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Abstract: The current rapid technological change identifies the evolution of people’s transportation
as one of the primary effects. Hybrid-electric propulsion reveals potential advantages, including
fuel savings, lower pollution, and reduced noise emissions. It is becoming a viable alternative
propulsion technology for ground and marine applications and the aviation sector. Hybrid-electric
propulsion systems can meet the high demands of next-generation aircraft in terms of lower operating
costs, economy, and fuel efficiency while maintaining high flight performance. Introducing similar
disruptive technologies requires an evolution of the traditional certification approach and associated
means of compliance. Even if it starts with evaluating a hybrid propulsion system, the proposed
process can also be adopted in other areas where disruptive technologies need to be adopted, such
as H2 fuel systems and active wings, to summarize some potential applications. The Certification
Approach for Disruptive Technologies adopts a top—down process, reversing and mixing the usual
certification approach currently used for aircraft. It is based on a safety assessment fully integrated
into the system’s development. The result of this process will consist of a list of gaps in certification
requirements, their classification based on gap solution impact, and proposals to close those gaps.

Keywords: disruptive technologies; certification approach; gap analysis; hybrid-electric propulsion
systems; safety assessment

1. Introduction

In recent years, we have witnessed rapid technological change in various aspects of
daily life, with particular reference to people’s transportation. In fact, in parallel with the
automotive industry, hybrid-electric propulsion is becoming a viable alternative propul-
sion technology for the aviation sector. It reveals potential advantages, including fuel
savings, lower pollution, and reduced noise emissions. Hybrid-electric propulsion systems
(HEPS) can take advantage of the synergy between two technologies by utilizing both
Internal Combustion Engines (ICEs) and Electric Motors (EMs) together, each operating
at their respective optimum conditions. However, the imposition of high demands on
next-generation aircraft in terms of lower operating costs, economy, and fuel efficiency
while maintaining high flight performance usually requires introducing disruptive tech-
nologies. As a consequence, an evaluation of the applicability of the traditional certification
requirements and associated means of compliance shall be conducted when certifying these
innovative products [1-3].

The aim of identifying a possible approach to the certification of disruptive technolo-
gies started with evaluating a hybrid propulsion system. The proposed approach can also
be adopted in other areas where disruptive technologies are adopted, such as H2 fuel
systems and active wings, to summarize some of the potential applications.

This work is mainly turned to the stakeholders and industry in order to propose a
methodology to the authorities of certification to certify disruptive technologies and give
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evidence of compliance with safety requirements. Since these are innovative technologies,
the current regulations and related MoC do not always allow a classic safety assessment.
Therefore, the proposed approach wants to fill this gap by asking the authorities whether
this methodology is usable, particularly whether it will be accepted.

This article describes the process proposed for a standardized Certification Approach
for Disruptive Technologies. The method adopts a top—down process, reversing and
mixing the certification approach currently used for aircraft [4]. The usual starting point
to analyze the available certification requirements to identify the gap with respect to
disruptive technologies may lead to not assessing some characteristics of the disruptive
system/components that are not covered by the certification requirements already available.
Nevertheless, the safety assessment requested as a certification deliverable [5] is maintained.
The first phase is based on the safety assessment of functional items fully integrated into the
aircraft and relevant sub-system development activities. This initial assessment represents
a significant change compared to the traditional certification approach. This process
points out the aircraft functions and relevant systems, evaluating the associated risk level.
Subsequently, the gaps are identified by comparison with the requirements necessary to
accept the risk (maximum failure rate allowed) that can be included in the already available
certification requirements or during the introduction of new requirements. New regulations
or possible modifications of existing regulations for disruptive technologies are discussed
and arranged in parallel with the definition of the design. Therefore, the final result of this
process will consist of a list of gaps in certification requirements, their classification based
on gap solution impact, and proposals to close those gaps.

The process can be summarized into the following main streams as shown in Figure 1:

Identification of the architecture under evaluation;

Safety assessment for the architecture under evaluation;

Identification of gaps and relevant means of compliance derived from the safety
assessment;

e Identification of gaps and relevant means of compliance derived from comparison
assessment with existing certification requirements (this step can be performed inde-
pendently from the safety assessment);

e  Collection of gaps identified from safety and comparison assessment and gap classifi-
cation

e  Gap closure:

O Collection of available standards (requirements and means of compliance);
O Correlation between gaps, available standards, and relevant system/component;
@) Certification proposal.

This approach is fully integrated into the new product introduction (NPI) process,
thereby minimizing future rework due to the early identification of certification issues.
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Figure 1. Certification of disruptive technologies—schematic.

