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ABSTRACT
This paper presents preliminary results from the development of a Flight Simulation Model of a small-scale lift+cruise
eVTOL, aimed at assessing Predicted Handling Qualities at low speeds. The study focuses on aerodynamic model
development using a mid-fidelity solver. It investigates key phenomena, notably propeller interference and induc-
tion on aircraft components, with significant findings on the horizontal stabilizer. Several modelling challenges are
discussed related to the computation of stability derivatives. The static stability derivatives calculation methodology
was confirmed, while dynamic stability derivatives revealed an unexpected frequency dependency that needs to be
revised. The model will be used in the future to assess the uncertainty of the derivatives and investigate their impact
on simulations. This work lays the foundations for further model development and fidelity assessment, contributing
to credibility and supporting the demonstration of compliance with the handling quality requirements included in the
Special Condition VTOL through simulation.

NOTATION

Acronyms

CFD Computational Fluid Dynamics

EASA European Union Aviation Safety Agency

eVTOL electric Vertical Take-off and Landing

FSM Flight Simulation Model

FTM Flight Test Maneuver

HQ Handling Qualities

MHQRM Modified Handling Qualities Rating Method

MTE Mission Task Element

RoCS Rotorcraft Certification by Simulation

VLM Vortex Lattice Method

VPM Vortex Particle Method
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INTRODUCTION

In the Urban Air Mobility race, aiming for the first successful
passenger-carrying commercial service using eVTOL aircraft,
many brilliant engineers are currently paving the way towards
the first eVTOL Type Certificate in Europe. The challenge is
enormous, not only because of novelties introduced in the air-
craft configurations, such as the distributed electrical propul-
sion and the employment of highly augmented flight control
systems, but also leveled-up by very ambitious time sched-
ules. In this undertaking, the eVTOL manufacturing com-
panies are unveiling new technical challenges in aeronautical
engineering, walking hand-by-hand with the regulators and
guidelines developing organisations.

To meet high safety standards of current aviation , EASA de-
cided to revisit the standard framework developed for conven-
tional fixed-wing aircraft and helicopters with internal com-
bustion engines, to tackle the new challenges due to the intro-
duction of new technologies and new concepts of air transport.
This effort led to the publication of the ”Special Condition for
small-category VTOL aircraft” (Ref. 1). It applies to person-
carrying VTOL heavier-than-air aircraft in the small category,
with lift/thrust units used to generate powered lift and control.
The small category covers aircraft with a passenger seating
configuration of 9 or less.

To reach the appropriate flight safety the VTOL.2135 Control-
lability requires the aircraft to be ”controllable and manoeu-
vrable, without requiring exceptional piloting skills, alertness,
or strength, within the operational flight envelope and must be
controllable and manoeuvrable within the limit flight enve-
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Figure 1. Minimum Acceptable Handling Quality Rating,
as described in (Ref. 2).
lope” (see (Ref. 1)).

To meet this requirement, EASA proposed as a means of com-
pliance in MOC.VTOL.2135 (Ref. 2) the Modified Handling
Qualities Rating Method (MHQRM) .The idea behind this
proposal is that to demonstrate compliance to the stability,
manoeuvrability and controllability, it is necessary to collect
evidence on the vehicle HQ and so ensure that there is enough
workload capability to operate the aircraft safely . The pro-
cess described as MHQRM asks to verify for each phase of
flight the achievement of a minimum level of HQ Rating de-
pending on the level of atmospheric disturbances, the failure
condition and the flight envelope considered (Ref. 2). The ta-
ble is shown in Figure 1. For better understanding, the reader
is referred to the original MOC document (Ref. 2)

This reopened the discussion about the usage of so-called
Mission Task Elements (MTE) for civil certification (Ref. 3),
which is a well-known concept introduced by the military
specification ADS-33 (Ref. 4). EUROCAE developed a new
guideline, ED-295 (Ref. 5), to collect evidence to complement
the MHQRM, where MTEs are specifically developed for
eVTOLs under the name of Flight Test Maneuvers (FTMs).
Given the large number of conditions contained in Figure 1,
some may present flight test safety challenges and other pos-
sible difficulties to be exactly replicated. The ED-295 explic-
itly says that ” it is foreseen that simulation could in turn be
used to collect further evidence [...]. These tests would be
performed using pilot-in-the-loop simulation”.

To achieve the goal of using simulation it is here proposed to
follow the approach already outlined in the Rotorcraft Certi-
fication by Simulation (Ref. 6). It requires to first build the
FSM in the Domain of Validation where the simulation can
be compared with the results of flight tests. Within the valida-
tion process, it shall be assured that the errors are below the
required tolerances and the uncertainties shall be assessed to
evaluate the credibility of the simulation.

A similar approach will be followed in the current research,
composed by the following steps:

1. Select for each FTM a set of Predicted HQs that will be

used to validate the model

2. Identify the uncertainty of each simulation parameter

3. Assesses the error and the uncertainty of each Predicted
HQ metric selected to ensure that the error is limited and
the uncertainty is known.

