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ABSTRACT

A methodology to assess the credibility of flight simulation models for certification by simulation is developed. Aim
of the research is to determine if the model, despite its uncertainties, can reliably predict handling quality compliance
for specific flight tasks. Applied to a lift+cruise VTOL model performing a deceleration-to-hover manoeuvre, this is
achieved by quantifying the impact of input parameter uncertainties on predicted handling qualities and evaluating
the envelope of the resulting uncertain aircraft transfer functions — scaled by a confidence ratio — against maximum
unnoticeable added dynamics boundaries. While longitudinal dynamics largely remained within MUAD limits, indi-
cating model’s credibility for those aspects, vertical axis dynamics coupled with longitudinal inputs in some uncertain
configurations exceeded these limits, correlating with observed flight test variability. This work ultimately presents a
structured approach to model uncertainty quantification for HQ certification by simulation, bridging the gap between
model input uncertainty and prediction confidence, and supporting safer VTOL development.
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Acronyms

ACAH Attitude Command/Attitude Hold
ACR Applicable Certification Rule

AD Atmospheric Disturbances
aHQs Assigned Handling Qualities
CbS Certification by Simulation
CHR Cooper-Harper Rating

CR Confidence Ratio
CS Certification Specification

DOE Design of Experiments

EASA European Union Aviation Safety Agency

EE Elementary Effects

eTF Envelope of Uncertain Transfer Functions

eVTOL Electric Vertical Take-Off and Landing

FCs Failure Conditions

FCS Flight Control System

FFT Fast Fourier Transform
FS Flight Simulator

FSM Flight Simulation Model

FTM Flight Test Manoeuvre

HQs Handling Qualities

HQR Handling Quality Rating

LHS Latin Hypercube Sampling

LUT Look-up Table

MC Monte Carlo

MHQRM Modified Handling Qualities Rating Method
MOAT Morris One-at-a-Time

MoC Means of Compliance

MUAD Maximum Unnoticeable Added Dynamics
MTE Mission Task Element

NFE Normal Flight Envelope

PCA Principal Component Analysis
PC1 First Principal Component

pHQs Predicted Handling Qualities
PIO Pilot-Induced Oscillation

QoI Quantity of Interest

qLPV Quasi-Linear Parameter Varying
SA Sensitivity Analysis

TF Transfer Function

TPR Transient Peak Ratio

UA Uncertainty Analysis

UAM Urban Air Mobility

UQ Uncertainty Quantification

VBD Variance-Based Decomposition

VTOL Vertical Take-Off and Landing

INTRODUCTION

Integrating vertical take-off and landing (VTOL) vehicles into
urban airspace comes with enormous challenges from a de-
sign and technological standpoint and considering the neces-
sary certification efforts. Demonstrating compliance with the
flight-related airworthiness rules set by aviation authorities is
indeed one of the most critical phases of the vehicle develop-
ment process, even more so in the context of Urban Air Mo-
bility (UAM): the evidence collection and compliance demon-
stration processes, which is primarily based on flight testing
activities, is highly complex, time-demanding and require a
lot of effort to minimise safety risks while keeping the repre-
sentativeness of the flight test. Therefore, appropriate means



of compliance (MoC) and guidelines for the certification of
this class of vehicles are still under development. In this re-
gard, in the publication of the MoC for the SC-VTOL Stan-
dard, the European Union Aviation Safety Agency (EASA) in
MOC VTOL.2500(b) states that flight simulators “may also
support some certification tests” (Ref. 1), explicitly allow-
ing the possibility of exploiting simulators as an alternative
to flight tests under specific conditions and when appropriate
measures are taken.

VTOL Handling Quality Regulatory Framework

The certification of aircraft configurations, which differ from
conventional rotorcraft or fixed-wing aircraft, requires special
care. The EASA decided to tackle the unique characteristics
of these aircraft that have distributed lift/thrust units through
the definition of a complete set of dedicated technical specifi-
cations in the form of a special condition for VTOL-capable
aircraft, which culminated in the publication by the EASA
of Special Condition for Small-Category VTOL Aircraft (SC
VTOL) (Ref. 2). The topic of VTOL HQ certification takes
on particular importance because adequate HQs lead to a lim-
ited pilot workload and sufficient spare capacities that provide
full situational awareness and so a higher level of safety. To
this aim, three specific rules of the SC-VTOL deal directly
with HQs: VTOL.2135 Controllability, VTOL.2140 Control
Forces, and VTOL.2145 Flying Qualities.

To show compliance with these rules, EASA proposed as
a MoC the Modified Handling Qualities Rating Method
(MHQRM) (Ref. 1) where the applicant must demonstrate
reaching a minimum acceptable HQ rating for each flight
phase and condition that has a probability of being encoun-
tered greater than 10~°. The suggestion is to use the well-
established Cooper-Harper Handling Qualities Rating (CHR)
Scale (Ref. 3), but applicants may choose other scales. The
probability of a flight condition is defined by a combination
of individual probabilities associated with

¢ the Flight Envelope (Normal, Operational, Limit) the
VTOL operates in;

¢ possible aircraft Failure Conditions (Nominal up to Ma-
jor, Hazardous);

* the level of Atmospheric Disturbances acting on the
vehicle, from total absence of AD up to those exciting
structural limits (Light, Moderate, Severe).

EUROCAE ED-295 (Ref. 4) provides some guidance on how
to collect the evidence required by the MHQRM. Inspired
by the concept of Mission Task Element (MTE) of (Ref. 5),
ED-295 developed a set of guidelines specifically tailored for
VTOLs in the form of Flight Test Manoeuvres (FTM) to be
performed with the pilot-in-the-loop. For each FTM the doc-
ument proposes a set of limits, in terms of desired or adequate
performance, that are quantitative measures, specifically tai-
lored to the FTM under study, and aimed at identifying per-
formance deficiencies. Furthermore, a subjective CHR must

be provided by properly trained test pilots; it is therefore a
pilot-assigned evaluation, similarly to (Ref. 5), where it is de-
fined as Assigned HQs. The performance parameters serve
to validate the pilot ranking, as they should correspond to the
CHR assigned by the pilot.

Certification by Simulation Approach

With the term Certification by Simulation (CbS), we refer to
all cases where flight simulation can be used to support, aug-
ment or replace flight testing in the demonstration of certi-
fication compliance “without sacrificing the level of safety”
(Ref. 0). This approach has been systematised for the certi-
fication of rotorcraft under EASA CS-27 and CS-29, as de-
scribed in (Ref. 6). The process presented in (Ref. 6) is a
structured, requirement-based methodology that begins with
the definition of the Applicable Certification Rule (ACR) and
progresses through the simulation-related phases necessary to
develop a complete simulation ecosystem. This ecosystem
includes the Flight Simulation Model (FSM), the Flight Sim-
ulator (FS), and the flight test activities designed to collect
validation data for both the FSM and the FS. In the develop-
ment of FSMs it is crucial to validate the models by evaluat-
ing the error in comparison with tests showing that they have
a sufficient level of fidelity that translates into an error that is
below a certain set of tolerances agreed with the certification
authority. However, for certification activities, this is typically
not enough, because the models can be used in conditions that
cannot be compared with equivalent tests, so it is also neces-
sary to provide evidence of the credibility of the models. The
concept of credibility of the predictions made by simulations
is somewhat elusive, but it expresses the level of confidence
that the users of the FSM have in the fact that the results ob-
tained with the FSM reflect the behaviour of the real aircraft.
In (Ref. 6) the credibility is managed by the definition of a
confidence ratio CR that is the ratio between the value of the
distance between the performance obtained by the FSM and
the performance limit allowed for the certification, called the
margin M, and the uncertainty U in the prediction of that per-
formance:

CR=7; (1)

where the uncertainty U collects the experimental uncertainty,
the uncertainty of input data and parameters of the model, and
the numerical uncertainty associated with the method used to
solve the mathematical models.

Basically, the users accept that the higher the risk of using
the model for certification, defined through the combination
of the influence level and the predictability level (see (Ref. 6)
for more details), the higher the confidence ratio CR must be
(in any case greater than 1). In this way, asking for a margin
M = CR-U to be significantly higher than the uncertainty, it
is possible to ensure that the predictions have a higher degree
of credibility.