2. Proposed Approach

It is necessary to further detail some of the main streams to better focus the proposed
process.

2.1. Identification of the Architecture under Evaluation

The first step of the process consists of identifying the architecture under evaluation.

The architecture under test is referred to as a Regional Hybrid Platform related to an
aircraft with a propulsive system with two main propellers and wing-tip propellers based
on a Series—Parallel Partial Hybrid architecture (SPPH). In this configuration, a gas turbine
provides thermal power to the combining gearbox, which can either combine power coming
from the e-motor/e-generator (acting as a motor) to move the inboard propeller or split
power between the inboard propeller and the e-generator/e-motor (acting as a generator).
A Power Management and Distributor Unit (PMAD) provides the requested power to the
electric motor that drives the wing-tip propeller. In addition to the thermal power provided
by the gas turbine, electrical energy is provided by a battery pack (E-storage in Figure 2)

and managed by the PMAD.
@ @ y
Fuel Gas Turbine Combining GearBox
1 Inboard Propeller
I' eGenerator/
/ » eMotor
—1
—
— PMAD N\ =
E-Storage * H — /
eMotor ing Tip Propeller

Gearbox
Figure 2. General powertrain architecture for one wing.

The whole aircraft propulsive system is composed of two SPPH systems applied to
both wings in combination with a unique PMAD shared by both sides linked to the four
electrical motors (two for each wing) and associated with a common battery pack [6].
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2.2. Safety Assessment for the Architecture under Evaluation

The safety assessment process includes requirement generation and verification, which
supports aircraft development activities [7]. This process provides a methodology to evalu-
ate aircraft functions and the design of systems performing these functions to determine if
the associated hazards have been properly addressed. The system development process is
iterative in nature. The safety assessment is an inherent part of this process; it begins with
the concept design and derives its safety requirements. As the design evolves, changes
are made, and the modified design must be reassessed. This reassessment may create new
design requirements. These new requirements may necessitate further design changes.
Finally, the safety assessment process ends with verifying that the design meets the level of
safety required by the certification.

Based on the system architecture shown in Figure 3, a preliminary safety assessment
of the aircraft under test has been evaluated, taking the standard SAE ARP 4761 as a
reference [7]. The figure below reports the flow chart of the proposed approach.

Aircraft
Functional & Primary Aircraft
Architectural Functions

Development

Minimum
Certification
Performances

Preliminary
Aircraft FHA

Preliminary
Aircraft Safety
Assessment

Common Cause
Analysis

Requirements

Global SO
allocation to
subfunctions

System
Detailed
Design

Preliminary
System Safety
Assessment

Yes System SO D_

compliance
verification

Figure 3. Safety assessment approach proposed.

2.2.1. Functional Analysis

A primary functional analysis has been carried out starting from the aircraft design and
general system architecture, in which the primary functions at the aircraft level have been
identified. The following Table 1 reports an extract of the functional analysis performed, in
which the traditional function of interest, “To Guarantee Thrust,”. Its safety evaluation is
described in the following:

Table 1. Preliminary aircraft functional analysis.

Id Function (Level 0) Function (Level 1) Function (Level 2)

To allow the transport of
passengers and goods

To guarantee the
1. generation of aerodynamic
forces

1.1 To generate lift
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Table 1. Cont.

Id Function (Level 0) Function (Level 1) Function (Level 2)
1o To minimize the resistance

) generation
1.3 To guarantee stability
14 To guarantee lateral and

: directional control
2. To guarantee the thrust

To guarantee forward
2.1
thrust

2.2 To guarantee reverse thrust
3 To provide internal

’ environmental control
4 To guarantee the

’ communication function
5 To execute the guidance

’ and navigation function
6. To provide power

To provide accommodation
7. for the crew and the
payload

3 To ensure structural

’ integrity
9 To ensure monitoring of the

aircraft

2.2.2. Functional Hazard Assessment of Identified Function of Interest

After identifying the traditional main functions, a Preliminary Aircraft Functional
Hazard Assessment is completed. It allows for identifying and classifying the failure
condition(s) associated with the aircraft functions and combinations of aircraft functions.
These failure condition classifications establish the safety objectives. For the purpose of
validating the certification process, it was deemed appropriate to report the same failure
effects for the three main phases. The detailed evaluation of the failure effects on each
individual flight phase is beyond the scope of this work.

The Table 2 reports the Functional Hazard Assessment (FHA) for the sub-function
(Level 2) 2.1 “To guarantee forward thrust”.

