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Abstract

Vectored thrust eVTOL is one of the important development directions for future rotorcraft. With the diverse
configuration and complex aerodynamic interference, it is difficult for the traditional modelling method to sim-
ultaneously achieve the requirements of flexible modelling, high fidelity and real-time simulation. In this paper,
a component-based method for real-time simulation of vectored thrust eVTOL and an aerodynamic interfer-
ence model based on slipstream theory and viscous vortex particle correction are proposed. These methods
are used to establish a flight dynamics model of a vectored thrust eVTOL aircraft. The model underwent flight
simulation on a hardware-in-the-loop simulation platform. The results show that the modeling method is capa-
ble of simulating the tilt transition phase; the aerodynamic interference will reduce the frequency and damping
of the longitudinal short-period modes of the whole aircraft at the end of the tilt transition phase and the low-
speed flight phase of the fixed-wing mode.

1. NOTATION a Angle of Attack
a Rotor shaft Angle of Attack
Symbols B Pitch Angle of Propeller
Cp Drag Coefficient Sion Longitudinal Control
C, Lift Coefficient u Advance Ratio
Cp Power Coefficient
Cr Thrust Coefficient Acronyms:
FM Figure of Merit AOA Angle of Attack
] Advance Ratio of Propeller ATB Advanced Technology Blade
kg Axial Velocity Development Factor CFD Computational Fluid Dynamics
R, Semi-expanded Thickness of Ter- eVTOL electric Vertical Take-off and Land-
mination Surface of Zone of Con- ing
traction ODE Ordinary Differential Equation
R, Semi-expanded Thickness of Ter- RAE Royal Aircraft Establishment
mination Surface of Zone of Flow ROBIN Rotor Body Interaction
Establishment VFS Vertical Flight Society
Ry, Radius of Hub VLM Vortex Lattice Method
R, Radius of Propeller VPM Vortex Particle Method
|78 Free Stream Velocity ZEF Zone of Established Flow
X Length of Zone of Contraction ZFE Zone of Flow Establishment
Xg4 Length of Zone of Flow Establish-
ment
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2. INTRODUCTION

The relentless growth of urban populations, unac-
companied by strategic transportation infrastructure
planning, has necessitated individuals to endure pro-
longed hours commuting between their residences
and workplaces. This unwelcome reality has far-
reaching consequences, adversely impacting not
only the physiological wellbeing of commuters but
also the environment and the economy (Ref. 1).

Urban Air Mobility (UAM) holds immense potential in
mitigating traffic congestion and environmental pollu-
tion prevalent in densely populated urban areas. The
pivotal enabler for the realization of UAM lies in elec-
tric Vertical Take-Off and Landing (eVTOL) aircraft.
Thanks to the maturity of batteries, motors and elec-
tronic control technology, as well as the inherent at-
tributes of electric drive technology such as rapid re-
sponse, extensive speed range, and minimal noise
emissions, eVTOLs offer a significantly more adapta-
ble configuration (Ref. 2).

Specifically, eVTOLs are categorized into five config-
urations (Ref. 3). Among them, the vectored thrust
eVTOL incorporates rotors that can be fully or par-
tially tilted, effectively amalgamating the advantages
of a distributed layout and tilting rotor characteristics.
This configuration offers significant benefits in terms
of speed and range (Ref. 4); however, it also presents
numerous novel challenges in design, simulation,
control, and other related aspects.

Real-time simulation plays a crucial role in the devel-
opment of eVTOL models, airworthiness certification,
and operator training (Ref. 5). To ensure its effective-
ness in simulating the tilt process, real-time simula-
tion necessitates flight dynamics models with compu-
tational speed meeting real-time requirements and
possessing high confidence levels (Ref. 6).

The research emphasis for rotorcraft real-time flight
dynamics simulation models typically revolves
around enhancing the model's fidelity (Ref. 7-8). Due
to differences in configuration and other aspects, the
modeling methods for rotorcraft flight dynamics are
not fully compatible with the modeling requirements
of eVTOL. Specifically, two key aspects need to be
addressed: firstly, the flexibility of configurations ne-
cessitates an approach that can seamlessly integrate
component models into a comprehensive aircraft
model without any limitations on the model configura-
tion; secondly, the intricate nature of aerodynamic in-
terference renders it arduous to rely solely on

empirical models and correction coefficients for aero-
dynamic interference modeling.

In recent years, there has been significant progress
in the flight dynamic modeling of vectored thrust eV-
TOL. Cook (Ref. 9) has established a model of tiltwing
based on the slipstream theory. Simmons (Ref. 10)
developed tiltwing mathematical models from experi-
mental data. However, tiltwing is a special configura-
tion of vectored thrust eVTOL. It only needs to con-
sider the aerodynamic interference of the propeller-
wing, without involving the aerodynamic interference
of rotor-wing. The aforementioned two studies cannot
be extended to other configurations. Gladfelter (Ref.
11) successfully established a real-time simulation
model for tiltwing eVTOL using ART's FLIGHTLAB
software. The aerodynamic interference was calcu-
lated using the viscous vortex particle method to ob-
tain the correction coefficient. This study only calcu-
lated the trim results for the tilt process and did not
conduct simulations.