The concept of a confidence ratio allows us to keep the credi-
bility of models at the required level; however, it applies only
to situations where there is a quantified requirement. In case



of ACRs that rely on subjective pilot evaluations based on dis-
crete — and often nonlinear (Ref. 12) — rating scales, such as
the CHR, other criteria must be defined to assess credibility.
Since this is exactly the case of HQs certification for VTOLSs,
this paper will try to extend the concept of CR proposed in
(Ref. 6) to this case, exploiting the concept of MUAD Max-
imum Unnoticeable Added Dynamics to assess if the modi-
fication of the aircraft’s dynamics due to uncertainties can or
cannot be perceived by a pilot.

Proposed Approach for Credibility Assessment of a FSM

The first step of a credibility assessment is always composed
of the validation and fidelity assessment of the FSM. In prin-
ciple, since the ACRs in this case require performing a pilot-
assigned evaluation, i.e., assigned HQ tests, it is the fidelity
of these evaluations that should be the objective of the fidelity
assessment and uncertainty quantification. However, we must
acknowledge that any quantity measured during these tests
will be affected not only by the FSM but also by the Flight
Simulator characteristics and by the test pilot characteristics.
As such, it will not represent a measure pertaining solely to
the FSM quality. A different approach could be defined by
making use of the concept of predicted HQs (pHQs) - obtained
through an open-loop flight test and therefore related to the in-
trinsic flying qualities of the aircraft defined in (Ref. 5). They
are chosen as a way to anticipate how an aircraft will behave
in terms of HQs and in (Ref. 5) used as support for aircraft de-
sign, as it is possible to show that helicopters that have certain
pHQs are expected to reach a certain level of Handling Qual-
ity Rating (HQR) in the aHQ tests. Similar behaviour may be
expected for VTOLs. Consequently, an FSM of a VTOL can
be considered a faithful (i.e., credible) reproduction of the real
aircraft if it demonstrates pHQs that are sufficiently close to
those measured during flight tests. At the same time, it is pos-
sible to assess the level of uncertainty of the FSM by looking
at the uncertainty that results in the pHQs.

However, once the uncertainty on the pHQs of the FSM is
quantified, it is necessary to understand how it translates into
an uncertainty for the aHQs and how the confidence ratio
could be taken into account. The paper will show that the
impact of the uncertainty on the pHQs can be used to iden-
tify the configurations that will mostly affect the HQR that is
obtained performing the MTE with the modified FSM. Addi-
tionally, to exploit the idea of confidence ratio, the process we
suggest here is as follows:

 Select among the uncertain configurations those that lead
to the worst pHQs.

e Compute the Transfer Functions (TFs) for these worst
configurations and compare them with the nominal TFs
obtained with the reference model.

* Define new TFs that are the nominal TFs plus the differ-
ence between the worst-case TFs and the nominal ones,
multiplied by the confidence ratio (CR).

If the difference between the nominal TFs and the worst-
case TFs multiplied by the CR stays within the range of mis-
matches that proved unnoticeable to pilots, defined as MUAD
(Maximum Unnoticeable Added Dynamics) in (Ref. 13), it
is possible to assume that the results obtained by using the
nominal FSM must lead to assigned HQ ratings that have a
sufficient degree of credibility. If this is not the case, i.e., the
worst-case TFs are beyond the MUAD limits, the model de-
veloper has two options.

* Improve the models to reduce the uncertainty and/or re-
duce the uncertainty in the flight test measures.

e Perform several flight simulator test campaigns using
nominal and worst-case models to quantify the impact
of uncertainties on the rating for the aHQ.

Of these two options, the former should be the preferred op-
tion whenever possible. The latter, in fact, may require a large
number of simulated flight tests. To verify whether this ap-
proach is feasible, we will start in this work by investigating
the relationship that exists between the uncertain models that
present the worst pHQs and the corresponding assessment of
the aHQs. To avoid blurring the evaluation with subjective pi-
lot evaluations, it has been decided to apply the approach to
a drone model in which pilots are replaced by a virtual sys-
tem that controls the aircraft. So, no flight simulator tests are
presented here.

The paper is organised as follows: after defining the manoeu-
vre to be performed and describing the aircraft model, the un-
certainty quantification analysis is presented to identify the
relationship between the uncertainty of the input data and the
resulting pHQs. Then, a first set of assigned HQ tests is pre-
sented, considering both the reference model and several mod-
ified models selected to represent the worst configurations,
followed by an analysis of how the transfer functions of the
worst cases compare with the MUAD boundaries. Finally,
conclusions are drawn.

Applicable Certification Requirement

Given the width of the class of VTOLs currently under de-
velopment, the Performance Standards and the intended ma-
noeuvre should be consistent with the aircraft’s specific fea-
tures. To tailor the prescribed requirements to the specific ve-
hicle, ED-295 (Ref. 4) conceives its performance standards
in a parametric manner, through a scaling technique which
defines the expected performance and precision to perform
the task based on the eVTOL size. The scaling process is
formulated using the D-value, which “represents the diam-
eter of the smallest circle enclosing the VTOL aircraft pro-
Jjection on a horizontal plane [...]” a quantity defined in the
SC-VTOL (Ref. 2); in this work, given the size of the VTOL
(see Table 2), a value of 3 m has been selected to scale the test
course task and requirements.

For this exercise, it has been decided to focus on a symmetric
manoeuvre performed at low speed, so the chosen FTM is



the Deceleration to Hover, a manoeuvre representative of the
final approach to landing that a VTOL is typically expected
to perform and during which good HQ should be considered
essential for a safe flight. Figure 1 shows the test course setup.

According to ED-295 (Ref. 4), deviations of up to 10 ft (= 3
m) are allowed to meet desired performance, which appears
too loose in this case, considering the small size of the eV-
TOL. Given that this is the only requirement not affected by
the scaling procedure, the altitude limits are here revised, re-
ducing the threshold to 3 ft (= 1 m) for desired and 6 ft (=
2 m) for adequate performance. To evaluate the success of
the FTM and the level of performance standards achieved, the
requirements in Table 1 hold.

Table 1. Deceleration to Hover FTM Performance Criteria
(Ref. 4).

Description Desired  Adequate
Maintain lateral track within +0.3D +0.6D
+X meters from ground

reference line

Maintain the heading within +10deg £15deg
+X degrees

Maintain radar altitude within 3 ft 6 ft
+X feet

The aircraft must be brought 0.6D 0.6D

to a controlled hover within X
meters of the intended
endpoint. Overshoots are not
permitted

VTOL AIRCRAFT DESCRIPTION

The aircraft under analysis is a small-scale unmanned eV-
TOL, designed, manufactured, and tested in flight by the
Aerospace Systems and Control Laboratory (ASCL) of the
Department of Aerospace Science and Technology at the Po-
litecnico di Milano (DAER) (Refs. 15—17) (depicted in Fig-
ure 2). Featuring a lift + cruise configuration, it has two dis-
tinct sets of rigid propellers for thrust generation: eight fixed-
pitch, variable-RPM three-bladed propellers are responsible
for controlling the vehicle in helicopter mode, during take-
off and landing and low-speed manoeuvres (using differential
thrust), while a couple of two-bladed propellers produce for-
ward thrust in aeroplane mode. The baseline structure is of
a fixed-wing UAV, which features a small-sized fuselage and
two rectangular wings with zero built-in twist. The EASA de-
veloped SC-VTOL for passenger transport with a maximum
take-off mass of 3175 kg (Ref. 2) (up to nine passengers).
However, in the context of this research, it has been decided to
perform the certification exercise on a laboratory small-scale
prototype to allow for a direct comparison with data from ex-
perimental tests. The main geometry and performance char-
acteristics are detailed in Table 2.