The output of the aircraft FHA is used as the starting point for conducting the Prelimi-
nary Aircraft Safety Assessment (PASA), which consists of a systematic examination of the
proposed system architecture(s) to determine how failures can cause the functional hazards
identified by the FHA. The objective of the PASA is to establish the safety requirements of
the system and to determine that the proposed architecture can reasonably be expected to
meet the safety objectives identified by the FHA.
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Table 2. Aircraft Functional Hazard Assessment.
Flfnctlon A/C Function Phase (MO.S? Critical Failure Condition Failure Effect Severity
Failure Id Condition)
To guarantee Climb Total loss of thrust  Inability of the crew to
FF2.1.1 forward thrust En-route on both sides control the aircraft Catastrophic
Descent
Strong reduction in
To euarantee Climb Partial loss of safety margins.
FF2.1.2 & En-route thrust on both Serious difficulty for Hazardous
forward thrust . LI
Descent sides the crew to maintain
control of the aircraft
. Strong reduction in
T t Climb Total loss of thrust fet i
FF2.13 0 guarantee En-route otal loss of thrus safety margins. Hazardous
forward thrust to one side Excessive workload
Descent
for the crew
. Significant reduction
Climb . . .
To guarantee Partial loss of in safety margins and .
FF2.1.4 En-route . . : Major
forward thrust Descent thrust to one side a significant increase

in crew workload

2.2.3. Fault Tree Analysis of Functions of Interest

Several techniques can be applied as part of the PASA to determine what single failures
or combinations of failures can occur (if any) at the lower levels that might cause each
failure condition, such as Fault Tree Analysis, Dependence Diagram, or Markov Analysis.

In this work, the PASA has been performed by means of Fault Tree Analysis (FTA), in
which the failure conditions identified in the FHA correspond to the top events in the Fault
Tree Analysis.

The analysis begins with an undesirable top-level hazard event. It systematically
determines all credible single faults and failure combinations of the system functional
blocks at the next lower level that could cause this event.

The Figure 4 reports the Fault Tree developed for the top event: “Total loss of thrust
on both sides”, as identified in the Aircraft Functional Hazard Assessment (Table 2).

2.2.4. FHA and FTA at System Level

After performing the FHA and PASA at the aircraft level, the safety requirements/ objectives
are allocated to all functions of interest. Subsequently, based on the evaluation of the critical
systems, the next step consists of performing the functional analysis first. The FHA and
PASA use the same techniques described above but are applied at the system level [7].
Based on the hybrid propulsion system architecture under test in Figure 1, the functional
analysis at the system level is reported in Table 3. Considering that the configuration
proposed in Figure 1 is the same for both left- and right-side wings, the analysis has been
implemented only on the left side.

Based on the identified functions, the Preliminary System Functional Hazard Assess-
ment of the main functions of the hybrid propulsion system has been implemented and
reported in the Table 4.

The Figure 5 reports the Fault Tree related to the System Failure Condition: “No power
was supplied to the LH INLET” propeller as identified in the System Functional Hazard
Assessment.
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both side

FF2.1.1. Total loss of thrust

ED1

P=1.0
f=0.0

Loss of LH Thrust

Loss of RH Thrust

P=1.0
=00

Loss of LH Inlet Propeller

Loss of LH Tip Propeller

LH Inlet Propeller Failure

No power supply to LH Inlet
Propeller

Figure 4. Fault Tree related to the failure condition “Total Loss of thrust—both sides.”
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Table 3. Preliminary System Functional Analysis.

ID System Function (Level 1) System Sub-Function (Level 2)
SF1 To supply power to LH INLET propeller
SF11 To provide mechanical power to the combining gearbox from the
) thermal engine
SF 1.2 To provide mechanical power to the combining gearbox from electric
' motorl
SF13 To transmit mechanical power from the combining gearbox to the LH
' INBOARD propeller
SF 2 To supply power to LH TIP propeller
SF2.1 To provide mechanical power to the gearbox from electric motor2
SF2.2 To transmit mechanical power from the gearbox to the LH TIP propeller
SF3 To guarantee E-storage system charging
SE31 To transmit mechanical power from the combining gearbox to the
' Electric generator
SF 3.2 To provide electrical power to PMAD
SF 3.3 To provide electrical power to the battery pack

Table 4. Preliminary System Functional Hazard Assessment.

