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A B S T R A C T

With UAVs becoming increasingly popular in the industry, vertical take-off and landing
(VTOL) convertiplanes are emerging as a compromise between the advantages of planes and
multicopters. Due to their large wing surface area, VTOL convertiplanes are subject to a strong
wind dependence on critical phases such as take-off, landing, and hovering. Developing a
new and improved unmanned aerial vehicle (UAV) is often expensive and associated with
failures and accidents. This paper proposes the dynamic characterization of a commercial VTOL
convertiplane UAV in copter mode and provides a novel method to estimate the aerodynamic
forces and moments for any possible wind speed and direction. Starting from Euler’s equations
of rigid body dynamics, we have derived the mathematical formulation to precisely consider
aerodynamic forces and moments caused by any wind speed and direction. This unique
approach will allow for VTOL convertiplane UAVs to be trained and tested digitally in take-
off, hovering, and landing maneuvers without the cost and hassle of physical testing, and the
dependence on existing wind conditions. A digital twin of a VTOL convertiplane UAV in copter
mode has been modeled and tested in the Gazebo robotics simulator. Take-off, hovering and
landing maneuvers have been compared with and without the wind physics model. Finally, the
simulator has been tested against real flight conditions (reproducing the mean wind speed and
direction only), showing a natural and realistic behavior.

. Introduction

Unmanned aerial vehicles (UAVs) are growing in use in the industry, especially for inspecting power lines, bridges, plants,
uildings, facades, sewers, railways, and wind turbines [1].

Typically, there are three different conceptual UAV models: multicopter, plane, and VTOL (Vertical Take-Off and Landing)
onvertiplanes [2]. Convertiplane UAVs offer the combined advantages of copters and planes by being able to take off and land
ithout the need of a runway, with a better flight efficiency for extended flight times than multicopters. Despite their advantages,

onvertiplane UAVs are very sensitive to wind conditions at the most critical stages of flight: take-off, landing, and hovering. When
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the copter mode is enabled, even slight crosswinds and gusts can significantly alter the UAV’s attitude and position, increasing the
risk of failure.

Safe operation is a critical issue [3]. Many inspection activities are classified as high-risk operations, and errors come at a high
xpense of time and money. In addition, the use of experimental technologies and designs often leads to failures and accidents,
hich can quickly elevate the development cost of a new or improved UAV. A trending way to reduce development costs is creating
high-fidelity model of the UAV from the conceptual design stage. By deploying this model in a digital environment, many aspects
f the design and control can be tested or refined: aerodynamics, propulsion, flight control, structural integrity, etc.

Throughout this work, we propose a novel approach to completely model a VTOL convertiplane UAV during copter mode and
imulate the aerodynamic effects of wind incoming from any direction.

. Related works

.1. Digital twins

The digital twin (DT) concept, understood as a virtual or digital equivalent of a physical product, was first introduced at the
niversity of Michigan back in 2002 [4]. It contains three main parts:

• Physical products in real space.
• Virtual products in virtual space.
• The connections of data and information that tie the virtual and real products together.

In the following decade, many advances in quantity, richness, and fidelity [5] of recollected data have been developed, both by
he physical product and its digital twin. Digital twins are of most use when an object is changing over time, thus making the initial
odel of the object invalid, and when measurement data that can be correlated with this change can be captured [6]. The ability

o reproduce high-risk environments and specific situations without risking the aircraft is also advantageous. We can predict the
ircraft behavior in an specific scenario and flight circumstances.

Efficient digital twins offer real-time simulation capabilities and visualization of complex systems, similar to the concept of
ardware-in-the-loop (HIL). This concept involves simultaneous control system loop testing within the software and the actual
ardware environment, offering significant advantages such as real-time adjustment [7].

First HIL systems were produced for flight simulation [8]. Although this concept has been around for over 40 years, it has gained
raction over the last 10 years, recently appearing on NASA aircraft and satellites roadmaps as the third most important technological
evelopment challenge [9]. Some VTOL HIL-related works have been proposed [10,11], but none of them consider arbitrary wind
onditions.

A step below HIL simulation is software in the loop (SIL or SITL). It may be realized in the early stages of software development,
ffering the possibility to execute tests even before the hardware is available and thus detect errors [12].

.2. UAV digital twins

Digital twins are powerful in the design and performance optimization stages of UAVs. In conventional simulators, the
nformation is usually collected on-site, and then the UAV is optimized offline [13], leading to low development efficiency.
imulators have always been used as a UAV verification tool, but typically lack a proper integration of hardware and software [14].

A very popular open-source robotics operating system in DT modeling is ROS [15–17]. Its communication capabilities provide
n standardized interface for custom plugin implementation.

In the physics simulation and visualization field, Gazebo is also gaining traction for robotic DTs [18,19]. It is also well integrated
ith ROS.

The Gazebo simulator [20] is a suitable simulation package. For UAV purposes, some features are missing. For example, only
orward-flight aerodynamics can be modeled with the existing plugins, which is insufficient for VTOL convertiplanes. Other simulator
lternatives (Airsim [21], Simulink [22], Unity [23]) neither provide a suitable solution.

When simulating UAV aerodynamics, the wind is assumed negligible compared to the forward-flying speed. It is only studied for
ilot training [24], flight planning [25], and aeroelasticity phenomena [26]. In some cases, it can be taken into account by adding
drift angle [11]. These assumptions are valid in conventional aircraft and plane configurations, but not for VTOL convertiplanes.
mitting the effects of wind on a convertiplane in copter mode can cause significant deviations between the digital twin and the
ctual UAV [27].