Furthermore, Prabhakar (Ref. 12) developed linear
models for both multi-rotor and fixed-wing modes of
vectored thrust eVTOL and performed flight simula-
tions; nevertheless, they did not address the simula-
tion of the aircraft's tilt transition process. Stoll (Ref.
13-14) integrated the CFD method and surrogate
model method to derive the propeller model and es-
tablish a model for vectored thrust eVTOL. While this
model adequately addresses balance analysis in tilt
transition strategies, it is not suitable for dynamic sim-
ulations. Wang (Ref. 15) based on transient CFD es-
tablished a dynamic model of a tilt-rotor unmanned
aerial vehicle and conducted simulations specifically
targeting the tilt transition phase. However, this study
does not fully simulate the tilt transition phase and
does not discuss real-time performance.

Although CFD-based methods or experiment-based
approach can build model relatively easily and take
aerodynamic interactions into account, significant
time is required for re-computation when the configu-
ration is adjusted. In the early and middle stages of
product development, it is more necessary to use
some configuration-independent modeling methods.

In summary, the existing research is deficient in two
aspects: firstly, there is a paucity of studies that real-
time simulate the tilt transition phase, and secondly,
a configuration-independent aerodynamic interfer-
ence model for vectored thrust eVTOL.

In this paper, a modeling method that considers



rotor/propeller-wing aerodynamic interference for
real-time simulation of vectored thrust eVTOL is pro-
posed. The foundation of modeling method lies in the
work by Fan Sun (Ref. 16).

The paper encompasses three main components:

1. A modeling method for real-time simulation of vec-
tored thrust eVTOL.

2. A rotor/ propeller-wing aerodynamic interference
model for real-time simulation.

3. Flight dynamics simulation of the vectored thrust
eVTOL and analyze the impact of the aerodynamic
interferences.

3. COMPONENT MODELING AND VALIDATION

The eVTOL configurations featuring vectored thrust
exhibit significant diversity, where the entire aircraft is
an integrated assembly of rotors, wings, fuselage,
and other components. This paper utilizes a compo-
nent-based approach for dynamic modeling of eV-
TOL. The models of individual components are in-de-
pendent of the configuration, which enables this
methodology to be rapidly applied to different eV-TOL
configurations, including diverse rotor parameters,
numbers and placement of rotors, as well as wing
sizes and placement. Consequently, the flight dynam-
ics model of the eVTOL aircraft can be synthesized
by aggregating the models of its constituent parts.
Given the scarcity of experimental data specifically for
vectored thrust eVTOLSs, the validation of the model-
ing methodology is confined to the verification of the
primary component models, thereby demonstrating
the effectiveness of the pro-posed approach.

3.1. Rotor/ Propeller Model

The rotors utilized in eVTOLSs are often designed with
smaller dimensions and higher solidity, leading to
negligible elastic deformations in their blades. Conse-
quently, this study adopts a rigid blade assumption,
which simplifies the modelling process. Notably, both
the rotors and propellers are modelled using an iden-
tical approach, with each blade modelled individually.
To ensure accurate representation of the blade's kin-
ematic behavior, flap hinge, lag hinge, and pitch hinge
are strategically placed between the hub and each
blade, as illustrated in Figure 1. This configuration
captures the essential dynamics of the rotor system,
facilitating accurate predictions and simulations.
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Figure 1: Schematic diagram of Single-Blade Struc-
tures in Rotor Systems

In flight dynamics simulation, dynamic inflow is used
to calculate the induced velocity distribution of rotor
disk. Furthermore, based on the blade element theory,
a two-dimensional airfoil aerodynamic database is uti-
lized to compute the aerodynamic forces acting on
each blade element. This methodology ensures that
each blade is treated independently, with its own set
of aerodynamic forces calculated based on its spe-
cific position and orientation within the rotor system.

The VPM (Ref. 17), despite its high fidelity in simulat-
ing rotor flow fields, is hindered by its slow computa-
tional speed, making it impractical for direct applica-
tion in real-time simulations. Therefore, the VPM is
utilized to calculate the induced velocities on the rotor
disk plane, as well as the aerodynamic interference
velocities at the control points. The outcomes of the
VPM calculations will subsequently be utilized to fit
and refine the aerodynamic interference model pro-
posed in the subsequent sections

3.2. Wing Model

In this study, the wings are modelled as rigid bodies.
The aerodynamic forces acting on the wings are com-
puted using VLM (Ref. 18), which is illustrated in Fig-
ure 2. To account for the influence of control surface
deflection, vortex lattices are strategically placed on
the control surfaces, enabling the model to capture
the effects of these deflections on overall aerody-
namic performance. To further enhance computa-
tional efficiency, the study pre-computes the influence
coefficient matrices and their inverses for various
control surface deflection angles.
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Figure 2: Schematic diagram of VLM

3.3. Other Components Model

The fuselage is modeled as a six-degree-of-freedom
rigid body, neglecting aerodynamic interactions be-
tween the fuselage and other components for simplic-
ity and computational efficiency. The aerodynamic
forces and moments acting on the fuselage are deter-
mined either through CFD simulations, or by utilizing
experimental data obtained from wind tunnel tests.