System Function System Phase
y Failure Id Fu};lc tion (Most Critical Failure Condition Failure Effect Severity
Condition)
No power to the LH INLET
propeller. TIP LH and RH
To suppl INLET and TIP propellers
ower It)ng Climb No power was are correctly working.
SFF 1.1L P INLET En-route supplied to the LH Large reduction in safety Hazardous
ropeller Descent INLET propeller margins/functional
prop capabilities. Large increase
in crew workload to control
the A/C.
Degraded power to LH
INLET propeller. TIP LH
and RH INLET and TIP
To supply Climb Degraded power propellers are correctly
SFF 1.2L power to LH En-route supplied to LH . work.mg: Minor
INLET Slight reduction in safety
Descent INLET propeller ; .
propeller margins/functional
capabilities. Slight increase
in crew workload to control
the A/C.
No power to LH Tip
propeller. INLET LH and
RH INLET and TIP
To supply Climb No power was propells\f(s)i*iencorrectly
SFF 2.1L power to LH En-route supplied to the LH Slicht re ductiongin safet Minor
TIP propeller Descent TIP propeller st re . Y
margins/functional

capabilities. Slight increase
in crew workload to control
the A/C.
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Table 4. Cont.

System Function
Failure Id

System Phase

Function

(Most Critical
Condition)

Failure Condition

Failure Effect

Severity

SFF 2.2L

power to LH
TIP propeller

Climb
En-route
Descent

To supply

Degraded power
supplied to LH TIP
propeller

Degraded power to LH Tip
propeller. INLET LH and
RH INLET and TIP
propellers are correctly
working.

Slight reduction in safety
margins/functional
capabilities. Slight increase
in crew workload to control
the A/C.

Negligible

SFF 3.1L

To guarantee

Climb
En-route
Descent

E-storage
system
charging

No E-storage
system charging

No E-storage system
charging. No electric power
to INLET and TIP propellers

on both sides. Thermal
power is still provided.
Significant reduction in
safety margins and a
significant increase in crew
workload.

Major

SFF 3.2L

To guarantee

Climb
En-route
Descent

E-storage
system
charging

Degraded
E-storage system
charging

Degraded E-storage system
charging. Degraded electric
power to INLET and TIP
propellers on both sides.
Thermal power is still
provided. RH thermal and
electric propulsion system
correctly working. Slight
reduction in safety
margins/functional
capabilities. Slight increase
in crew workload to control
the A/C.

Minor

After completion of the System FHA and SSA processes, the following checks can be

conducted:

1. Verify that the propulsive system is able to guarantee compliance with respect to the
levels of severity identified in the System Hazard Analysis (Section 2.3.1);

2. Preliminary verification that the propulsive system is able to guarantee compliance
with respect to the levels of severity identified in the Aircraft Hazard Analysis:

If yes—the system design can move on to the next detailed design phase;

If not—at first, a new refinement of the system requirements, also verifying modifica-
tions to the architecture, is needed to try to accomplish the safety objective; subsequently, a
comparison between existing requirements and MoC, based on current regulations, and
the new ones identified for the system under evaluation can be made to identify gaps in
requirements and means of compliance.
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Mo power supply to LH
INLET Propeller

Ma power Transmission to

LHINLET Propeller Ma Power Produchion

E13

P=1.0
f=0.0

Gearbox system falure

t=0.0{ Loss of Electrical Power [LH Loss of Thermal Power (LH
Inlet) Imlet)

LH Thermal engine Failure

P=1.0
=0.0

LH Electncal Motor Failure E-storage system Failure AD/DC converter failure Bus system failure

Figure 5. Fault Tree related to the System Failure Condition “No power was supplied to the LH
INLET propeller”.

2.2.5. Preliminary Safety Assessment Results

In this section, a preliminary quantitative safety analysis is reported for the powertrain
architecture shown in Figure 1. The analysis evaluated both sides of the aircraft, considering
the failure rates of the components. However, it should be noted that the failure rates
are not always provided by the suppliers or are not available at all. Thus, research on
applicable standards NPRD 2016 [8] has been conducted. For each component, the failure
rate of the most similar equipment has been chosen as a reference, except for the battery
pack, for which the failure rate has been derived based on engineering judgment. The
tool Ansys Medini has been adopted to quantitatively evaluate the FTA. A decreasing
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exponential reliability with a constant failure rate A has been assumed for all components.
This typical rule of reliability is reported in Equation (1):

R(t) = e ¥

where

A; is the failure rate of the ith component, and R;(#) is its correspondent reliability.

Based on this assumption, a first evaluation of the probability of occurrence of the
most critical failure condition at the aircraft level, characterized by the catastrophic top
event “Total loss of thrust on both sides” has been executed using the Fault Tree Analysis,
considering an average mission time T =2 h.

The following figure reports an extract of the fault tree developed for the above-
mentioned top event, in which two figures have been indicated:

o Top Event Probability: This option computes a point estimate of the probability at
mission time T. This means that all basic events are evaluated at T, and top and
intermediate events are computed for the same. The probability label shows up as P.

e  Unreliability: Probability of the top event occurring in the interval [0 ... T]. The
probability label thus shows up as f.