The FSM is built on a Simulink-based platform using
a component-based quasi-linear parameter-varying (qLPV)

modelling approach, covering the full VTOL flight envelope.
It includes a flight dynamics block simulating 6-DOF rigid-
body motion with aerodynamic, propulsive, and gravitational
effects, and a control unit structured in four cascaded loops.
Aerodynamic forces are computed from numerical data via
interpolated coefficients; stall and propeller—airframe interac-
tions are not modelled. Propulsion is modelled using wind
tunnel-based look-up tables, excluding motor dynamics. The
control system uses PID and proportional controllers, with
different modes to simulate pilot assistance. For certification,
the VTOL operates in position mode, enabling control over
ground speed, vertical velocity, and yaw via prescribed inputs.

Table 2. eVTOL main specifications.

Parameter Value  Unit
Cruise speed 15 m/s
Stall speed 11 m/s
Maximum speed 22 m/s
Max gross weight 7 kg
Wing and fuselage span 3.12 m
Wing chord 0.25 m
Wing incidence 4.5 deg
Horizontal stabiliser span 0.721 m
Horizontal stabiliser chord 0.13 m
Horizontal stabiliser arm 1.08 m
Vertical propeller diameter 0.178 m
Vertical propeller chord at 80% radius  0.0124 m

UNCERTAINTY ANALYSIS FRAMEWORK

As described in (Ref. 6), validation and verification activi-
ties during FM development should eliminate or reduce all
known error sources to acceptable levels, that is, below the
sufficiency threshold established in agreement with the cer-
tification authority. What remains will be by its nature not
known and can be quantified in terms of uncertainty. This un-
certainty, in turn, will provide a tool to assess the credibility of
the model also in the conditions where it is necessary to use
the FSM to perform a prediction because no flight data are
available to perform a validation. The total uncertainty, used
in the CR expression Equation (1), is considered the combi-
nation of three sources (see (Ref. 0)):

» Uncertainty due to numerical errors upym;

* Uncertainty due to experimental errors (present only in
the validation cases where the model is compared with
experiments) u;;

* Uncertainty due to input errors ujyp, (i.€. to an erroneous
knowledge of the parameters used as input for the FSM).

In the case analysed in this work, numerical models should be
considered verified up to a level where the numerical error has
been brought to values at least an order of magnitude smaller
than the other sources of error. At the same time, we will
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Figure 1. Deceleration to Hover Test Course, adapted from (Ref. 4).

Figure 2. eVTOL CAD model overview.

not investigate the experimental error since we do not have
experimental data to compare with, but we will concentrate
on the assessment of the input errors, presenting the hypoth-
esis that this part is the determining component of the total
error. At this stage, we will present the hypothesis that all the
uncertainties associated with input parameters are epistemic
and not aleatoric. Most of them are the result of a lack of
knowledge, due also to limited chances to have accurate ex-
perimental methodologies to measure them, more than a true,
intimate aleatoric nature, which may be presented but often
to a lower extent. Additionally, even for the cases where the
aleatoric nature may appear as the best description, we often
lack experimental measures capable of capturing the appro-
priate probabilistic characteristic for such parameters. In con-
trast, the usage of epistemic uncertainties requires only the
definition of ranges of uncertainties that can be assessed in
many cases using engineering judgement.

So, the uncertainty analysis presented here starts from the
definition of epistemic uncertainty ranges for the most rele-

vant parameters of the FM model and continues with the us-
age of efficient methodologies that may lead to quantifying
the impact of these combined uncertainties on a set of well-
chosen predicted handling qualities that are considered indica-
tive of the performance that may be expected from the eVTOL
drone in performing the deceleration-to-hover assigned han-
dling quality test described in the previous section.

FSM-Dakota Coupling for Uncertainty Analysis

To achieve the HQ certification goal, the work aims at charac-
terising the role and the implications of uncertainty on VTOL
flight dynamics model. In this scenario, a statistical simula-
tion tool was needed to wrap the existing FSM and to perform
a series of Design of Experiments (DOE) analyses. The DOE
aims to rank the uncertain input factors and quantify to what
extent each of them affects the output quantities of interest

(Qols).

Due to its flexibility and ease of use, Dakota — a state-of-
the-art software for uncertainty quantification, model calibra-
tion, and optimisation — was the natural choice, offering a
wide range of variance-based and sensitivity analysis methods
for DOE, along with meta-modelling capabilities for build-
ing surrogate models (Ref. 20). The latter is especially well-
suited for integration into the eVTOL virtual simulation en-
vironment, especially for complex, time-demanding iterative
analyses.

In principle, any analysis to propagate the uncertainty in the
input parameters through the model to its output can be per-
formed using Monte Carlo (MC) analysis (Ref. 21). How-
ever, when the number of parameters is large, the well-known
“curse of dimensionality” may easily lead to intractable prob-
lems. Sensitivity analysis (SA), especially if performed with
approximate models that use limited resources, may be used
as a tool to determine which of the input factors can be fixed
anywhere in the range of variation without significantly af-
fecting the output and which are instead primarily influen-



tial (Ref. 22). Furthermore, in cases where all input param-
eters are defined in terms of intervals given their epistemic
nature, a global SA may be all that is needed to perform a
UQ analysis since it provides the range of variability of the
output (Ref. 6). Several SA techniques are available in the lit-
erature (Ref. 23). Since each method shows advantages and
drawbacks, a hybrid, comprehensive UQ framework is pro-
posed and tested here (Ref. 24).

Morris One-at-a-Time Method

The first technique employed is the Morris one-at-a-time
(MOAT) method (Ref. 25), which allows us to discern
whether an input factor has a negligible, linear and additive,
or nonlinear interaction effect on the model output. This ap-
proach evaluates the influence of each parameter, which can
take only a discrete set of values called levels, by varying them
individually along predefined trajectories: a trajectory con-
sists of k+ 1 points, where k represents the number of model
inputs. At each step along a trajectory, only one input variable
is modified relative to the previous step, following a “one-at-a-
time” variation approach. This process enables the computa-
tion of elementary effects (EEs) as the ratio of the incremental
change in the output caused by the modified input. The EE
values are then averaged, yielding to two key sensitivity in-
dices: the modified mean p* and the standard deviation ¢ of
the EE distribution. A high u* indicates that a factor has a
strong overall impact on output, while a high ¢ indicates the
presence of either nonlinear effects in the response or signifi-
cant interactions with other factors. For additional details on
the meaning of y* and o, the reader should refer to (Ref. 22).

Variance-Based Decomposition

The MOAT method is conceptually simple and convenient to
use when the number of factors is large and the computa-
tional time to elaborate the output is significant. However,
it is used primarily for preliminary SA and does not explic-
itly isolate potential interaction effects among the FSM inputs
arising from nonlinearities. A more quantitative evaluation is
provided by Variance-based Decomposition (VBD) methods,
which, as described in (Ref. 22), enable ranking inputs “ac-
cording to the amount of output variance that is removed when
we learn the true value of a given input factor.” To achieve
this, it is crucial to distinguish between first-order and total-
effect contributions. The first-order index serves as a measure
of the importance of an individual factor and, in a purely ad-
ditive model, represents the exact proportion of the total vari-
ance attributed to that factor. This is quantitatively expressed
through Sobol’s main-effect index S;. However, if the total
variance V of the output Y cannot be fully explained by the
sum of the first-order effects alone, interactions between in-
put variables must be considered, as follows

vy =Y Vvi+Y Y Vii+.. + Vo 2
i i j>1
where V (Y) is the total output unconditional variance. For the

factor X;, the Sobol index §; = V‘g/). Computing high-order

interaction terms Vj,_; is often impractical for SA purposes.
The computation of the total effect index St, - which aggre-
gates both the first-order effect of a factor and all its interactive
contributions - represents a valid alternative
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The total effect index accounts for the total contribution to the
output variation due to factor 7, including the first-order effect
and all higher-order effects due to interactions. This metric
is widely recognised in the literature as a standard SA index
and has shown a strong correlation with the MOAT method’s
u*, making it a useful basis for comparative analysis between
methods. For a detailed discussion about VBD, the reader is
again referred to (Ref. 22).