4. Assess the impact of uncertainty in the simulation on the
evaluation of HQ ratings.

5. Perform the FTM in the simulator to assess the HQ Rat-
ing considering the impact of uncertainty in this assess-
ment.

The Predicted HQ, such as bandwidth, dynamic stability and
attitude quickness, are used as fundamental indicators of the
model’s sufficiency for intended use, specifically for flight
simulation trials based on a designated FTM. For certifica-
tion purposes, the comprehensive approach to model fidelity
assessment in both time and frequency domains, under the
above-specified requirements, is deemed more robust than re-
lying solely on time-domain matching. Additionally, using
short maneuvers involving simple control inputs, such as step
or doublet inputs, mitigates pilot-related factors and trajectory
deviations over time. Initial tolerances for fidelity assessment
are proposed based on CS-FSTD(H) (Ref. 7).

With the above-mentioned regulatory context in mind, the eV-
TOL industry will have to rely on flight simulation and anal-
ysis to propose flight test plans which are compatible with
ambitious schedules. The MHQRM approach anticipates the
collection of evidence for flight conditions accounting for fail-
ures and atmospheric disturbances in several areas of the air-
craft’s Flight Envelope. While this new approach strives to
achieve high safety goals, it will require extensive flight test-
ing. Additionally, for eVTOL designs unlike any other fly-
ing rotorcraft, engineers have no previous experience or flight
data available, as is the case for the helicopter manufacturers.
Consequently, there is a general recognition of the fact that a
holistic approach is needed to better integrate flight simulation
into the HQ certification process, as confirmed by (Ref. 3),
(Ref. 6) and (Ref. 8). The current research aims to contribute
to the development and widespread use of simulation for cer-
tification, which allows to reduce flight testing hours and fos-
ters the proper use of simulation in making strategic decisions.
The currently emerging eVTOL industry can greatly benefit
from this approach in terms of time, costs and safety.

The primary aim of the current research is to develop a mid-
fidelity rigid FSM of a small-scale lift+cruise eVTOL aircraft,
which will be used to demonstrate how to build model cred-
ibility and show compliance with VTOL.2135 Controllabil-
ity (Ref. 1) requirement by employing Certification by Sim-
ulation. This will be achieved by following the guidelines of
RoCS (Ref. 6), as outlined above. This first paper will focus
on the FSM development, leaving all aspects related to the de-
velopment of an appropriate flight simulation system to pro-
vide appropriate cues to pilots at a later stage. Furthermore,
the crucial aspect of assessing the impact of uncertainties of
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the model on the HQ Rating inferred through the usage of the
flight simulator will not be tackled.

In the existing eVTOL simulator, the propeller loads are de-
rived from wind tunnel testing results of an isolated propeller,
while the aerodynamic loads on the fixed lifting surfaces are
estimated using the methodology outlined in (Ref. 9). This
methodology, however, does not account for the effects of
propeller wake induction. As a result, it was deemed nec-
essary to investigate the aerodynamic interference and evalu-
ate whether its contribution to the overall aerodynamic loads
should be considered. This paper presents preliminary results
from the ongoing research, as described in the previous sec-
tions, which focus on the development of a mid-fidelity aero-
dynamic simulation capable of capturing aerodynamic inter-
ference—a phenomenon recognized as particularly challeng-
ing to model accurately at low speeds. For this purpose, the
aerodynamic solver DUST, known for its versatility, is em-
ployed (Ref. 10).

Using the DUST aerodynamic model, a methodology for cal-
culating stability derivatives as functions of attitudes and an-
gular rates is developed. This data will be integrated into
the existing low-fidelity Matlab+Simulink real-time model,
required for the future piloted flight simulation. The DUST
model is also intended to be directly integrated with MB-
Dyn, a multi-body solver used for rotorcraft dynamic simu-
lations, to enable nonlinear simulation of aerodynamic loads
(Refs. 11,12). Through a comparative analysis of results from
both models, a methodology will be formulated for physics-
based tuning of the real-time model, based on insights from
the mid-fidelity model. The use of Predicted HQ for fidelity
assessment will serve as a valuable tool for evaluating the suf-
ficiency of the FSM and verifying the applicability of ADS-
33 (Ref. 4) requirements and CS-FSTD(H) (Ref. 7) tolerances
for fidelity assessment.

EVTOL DESCRIPTION

The small unmanned eVTOL under investigation was de-
signed and manufactured by the Aerospace Systems and Con-
trol Laboratory (ASCL) of the Department of Aerospace Sci-
ence and Technology at the Politecnico di Milano (DAER)
(Ref. 13) and is depicted in Figure 2 and 3. It utilizes 8 three-
bladed propellers for vertical lift, each operating with vari-
able RPM and fixed pitch. In helicopter mode, the aircraft
is controlled through the differential thrust of all vertical pro-
pellers. For horizontal thrust, the aircraft is equipped with 2
two-bladed propellers. The fuselage is reduced in size to con-
tain the batteries and necessary avionics, the wings are rect-
angular without twist while the empennage is H-shaped. The
main geometry and mass properties of the eVTOL are detailed
in Table 1. The eVTOL center of gravity is located in its ver-
tical plane of symmetry and at 25% of the wing chord. Figure
2 shows propeller numbering convention and their direction
of rotation. This system has the scale of a drone and not the
scale of an eVTOL capable of carrying passengers. However,
it has been considered a valid benchmark for this research,
since it resembles a typical lift + cruise eVTOL configuration.

