, operators, etc. ○ ○ ○ ○ ○ ○ ○
F510 provide turn around capabilities (recharge, built-in-tests...) ● ● ● ● ● ● ●
F520 provide maintenance capabilities (software, built-in-tests, etc.) ● ● ● ● ● ● ●
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Table 5 Hybrid Specific Functions, their Failure Modes and Classifications

Function FM Failure Condition Class. Substantiation

F100 FM01 unexpected complete loss of thrust/power MAJ -

F100 FM02 loss of thrust/power control (LOTC/LOPC) MAJ -

F100 FM03 unexpected minor thrust change MIN AMC20-3B

F100 FM06 uncontrolled overspeed HAZ AMC20-3B

F100 FM08 inability to restart the generation of controlled thrust during flight MIN -

F100 FM09 complete inability to shut down the system HAZ SC E-19

F130 FM01 loss to convert electrical power to shaft power (inverter/motor) MIN -

F130 FM03 undetected malfunction to convert electrical power to shaft power

(inverter/motor)

MAJ -

F130 FM05 inadvertent operation of the motor/inverter MIN -

F310 FM01 loss to convert shaft power to HV DC electrical power (genera-

tor/rectifier)

MIN -

F310 FM03 undetected/unprotected malfunction to convert shaft power to HV

DC electrical power (generator)

MAJ -

F310 FM05 inadvertent activation of generator mode MIN -

F310 FM09 inability to stop generating HV DC electrical power (generator) MIN -

F320 FM01 loss to store HV electrical power (HV battery) MIN -

F320 FM03 undetected malfunction to store electrical power (HV battery) MAJ -

F330 FM01 loss to distribute HV electrical power (HV electrical bus) MIN -

F330 FM03 undetected malfunction to distribute HV electrical power (HV elec-

trical bus)

MAJ -

F340 FM01 loss to cross feed DC electrical power between the left and right

PCS (HVDC Tie contactor)

MIN -

F340 FM03 undetected malfunction to cross feed DC electrical power between

the left and right PCS (HVDC tie contactor)

MAJ -

F350 FM01 loss to convert electrical power from HV to LV (DC/DC buck con-

verter)

MIN -

F350 FM03 undetected malfunction to convert electrical power from HV to LV

(DC/DC buck converter)

MAJ -

F360 FM01 loss to store LV electrical power (LV battery) MIN -

F360 FM03 undetected malfunction to store LV electrical power (LV battery) MAJ -

From these failures and their classification the quantitative SRs are generated (table 6). The column “Goal” contains the

SRs with their probabilities for the entire system and the column “Safety Requirement applicable to one system” contains

the SR with their probabilities for a single item, supposing even distribution between the systems. In order to keep the

example simple, only AND and OR logics were used for the share in safety budget among the items. Taking F100-FM01,

as an example, the function F100 is performed by the three systems control, engine, and propeller (table 4). If the control

OR the engine OR the propeller fail then function F100 fails. Because of the OR logics the probability of the entire system

10−5 1
ℎ is divided by three which leads to 3.3 ⋅ 10−6 1

ℎ for each of the three items. Taking F100-FM09 as an example for

AND logics, only if the control AND the engine AND the propeller fail at the same time, then function F100 fails. The

probability of the entire system is 10−6 1
ℎ . Calculating the third root from this leads to 10−2 1

ℎ for each of the three items.

A SR can be valid for several systems and one system has several SRs.
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Table 6 Resulting Safety Requirements

Funct. FM Class. Goal Safety requirement applicable to one system

F100 FM01 MAJ 10−5 1
ℎ FC ‘unexpected complete loss of thrust/power’ shall have for the system an oc-

currence rate below 3.3 ⋅ 10−6 1
ℎ

F100 FM02 MAJ 10−5 1
ℎ FC ‘loss of thrust/power control (LOTC/LOPC)’ shall have for the system an

occurrence rate below 3.3 ⋅ 10−6 1
ℎ

F100 FM03 MIN 10−3 1
ℎ FC ‘unexpected minor thrust change’ shall have for the system an occurrence rate

below 3.3 ⋅ 10−4 1
ℎ

F100 FM06 HAZ 10−6 1
ℎ This FC can not really breakdown to one system (the root cause for the overspeed

and the loss of overspeed protection might result from several systems) and has

to be handled at PCS level.

F100 FM08 MIN 10−3 1
ℎ FC ‘inability to restart the generation of controlled thrust during flight’ shall have

for the system an occurrence rate below 3.3 ⋅ 10−4 1
ℎ

F100 FM09 HAZ 10−6 1
ℎ FC ‘complete inability to shut down the system’ shall have for the system an oc-

currence rate below 10−2 1
ℎ

F130 FM01 MIN 10−3 1
ℎ FC ‘loss to convert electrical power to shaft power (inverter/motor)’ shall have an

occurrence rate below 10−3 1
ℎ

F130 FM03 MAJ 10−5 1
ℎ FC ‘undetected malfunction to convert electrical power to shaft power (in-

verter/motor)’ shall have an occurrence rate below 10−5 1
ℎ

F130 FM05 MIN 10−3 1
ℎ FC ‘inadvertent operation of the motor/inverter’ shall have an occurrence rate

below 10−3 1
ℎ

F310 FM01 MIN 10−3 1
ℎ FC ‘loss to convert shaft power to HV DC electrical power (generator/rectifier)’