Proposed Multimodal Approach

To reduce the number of FSM executions, the problem is first
tackled qualitatively, performing a preliminary analysis using
the MOAT method, which gives a first characterisation of the
most influential parameters. Then, a VBD quantitative anal-
ysis follows; however, performing a full VBD directly on the
FSM would require an excessively high number of MC simu-
lations. Hence, a surrogate model is developed for each pHQ
Qol, generating an input-output dataset through Latin Hyper-
cube Sampling (LHS) and constructing a meta-model that em-
ulates the full behaviour of the FSM through Kriging Interpo-
lation. By leveraging a limited set of simulations, Kriging
exploits spatial correlations between sampled points to pre-
dict the value of the response function at unsampled locations.
This results in an efficient computational emulator that can re-
place the original FSM, ultimately enabling the VBD and the
computation of Sobol’ indices. Figure 3 presents an overview
of the methodology adopted. Information about Dakota’s im-
plementation of the methods can be found in (Ref. 20).

Quantities of Interest
(ADS-33 pHQ Metrics)

Sobol’ Indices Computation N l
f(x)

St
_ Kriging
I I | | I I - VED Metamodel
X

Xoxm xmox

Figure 3. Uncertainty analysis workflow.

LOW-SPEED PREDICTED HQS:
UNCERTAINTY ANALYSIS RESULTS

The analysis begins with the SA and UQ phases, hereafter
jointly referred to as uncertainty analysis (UA), to investigate



the relationship between the uncertainty of the FSM input data
and the output u;,; identified through selected pHQ quantities
of interest. This analysis is structured over two levels:

* By means of a preliminary SA, the key parameters in
driving pHQ output uncertainty are identified, providing
an insight into the model’s dependence upon input pa-
rameters, including possible nonlinear/interaction effects
arising throughout the simulations;

* Relying on UQ techniques, the effect of input space un-
certainties on the selected pHQs is assessed and the re-
lated output uncertainty is quantified.

Focusing on the deceleration-to-hover FTM, four Qols are
identified in (Ref. 5) (this document is often colloquially iden-
tified as ”ADS-33”, making reference to the original design
standard from which it originates (Ref. 27)). pHQs are se-
lected as the corresponding fidelity metrics to characterise the
longitudinal dynamics behaviour of the VTOL:

1. Roll-due-to-pitch coupling for aggressive agility (Sec-
tion 3.3.9.2 of (Ref. 5));

2. Moderate amplitude pitch attitude changes (Section 3.3.3
of (Ref. 5));

3. Short-term response to pitch control inputs (Section
3.3.2.1 of (Ref. 5));

4. Mid-term response to pitch control inputs (Section
3.3.2.3 of (Ref. 9)).

In the following section, the main results of the UA are pre-
sented, highlighting the challenges encountered and the solu-
tions proposed.

FSM Input Uncertainty Definition

The first step in the UA process is the characterisation of the
uncertainties related to model input parameters. Table 3 sum-
marises the main FSM factors to which an uncertainty range
has been assigned, chosen to ensure sufficient coverage of
the different building blocks within the FSM — following its
component-based nature — from design parameters to aero-
dynamic characteristics.

Starting from roll-due-to-pitch coupling UA, no assumption
on the possible decoupling between the longitudinal and lat-
eral dynamics was made, hence generating n = 22 input fac-
tors comprehensive of VTOL’s mass and inertia parameters
(namely M, pitch inertia moment I, and cross-inertia mo-
ment /), aerodynamic coefficients and stability derivatives
related to the longitudinal dynamics and vertical rotors’ char-
acteristics, including thrust coefficient K7 - defined as K7 =
CrpAR? = T /Q? based on (Refs. 14, 15) - rotors’ thrust de-
pendence on the longitudinal speed 7, (modelled as a gain
on the airspeed information fed by the FSM sensor unit to
the thrust-related LUT, to not influence thrust dependence on

throttle command) and a time-delay on rotors’ response to
controller inputs. Since preliminary coupling analysis showed
that there were no significant off-axis effects, the inter-axis
factors (Iyy, the rolling moment terms CMzi and the roll rate
terms C;,) were discarded in the subsequent analyses, reduc-
ing the uncertain input space to n = 14 dimensions.

Table 3. Uncertain Input Factors for UA Pitch Test.

Factor Value Range Unit
M 7 +0.5 kg

I, 0.7237 +10% kg'm?
Kr 6.96-108 +15% kg:m
T, 1 +5% -

7y 0 +0.03 s

Cr, 0.7745 +20% -

Cp, 0.0183 +20% -
Ch, —0.0240 +20% -

Cr, 5.1270 +20% -

Cp, 0.2558 +20% -
Chty, —0.5402 +20% -

Ci, 7.6136 +20% -

Cp, 0.7179 +20% -
CMy, —16.169 +20% -

Uncertain ranges for each class of factors are assigned fol-
lowing a separate reasoning, given their intrinsic differences:
aerodynamic and stability terms are derived from their nom-
inal values, with a 20% increase/decrease applied. Similarly,
Iy, K7 and T, are defined in percentage terms, limiting their
range of variability to avoid divergent simulations; rotors’ de-
lay 7, follows the same logic. The mass range varies in both
directions by 0.5 kg.

Moderate-Amplitude Pitch Attitude Changes

The first pHQ studies the attitude quickness, that aims “to
characterise the helicopter’s ability to achieve rapid, precise
attitude changes when performing sharp, moderate amplitude
manoeuvres” (Ref. 28). Given the dynamics and control ar-
chitecture of the VTOL under study, a new interpretation of
the requirement was necessary for two main reasons. The first
concerns the input specification: ADS-33 suggests applying a
step in the longitudinal cyclic for attitude command/attitude
hold (ACAH) response types, or a pulse for rate response
types (Ref. 29). In this case, since a positive control input
AVjon causes a pitch-down movement and the vehicle returns
to its previous trim state after command release (similar to an
ACAH-flown helicopter), a step input was deemed as the most
suitable for the test. The second challenge involves defining
the output metrics: ADS-33 requires the attitude change “’to
be made as rapidly as possible from one steady attitude to
another” (Ref. 5), extracting two key quantities from the re-
sponse, which are the ratio of the peak angular rate to the
peak attitude change g,k /ABnin and the minimum attitude ex-
cursion before settling at the new trim state Af,,;,. However,
due to the small pitch angles at which the VTOL flies, after



the step input and its corresponding A8, the vehicle reaches
a new trim without any undershoot, making A6y, difficult to
identify clearly. In this study, by examining the recorded ¢
time history, ABn;, is then taken as the angle reached when
the angular rate approaches the second stationary point after
injection of the input, as shown in Figure 4.

8 Command Time History

Setpoint

| — Vi

o
<k
w©

Response Time History
ol

——Pitch angle 0
| — Pitch rate ¢

q [deg/s]
0 [deg]

7
time [s]

Figure 4. Attitude quickness test manoeuvre.

Focusing on MOAT results, Figures 5 and 6 display the mod-
ified mean pu* against the standard deviation ¢ of the com-
puted EEs as in (Ref. 30). The parameters located in the
lower right-hand area behave mostly monotonically/linearly
and appear to be highly significant in driving the model’s be-
haviour, but without significant interactions with the other un-
certain variables. On the other hand, those placed in the up-
per left-hand region show a high nonlinear/interactional ef-
fect. To compare factors and assess their relative importance,
the criterion based on u* is selected; alternatively, the Eu-
clidean distance from the origin in the u* — ¢ plane could be
used (Ref. 23). Figure 5 shows A6, MOAT results: almost
all factors behave monotonically, with few or no nonlineari-
ties/interactions. Moreover, a large number of them seem to
affect the output measure, from mass to aerodynamic param-
eters. Indeed, aerodynamics plays a primary role. All lift-
related coefficients are present, with a predominance of Cp,
and Cr,. Pitching-moment stability derivatives appear too,
together with drag-related ones; among the others, I, and K7
prevail.

For the quickness metrics (Figure 6), the distinction between
parameters becomes clearer: the eVTOL is mainly guided by
mass and rotor-related factors, with response delay 7; assum-
ing a bigger role; as for aerodynamics, only Cr,, and C, are
visible (the other terms are relegated to low-order impacts).