The tilting mechanism of the eVTOL aircraft is mod-
elled as a combination of a revolute joint and a pris-
matic joint, disregarding elastic effects for simplicity
and computational efficiency.

3.4. Rotor/ Propeller Model Validation

In this paper, the validity of rotor/Propeller modelling
is verified respectively using an Advanced Technol-
ogy Blade (ATB) developed by Bell and a small pro-
peller test by Deters at the University of lllinois.

The ATB rotor tests were conducted in 1984 at NASA
Ames Research Centre (Ref. 19). In this paper, we
compare Power Coefficient and Figure of Merit at dif-
ferent Thrust Coefficient and the results are shown in
Figure 3.

x10°3

The calculation results are in good agreement with
the test values in the range of medium Thrust Coeffi-
cient. In the case of lower C;, FM calculated by this
model is lower andCy is high; in the case of higher Cr,
Cp calculated by this model is higher. To analyze the
reasons for the inaccuracies, the estimation of the
profile power in the case of lower C; is relatively
larger, resulting in an over-estimation of the total
power and the proportion of ideal induced power is
under-estimated. In contrast, under conditions of
higher thrust coefficient, induced power is over-esti-
mated.

This paper uses the GWS 5x4.3 isolated propeller
test case conducted by Deters (Ref. 20) for verifica-
tion. The comparison results are shown in Figure 4-
Figure 5.
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VPM is verified by ROBIN rotor wake experiment (Ref.

21). In this experiment, 2MRTS (2-Meter Rotor Test
System), which is a set of scaled rotor, is adopted
(Ref. 22). The rotor’s thrust coefficient is C; = 0.0064.
In order to verify the effectiveness of VPM, the distri-
bution of blade-tip vortices in XZ cross-sections is cal-
culated and compared with the experiment, as is
shown in Figure 6.

It can be observed that VPM used in this paper cap-
tures the distribution of blade-tip vortices effectively.

3.5. Wing Model Validation
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Figure 7: Comparison of Wings’ Lift Coefficient at dif-
ferent AOA

This paper employs the wind tunnel experiment on a
wing conducted by Weber from the Royal Aircraft Es-
tablishment (RAE) in 1949 (Ref. 23) for wing verifica-
tion. The wing used in the experiment had a span of
2.489 meters, a chord length of 0.508 meters, a
sweep angle of 45°, and the airfoil was a symmetrical
RAE101. The calculation in this section uses 80

vortex lattices, with 40 uniformly distributed in the
spanwise direction and two rows in the chordwise di-
rection. The calculation results are shown in Figure 7
and Figure 8.

1 -
S
5 051 VLM I

O Experiment
0 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2y/b
(a) AoA = 2.1(°)

. . . . . . . A "
1 g L

)

051 L

ity 2 VLM

O Experiment

T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2y/b
(b) AoA = 8.4(°)

Figure 8: Comparison of Wings’ Lift Coefficient Distri-
bution

It can be observed that VLM used in this paper accu-
rately calculates the lift coefficient of the wing and its
distribution along the span at different AOA.

4. AERODYNAMIC INTERFERENCE MODEL-
LING AND VALIDATION

Considering the small influence of the downstream
wing on the upstream propeller (Ref. 24), the aerody-
namic interference model only calculates the aerody-
namic interference of the upstream propeller on the
downstream wing and the downstream propeller. The
specific method is to calculate the axial and tangential
velocity distributions of the flow field downstream of
the propeller based on the time-averaged assumption,
and superimpose the velocity field at the control point
of the downstream wing/propeller.

4.1. Propeller Slipstream Model

The slipstream of the propeller is accelerated and
contracted in the near field driven by the pressure of
the propeller. in the far field by the viscous and turbu-
lent flow, it starts to expand until the velocity is equal
to the ambient flow. The flow field model downstream
of the propeller is mainly a three-region model (Ref.
25-26), including the zone of contraction, the zone of
flow establishment (ZFE) and the zone of established
flow (ZEF).
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Figure 9: Distribution of Propeller's Wake Velocity

In this paper, improvements are made in the form of
axial and tangential velocity distributions in ZFE; and
the scope of application of the velocity self-similarity
law, with the following assumptions:

1. The axial velocity distribution in ZFE gradually
merges from a bimodal distribution to a unimodal dis-
tribution as the axial position increases, and the
merged position is the end position of ZFE.

2. The distribution of tangential velocity in ZFE is
characterized by two centrally symmetrical peaks, the
first near the blade root and the second peak occur-
ring near the blade tip.