While it would have been possible to scale up the configura-
tion to obtain a passenger-carrying vehicle, it has been chosen
to keep the current scale to allow for a direct comparison of
simulation results with experimental tests.

Table 1. eVTOL Characteristics.
Parameter Value Unit
Max Gross Weight WTO 7.1 kg
Center of gravity xCG 0 m
Wing and fuselage span bW 3 m
Wing chord cW 0.26 m
Wing incidence iW 4.5 deg
Fuselage span bF 0.42 m
Horizontal stabilizer span bHT 0.721 m
Horizontal stabilizer chord cHT 0.13 m
Horizontal stabilizer arm xHT 1.08 m
Horizontal stabilizer incidence iHT 0 deg
Vertical propeller diameter dprop 0.178 m
Vertical propeller chord at 80% r cprop 0.0124 m
Forward propellers y-coordinate l f 0.1815 m
Rearward propellers y-coordinate lr 0.1415 m
1st row of propellers x-coordinate l1 0.6 m
2nd row of propellers x-coordinate l2 0.33 m
3rd row of propellers x-coordinate l3 0.33 m
4rd row of propellers x-coordinate l4 0.6 m

Figure 2. eVTOL configuration and propeller rotation di-
rection.

NUMERICAL MODELS DESCRIPTION

DUST Aerodynamic model description

For the aerodynamic modeling, a computational tool called
DUST developed by Politecnico di Milano, was used. DUST
is an open-source software which allows for modeling of solid
bodies as thick surface panels, thin vortex lattice elements,
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Figure 3. eVTOL overview.

Table 2. Reynolds numbers for all eVTOL components at
U∞ = 6 m/s.

Component Re
Propeller blade at 80% r 865,000
Wing and fuselage 86,000
Horizontal tail 43,000

and lifting line elements. A Vortex Particle Method (VPM),
which provides a Lagrangian description of the free vorticity
field in the wake, was implemented for the wake modeling.
Details about the mathematical formulation of the solver can
be found in (Ref. 10). The aforementioned features of DUST
make it suitable for the investigation of aerodynamic interac-
tions between multiple propellers and propeller wakes with
fuselage and wing, on a fraction of the computational cost of
CFD methods. DUST aerodynamic model is used to identify
the appropriate methodology for calculating stability deriva-
tives as functions of attitudes and angular rates.

Following a systematic building-block approach, the propeller
geometry was extracted from the off-the-shelve purchased
propeller through 3D scanning, and a single fixed-pitch three-
bladed propeller model in DUST was developed, using lifting
line elements. The propeller rotational speed was set to 1500
rad/s for all simulations, which corresponds to the required
propeller thrust at 6 m/s horizontal velocity. For the fixed lift-
ing surfaces, vortex lattice elements with aerodynamic tables
correction were used. All airfoils aerodynamic characteris-
tics were obtained using Xfoil viscous calculation, to account
for the low maximum lift coefficient and early stall at low
Re. The Reynolds numbers are summarized in the Table 2.
The example of aerodynamic characteristics of the wing air-
foil Selig4026 at Re = 80,000 are shown in Figure 4.

For the fuselage the following modeling approaches were in-
vestigated:

1. As a bluff body which allows only for potential flow cal-
culation. This approach does not allow for fuselage wake
shedding as the fuselage has no trailing edge, therefore
the aerodynamic loads are highly underestimated.

Figure 4. Aerodynamic characteristics of wing airfoil Selig
2046 at Re = 80,000 and Ma = 0.1.

2. As a lifting surface with variable chord, to reflect the
fuselage shape, with ellipse aerodynamic characteristics
assigned to the cross-sections, see Figure 5. This method
allows for fuselage wake shedding, but there is still wing
lift loss at the root due to the different angles of incidence
of the wing and the fuselage. In addition, there are con-
vergence issues of the nonlinear VLM for this geometry.

3. As a lifting surface with constant chord, equal to wing
chord, and equal incidence angle (see Figure 6). Ellipse
characteristics were offset to account for the angle of at-
tack.

4. Fuselage geometry is modelled as identical to the wing,
which leads to the overestimation of the lift on the fuse-
lage and wing but balances the pitching moment distri-
bution.

Figure 7 and Figure 8 compare the vertical force and pitch-
ing moment distribution along the fuselage and wing for the
above-mentioned modelling approaches.

The last and the simplest modelling approach was chosen, mo-
tivated by the balanced pitching moment, which plays a cru-
cial role in longitudinal stability, and due to other modelling
approaches convergence issues using the nonlinear vortex lat-
tice method at negative angles of attack. Besides, continuous
wing facilitates the interpretation of the results for the load
cases with the propellers, as there is no effect of fuselage-
wing discontinuity on the flow field which superimposes on
the propellers wake induction. The investigation of different
fuselage modeling approaches gave an insight into introduced
uncertainty, while the final choice of the most accurate mod-
elling approach can be made by having experimental results
or an accurate CFD analysis.