In Figure 7, main and total effect indices for both pHQ metrics
are shown (the threshold of 1072 is indicated in the figure to
easily discriminate the relevant factors), yielding good agree-
ment with the MOAT results: both methods identify M, I,
K7 and aerodynamic terms, also confirming the importance
of CL(J : CLa and CMmq .
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Figure 8 shows the results of the MC analysis in the attitude
quickness requirement plane. Most of the variability is lo-
cated close to the high part of the y-axis, in the 2.5-3.5 1/s
range. Due to the small dimensions of the aircraft, the re-
sults significantly exceed the HQ Level 1 limits prescribed
by ADS33 for classical helicopters. This was expected and
should not be considered indicative of the expected good HQs
of the drone here under analysis, because the pHQ limits pro-
vided by (Ref. 5) must be considered as design indications
only for the specific vehicle for which they have been drawn,
which are manned helicopters.

Mid-Term Response to Pitch Control Inputs

The requirement of Section 3.3.2.3 in (Ref. 5) assesses the
dynamic stability of the vehicle by looking at the eigenvalues
- derived from the g-response to a AVj,, pulse input - in the
complex plane. Figure 9 shows typical time histories. As per
(Ref. 5), ”the portion of the time history used to calculate the
damping ratio should occur after the input is completed, and
thus the initial oscillation caused by the pulse is disregarded.
Additionally, since the damping ratio must be measured from
the free response, concerns arose regarding the onboard atti-
tude and rate controllers quickly restoring the trim state. To
minimise their influence, the damping ratio { was evaluated
using the Transient Peak Ratio (TPR) method (Ref. 5), consid-
ering only the first peak and first valley. The second positive
peak was used to compute the characteristic period and the
natural frequency @y.

Two main trends emerge from § results in Figure 10. Firstly,
aerodynamics plays a greater role than in the quickness case,
since Cp,, and Ci, rank among the factors with the highest
1*. Secondly, a high ¢ stems from M and t,, suggesting pos-
sible nonlinearities or interactive effects between variables.

Regarding the natural frequency @,, the MOAT method iden-
tifies three groups in the u* — ¢ plane: the first dominated
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by M, Kr and 1q4, the second by Cy,, I, and CMmq - confirm-
ing damping trends for aerodynamics - and a third combining
a-derivatives, rotor speed dependency 7, and Cy,,.

The Sobol’ indices in Figure 12 confirm the MOAT findings,
reasserting the relevance of Cr,, and CMmq , already highlighted
in the quickness simulations.

Figure 13 illustrates that the aircraft operates near the bound-
ary between Level 1/2 established in (Ref. 5) for helicopters.
Although the damping fluctuates around { = 0.35 by approx-
imately £ 0.05, the frequency shows much greater variability
and significantly exceeds helicopter values, with @, = 5.61
rad/s corresponding to a natural oscillation frequency of 0.9
Hz. This represents a very high frequency and is again at-
tributed to the small size of the vehicle compared with the
size of a manned helicopter.

Short-Term Response to Pitch Control Inputs

The last pHQ analysed is the bandwidth described in Section
3.3.2.1 of (Ref. 5), which investigates the behaviour of the
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Figure 8. Attitude quickness ADS-33 MC results.
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Figure 9. Dynamic Stability test manoeuvre.

aircraft in the frequency domain “to determine if there is suf-
ficient phase margin to allow the pilot to close the attitude
loop [...] without threatening stability” and to understand if
the aircraft is PIO prone. The test used requires a longitudi-
nal frequency sweep input and recording of the g-response,
processed using the Fast Fourier Transform algorithm (FFT)
to obtain Bode plots and evaluate the bandwidth @y and the
phase delay 7,. Following (Ref. 29), a 90s automated sweep is
generated, linearly increasing from 0.3 rad/s to 12 rad/s (ap-
proximately 0.05 Hz to 2 Hz). The ADS-33 test guide also
suggests recording 20s before and after the sweep. Figure 14
illustrates the reference commands in the longitudinal speed
and the related g-rate response.

However, performing a 130s simulation leads to inherently
time-demanding computation to obtain the Qols, making the
UA prohibitively expensive. So, instead of analysing the com-
plete nonlinear response, the criterion is applied to a linearised
form of the FSM near a Vjo, = 5 m/s trim point, reducing
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the computational costs but still capturing the main trends in
bandwidth behaviour. Figure 15 compares the Bode plots ob-
tained by the frequency sweep with those of the linearised sys-
tem. It should be noted that the agreement between the mod-
els holds as long as the sweep applied to the nonlinear model
stays within reasonably small amplitudes (Figure 15 has been
derived from a AVjo, = £0.1 m/s, resulting in |A0| < 1 deg; up
to |AB| = 5 deg). As the applied sweep amplitude increases,
differences may arise. A coherence plot is also shown for the
FFT-based results. (Ref. 29) indicates a minimum value of 0.6
for the coherence to check the goodness of the sweep results.
As specified in (Ref. 5), since the phase is nonlinear between
the crossover frequency @go and 2@;go, the phase delay 7,
must be determined by a linear least squares fit.

Unlike the other pHQs, the bandwidth results are much less
variant (see Figures 16 and 17). This is reflected in both
the MOAT analyses - featuring extremely small o-values,
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which make most of the uncertain inputs fall into the lin-
ear/monotonic area - and in the VBD (Figure 18), where
Sobol’ indices are mainly composed of first-order effects.
Apart from M - responsible for most of the output variance
— three subgroups are identified. The first is again composed
of Cy, and CMmq, together with K7 and I,. These factors con-
tribute to wgw,,,.. With Sobol” indices varying between values
of 0.05 and 0.1. The second subset group is composed of -
derivatives, T, and 7,4, and shows values less relevant but close
to the threshold. The third group contains irrelevant factors.
Tp (Figure 17) exhibits a joint participation of all factors, as
seen for AOn, in the Attitude Quickness requirement, with
an increased importance played by aerodynamics. Figure 18
shows the Sobol’ indices, again in agreement with MOAT p*.

The results of the bandwidth and phase delay UA are finally
compared with the ADS-33 design limits defined for heli-
copters in Figure 19. A cluster of points exists at a signifi-
cant distance from the threshold between the levels. @pw,,.
shows a wider range of variability than 7,. The Bode phase
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curve of the uncertain models showed a greater variation in
the range between bandwidth and crossover frequency (w;go),
shifting bandwidth values throughout 4-5 rad/s. Since the
phase curve is less sensitive to variations for @ > ®ig0, Tp
instead remained almost unchanged after m;gg, resulting in a
much lower variance in the phase delay results.

In summary, it is possible to say that the UA analysis could
be used effectively to identify the most relevant factors that
influence the input uncertainty in terms of the selected pHQs.
The efficient MOAT analysis was very effective in identify-
ing the relevant factors, providing results very close to those
obtained by the more demanding VBD analysis. Then MC
results, mainly extracted from analysis already used to deter-
mine the VBD, could be used to assess the uncertainty of the
FSM in the space of pHQ.
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VERIFICATION OF THE IMPACT OF
UNCERTAINTIES ON ASSIGNED HQS
THROUGH THE EVALUATION OF FTMS

To assess whether the uncertain models identified through the
previous Uncertainty Analysis (UA) also correspond to those
causing the largest variations in the performance parameters
for the assigned HQ case under investigation, we analyse the
responses of several of the most critical uncertain cases during
a deceleration-to-hover manoeuvre. In principle, these tests
must be performed considering the presence of a pilot in the
loop, since a real pilot will probably adapt the piloting strategy
while perceiving a change in the aircraft dynamic behaviour.
However, since we are only interested here in the potential im-
pact of model input uncertainties on the aHQs, we will simply
perform the simulation closing all control loops of the flight
controller of the aircraft and checking de facto if the same vir-
tual pilot, without strategy adaptation, is still able to control
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the aircraft and keep the same desired/adequate performance
of the nominal model.