3. The distribution of axial and tangential velocities
follows the self-similarity law in ZFE and ZEF.

Based on such assumptions, the velocity distributions
in the three regions are shown in Figure 9.

As is shown in Figure 9, R, is Radius of the Propeller,
and R, is Radius of the Hub. In the zone of contrac-
tion, the case of no viscous contraction of the airflow
is mainly considered, in which the airflow is acceler-
ated and the flow field is contracted. The length of the
zone of contraction is x,, and the semi-expanded
thickness of the termination surface of the zone of
contraction is R,. The length of ZFE is represented by
x4, and the semi-expanded thickness of the termina-
tion surface is R;, when the two peaks of the axial di-
rection are merged. The velocity distribution and
wake radius in ZEF develop downstream according to
the law of conservation of axial and angular momen-
tum.

The zone of contraction is modelled based on the
Stone (Ref. 27) method for velocity distribution. Ne-
glecting viscous effects and assuming the slipstream
as a series of flow tubes, the slipstream is calculated
from inside out, and based on the conservation of
mass and angular momentum in the flow tubes, the
axial velocity u, tangential velocity w are acquired.

(1) us = kquo
) Wg = W exp [— (g) ]

The subscript s indicates the downstream axial posi-
tion x,, and k, is the axial velocity development factor.
Ug,m» Wo.m, d are the initial value that needs to be input.

In ZFE, the assumption of the self-similarity law is
adopted, which means that velocity takes the same
form at different locations.

The decay of axial velocity is considered linear, while
tangential velocity is considered to decay exponen-
tially. Therefore, the axial direction of ZFE down-
stream of the propeller is shown below:

X _(T_T'u)z
u=um+(1—c1—)u0 e b2
3 Xa
( ) _(7‘+7‘u)2
+e b2

The axial velocity is represented by two Gaussian dis-
tributions symmetrical about the hub, which are used
to model the effect of the hub. r,, denotes the distance
between the two peaks, and b denotes the semi-ex-
tended thickness of the jet flow. ¢, is the attenuation
factor of the axial velocity. Near the zone of contrac-
tion, b is smaller. And because of r;,, two Gaussian
distributions have lower velocity at the axis of rotation.
As b increases, velocity of the two Gaussian distribu-
tions is superimposed at the axis of rotation and grad-
ually merge into one peak of velocity.

The distribution of tangential velocity is shown below:
X 2 - 2
w = Woe_cz(ﬁ) Lel_(kr_b) + e_(rkzw)
kb
2
_ () )
w, is the maximum time-averaged velocity of the
Gaussian distribution at the initial position of ZFE. c,
is the tangential velocity decay factor, and k is the dif-

ference coefficient between the tangential and axial
velocity spreading.

(4)

The tangential velocity is divided into three parts in
order to ensure that the velocity distribution is centro-
symmetric about the hub center, i.e., the first part of
the equation adopts the centrosymmetric velocity dis-
tribution with the peak close to the hub, which is used
to represent the first peak of the tangential velocity,
and the other peak is described by the Gaussian dis-
tribution with two centrosymmetric distributions. Sim-
ilar to that of the axial velocity distribution, r,, repre-
sents the distance between the two peaks.



ZFE is modelled as the main section of an unpressur-
ised axisymmetric rotating jet flow considering the ex-
ternal flow, with axial flux conservation of axial and
angular momentum (Ref. 28). Self-similarity assump-
tions are made on the axial and tangential velocity of
the rotating jet flow in terms of section distribution
based on experimental data.

Estimated below is variation along the axial direction
of u,, and w,, according to the exponential relation-
ship.

(5) Uy X xP, b < x?,w, xx°
Considering the induced velocity of the propeller
wp, < upn, the attenuation of the tangential velocity is
generally greater than the axial velocity. It can hereby
be deduced that

(6) d{[F (u“’)+F]b“}—o

ax |0 w, 1| D" Um (=
F, and F, are constants calculated from the self-simi-
larity law.

For strong jet flow, u,,/u, > 1, using a similar rela-
tionship, combined with the above derivation yields:

(7) b xx
Combined with the test data of the propeller (Ref. 29),
the expansion relationship of the propeller in ZEF can
be written as:

(8) b =0.2241(x — xy)
In ZEF, the maximum value of axial velocity and the
maximum value of tangential velocity at any position
are obtained, and then the axial and tangential veloc-
ity distributions are solved for the given axial and ra-
dial positions.

4.2. Validation of Propeller-Wing Aerodynamic
Interference

In this paper, tests on wind tunnel model PROWIN
(Ref. 30) are used to verify propeller-wing aerody-
namic interference. The subject in the PROWIN wind
tunnel model consisted of a straight wing with no twist
and a propeller installed on the wing.