shall have an occurrence rate below 10−3 1
ℎ

F310 FM03 MAJ 10−5 1
ℎ FC ‘undetected/unprotected malfunction to convert shaft power to HV DC elec-

trical power (generator)’ shall have an occurrence rate below 10−5 1
ℎ

F310 FM05 MIN 10−3 1
ℎ FC ‘inadvertent activation of generator mode’ shall have an occurrence rate be-

low 10−3 1
ℎ

F310 FM09 MIN 10−3 1
ℎ FC ‘inability to stop generating HV DC electrical power (generator)’ shall have

an occurrence rate below 10−3 1
ℎ

F320 FM01 MIN 10−3 1
ℎ FC ‘loss to store HV electrical power (HV battery)’ shall have an occurrence rate

below 10−3 1
ℎ

F320 FM03 MAJ 10−5 1
ℎ FC ‘undetected malfunction to store electrical power (HV battery)’ shall have an

occurrence rate below 10−5 1
ℎ

F330 FM01 MIN 10−3 1
ℎ FC ‘loss to distribute HV electrical power (HV electrical bus)’ shall have an oc-

currence rate below 10−3 1
ℎ

F330 FM03 MAJ 10−5 1
ℎ FC ‘undetected malfunction to distribute HV electrical power (HV electrical

bus)’ shall have an occurrence rate below 10−5 1
ℎ

F340 FM01 MIN 10−3 1
ℎ FC ‘loss to cross feed DC electrical power between the left and right PCS

(HVDC Tie contactor)’ shall have an occurrence rate below 10−3 1
ℎ

F340 FM03 MAJ 10−5 1
ℎ FC ‘undetected malfunction to cross feed DC electrical power between the left

and right PCS (HVDC tie contactor)’ shall have an occurrence rate below 10−5 1
ℎ

F350 FM01 MIN 10−3 1
ℎ FC ‘loss to convert electrical power from HV to LV (DC/DC buck converter)’

shall have an occurrence rate below 10−3 1
ℎ

F350 FM03 MAJ 10−5 1
ℎ FC ‘undetected malfunction to convert electrical power from HV to LV (DC/DC

buck converter)’ shall have an occurrence rate below 10−5 1
ℎ

F360 FM01 MIN 10−3 1
ℎ FC ‘loss to store LV electrical power (LV battery)’ shall have an occurrence rate

below 10−3 1
ℎ

F360 FM03 MAJ 10−5 1
ℎ FC ‘undetected malfunction to store LV electrical power (LV battery)’ shall have

an occurrence rate below 10−5 1
ℎ
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The table above is an example of SRs, which could be used to improve the regulation framework and recommendations of

the WG-113 on the hybrid electric propulsion systems.

In EUROCAEWG-113 (2020), the WG-113 lists technology elements, their emergent properties and emergent risks. These

are not sufficiently covered under existing standards and need to be more precisely specified in the future. For countermea-

sures, they also suggest additionally required functions and additionally required technology / system. Using “F100-FM08:

FC ‘inability to restart the generation of controlled thrust during flight’ shall have for the system an occurrence rate below

3.3 ⋅ 10−4 1
ℎ” as an example, the WG-113 contemplates in EUROCAEWG-113 (2020), that a control for starting the pow-

ertrain should have a battery temperature management in order to have the battery available during flight. Batteries as part

of a hybrid electric propulsion system have not existed until now, so the risks typically associated with these components

are not part of the previous certification standards.

CONCLUSION

In conventional aircraft engines the known FCs and their effects are controllable. However, hybrid propulsion systems

include new functions and components in aviation. Therefore, a complete FHA has been performed for a parallel hybrid

electric propulsion system within a twin-engine fixed-wing aircraft. This work demonstrates that this assessment is gener-

ally feasible for this type of powertrain. In addition to summarizing suitable standards and presenting the methodology, this

paper shows the FHA results of those functions specific to the hybrid electric configuration. The results point out that the

available certification standards do not cover the characteristics of novel powertrain concepts in at least 20 FCs. Besides

presenting the FCs applicable for the here shown propulsion system, the paper suggests classifications of those not yet cov-

ered by the standards.

Regardless of technological advances, for example with respect to batteries, the commercial use of small aircraft with

electrified propulsion systems will only be possible if these systems operate at adequate levels of safety. A sound and com-

prehensive certification specification is essential for the success of these new propulsion technologies. The elaborated FCs,

the associated classifications and the derived SRs thus serve as input for the further work of WG-113 to support regulations

framework of the operation of hybrid electric propulsion systems.

NOMENCLATURE

CAT Catastrophic

ECU Engine Control Unit

eVTOL electric Vertical Take-Off and Landing aircraft

FC Failure Condition

FCC Flight Control Computer

FHA Functional Hazard Assessment

FM Failure Mode

FTA Fault Tree Analysis

HAZ Hazardous

HV high voltage

LV low voltage

MAJ Major

MIN Minor

NSE No Safety Effect

PCC Powertrain Control Computer

PCS Propulsion Control System

PSSA Preliminary System Safety Assessment

SOC State of Charge

SOH State of Health

SR Safety Requirement

UAM Urban Air Mobility

VFR Visual Flight Rules

WG-113 Working Group 113
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