The figures of unreliability and probability of occurrence for the catastrophic top event
analyzed are shown in Figure 6. These figures were determined using reliability data
obtained from the database [8]. In cases where reliability databases are unavailable, the
figures were estimated based on engineering judgment. The assessment results do not
allow full compliance with the Catastrophic Safety Objective required in the System Hazard
Analysis (10~%). Consequently, the analyses will be reviewed in future developments of the
project in order to ensure compliance with the safety requirements. A further assessment
result pointed out that the target value of the failure rate identified for the battery pack
is some orders of magnitude greater than the failure rate of the other components. For
this reason, the battery pack can be considered the priority equipment of the architecture
under evaluation according to the certification requirements. Therefore, it will be used as
an example of the new certification approach proposed.

FF2.1.1
Total Loss of thrust - bo...
EM
P=6977718x 10
f=6977391x 109 ™
Loss of LH Thrust Loss of RH Thrust
EQ2 ED3
P=8918877x 107 P=8918877x 10
f=5.918393x 10" h' f=8.918393x 0% h"
] I
A A
Page 2 Page 3

Figure 6. Fault Tress of the top event total loss of thrust on both sides.
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2.3. Identification of Gaps and Relevant Means of Compliance Derived from the Safety Assessment

The input obtained from previous steps is the severity level related to each sub-system
identified through the FHA and FTA at the system level. The severity level can be classified
as minor, major, hazardous, or catastrophic, depending on the effect that the failure could
cause. A logical inverse relationship must exist between the severity of the failure and
the average probability per flight hour to ensure an acceptable safety level (i.e., Risk
Assessment), as shown in the following Figure 7, [5]:

Probable
Unacceptable

Probability Remote

of
Falh.lr'e Extremely
Condition Remote
Acceptable
Extremely
Improbable

Minor Major Hazardous Catastrophic
Severity of Failure Condition Effects

Figure 7. Relationship between probability and severity of failure condition effects.

2.3.1. Failure Condition Requirement

This level of severity is thus associated with a minimum required criticality [9-12] (ref.
CS-E 510 for engines; CS-25 for airplanes; CS-29, CS-27 for rotorcrafts), and to demonstrate
this capability, a detailed FMECA needs to be performed.

e  Failure modes that could cause a catastrophic failure should be shown to be extremely
improbable, i.e., less than 10~ per flight hour.

e A hazardous engine effect arising from an individual failure must be predicted to be
not greater than 107 per engine flight hour to be acceptable.
For major engine effects, the probability must be less than 10> per engine flight hour.
A minor engine effect should be reasonably probable, meaning the failure probability
should be less than 102 per engine flight hour.

The different maximum failure rates are addressed in different specifications. The
definition of catastrophic failure and the associated probability requirement can be found
in [10-12] but not in [9]. That is because the failure of an engine is unlikely to result in a
catastrophic effect. The aircraft level specifications [10-12] and the engine level specifica-
tion [9] define a hazardous, major, and minor effect.

2.3.2. Failure Rate Assessment—Certification Evidence and GAP

For traditional technologies, compliance with the required failure rate is obtained
through validated data. However, for disruptive technologies, it is primarily necessary to
demonstrate data validation [13]. This can be obtained following three steps, graphically
shown in Figure 8:

1.  Gathering industrial data on similar applications if available;

2. Definition of suitable requirements and means of compliance for the specific application;

3. Comparison of these requirements and means of compliance with those that already
exist.



Aerospace 2023, 10, 637

13 of 20

From the Authorities:

FTA —FHA Certification Aircraft and Powerplant

requirement architecture
CS-E 510 — Safety Analysis
o Traditional .
Capability technology Compliance
Demonstration by - through
Safety Assessment Validated Data
: Disruptive
I Technologies
Gathering Industrial Output
Data if available Safety GAP on
Certification & MOC

Figure 8. Safety gap identification logical map.

Thus, if there is no matching between steps 2 and 3, safety gaps in requirements and
means of compliance are identified.
An example of gap identification is reported in Table 5.

Table 5. Example of the gap identified.

Requirement Explanation of Gap
HV distribution Current requlreme.nts.are .11m1ted to LV power
distribution
Electric Motor The certification specification does not consider

the electric motor a principal propulsion motor.

2.4. Identification of Gaps and Relevant Means of Compliance Derived from Comparison
Assessment with Existing Certification Requirements

It is to be noted that this certification comparison will be provided considering that the
current certification process divides the requirements into dedicated sections for engines,
propellers, aircraft, and helicopters. This division hardly matches the evaluation of an
innovative architecture, where, for example, the evaluation of a propulsion system needs
to include the analysis of requirements from different sections. It is important to carefully
evaluate the complete panorama of the certification requirements; the logical map of what
has just been described is shown in Figure 9. Further details can be found in [14].