Results of calculation are listed below. Figure 10(a)
shows that the wing model used in this paper is able
to accurately compute the lift when the propeller is
turned-off, i.e., when aerodynamic interference is not
considered. Figure 10(b) shows that the lift of the
wing is also accurately calculated when the propeller
is turned-on, i.e., considering aerodynamic disturb-
ances. In addition, the model is able to accurately pre-
dict the effect of different rotational directions of the
propeller on the wing lift coefficient, and the inboard

upward rotating propeller will slightly increase the lift
of the wing compared to the outboard upward rotating
propeller. For a 10° angle of attack (AOA) of the wing,
the inboard upward propeller increases the wing lift
by about 15% and the outboard upward propeller in-
creases the wing lift by about 11%.

The lift distribution of the wing at 0° and 4° AOA is
given in Figure 11.It can be found that at different
AOA, the aerodynamic interference model used in
this paper can reflect the main effect of propeller-wing
interference: the lift of the wing part behind the up-
ward propeller increases, and the opposite for the
downward propeller.
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Figure 10: Curve of Wing’s Lift Coefficient
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4.3. Validation of Propeller-Propeller Aerody-
namic Interference

In this paper, the wind tunnel test at Delft University
(Ref. 31) is used to verify the aerodynamic interfer-
ence of propeller-propeller. The propeller used in the
wind tunnel experiment at Delft University originated
from the Fokker’s F29 project, and this paper denotes
the propeller by F29. The two propellers are a pusher
propeller and a tractor propeller, placed as shown in
Figure 12.

Figure 12: Schematic diagram of Wind Tunnel Test of
F29

In the experiment, the radius of propellers is R, =
0.1524m, and free stream speed is V, =20m/s.

d,, d,, shows the relative position of the two propellers.

Firstly, the isolated rotor model of F29 is built for per-
formance calculation using the rotor modelling
method in this paper, and Figure 13 shows the calcu-
lation results. The results show that the rotor model in
this paper can effectively calculate the thrust coeffi-
cient and power coefficient of F29.
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Figure 13: Verification of Results of F29 Calculation

Aerodynamic interference is subsequently consid-
ered. The propeller slipstream model proposed in this
paper is used to calculate the axial and tangential ve-
locity field downstream of the propeller. And then the
influence of the front propeller on the rear propeller at

advance ratio of 0.49 and 0.57, d, /R, = 0.6, d,./R,, =
5.5 is calculated. The ratio of the thrust coefficient
Croaa @nd power coefficient Cpy,44 Of the rear propel-
ler to the thrust coefficient Cr;5o and power coefficient
Cpis0 Of the isolated propeller is compared, and the
results are shown in Figure 14-Figure 15.

1F D‘
2 :
@ o 06 dx/Rp Experiment
o o ’
<05 0.6 dX/Rp Calculation | |
3 ;
o 0 o 55 dx/Rp Experiment
5.5d /R _Calculation
X p
0 s s s s L s n n L
0 025 05 075 1 125 15 175 2 3
d /R
y P
(a)Thrust Coefficient
1F ’ O_
® 9.2
o) O == :
Uﬁ O o o 06 d‘/Rp Experiment
: 05 - = =06 dx/Rp Calculation
3 .
g O o 55 dX/Rp Experiment
n 55d /R _Caleulation

0 . L L L L . : .
0 025 05 075 1 125 15 175 2
d\fRp

(b)Powel: Coefficient

Figure 14: Variation of Cr . Cp with y/R,, at Advance
Ratio of 0.49

o 06 d‘J’Rp Experiment

- = =0.6d /R _Calculation | |
xXp

Croaa’Criso
o
(¢,

o 5.5d /R _Experiment
X p

m}
m 5.5d_/R_Calculation
X p
0 1 L L L L ) " ! "
0 025 05 075 1 125 15 175 2 3
d /R
yop
(a)Thrust Coefficient
1F T T
[m} @ *Q’ =
Q = :
U?‘ o 06 dxx’Rp Experiment
\5; 0.5 - - =06 dx/Rp Calculation | |
3 :
& 5] o 55 dx/Rp Experiment
o 5.5d /R _Calculation
xp
0 L L L L L ) N 1 )
0 025 05 075 1 125 15 175 2 3
d /R

(b)Pow er Coefficient

Figure 15: Variation of Cr . Cp with y/R,, at Advance
Ratio of 0.57

Comparison of results shows that the front propeller
will have unfavorable effects on the tractor force and
power of the rear propeller. As the overlap of the two
propellers decreases, the effect of the front propeller
on the rear propeller gradually decreases. At d, /R, =
2, the effect of the front propeller on the rear propeller
can be neglected. Comparing the effects of d, /R, =
0.6 and d, /R, = 5.5, it can be found that the effect of



the front propeller on the rear propeller is slightly
higher in the farther position than in the near position.
The tractor force and power of the two propellers un-
der different advance ratios will be different, and the
influence of aerodynamic interference is similar.

4.4. Rotor-Wing Aerodynamic Interference

During low-speed and tilt transition phase of vectored
thrust eVTOL, the rotor is in oblique flow. The aero-
dynamic interference model based on the slipstream
theory exhibits significant errors when calculating ro-
tor-wing aerodynamic interactions. In this paper, the
VPM is employed to calculate the velocity distribution
and subsequently revise the relevant parameters in
the slipstream theory.