Finally, the complete eVTOL geometry was constructed using
the DUST pre-processor. The generated geometry of the full
configuration is shown in Figure 9. The origin of the body
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Figure 5. Visualisation of eVTOL fuselage modelling ap-
proach 2 and wing wake vorticity.

Figure 6. Visualisation of eVTOL fuselage modelling ap-
proach 3 and wing wake vorticity.

system of coordinates is placed in the eVTOL vertical plane
of symmetry and in the wing 25% chord.

Stability derivatives calculation methodology

Longitudinal static stability derivatives CLα , CDα and CMα

and longitudinal forces and moments coefficients, CL, CD and
CM , were obtained by performing a time marching simulation
with U∞ = 6 m

s at different vehicle angle of attack and the inte-
gral loads were extracted at the end of the simulation, for the
configuration without the propellers, or mean values of loads
were calculated for the full configuration with the propellers.

Dynamic stability derivatives for pitch rate, CLq and CMq were
calculated based on the methodology developed in (Ref. 14),
by imposing a sinusoidal oscillatory pitching motion to the
eVTOL in the configuration without the propellers or in full
configuration. The main assumption underlying the stability
derivatives computation methodology is that the aerodynamic
forces and moments acting on the aircraft are linear with re-
spect to both the angle of attack α and pitching rate q vari-
ations. According to the single point method whose founda-
tions are described in (Ref. 14), the dynamic stability deriva-
tive, in the form of a coefficient function of angle of attack,
can be expressed as follows:

Figure 7. Angle of attack, CL and Fz distribution along the
fuselage and wing – comparison between different mod-
elling approaches.

Figure 8. Angle of attack, Cm and My distribution along
the fuselage and wing – comparison between different
modelling approaches.

c jq =
∆c jq(t)|t=tα0

αAk
(1)

k =
cW q
2U∞

(2)

where:

αA - amplitude of angle of attack for pitching oscillation
k - reduced frequency
q - pitch rate

∆c jq(t)|t=tα0
corresponds to the operation of measurement of

the thickness of the aerodynamic force or moment hysteresis
ellipse around α0 (see Figure 10).

RESULTS AND DISCUSSION

Isolated propeller performance in forward flight

Isolated propeller performance at the horizontal velocity of
6 m/s and inflow angle of 0 deg is given in this section for
reference. The mean value of thrust obtained is 8.4 N for a
rotational velocity of 1500 rad/s. The H-force with respect
to the propeller axis of rotation is found to be 0.18 N. Fig-
ure 11 shows the isolated propeller thrust in time, comparing
the raw and filtered signals. The bottom plot shows the Fast
Fourier Transform of propeller thrust, highlighting significant
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Figure 9. eVTOL full configuration created in DUST pre-
processor.

Figure 10. Graphical representation of the extraction of
the dynamic derivative, adapted from (Ref. 14).

frequency components at the propeller’s first (3/rev) and sec-
ond (6/rev) transmission harmonics. This indicates that the
thrust contains periodic components related to the propeller’s
blade rotational frequency.

The time step imposed for the propeller simulation is 0.1164
ms which corresponds to 10 deg of propeller rotation. The
author is aware that it is a relatively big time step and it was
verified that a time step corresponding to 5 deg provides lower
results for thrust by 0.2 N (2.4%). However, the high rota-
tional speed of propellers and the low horizontal speed intro-
duce a difference in time scales of approximately 20 times,
between rotating lifting surfaces (0.1164 ms) and fixed lift-
ing surfaces (2 ms). In order not to compromise the already
long computational times (ca 12 h on a commercial laptop for
a static simulation of the full configuration), a trade-off was
made and the time step corresponding to 10 deg was chosen.
The resulting propeller’s thrust uncertainty will be considered
in future work.

The flow field around the isolated propeller is unsymmetrical,

Figure 11. Isolated propeller thrust in time and frequency
domain, expressed as a function of the number of periods
per rotor revolution.

which is visible in the Figure 12 representing the induced ve-
locity and velocity magnitude field just above the propeller,
averaged over the time of the simulation. The propeller with a
clockwise rotation direction accelerates the flow to the right
side and upwards. This is because the blades are rigidly
mounted on the mast, preventing any flapping movement and
the resulting load redistribution, as it occurs with articulated
rotors. The loads on the advancing and retreating blades differ
significantly, as shown in Figure 13.

Figure 12. Isolated propeller instantaneous induced veloc-
ity and velocity magnitude flow field (clockwise rotation).

Figure 13. Isolated propeller advancing and retreating
blade thrust distribution.
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Propeller-propeller aerodynamic interference

To investigate the presence of propeller-propeller induction,
propeller loads for a full configuration were calculated. The
horizontal velocity for this flight condition is 6 m/s and the
vehicle angle of attack is 0 deg. First, the frequency contents
of the first and second propeller thrust were examined, in the
simulation range when the propeller’s wakes are mixing. The
top plot in Figure 14 shows the first propeller lift in time, com-
paring the raw and filtered signals. The bottom plot shows the
frequency content of the force signal, highlighting significant
frequency components at 3/rev and 6/rev harmonics.