Selection of Test Points

At this stage, the focus shifts to the assigned dimension of
the HQs. The main objective of this section is to execute
the selected FTM to collect the HQ evidence required by the
MHQRM (Ref. 1). Exploiting the UA results, a series of un-
certain aircraft configurations is selected from the MC output
dataset for the execution of the FTM. Two sets of HQ tests are
presented: the first is carried out in the normal flight envelope
(NFE) (the NFE “corresponds to the normal use of the VTOL
aircraft according to its concept of operations” (Ref. 4)) in
calm air. The second is still in the NFE but now operates with
atmospheric disturbances and is tested with the intent of ver-
ifying how much the uncertainty impacts the evaluation with
AD as required by (Ref. 1).

The approach presented here builds on the outcome of a pre-
vious study (Ref. 31). In that work, for each pHQ Qol, four
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equally spaced points were selected, starting from the mean
value of each index and extending toward the extreme of
the corresponding distribution in the “least favourable” direc-
tion—i.e., along either the abscissa or the ordinate of the pHQ
maps (Ref. 5), in the direction which led to a degradation in
the aircraft’s HQR level.

Given that eight configurations were insufficient to adequately
capture the impact of uncertainty in each pHQs on the aHQ
performance and since these cannot be varied independently
(i.e. without causing changes in the other pHQs), a new ap-
proach is introduced in this work. The core idea behind the
proposed workflow is to select the test configurations that
maximise the variance of the corresponding distribution: for
each pHQ (i.e. attitude quickness, dynamic stability, band-
width) the approach requires the execution of a Principal
Component Analysis on the MC output distributions, after
which 40 points are chosen moving along the identified First
Principal Component (PC1), from one end of the distribution
to the other. They are selected to be equally spaced in terms
of their projection along the PC1l-axis (whose coordinate is
hereafter defined as 7). The selection of a high number of test
configurations is driven by the need to thoroughly explore the
entire uncertain space, thus avoiding local solutions. Figure
20 shows an example of the selection process applied to the
Attitude Quickness case (for better visualisation and to iden-
tify the PC1 direction, the same scale is used for both axes).
Repeating the process for each pHQ, a total of 120 different
configurations are tested.
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4 MC Results
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Figure 20. PCA-based test points selection procedure

The main advantage of the proposed approach is that the PC1
directions associated with the three different pHQs exhibit a
high level of correlation. Specifically, the test configurations
corresponding to points sampled from the MC distribution of
one pHQ tend to produce, with respect to the other two , points
that align along the PC1-axis of their respective distributions.
In other words, the set of configurations yielding the largest
variance in one pHQ-space tend to maximise the variance also
for the other two pHQs. Moreover, the sign is preserved be-
tween pHQ-spaces, meaning that the worsening direction (i.e.
the one that drives the aircraft towards the ADS-33 bound-
aries) is consistent across the distributions, for this set of se-
lected pHQs. This ultimately allows for the identification of
global deterioration - and, conversely, improvement - direc-
tions, both in orientation and sign in the Predicted dimension



of HQs. Figure 21 shows how each set of selected points
(identified in red) projects over the other two pHQ-spaces: de-
spite a higher spread resulting from the points sampled from
the Attitude Quickness space, high alignment is obtained for
the projections involving Dynamic Stability and Bandwidth.
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Figure 21. Selected configurations: Quickness (top), Sta-
bility (middle), Bandwidth (bottom). Red identifies the
chosen ones, dark blue their projections between pHQs.

Normal Flight Envelope Results

Figure 22 shows the trajectories obtained by simulating the
deceleration-to-hover manoeuvre with all the configurations
presented in Figure 21, highlighting the deviations obtained
for the lateral track, the heading, the altitude and the longi-
tudinal position of the arrival point. First, it must be noted
that the baseline configuration is not able to ensure Level 1
HQs due to the inability to stay within the desired limits for
altitude, whose performance is the most affected by the un-
certainty of the FSM. As Figure 22 shows, the eVTOL gains
significant altitude during the FTM: at the start of the decel-
eration phase, the controller commands a sharp pitch-up ma-
noeuvre to initiate braking. Due to the high aggressiveness of
the command and the sustained forward speed at which the
deceleration begins, the aircraft responds with a rapid climb.
A similar effect occurs during acceleration, where the eVTOL
loses altitude. However, since this phase starts from a hover,
the impact is less marked.

In terms of lateral-directional performance, the vehicle com-
fortably achieves the desired level, with lateral track devia-
tions and heading excursions remaining around the order of
102 throughout all simulations. This outcome directly re-
flects the findings of roll-due-to-pitch coupling, which con-
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Figure 22. Recorded time histories of the NFE case. The
four diagrams show the horizontal trajectory coordinate,
the altitude and the azimuth angle. The coloured bands
show the desired and adequate ranges.

firmed the absence of coupling when the aircraft is operated
in a purely longitudinal manner. Regarding the longitudinal
requirement, although the aircraft can maintain a stable hover
for the expected duration, configuration uncertainties can re-
sult in minor deviations from the desired region.

To understand how the previously selected uncertain aircraft
configurations translate into aHQ performance, the evolution
of the task performances for each pHQ-set is analysed in Fig-
ure 23. Individual performance parameters are plotted against
the 1M-coordinate for each set of 40 configurations, here nor-
malised to the [0, 1] interval, with pHQ-Level gradually im-
proving as 1 proceeds from O to 1. This allows for the iden-
tification, as previously stated, of global variation directions
for the pHQs. Interestingly, despite major fluctuations in the
curves, a monotonic change in the pHQs translates into clearly
identifiable trends in task performance within the Assigned
dimension of the HQs. Specifically, as the pHQs improve
there is, on average, a corresponding enhancement in lateral,
azimuthal and longitudinal performances. A more manoeu-
vrable, stable and controllable aircraft results indeed in sig-
nificantly smaller deviations during the execution of the FTM,
although this comes at the cost of a greater altitude gain fol-
lowing deceleration.

The analysis highlights two main outcomes.

* Firstly, aside from the altitude requirement, the FTM can
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Figure 23. FTM results for the NFE case. Black lines iden-
tify baseline configuration’s performances.

generally be completed at the desired level when fly-
ing in the NFE (i.e. in the absence of external distur-
bances). This is primarily due to the effectiveness of the
FCS, which is capable - even under high attack rates -
of keeping the eVTOL within the required boundaries,
especially along the lateral-directional axes.

Secondly, despite the positive contribution of the FCS to
the closed-loop response of the aircraft, the uncertainty
in the pHQs still has a significant impact on the over-
all FTM performance. This is even more evident in the
case under analysis, where the initially selected pHQs are
able to accurately capture variations in the performance
parameters of FTM.

Overall, it is possible to say that parameter sets in the range of
uncertainty that lead to worse pHQs also show a significant ef-
fect on the aHQ behaviour. So, the idea of performing the un-
certainty assessment at the level of pHQs, using much simpler
open-loop tests, represents a good approach for the identifica-
tion of the most critical FSM. Still, as required by (Ref. 5),
the overall HQ level shall result from a combination of Pre-
dicted and Assigned Levels. The results suggest that the level
of uncertainty in the input models is large and consequently
the impact on the aHQs is significant. So, it is possible to
conclude that a lower uncertainty in the FSM input parameter
will be necessary to employ only the nominal model in the
aHQ simulations with confidence.

Atmospheric Disturbance Flight Test Results

The FTM operations are now extended to include the effect
of atmospheric disturbances, entering an area of the flight en-
velope where the credibility of the FSM becomes crucial to
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assess HQ results—particularly because, under such condi-
tions, flight test data would normally not be available or would
be difficult to obtain. To analyse the VTOL behaviour under
external disturbances, a wind turbulence model is introduced.
The method adopted here follows MIL-F-8785C (Ref. 32) and
the Von Karman spectral model is used. The model defines the
power spectral density for the three turbulent velocity com-
ponents - taking white noise as input - and the turbulent roll
angular rate spectrum; pitch and yaw rates are derived subse-
quently from the velocity components. In addition to random
fluctuations, a mean wind component dependent only on alti-
tude is applied.