Using the VPM to calculate the typical states of the
rotor (Parameters are shown in Table 2) during the tilt
transition phase of the eVTOL, the results are pre-
sented in Figure 16. The velocity distribution of the
symmetrical section of the rotor is shown in Figure 17.
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Figure 16: Wake geometries (o, = —15°,u = 0.19)
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Figure 17: Side view of VPM velocity contours (a; =
—15°u =0.19)

Usually, the rotor does not cling closely to the wing,
and the distance between them falls within the range
of zone of contraction and the ZFE. This paper as-
sumes that the interference velocity of the rotor on the
wing still satisfies the velocity distribution of the slip-
stream theory, as represented by Equation (1)-(4).

Therefore, the VPM can be used to pre-calculate the

aerodynamic interference velocity of the rotor on the
wing under specific conditions. Generally, there is a
difference between the velocity distributions calcu-
lated by VPM and those derived from slipstream the-
ory. First, the lift force of the wing is calculated based
on the velocity field obtained from VPM. Then, using
the lift force of the wing as the target value, the veloc-
ity distribution obtained from slipstream theory is ho-
listically adjusted.
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Figure 18: The velocity at the control points

Assuming that there a series of control points aligned
along the Y-axis represent a straight wing, with the X-
Z coordinates of these points being (1, -0.5). Figure
18 presents an example of such a correction.

Finally, correction coefficients are calculated for sev-
eral state points during the tilt transition phase, and
interpolation can be used to calculate the correction
coefficients during the simulation process. The VPM
calculations only encompass the rotor blades. There-
fore, altering the configuration of the eVTOL without
adjusting the rotor parameters does not necessitate a
recalculation of the rotor flow field using VPM.

5. MODELLING AND SIMULATION

5.1. Aircraft Modelling Method

In this paper, a model of a vectored thrust eVTOL air-
craft is established using the modelling methodology
above, taking into account aerodynamic interference.
The design parameters of the model are shown in Ta-
ble 1 and the aircraft configuration is shown in Figure
19.

Table 1: Parameters of Aircraft

Parameters Value
Take-off Weight (TOW) 2000 kg
Cruise Speed 80 m/s
Minimum Forward-Flight Speed 50m/s

(Fixed Wing)




Figure 19: Schematic diagram of Aircraft

Each rotor is made up of five-blade propeller with a
rigid hub, which allows pitch and rotation speed vari-
ation during flight. The shape of the propeller is based
on the ATB propeller, with the same twist and airfoll
distribution and an increased solidity. The specific pa-
rameters are shown in Table 2.

Table 2: Parameters of Propellers

Parameters Value

Radius 1.5m

Number of Blades 5

Solidity 0.2417

Blade Tip Speed 120-180 m/s
Airfoil V43030/VR7/VR8

Taking into consideration that the propeller contains
a rigid hub and an electrical propeller pitch control
mechanism, no flapping, lagging and pitching hinges
are set during modelling. As for aerodynamic model-
ling, each propeller is divided into 18 units.

A low aspect ratio straight wing is adopted, with airfoil
of NACAB4A223, maximum lift coefficient of 1.75,
stall AOA of about 16°, and ailerons. The parameters
are shown in Table 3. Each side of the wing is divided
into 20 vortex lattices, with 2 rows along chord direc-
tion, and the second row includes the vortex lattices
where the ailerons are located.

Table 3: Parameters of Wings

Parameters Value

Airfoil NACA64A223
Wingspan 8m

Root Chord 1.36 m

Taper Ratio 0.57

Sweep Angle -4 deg

Value
8 deg

Parameters
Incidence Angle
Aileron Relative

60%-90% Half-Wingspan

Position
Aileron Relative o
Chord 30%
Aileron Maximum

+
Angle =15 deg

A V-shaped tail wing is adopted, with a symmetrical
airfoil of NACA64A15, maximum lift coefficient of 1.4,
and stall AOA of about 16°. The parameters of the tail
wing are shown in Table 4. Each side of the tail wing
is divided into 20 vortex lattices, which are divided
into 2 rows along the chord direction, and the 2nd row
includes the vortex lattices where the elevator is lo-
cated.

Table 4: Parameters of Tail Wings

Parameters Value

Airfoil NACAG64A15
Average Chord 09m

Taper Ratio 0.82

Sweep Angle -21.8 deg
Dihedral Angle 38 deg

Elevator Relative 20%-80% Half-Wingspan

Position
Elevator Relative o
Chord 30%
Elevator Maxi-

+
mum Angle +15 deg

The ROBIN (Ref. 32) fuselage is adopted.

The aerodynamic interference of all rotors to the wing
and tail wing is considered, as well as the aerody-
namic interference of the two inner-front rotors to the
two rear rotors.