The second propeller lift force in the frequency domain, see
Figure 15, reveals different behaviour for the first propeller.
The visible peaks are still at the first and second propeller
main transmission harmonics, but the first peak is notice-
ably higher and the entire frequency content appears more
scattered, indicating the presence of aerodynamic interactions
with the first propeller. The rear pair of propellers manifests
similar behaviour.

Next, mean values of thrust for 0 deg angle of attack are pre-
sented in Figure 16, to compare values of mean thrust for each
propeller with an isolated one.

Figure 14. First propeller thrust in time and frequency do-
main.

Figure 15. Second propeller thrust in time and frequency
domain.

Figure 16. Propellers thrust comparison, U∞ = 6 m/s, α = 0
deg.

The thrust of the second and fourth propeller is lower due to
the proximity of the first and third propeller respectively. This
trend is visible for both cases with and without fixed lifting
surfaces. The same behaviour is observed for different angles
of attack but was not shown on the graph for clarity. It was
also revealed that the first and third propeller thrust is some-
what higher than that of the isolated one. It could be possible
due to the induction of the second or fourth propeller on the
first and third propeller respectively. Overall, the computed
thrust values lie approximately within +/− 0.2 N tolerance
with respect to the isolated propeller thrust which corresponds
to +/−1% of the throttle for this flight condition.

The simulation case without the wing was intended to verify
if there is a noticeable induction of fuselage and wing on the
propeller loads. From the available result, it can be observed
that the third and fourth propeller thrust values for the case
with the fuselage are noticeably higher then the case with no
fuselage (approximately by 0.1 N), which could be considered
evidence of how the presence of fuselage and wing influences
the propellers wakes.

Loads time histories for simulations with propellers

In this section, an example of raw data of loads time histories
of static simulations at U∞ = 6 m/s and α = 6 deg obtained
for the eVTOL configuration with propellers is discussed (see
Figures 17 and 18). The load time histories for the simulation
with propellers have high variations, in particular the pitch-
ing moment, and it is difficult to extract steady loads. There
are extended ranges where the calculations do not converge
(see times 1.01 and 1.06 s). This occurs when the simulation
starting vortex particles of the first two rows of propellers ap-
proach the wing and the fuselage, and when the calculation
of loads on fixed lifting surfaces does not converge due to the
turbulent flow around them. Therefore the exact values are
to be treated with caution and for a quantitative analysis an
approach shall be developed to account for the load uncer-
tainty. The time range of 0− 1 s of the simulation is dedi-
cated to wing wake generation without the propellers. It was
achieved by running the static simulation in full configuration
with the propellers moved outside of the simulation domain.
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To continue the simulation with the propellers, the simulation
was restarted by modifying the propellers’ reference frame to
their correct position. This operation allowed us to reduce the
computational time to 12 hours on a commercial laptop. The
wake of the fourth row of the propellers reaches the horizon-
tal tail at 1.08 s (see peaks appearing in the pitching moment
of the horizontal tail, which indicates minimum simulation
time). Afterwards, the horizontal tail moment is highly un-
steady due to the interference with the propellers’ wake, but its
mean value, calculated for the time range 1.16−1.2 s, can be
qualitatively compared with the case without the propellers.
Next, the analysis of mean loads for all simulated angles of
attack is presented.

Figure 17. Raw data of lift time history, U∞ = 6 m/s, α = 6
deg.

Figure 18. Raw data of pitching moment time history,
U∞ = 6 m/s, α = 6 deg.

Propellers induction on fuselage and wing

This subsection analyses the propellers’ induction on fuselage
and wing loads at angles of attack ranging from −5 to 6 deg,
by comparing them with loads for configuration without the
propellers’ induction, for angles of attack from −6 to 8 deg.
The range of studied angles of attack is limited by the model
convergence and is smaller with the propellers with respect
to the range without the propellers. No horizontal stabilizer
loads are included since they will be discussed in the follow-
ing section. The propellers’ loads are not discussed in the
subsequent analysis, since they were discussed in the previous
section. The fuselage and wing loads are shown in Figure 19.
The angle of attack is defined with respect to the eVTOL lon-
gitudinal axis. The wing is mounted on the fuselage with an
incidence angle of 4.5 deg and the wing profile produces zero
lift at ca −0.8 deg, therefore the zero lift for the configuration
without the propellers is at about −6 deg. At the same angle

also the minimum wing drag is visible. The pitching moment
is negative, except for the angle of attack of −6 deg. For the
configuration with the propellers, a lift increment is visible for
negative angles of attack and lift loss for positive angles of at-
tack. Pitching moment values change due to the altered flow
around the fixed wing surfaces, but a detailed analysis can-
not be conducted using only average loads plots. To interpret
the nature of propeller induction, the velocities and load dis-
tributions along the fuselage and wing span for negative and
positive angles of attack are analyzed. No detailed analysis
for drag will be done due to the very low values, but it can be
considered in the uncertainty assessment.