In this study, headwind was chosen as the most critical, based
on the results obtained in (Ref. 31). As Figure 24 shows,
the performance parameter deviations due to model input un-
certainties uj,, are significantly amplified in the presence of
disturbances. The aircraft is no longer able to consistently
meet the longitudinal requirement. Furthermore, during the
5 s hover phase, substantial deviations are observed from the
intended arrival point (top-left plot in Figure 24), mainly due
to wind effects during hover and the use of the multicopter
controller’s position mode. Enhancing position control dur-
ing this phase may help maintain compliance with the require-
ment, allowing the aircraft to hold its intended arrival point.
Heading performance also suffers a marked degradation, with
the eVTOL exhibiting large y deviations once the decelera-
tion AV, is commanded. This effect is primarily driven by
the p-rate turbulence component, which, combined with lat-
eral velocity v, strongly couples with the pitch and yaw axes.
As a result, the aircraft frequently exceeds adequate bound-
aries. Figure 24 highlights how this issue becomes more
prominent near the end of the deceleration phase, when the
aircraft reaches its maximum pitch angle.

Figure 25 investigates the relationship between the evolution
of the pHQs and the corresponding changes in the result-
ing aHQ performance. Even in the presence of atmospheric
disturbances, clear improvements can still be seen in lateral
and longitudinal performance, while heading performance ap-
pears to be masked by fluctuations. These gains, however,
come at the cost of a noticeable degradation in altitude per-
formance. Once again, the selected pHQs show a strong and
consistent correlation with the resulting aHQs.

These results demonstrate that the simulation-based approach
is effective in capturing the impact of atmospheric distur-
bances on vehicle HQs. Trends with wind intensity and di-
rection are identifiable using the nominal FSM. These trends
are reproduced similarly by the modified configurations; how-
ever, it must be remembered that the uncertainty levels consid-
ered have been assessed as large in the previous section.

MAXIMUM UNNOTICEABLE ADDED
DYNAMICS

MUAD boundaries are defined as changes in aircraft dynam-
ics that can be introduced without the pilot consciously per-
ceiving them. The approach introduced earlier states that if
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the envelope of the uncertain transfer functions related to the
ACR under analysis, scaled by the selected CR, falls within
the MUAD limits, then the nominal model may be consid-
ered credible and used for ACR evaluations in flight simula-
tors. In this work, the minimum acceptable CR is assumed
to be 1 (Ref. 6). Conversely, if the uncertainty ranges sur-
rounding the nominal results exceed the MUAD boundaries,
the model should not be considered credible. In that case, the
applicant must either reduce the uncertainty or assess its effect
on the simulation outcomes. Initially developed in the con-
text of fixed-wing aircraft handling qualities criteria (Ref. 33),
MUAD boundaries have become a widely recognized tool for
evaluating flight model fidelity, by serving as limits for ac-
ceptable model mismatch. Their use as fidelity criteria was
first proposed in (Ref. 34). Although still unexplored for
VTOLSs and other novel configurations, their applicability to
rotorcraft simulation fidelity has been discussed in the liter-
ature (Refs. 34—37). The envelopes (Table 4) are valid over
the frequency range from 102 to 10? rad/s and exhibit an
“hourglass” shape, narrowing near 3 rad/s, the frequency re-
gion most relevant to manual control (Ref. 38).

In light of this, the MC-generated FSM can be employed to
assess the influence u;n, has on the aircraft transfer function
(TF), computing the envelope of uncertain TFs (eTFs) and
comparing them with the nominal one. It must be clearly
acknowledged that MUAD boundaries were originally con-
ceived for a class of aircraft very different from eVTOLs and

16

Lateral Track

Heading

014 6

e

S o1

0.12

Bandwidth 1Bandwidth
Stability

Quickness

0.5
n(PC1)

Longitudinal Arrival Point

0
Bandwidth
Stability

50
1Bandwidth
Stability

Quickness

0.5
n(PC1)

0.5
n(PC1)

Quickness
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Table 4. MUAD Envelope Transfer Functions (Ref. 39).
Envelope Type

Transfer Function
3.165% +31.615+22.79

U Gai
pper ain 2127 145+ 1.84
Lower Gain 0.09555 +9.925 4 2.15
52+ 11.60s +4.95
2 _
Upper Phase 68.8952 + 1100.12s — 275.22 000595

52 4+39.945 +9.99
475.325% + 184100s +29456.1 000725

L Ph
ower Phase 524+ 11.665+0.0389

may therefore have limitations in their applicability. A key
contribution is provided by (Ref. 39), which reports an exten-
sive simulator-based study for helicopter certification. The ex-
periment investigated pilot sensitivity to variations in system
dynamics during a demanding manual control task (specifi-
cally, a hover MTE). This led to the definition of a new set
of simulation validation limits, named Allowable Error En-
velopes, tailored to the vehicle’s bandwidth, the simulation
facility’s characteristics and the piloted task under considera-
tion. In this work, however, the original MUAD boundaries
are deliberately used to demonstrate the proposed method for
enhancing FSM credibility. A sensitivity analysis was also
performed to evaluate how various added dynamics affect the
VTOL model, accounting for vehicle’s frequency-dependent
dynamic behaviour during the selected FTM.

In Figure 26 below, the main outcome of this first MUAD as-
sessment is shown. The nominal system g/AVj,, Bode plots
are displayed together with their uncertain region - derived
using the MC results of the UA phase - and the correspond-
ing “added-dynamics interpretation” is given (Figure 27). The
difference between the 500 MC output eTFs and the reference
TF is interpreted as unmodelled dynamics, showing that the
uncertainty leading to the eTFs is bounded by MUAD lim-
its for all the relevant frequencies (0.3-12 rad/s), except for



some limited excursion outside magnitude boundaries slightly
above 6 rad/s. It can therefore be reasonably assumed that
the FTM results obtained using the baseline FSM configu-
ration would yield similar HQ ratings to both the worst and
best cases within the uncertainty range, at least for those per-
formance aspects governed by this TF. According to the pro-
posed approach, these results align with those obtained in the
NFE. The differences between configurations are not signifi-
cant enough to push the eTFs outside the MUAD envelope for
this TF , even if the uncertainties in the model input parame-
ters were assumed as relatively large.
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pared against MUAD bounds.

Following a similar line of reasoning, the previous altitude
performance results can be interpreted in MUAD terms. The
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FTM simulation phase highlighted indeed an increased alti-
tude gain in the VTOL’s response, revealing a strong coupling
between the longitudinal and vertical axes in the assigned di-
mension of the HQs. Therefore, it is necessary to investi-
gate whether this behaviour may be attributed to the shape of
the added dynamics related to input uncertainties. To explore
this aspect, the eTFs between the longitudinal input command
and the resulting vertical velocity response V,/AVio, (X, /AVion
analysis yields analogous results) are computed and the cor-
responding added dynamics are examined (Figure 28). Sev-
eral configurations exceed the magnitude boundaries, partic-
ularly in the mid-frequency range where the system is more
sensitive. The broader spread of the worst TFs correlates with
the observed degradation in altitude performance, resulting in
greater variability in FTM outcomes, as shown in Figure 22.
Although not all critical configurations identified in Figure 21
lie outside the MUAD envelope - highlighting the need for a
sufficiently complete pHQ set in the UQ phase - several edge
cases in the 7 interval do exceed the limits, particularly for at-
titude quickness and dynamic stability. This further supports
the validity and potential of the proposed approach.
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Figure 28. Equivalent added dynamics for V,/AVy,, com-
pared against MUAD bounds. Coloured lines identify con-
figurations exceeding MUAD limits.

Once this first assessment has been carried out, the sensitivity
of the FSM to added dynamics across the frequency range
can be studied, selectively assessing the validity of original
MUAD boundaries on its dynamics. This process, which has
been widely studied in the literature (Refs. 39—41), requires us
to investigate the aircraft response to several added dynamics,
specifically tailored to modify the baseline transfer function
at several frequency values. This allows exploring the pilot
control sensitivity and adaptation in terms of the HQ rating.
The simplest approach to perturb the transfer function is to
model the added dynamics H,qq either as first-order lag-lead
and lead-lag dynamics, as in (Ref. 40), or through second-



order dynamics in the form of dipoles (Refs. 39,41).