An example of the different requirements provided by the authority: EASA CS-E for
engine, CS-P for propeller, and CS-23 for normal, utility, aerobatic, and commuter aero-
planes [9,15,16], can be summarized in the following Table 6 for hybrid-electric propulsion
systems—HEPS gap analysis.
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Aircraftand Powerplant
architecture

Comparison with
existing Requirements

& MoC

Output
GAP on Certification &
MOC from Comparison

Figure 9. Comparison gap identification logical map.

Table 6. Gap analysis on current certification requirements.

CS Requirement Explanation of Gap
CS25.0773 Pilot compartment view No changes are needed to regulation
CS 25.0863 Flammable fluid fire protection Electrical requirements covered by 25.1723
CS 25.0981 Fuel tank ignition prevention Means of compliance needed for HV wiring arcing?

List of ratings needed is specified just for reciprocating engines and
CS-E 0040 Ratings turbine engines. Need to add a specific paragraph for electric motor
ratings and operating limitations.

Control system includes the electrical power conversion and

CS-E 0050 Engine control system
storage components.
No significant gaps.
CS-E 0070 Material and manufacturing methods Potential gaps due to the introduction of new material or new
production processes (e.g., Additive) shall be addressed separately
This requirement does not include the overall propulsion system. It
. . should be specified in another requirement that the also propulsion
CS-E0130 Fire protection system (electric motor, batteries, cables, etc.) must meet these
specifications
3 . . Consider physically separating the thermal engine from the
CS-E0525 Continued rotation propeller. No windmilling condition needs to be addressed.
CS-E 0560 Fuel system No significant gaps. The electric supply requirement shall be

addressed in a separate point.

Need to evaluate the lubrication system integration: thermal engine
CS-E 0570 Oil systems vs. electric motor vs. combined PGB. Define if a common lube
system is preferable to three single ones.

2.5. Collection of Gaps Identified from Safety and Comparison Assessment and Gap Classification

The classification of the analyzed requirements is necessary to clearly picture their
status as requirements and means of compliance.
The classification, reported in Table 7, is based on the evaluation of gap extension.



Aerospace 2023, 10, 637 15 of 20
Table 7. GAP classification matrix.
Level GAP on Requirement GAP on Means of Compliance
Level 1 NO NO
Level 2 NO YES
Level 3 YES YES
Level 4 Not existing Not existing

e Level 1: No change is required. Regulation and relevant means of compliance are
already in line with the new technology;

e  Level 2: The requirement is suitable for the new technology. The means of compliance
need to be updated to address the new technology;

e Level 3: The requirement and relevant means of compliance need to be modified to
include the new technology;

e  Level 4: Both requirements and means of compliance do not exist. New ones need to
be introduced.

This classification allows us to properly address the activities dedicated to filling up
these gaps, providing a clear understanding of the effort needed to close them.

The higher classification rating means a gap where new regulations and means of
compliance are needed. In such cases, the certification demonstration is expected to be very
complex and require integrated system testing. Additionally, the technical risk associated
with certification may impact the general feasibility of the system.

The collection of the identified gaps and relevant means of compliance derived from
the safety and comparison assessment is consequently classified according to the above-
mentioned criteria.

2.6. Gap Closure-Meni

A potential gap closure approach is represented by the concept of ‘certification a la
carte’ [17]. This is based on the assumption that the new disruptive technologies differ
considerably. Therefore, the certification process should not be universally standardized
but tailored to the specific project.

To apply this approach, we first need to create the ‘Menti,” namely, the collection of
available standards (requirements and means of compliance) to comply with functionality
and safety requirements. To accomplish that, we shall gather the currently available
certification requirements (already assessed special conditions, industrial standards, and
experimental data) and identify the main areas where such certification is lacking.

Once we have a complete selection, we can build a tailored specification and relevant
means of compliance for our project, selecting the relevant specifications from the list of
standards we created previously.

Organizing the requirement and means of compliance collection is useful for adopt-
ing the already available taxonomy and system architecture defined in the GAP process
identification.

We can analyze this concept more thoroughly by organizing it in the following steps:
1. Collection of available requirements—Search for the available standards and their

records according to the taxonomy correlation;

2. Collection of available means of compliance—Search for the available means of com-
pliance and their records according to the taxonomy correlation.

To simplify the collection, it is also desirable to identify the certification requirements
and MOC pool by type of technology (hybrid-electric, fuel cells, H2 direct burn, etc.).