Figure 19. Lift and pitching moment of fuselage and wing
with and without propellers induction, and without hori-
zontal stabilizer loads.

Figure 20 presents local inflow velocity at the fuselage and
right wing for α = 6 deg. V2d is the magnitude of a sum of the
free stream velocity and influence of the wing and propeller
downwash, projected on the airfoil plane and is measured at
the 75% chord, according to (Ref. 15). Upx is its component
which lies along the airfoil chord and is positive when directed
rearwards, and Upz is its component perpendicular to the air-
foil chord, positive when directed upwards. The forward pro-
pellers’ location is at 0.181 m and the external blade tip at
0.271 m. Propellers’ influence is generally visible until y =
0.6 m. V2d is reduced, at the fuselage to 4−5 m/s, at the wing
5 − 6 m/s. Upz multiple peaks of velocity perpendicular to
the wing chord are visible indicating the presence of propeller
wake.

Next, the effective angle of attack, lift and pitching moment
are shown in Figures 21 and 22. According to (Ref. 15), the
effective angle of attack of the in-plane relative velocity at
the control point is corrected with the 2D influence needed by
formulation developed in (Ref. 16), to get the right angle of
attack to be used in the aerodynamic tables:

αEFFi = αpi −αDi (3)

αDi = α3Di −α2Di (4)
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Figure 20. Local inflow 2d velocity at the fuselage and wing
and its vertical and horizontal components — distribution
along the fuselage and wing span, α = 6 deg.

where: αpi is the pitch angle, αDi is the downwash angle,
α3Di is the total three-dimensional downwash angle, α2Di is
the equivalent two-dimensional downwash angle.

Loads are given in the wing local reference frame with x axis
along the wing chord directed rearward, and are averaged in
time (0.16− 0.2 s of the simulation). Effective angle of at-
tack increments due to peaks in Upz are still visible and lead
to a local stall of the fuselage and wing. However, the domi-
nant effect on lift and pitching moment is due to the reduction
of the velocity magnitude V2d , which leads to the loss of lift
and the increase of the pitching moment absolute value in the
proximity of the propellers. The behaviour of all quantities of
interest on the left wing and left portion of the fuselage is the
same and was not reported for simplicity.

Figure 21. Angle of attack, lift coefficient and lift distribu-
tion along the fuselage and wing span, α = 6 deg.

This behaviour can be explained through a visualization of
the flow around the wing. In Figure 23 the aerodynamic in-
terference between the propellers and fuselage is visualized
through the vertical velocity. The cross-section is made at
span y = 0.1815 m, in the front right propeller axis of rota-
tion. At the wing leading edge, the upward circulation of the
flow is significantly reduced, while at the trailing edge, an up-
ward velocity component arises due to the interference with
propeller blade tip vortexes shed by the third propeller.

Figure 22. Pitching moment coefficient and pitching mo-
ment distribution along the fuselage and wing span, α = 6
deg.

Figure 23. Visualization of vertical velocity around the
wing. Upper figure – isolated fuselage and wing, lower
figure – full configuration with propellers.

Next, the load distribution along the wing and fuselage for
α =−4 deg is discussed. Figure 24 presents local inflow ve-
locity at the fuselage and right wing for α =−4 deg. V2d and
Upx change along the span until ca 0.5 m, with a minimum
value of 5.3 m/s, and a maximum of 7.2 m/s. With the pro-
pellers, Upz absolute value increases to −1.88 m/s (without
the propellers −0.65 m/s) and returns to baseline at ca 0.28
m. Note that for negative angles of attack, the Upz modifica-
tion due to third propeller wake induction is negative (induced
velocity downwards), while for the positive angles of attack,
it is positive (induced velocity upwards). This suggests that
the mechanism of the propeller induction on the fuselage and
wing might be very sensitive to the angle of attack. To fully
understand this further analysis is needed.

The effective angle of attack along the fuselage (see Figure
25) span is reduced from 0 deg to −10 deg due to Upz alter-
ations discussed above, but along the wing span its value be-
comes positive. This increment produces additional lift at the
wing, which compensates for the lift loss at the fuselage (see
Figure 19). Additionally, the pitching moment absolute val-
ues are increased along the wing (nose-down, see Figure 26).
This suggests upwards induced velocity at the wing trailing
edge which contradicts the negative values of Upz.

To summarize, for both negative and positive angles of attack
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Figure 24. Local inflow 2d velocity at the fuselage and wing
and its vertical and horizontal components — distribution
along the fuselage and wing span, α =−4 deg.

Figure 25. Angle of attack, lift coefficient and lift distribu-
tion along the fuselage and wing span,α =−4 deg.

lift loss is observed along the fuselage and inner portion of
the wing distribution, but due to different behaviour of local
velocities. For positive angles of attack, the effective angle of
attack on the wing is not changed, while for negative angles
of attack, the effective angle of attack becomes positive which
leads to a lift increase. The reason for that is not clear and
must be further investigated.