5%+ 204, 5+ 07,
52+ 204, Cps + a)jp '

“4)

Haqa(s) =

This work employs the second-order form, as it allows us to
intuitively control the frequency position of the disturbance
and gradually increase/decrease the corresponding amplitude.
To preserve the shape of H,qq within the control loop, the
dipole is placed in series with the controller’s velocity set-
point AVj,,. Following the approach discussed in (Ref. 41),
0y, was relocated iteratively between 1 and 6 rad/s, while {;
was gradually increased from 0.25 to 0.70. The damping ratio
of the denominator was always fixed at {, = 0.2. Figure 29
shows an example of the adopted approach.
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Figure 29. Bode plot of added dynamics for varying (,
(0.25-0.70).

To plan the FTM simulations, three flight conditions were
analysed: the case of NFE operations (Vying = 0 m/s) and the
cases of headwind (Wying = 0°) for both Vi,inqg = 0.5 m/s and
Vwind = 1 m/s. Figure 30 collects the results for altitude per-
formance, which is the most sensitive to variations in Hpgq.
For all of the tested operating conditions, a clear dependency
upon the dipole’s location exists. While in the high part of the
frequency range (@ > 3 rad/s), the H,qq effect is not driving
the rating out of the baseline level, at lower frequencies (in
the range 1.5-3 rad/s), the results show the greatest variability,
eventually bringing the system outside the adequate boundary.
It can also be observed that while at high frequencies the trend
of the performance decreases monotonically with increasing
the frequency of @,, and increases monotonically with the
intensity of the added disturbance (i.e., with {;), at low fre-
quencies this monotonicity is lost.

This behaviour can be attributed to two main factors. The first
reason can be sought in the effect H,qq exerts on AVj,,. When
a high-{; low-frequency dynamics is inserted within the con-
trol loop, the dynamics of the aircraft is affected to such an
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extent that the velocity command is inhibited. As a result, the
aircraft can no longer adequately follow the input imposed by
the controller, leading to oscillations in both the input and the
response that disrupt the FTM. In this context, the observed
improvement, visible at 1 and 2 rad/s in Figure 30, should
not be interpreted as a beneficial effect of the added dynam-
ics but rather as a consequence of the piloting algorithm’s in-
ability to correctly manoeuvre, ultimately making the results
unreliable. Specifically, during the acceleration phase, the
eVTOL reaches the required maximum forward speed much
more slowly than in the nominal case, drastically reducing the
level of aggressiveness needed for the manoeuvre and both the
deceleration aggressiveness and the associated altitude gain.
So, the improvement in altitude performance does not corre-
spond to an overall improvement in the FTM performance.
A second interpretation can be sought, like the HQ require-
ment assigned to the aircraft, as the required FTM input does
not contain any high-frequency component and is likely to be
mostly affected by dipoles located in the lower part of the fre-
quency range. A different task (e.g., a pitch-tracking task for
the measurement of control effort, as performed in (Ref. 41))
may result in a different frequency-related behaviour. It is in-
teresting to note that as the H,qq vary and, specifically, as the
bandwidth parameter decreases (i.e., approaching the thresh-
old between Level 1 and Level 2 of ADS-33), the degradation
in the pHQs, now directly controlled using the added TF -
rather than indirectly influenced via different aircraft config-
urations - directly translates into a deterioration in the corre-
sponding assigned HQs, further supporting the results of Fig-
ure 23.

In summary, this analysis showed that taking the envelope of
uncertain models in the frequency domain and comparing it
with MUAD limits may be a good way to verify if the uncer-
tainties are able to generate modifications that can affect or not
the aHQ performance. However, it is important to consider
uncertainties that affect a complete set of pHQs and compare
all direct and cross-transfer functions that affect the FTM with
the MUAD limits.

Figure 30. Results for varying H,44: no wind (left), Viying =
0.5 m/s (centre), Vying = 1 m/s (right).

CONCLUSIONS

This paper successfully proposed and demonstrated a method-
ology for assessing the credibility of flight simulation models
for VTOL handling qualities certification by simulation. The
key results obtained are:



e The impact of FSM input parameter uncertainties
was effectively propagated through sensitivity analysis
(MOAT, VBD) to quantify variations in open-loop pre-
dicted HQs and, subsequently, in the aircraft’s envelope
of transfer functions.

Selecting FSM configurations along the Principal First
Component of the predicted HQ distribution shows that
high variance in one pHQ typically aligns with high vari-
ance in the others. The pHQs also correlate with per-
formance metrics associated with the assigned HQs: as
pHQs improve, so does lateral, azimuthal, and longi-
tudinal performance. The result is a more stable and
controllable aircraft with reduced deviations during the
FTM—although the altitude gain during deceleration in-
creases. This confirms the suitability of the chosen pHQs
to support the assigned HQs.

A novel application of the Maximum Unnoticeable
Added Dynamics concept was introduced: by compar-
ing the envelope of uncertain TFs, scaled by a confidence
ratio, against MUAD boundaries, a quantitative criterion
for FSM credibility for specific HQ-related tasks was es-
tablished.

For the studied lift+cruise VTOL model and the deceleration
to hover flight test manoeuvre, the eTFs for longitudinal con-
trol dynamics largely satisfied the MUAD limits across the
uncertain configurations, suggesting that the nominal FSM is
credible for assessing performance aspects primarily driven
by these dynamics. However, the eTFs for vertical axis dy-
namics coupled with longitudinal inputs for several uncer-
tain configurations exceeded the MUAD magnitude limits.
This finding correlated well with the observed variability and
degradation in FTM altitude-keeping performance, indicating
that FSM uncertainty in these coupled dynamics could lead to
non-credible predictions for altitude-critical tasks if the nom-
inal model alone were used.

The deliberate introduction of added dynamics in the form of
dipoles further confirmed the frequency-dependent sensitivity
of FTM performance, particularly altitude control, to devia-
tions from the nominal aircraft dynamics.

These findings are highly promising for the advancement of a
standardised certification by simulation approach for VTOL
aircraft. The MUAD-based framework offers an objective,
engineering-driven method to link FSM fidelity directly to
pilot-perceptible dynamic changes. This is a significant step
towards reducing reliance on extensive and potentially haz-
ardous flight testing, especially when evaluating off-nominal
conditions or the impact of model uncertainties. By demon-
strating that an FSM’s predictions remain within “unnotice-
able” dynamic boundaries despite its uncertainties, confidence
in its use for certification can be substantially increased.

It must be noted that this is a first attempt to identify a method-
ology for credibility assessment of VTOL models. More cases
should be analysed in the future to fully verify if it is applica-
ble as is to all VTOL configurations and all possible FTMs, or
if further developments will be necessary.
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Additionally, to fully mature this approach into a standardised
practice, further investigation is crucial in several areas:

* Development of VTOL-Specific Requirements: the anal-
ysis of the Deceleration-to-Hover manoeuvre revealed an
uncontrollable altitude increase. While this issue is cap-
tured and constrained in the aHQ dimension, it is not ad-
dressed by any specific pHQ requirement. Developing a
new metric at the pHQ level, such as altitude-pitch cou-
pling, tailored to capture this type of handling quality
deficiency, could therefore be beneficial.

VTOL-Specific MUAD Boundaries: The existing
MUAD boundaries were originally conceived for con-
ventional aircraft. Research is needed to tailor, re-
fine, and validate these boundaries for the diverse range
of VTOL configurations (e.g., lift+cruise, multicopter,
tiltrotor) and their unique critical flight tasks and control
strategies.

Comprehensive Transfer Function Assessment: although
this study focused on key longitudinal and coupled ver-
tical dynamics, a standardised approach would require a
systematic assessment of all relevant direct and cross-
coupling transfer functions that significantly influence
critical FTM performance against MUAD limits.

Addressing these areas will make the proposed CbS method-
ology more robust, paving the way for more efficient,
cost-effective certification pathways for the rapidly evolving
VTOL aircraft sector.
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