3. Case Study

An Example of collection for available requirements is provided in the Figure 10 (pool
requirements—system matrix):
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Pool—electric/hybrid electric propulsion
System—propulsion system.

AVAILABLE REQUIREMENT
COMPONENT |TYPE OF COMPONENT OTHER
EASA FAA ASTM RTCA/DO SAE MIL-STD ST A.GT,
] ] CS-E FAR 33 AIR1423
Thermal engine Classic Thermal Engine ARPSTETA
Open Rotor Engine NPA 2015-22
EPU (Electrical Power Unit) FAR 33 ASTM F3338-21 IEC 60034-1
o R AC 33 IEEE 1310-2012
General Aviation Aircraft |EC 618005
) ] SC-EPU 01 ASTM F2840-14
EPU Light Sport Aircraft SC-LSA 15-01 ASTM F2245-20
ARP6109A
Electric motor ARP5107C
AIR6181A
Electric Engine control AIR5924A
system AIR50608
AIR4250C
AIR6108
ARP5890B
AIR7502
AS4805
Power converter (Power converter AS5625A
AS6349
AS8020
SC-ELA 2015-01 AC20.184 RTCA/DO 311 AIR6840 UN 38.3
Rechargeable Lithium SC-LSA F2480 RTCA/DO 347 AIR6897 UL 1642
Battery Systems EASA CRI F-58 AIR6343
Battery pack Yy Sea1s
Storage batteries €S 22.1353 ASTM F3235-21 As8032 UL 2054
5C22.2024-01 AS35091A IEC 60952
EWIS (Electrical Wiring CS-E 135* 33.17,33.28, | ASTM F2639 - 18 AS50881G IEEE 1584
) CS 25 subpart H* | 25 subpart H* AIR1394A IEC TS 62100
Interconnection System) NFPA 70E
Cables for powered CS 22.1365
. 5C22.2024-01
sailsplane
Cables and wiring |EC 60364
IEC 60885
Electrical wiring for IEC 60189
buildings IEC 60227-3D
IEC 60245~
620D
ASTM F3316M | RTCA/D0O254 ARP5584 IEEE 519
Electrical system ASTM F3239
ASTM F3231M-21
Electrical system electro- 25.1316 ASTM D1868 RTCA/DO 160 ARP1870A MIL-STD-461G
Electrical system magnetic compatibility 25.1317 ARP5S583A
: 33.28 (b) AIR1221
EMI, HIRF and lightning ARP60493
] AIR1147A
Charging AIR7357
EPU coolant System ASTM F3338-21 IEC 60034-6
Coolant system
Thermal control IEEE 1776-2008

Figure 10. Example of collection of available requirements for the propulsion system.

3.1. Correlation between Gaps and Relevant System/Components
Based on the architecture under evaluation, a multilevel matrix is arranged.

e  Divide the specification requirements at the system and sub-system level (lubrication,
cooling, propulsion system, etc.);

e Divide the specification requirements by component type (electric motor, cables,

batteries, etc.). It should be noted that the same component can be found in several
systems.

The Figure 11 shows a schematic organization of the multilevel matrix.
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DATA AVAILABILITY

SU'T:\‘I'-:IEM SUB-System AA | SUB-System AB | SUB-System BA SUB-System CB
COMPONENT COMPONENT COMPONENT | [ COMPONENT
1 4 1 1
LEVEL 3 1 2 Z
COMPONENT COMPONENT COMPONENT COMPONENT COMPONENT
5 1 3 3 6
Figure 11. Correlation between gaps and relevant system/components.

This multilevel matrix comes out particularly handy, considering that it is based on
the initial taxonomy used in all steps of this process. This underlines the organic nature of
the process.

Furthermore, the level of detail (i.e., the number of considered systems and sub-
systems) adopted for the matrix organization is aligned with the whole process phase.

An example can make things clearer. Let us suppose that we have already created
and properly organized the requirements pool. We are designing a generic aircraft with a
hybrid-electric propulsion system, and we are interested in the certification of the battery
pack, which is composed of lithium batteries.

The multilevel matrix can be summarized as reported in the following Figure 12:

DATA AVAILABILITY ‘
SYSTEM LEVEL[ System A } Propulsion System [ System C }
SUB-SYSTEM [ ][ Electric power ] [ }
LEVEL supply SUB-
COMPONENT System COMPONENT COMPONENT COMPONENT
1 4 1 1
COMPONENT COMPONENT Baitery Pack COMPONENT COMPONENT
LEVEL 3 S 2
COMPONENT COMPONENT COMPONENT COMPONENT COMPONENT
5 1 3 3 6

Figure 12. Multilevel matrix for propulsion system battery pack.