The separate dynamics models of each eVTOL com-
ponent are stitched together to obtain the flight dy-
namic model of the whole aircraft. The mathematical
model of the whole aircraft can be written in the form
of ODE. The 4th order Runge-Kutta method is used
for the solution and the time step is fixed at 5ms.

There exist three typical flight states for vectored
thrust eVTOL: multi-rotor phase, fixed-wing phase,
and tilt transition phase. In this paper, the speed/alti-
tude/heading hold is designed for multi-rotor phase
and fixed-wing phase respectively. The control input
in tilt transition phase is obtained from the combina-
tion of control input of the first two phases according
to the designed linear distribution mode (Ref. 16). The



tilt angles of the six rotors are kept the same during
the tilt transition phase. Control codes are burned into
the flight control system for hardware-in-the-loop sim-
ulation.

5.2. Hardware-in-the-Loop Simulation Validation

In this paper, the validity of the dynamic model is ver-
ified by a hardware-in-the-loop simulation platform.
The platform includes a simulation computer, a ren-
dering computer, a flight control system, a ground
measurement and control system, etc. The system
architecture is shown in Figure 20. The processor of
the simulation computer is an Intel Core 12900k with
a processor frequency of 5.2 GHz, and the processor
of the flight control system has a frequency of 200
MHz, with the control cycle of 20ms, which receives
sensor data passively. The platform used in this pa-
per is a product of Zhuhai Lonhua Helicopters Tech-
nology Co., Ltd.

The requirements of the flight control system in real-
time means that the simulation computer needs to
complete the control command reception, 20ms sim-
ulation calculation (time-marching 4 times), and sen-
sor data sending in one control cycle (20ms).
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Figure 20: Schematic Diagram of Hardware-in-the-
Loop Simulation Platform

A hardware-in-the-loop simulation platform is used for
dynamic simulation of aircraft take-off, climb, tilt,
cruise and landing. The time-domain data of a typical

flight process is shown in Figure 21.

The aircraft has small fluctuations in pitch angle and
control input during the tilt transition phase. The ab-
solute value of the pitch rate does not exceed 5°/s at
most. The tilt transition can be thus completed
smoothly. The fluctuation of pitch angle at about 30s
and 180s is due to the simple design of the control-
ler's control law for the tilt transition phase, which
does not smoothly realize the transition from the tilt
transition phase to the fixed-wing phase and the re-
verse process.

After tilt transition phase, the aircraft continues to ac-
celerate to the cruise speed of 80m/s during the fixed-
wing phase. During this process, the attitude of the
aircraft changes smoothly. It can be shown that as the
forward speed increases, the pitch angle of the air-
craft decreases to below 0°. This is due to a larger
incidence angle is adopted for the wing to ensure that
the tilt transition can be completed at a lower speed.
Subsequently, the eVTOL began to decelerate grad-
ually, and the tilt angle of the rotor nacelle increased
gradually. Finally, the eVTOL completed the entire
flight process.
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Figure 21: Results of Flight Dynamic Simulations

The model calculation time for each cycle is
7.3£0.3ms,

with @ maximum of 10ms. the



communication delay between the simulation com-
puter and the flight control system is 3.4+0.8ms. The
sum is less than 20ms. in addition, the data log of the
flight control system shows that a new sensor packet
is received for each cycle, which demonstrates that
the model meets the real-time requirements of the
flight control system.

Table 5 shows the time consumption for each part of
the model calculation. The rotor aerodynamic compu-
tation includes rotor dynamic inflow and aerodynamic
computation of each blade element. Aerodynamic in-
terference refers to computation of the velocity of the
downstream control point. Vortex lattice induced ve-
locity refers to the induced velocity of each control
point required in the calculation of VLM. The model
solution includes the aerodynamic computation of
VLM of the wing component as well as the grouping
and computation of the aircraft model. And the other
includes the loss caused by data logging, program
loss caused by scheduling, etc., obtained by subtract-
ing the total time from the time of the other parts.
From the table, it can be seen that the time consump-
tion of aerodynamic interference is relatively short,
which indicates that the aerodynamic interference
model established in this paper has less computation
consumption and is capable of real-time simulation.

Table 5: Time Consumption of Model

Computation Part Time Consumption

Rotor Aerodynamic Com-

. 0.75+0.06ms
putation
Aerodynamic Interference 0.73+0.28ms
Vo'rtex Lattice Induced Ve- 0.41+0.27ms
locity
Model Solution 5.09+0.43ms
Others 0.3+£0.34ms
Total 7.3£0.3ms
5.3. Influence Analysis of Aerodynamic Interfer-

ence

First of all, the influence of aerodynamic interference
in the case of disturbance during steady-state forward
flight is considered. At the forward speed of 55m/s,
the following control input is executed: 1. disconnect
the flight control system, all control input kept con-
stant; 2. elevators 3° downwards for 0.5s; 3. elevators
restored for 0.5s; 4. the flight control system re-ac-
cessed, and all control input is given by the control
system again. The aerodynamic interference in this

case can be roughly divided into three parts: propel-
ler-wing, propeller-tail, and propeller-propeller. Figure
22 shows the influence of each part, in which the con-
trol is applied at 3s and the flight control system re-
accessed at 4s, indicating that

1) The dynamic response curve with propeller-tail
aerodynamic interference is basically consistent with
that without. This is because the projected overlap
area of each propeller and the V-tail is relatively small
during the forward flight phase, causing weaker aero-
dynamic interference.