For the positive angles of attack, the lift loss at the fuselage is
2.25−3 N and would require the overall throttle reduction of
1.5 % on all propellers.

Propellers induction on horizontal stabilizer

In this section, the induction of propellers wake on horizontal
stabilizer is discussed. Figure 27 presents horizontal stabilizer
lift and pitching moment with respect to 25% wing chord,
for configuration with and without the propellers. Horizon-
tal stabilizer has a symmetric airfoil NACA0008 and 0 deg
incidence, hence zero lift is produced at about 0 deg angle of

Figure 26. Pitching moment coefficient and pitching mo-
ment distribution along the fuselage and wing span, α =
−4 deg.

attack, without the propellers induction. For positive angles of
attack, the horizontal tail produces a pitching-down moment,
while for negative angles of attack pitching-up moment is pro-
duced. In the lift curve, a decrease of lift is observed for the
range of 4 and 6 deg which is due to maximum aerodynamic
interference with wing wake. In fact, for the isolated horizon-
tal stabilizer and angle of attack of 6 deg the calculated lift is
0.9 N (w.r.t. 0.38 N) and the pitching moment is −1 Nm (w.r.t.
−0.43 Nm). The interference of the horizontal stabilizer with
the wing wake is less visible for negative angles of attack (val-
ues for −4 deg: L: −0.54 N, M: 0.62 Nm). Interference with
the propeller’s wakes introduced an offset in the horizontal tail
lift and moment –– negative offset for lift and positive offset
for pitching moment (nose up). The interference is visible for
the entire range of studied angles of attack.

Figure 27. Horizontal stabilizer lift and pitching moment
— without the propellers and with the propellers.

The propeller’s induction is visible in Figures 28 and 29 which
present the distribution of quantities of interest along the hor-
izontal stabilizer span, for α =−4 deg. V2d for the case with
the propellers is lower than the baseline and not regular along
the span. Upz changed significantly and reaches up to −1.75
m/s (in comparison to baseline −0.33 m/s in the middle of
the horizontal stabilizer). As a result, the effective angles of
attack are highly negative (max −15 deg w.r.t baseline −3.5
deg) and the horizontal stabilizer is stalled. Again the effect
of propeller’s induction manifests in the vertical force Fz rel-

10



ative negative increment and hence the tail pitching moment
increment (nose up). The same behaviour was observed for
positive angles of attack.

Figure 28. Local inflow 2d velocity at the horizontal stabi-
lizer and its vertical and horizontal components — distri-
bution along the horizontal stabilizer span.

Figure 29. Angle of attack, lift coefficient and Fz distribu-
tion along the horizontal stabilizer span.

To balance the horizontal stabilizer pitch-up moment contri-
bution which arose solely from the propeller’s induction, a
thrust increment is needed for the first and third propellers,
while the thrust of the second and fourth propellers shall be
reduced. This pitching moment contribution, calculated for
the studied velocity 6 m/s is up to 1 Nm (see My offset in
Figure 27), which results in required thrust compensation of
about ±0.93 N for each propeller to maintain static equilib-
rium. This is, so far, the most important contribution of pro-
pellers’ induction on fixed-wing loads and shall be included
in the modelling.

Aerodynamic interference influence on throttle values

To account for the additional loads arising due to aerodynamic
interference of the propellers with wing and horizontal tail,

thrust values on all propellers must be adjusted to maintain
static stability. To account for propeller-propeller interference
in the existing flight simulator, where the propellers are mod-
elled as isolated by assigning an identical experimental thrust-
throttle curve to each propeller, a correction factor will be
added to each curve, to account for lift change based on pro-
peller position. Figure 30 gathers all estimated aerodynamic
interferences in terms of required thrust correction. The thrust
correction was taken from the linear range of the experimental
thrust-throttle curve, where 0.22 N of produced thrust corre-
sponds to 1% of the throttle.

Figure 30. Required throttle contributions to account for
aerodynamic interference.

The first and third rows of propellers require a negative throt-
tle adjustment of approximately 3% due to the opposing ef-
fects of propeller-horizontal tail interference and other inter-
ferences. In contrast, the second and fourth rows of propellers
require a significant positive throttle adjustment of around 5%
due to the combined effects of propeller-horizontal tail inter-
ference and fuselage lift loss. The contribution of propeller-
propeller interference is the least significant. Overall, the total
throttle adjustments indicate that interference effects vary sig-
nificantly by propeller position, with propeller-horizontal tail
and fuselage interferences being the most influential.

Considering the requirement from FSTD(H) (Ref. 7), which
imposes ±5% tolerance on the collective control position for
low airspeed handling qualities, the modelling without aero-
dynamic interference between the eVTOL components, might
lead to simulation thrust values which lie beyond the toler-
ance. This conclusion encourages considering the aerody-
namic interference in the modelling, to build model credibility
and assure that it is fit for the intended usage.