To properly identify the available requirements and means of compliance, we conse-
quently choose on the matrix pool the area relevant to the hybrid propulsion, the system
as propulsion, the sub-system as electric power supply, and the component as a lithium
battery pack. The Table 8 reports the available requirement for battery pack.

Pool—electric/hybrid electric propulsion

System—propulsion system.

Sub-system—electric power supply
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Table 8. Available requirements for a battery pack.

Component

Available Requirement
Type of

Requirement Matter

Component

EASA FAA RTCA/DO SAE

Other
(Industrial
STD)

Battery pack

RTCA/DO
311

Minimum operational performance
standards for rechargeable lithium
battery systems

UN 38.3 Lithium batteries test series

RTCA/DO
347

Certification test guidance for small
and medium-sized rechargeable
lithium batteries and battery
systems

AC
20.184

Guidance on testing and installation
of rechargeable lithium batteries
and battery systems on aircraft

SC-ELA
2015-01
Rechargeable

Installation of Li-type storage
batteries in sailplanes/powered
sailplanes, LSA, and VLA

Lithium
Battery
Systems

SC-LSA F2480 LSA propulsion lithium batteries

Lithium battery installations
available from European Aviation
Safety Agency (EASA)

EASA CRI F-58

Recommendations and background

AIR6840 material for battery package testing

Battery management systems for
rechargeable lithium batteries used
in aerospace applications

AIR6897

Design and development of
rechargeable lithium battery
systems for aerospace applications

AIR6343

Performance-based package
AS6413 standard for lithium batteries as
cargo on aircraft

CS22.1353 +

Storage batteries design and
5C22.2024-01

installation for powered sails planes

3.2. Gap Closure—Certification Proposal

The identification of applicable requirements and relevant means of compliance for
the architecture under evaluation is summarized in the proposal for the certification plan.

A similar approach can also be followed to demonstrate the flight clearance of a
prototype that usually represents the first step to demonstrate the airworthiness of the
architecture under evaluation.

It is important to provide the initial gap classification in the proposal of the certification
plan to better address the discussion with authority, prioritizing the gaps with higher scores.

The following drivers can address the assessment with the authority:

Identification of one or more specification requirements that potentially cover, even if
with some modification, the certification process for the component (gap classification =1,
2, or 3). Consequently, with the agreement of the authority, we will proceed to perform the
certification process described in the specification(s) to validate the component.

Suppose a suitable specification requirement is not identified (gap classification = 4).
In that case, it is necessary to proceed with a deeper investigation by involving the authority
to identify and agree on a specific validation process for the component. The pool matrix
should be the starting point for this investigation.

An example of the proposed certification requirements applied to a HEPS is summa-
rized in the Table 9.
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Table 9. Most relevant certification gaps.

Specification

Reference Requirement  Impact Proposal

Modify the requirement to match the
Electric motor/generator characteristics,
including cooling, short and open circuit

condition, insulation class, fault condition

CS-E 0040 Rating 4

Add a specific section in which the new
Fire components of the propulsion system,
CS-E 0130 rotection 4 such as harnesses, converters, electric
p motors/generators, and batteries, are
addressed.

Add to the component list the following
new: PMAD (Power Management and
Electric Distributor Unit), HV Cables, DC/AC
N/A | 4 Converters, and Switch.
SUPPLY Certification requirements and relevant
MoC could be addressed by
RTCA /DO-160D-DO160G [9].

A detailed example of innovative means of compliance for a HEPS (ground test) is
provided in [18].

4. Discussion

The proposed methodology aims to handle two different methods in parallel, reversing
and mixing the usual certification approach. At first, the system safety assessment is
adopted to identify the “criticality” of the system components relative to the available
requirements. Subsequently, a comparison is made between the identified criticality and the
existing certification requirements. The results of these two flows are merged into a single
list of gaps and classified. When this step is completed, a detailed list of requirements—new,
to be modified, or existing—available to start the certification activity can be identified.

This approach for the certification of disruptive technologies would provide a struc-
tured process to better assess the incoming needs to support the industries proposing
innovative solutions for air mobility.

The proposal originated from the concept of “certification a la Carte” provided by
EASA [8] and developed this approach into a structured process available for applications.

Nevertheless, this process needs to be verified in a real application, and feedback to
tune it should be collected.

In the future, this approach will be further refined to make it applicable to new con-
figurations and disruptive technologies. These developments may arise in the framework
of new research programs funded by the European Community. Moreover, the proposed
methodology aims to support the competent authorities in defining new requirements
and means of compliance for innovative/disruptive technologies that complement current
regulations.
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