(2) Taking into consideration propeller-wing aerody-
namic interference, the amplitude of the pitch angle
increases by 20%, the time for the pitch angle to
reach the peak increasing by 3%. The case consider-
ing propeller-propeller aerodynamic interference is
similar to the former.

5
<
2 No Interference
& s Rotor-Wing
i -------- Rotor-Tail
E - - - - Rotor-Wing
-9
5 .
0 2 6 8 10
Time (s)
(a) Pitch Angle
3
5
~
—
2
z
0 2 4 6 8 10

Time (s)
(b) Pitch Rate

Time (s)
(c) Elevator Control

Figure 22: The Effect of Aerodynamic interference on
Dynamic Response at 55m/s

The propeller wake increases the free stream velocity
of the wing and increases the slope of the wing's lift-
curve. Considering that the wing is in front of the cen-
ter of mass of the aircraft, the increase in the slope of
the wing lift-curve reduces the longitudinal stability
derivatives.

The wake from the front propeller to the rear propeller



reduces thrust coefficient of the rear propeller. During
fixed-wing phase, tractor force increases with the in-
crease of aircraft AOA with rear propeller pitch un-
changed. Since the rear propeller is above the center
of mass of the aircraft, its moment on the aircraft after
disturbance is a restoring moment. Considering the
aerodynamic interference similarly reduces the longi-
tudinal stability.

The reduction of the stability derivatives decreases

the frequency and damping of the short-period modes.

As a result, the pitch angle amplitude is larger and the
period is longer for the longitudinal disturbance of the
aircraft.
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Figure 23: The Effect of Aerodynamic interference on
Dynamic Response at 80m/s

Secondly, the case of steady-state forward flight at
the speed of 80m/s is calculated, with the same
control input and amplitude adjusted to 1.5°. The re-
sults are shown in Figure 23. It can be seen that aer-
odynamic interference affects the pitch angle and
control input of the trim state but has less effect on
angular rate change. This is due to the ratio of aero-
dynamic interference to the free stream velocity lower
at high speed, in other words, the effect of aerody-
namic interference on dynamic response less obvious
at higher speed.
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Figure 24: The Effect of Aerodynamic interference
during Tilt Transition Phase

Next, the influence of aerodynamic interference in the
case of tilt transition phase is calculated. The same
control law and initial condition are adopted to simu-
late the model with/without aerodynamic interference.
The difference is shown in Figure 24. It can be seen
that the aerodynamic interference has less influence
on pitch and longitudinal control input during the tilt
transition phase at forward speed of 30m/s to 50m/s.
This may be because when the nacelle tilt angle is
large, the distance between the rotor and the wing in
the Z direction is far enough, so the influence of the
rotor on the wing is relatively small. At about 7s, the
pitch angle of the aircraft has a slight fluctuation, but
the aerodynamic interference has a small effect on
amplitude and phase of this fluctuation. At about 12s,
the control mode is changed from tilt transition mode
to fixed-wing mode. Mode switching of the controller
leads to oscillations in pitch angle. Compared to the
model without aerodynamic interference, there exist
a phase lag and an about 30% increase in peak of
that with interference, since aerodynamic interfer-
ence reduces the frequency and damping of the lon-
gitudinal short period of the aircraft.



6. CONCLUSIONS

Aiming at the characteristics of vectored thrust eV-
TOL with diverse configurations and complex aerody-
namic interference, this paper proposes a real-time
simulation method of flight dynamics. Through the air-
craft dynamics modelling and hardware-in-the-loop
simulation verification of vectored thrust eVTOL, the
following conclusions can be obtained:

1.

Models for the components of eVTOL have been
developed and validated. These models can be
utilized to establish various configurations of eV-
TOL.

The real-time flight dynamic simulation model of
vectored thrust eVTOL established by the method
of this paper can be used for the whole process
dynamic simulation of take-off, climb, tilt transition,
cruise, and landing. The real-time requirements of
the flight control system can be satisfied. And it
can be applied to the control law design and veri-
fication of the flight control system for the whole
flight process.

The aerodynamic interference model proposed in
this paper can be used for real-time simulation.
This model is capable of accurately calculating
the aerodynamic interference of propeller-wing
and propeller-propeller, and it can also be cor-
rected based on VPM to compute the aerody-
namic interference of rotor-wing.

The aerodynamic interference model has an ef-
fect on the dynamic response of the aircraft at the
end of the tilt transition phase and fixed-wing
phase at low speed. The longitudinal stability de-
rivatives of the model decrease and pitch rate
peak increases when considering aerodynamic
interference.
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