Dynamic stability derivatives for configuration without
propellers

Dynamic stability derivatives with respect to pitch rate, CLq
and CMq were calculated by imposing a sinusoidal oscilla-
tory pitching motion to the eVTOL, about the body reference
frame with its origin at 25% of wing chord, in the configura-
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Figure 31. Loads hysteresis for a pitching oscillation, αA = 1 deg, α0 = 2 deg, without the propellers.

Figure 32. Dynamic derivatives vs. pitching oscillation
amplitude, f = 1 Hz, α0 = 2 deg, without the propellers.

-tion without the propellers. Figure 31 presents loads hystere-
sis for a pitching oscillation of an amplitude αA = 1 deg about
the mean angle of attack α0 = 2 deg.

Subsequently, a sensitivity study on the dynamic derivatives
was conducted to examine their dependence on oscillation
amplitude and frequency. The results of this study are pre-
sented in Figure 32 and Figure 33 respectively.

The results indicate that the dynamic derivatives appear de-
pendent on both the amplitude and frequency of the pitch-
ing oscillation. The solution appears to become amplitude-
independent at larger amplitudes, but this is constrained by
the narrow range of angles of attack due to early stall at
low Reynolds number. The frequency dependency, however,
shows no clear convergence. The effect of removing the hor-
izontal stabilizer was also investigated to determine whether
the observed non-linearity was due to aerodynamic interfer-
ence. This analysis revealed a significant frequency depen-
dency for the pitching moment, obviously since the pitching
moment is produced mostly by the horizontal stabilizer. Lin-
earizing the airfoil lift curve (see Figure 4) in the range of
0− 10 degrees also did not eliminate the dependency of the
derivative CLq on frequency. Figure 34 presents the results for
the configuration without the horizontal stabilizer and with a
linearized airfoil lift curve. The obtained values were com-
pared with the ones found in (Ref. 17) and were confirmed to
be acceptable.

Figure 33. Dynamic derivatives vs. pitching oscillation fre-
quency, α0 = 2 deg, αA = 1 deg, without the propellers.

The reason for the strong dependency of dynamic derivatives
on frequency for an isolated wing remains unclear. This sug-
gests that a large number of simulations must be conducted
to account for different frequencies when using the current
methodology. Therefore, the methodology for calculating the
dynamic derivatives may require revision.

CONCLUSIONS

This paper presents preliminary results of the development of
an aerodynamic model of a small-scale lift+cruise eVTOL air-
craft, to be integrated into a FSM intended to be used for HQ
assessment assessment.

The main challenges encountered were as follows:

• Issues related to nonlinear VLM convergence for com-
plex geometries;

• The small time scale necessary to compute correctly the
aerodynamic loads of rotating lifting surfaces, due to
high rotational speed and resulting in significant com-
putational effort;

• A limited range of angles of attack for aerodynamic char-
acteristics of the airframe due to low Reynolds numbers;
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Figure 34. Dynamic derivatives vs. pitching oscillation fre-
quency, α0 = 2 deg, αA = 2 deg, configuration without the
horizontal tail, without the propellers.

• Unsteady loads on the fixed lifting surfaces caused by
propeller wake interference, leading to difficulties in data
interpretation;

• The need to perform a large number of simulations due
to the dependency of dynamic derivatives on frequency.

The following phenomena and modeling methodologies were
studied:

• The influence of the fuselage modeling approach on fuse-
lage and wing loads was investigated. The simplest mod-
eling approach, representing the fuselage as part of the
main wing was chosen due to its best representation of
the pitching moment and convergence. However, the
overestimation of lift on the fuselage will need to be ac-
counted for in the in the employment of the results in the
FSM.

• The simulations revealed visible propeller-propeller in-
terference, resulting in increased lift for the first and third
propellers and reduced lift for the third and fourth pro-
pellers, compared to the isolated propeller.

• Lift loss along the fuselage span due to propeller wake
interference was confirmed. The simulations also indi-
cated a limited lift increase on the wing at negative an-
gles of attack, which requires further investigation.

• The downwash from the propellers on the horizontal sta-
bilizer produces negative lift, creating a significant desta-
bilizing pitching moment.

• There is preliminary evidence suggesting a limited effect
of fuselage presence, which reduces the lift generated by
the rear propellers.

• A methodology for calculating static stability deriva-
tives for the full configuration was successfully devel-
oped. Using the obtained aerodynamic loads with the
propellers, aerodynamic coefficients can be derived for
the full aircraft.

• The methodology for calculating dynamic stability
derivatives for the configuration without the propellers
was investigated. The dependency of pitching oscillation
frequency and amplitude on dynamic stability derivatives
was investigated revealing a strong dependency on fre-
quency. Since this was unexpected, the necessity to re-
vise the methodology was identified.

Given the FSTD(H) requirement of a 5% tolerance on collec-
tive control position for low airspeed HQ, preliminary results
demonstrated that completely neglecting aerodynamic inter-
ference between eVTOL components in the modeling will
most probably result in thrust values outside this tolerance.
All above-mentioned items will introduce modelling errors,
which will be fully quantified in the future, through validation
with experimental results, to decide whether they will be con-
sidered in the modeling or quantified as epistemic uncertainty
in the model fidelity assessment.
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