To date, most UAV digital twins have been designed for quadcopters [12,14,28], where wind conditions can generally be
eglected due to the lack of aerodynamic surfaces other than propellers.

.3. Contributions

We have developed a novel mathematical model that allows us to estimate forces and moments acting on the whole UAV
epending on the direction of the wind and the vehicle speed at any given moment.

We propose a digital twin of a commercial VTOL convertiplane UAV (from now on abbreviated as: VTOL-DT–VTOL Digital Twin)
alled Marvin, manufactured by FuVeX1 (see Fig. 1).

1 Fuvex website: https://www.fuvex.es/.
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Fig. 1. 3D render of a Marvin UAV-VTOL in copter and plane mode.

The VTOL-DT is modeled mathematically considering: gravity, aerodynamic and propulsive contributions. It can simulate any
arbitrary wind direction over the aircraft, relevant in vertical take-off, hovering, and landing conditions.

The VTOL-DT is characterized by ANSYS2 computer fluid dynamics (CFD) simulations to a finite number of attitudes with respect
to the wind, for which aerodynamic coefficients are obtained. We use a linear interpolation algorithm to estimate such coefficients
in non-simulated conditions.

The physics simulator of our digital twin implements a custom aerodynamics plugin which integrates the mentioned aerodynamic
coefficients.

The flight controller is part of the VTOL-DT. It is implemented using the same code as the real aircraft and executed as SITL,
achieving virtually the same flight response as the real vehicle.

Finally, the VTOL-DT model is tested against real flight experiments in windy conditions, considering the measured mean wind
speed and direction.

3. VTOL-DT modeling

The aircraft, manufactured by FuVeX, was chosen due to all the flight configurations available. This allows for a very rich and
complete learning experience, where different proposals can be tested in complex environments and equally complex flight modes. It
consists of a fixed wing, a conventional tail, and four electric motors mounted over a tilt mechanism. Depending on the selected flight
mode, the tilt mechanism can turn the four motors from the vertical axis to a forward-flight position. Fig. 1 includes a schematic
explanation of the tilt mechanism.

To model the aircraft’s dynamics, three flight phases must be considered:

1. Copter mode: used by the actual UAV during take-off, landing, and hovering flight. All four motor axes are aligned with the
vertical axis, and flight mechanics are controlled by conventional quadcopter models.

2. Plane mode: used during cruise flight, the motor axes are aligned with the forward flight direction. Flight control is obtained
by a combination of torque and thrust differences between the four motors, plus the elevator and rudder input. The Marvin
has no ailerons.

2 https://www.ansys.com/.
3
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Fig. 2. Reference systems used in the mathematical model.

3. Transition mode: from copter to plane mode, and vice versa. The tilting mechanism progressively turns the axes of all 4
motors at once. This step is critical. In order to allow for this transition, flight speed must be higher than stall speed in plane
mode: ||
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As previously stated, only the copter mode is relevant for take-off, hover, and landing phases, where the wind effects are critical.
Therefore, we will base our equations on this mode. This section aims to derive the mathematical formulation of the VTOL dynamics
based on gravity, aerodynamic, and propulsion actions in copter mode. The use of a perceived wind axes coordinate system will
simplify the description of the aerodynamic actions depending on the wind direction.

Fig. 2 contains a graphical description of the different reference systems and axes that will be used in the following section.

3.1. Mathematical model

The most generalized method for dynamic flight characterization in aeronautics is based on Euler angles. This procedure starts
from Newton’s Second Law of Motion, which relates force exerted to a body with its resulting acceleration:

𝐹 =
𝑑(𝑚𝑉 )
𝑑𝑡

, (1)

where 𝑚 is the aircraft mass and 𝑉 the absolute speed of the center of mass (CoM) in an inertial coordinate system. 𝐹 is associated
with external forces acting over the CoM. Similarly:

�⃗� = 𝑑ℎ⃗
𝑑𝑡
, (2)

ℎ⃗ = 𝐼�⃗�, (3)

where �⃗� is the resulting moment due to external forces around the CoM, ℎ⃗ the total kinetic moment, 𝐼 the aircraft’s inertia tensor,
and �⃗� its absolute angular speed around the CoM.

The inertia tensor is defined as a symmetric 3 × 3 matrix:

𝐼 =
⎛

⎜

⎜

⎝

𝐼𝑥 −𝐽𝑥𝑦 −𝐽𝑥𝑧
−𝐽𝑥𝑦 𝐼𝑦 −𝐽𝑦𝑧
−𝐽𝑥𝑧 −𝐽𝑦𝑧 𝐼𝑧

⎞

⎟

⎟

⎠

, (4)

whose diagonal elements represent momentum over the given system, and the remaining elements are the products of inertia.
Next, we define the force, momentum, velocity and angular velocity vectors respectively, based on their components:

𝐹 = (𝐹𝑥, 𝐹𝑦, 𝐹𝑧)𝑇 , (5)

�⃗� = (𝐿,𝑀,𝑁)𝑇 , (6)

𝑣 = (𝑢, 𝑣,𝑤)𝑇 , (7)

�⃗� = (𝑝, 𝑞, 𝑟)𝑇 , (8)
4



Simulation Modelling Practice and Theory 123 (2023) 102703D. Aláez et al.
where 𝐹𝑥, 𝐹𝑦, 𝐹𝑧 represent the forces on each axis; 𝐿,𝑀,𝑁 the corresponding moments around 𝑥𝑏, 𝑦𝑏, 𝑧𝑏 respectively; 𝑢, 𝑣,𝑤 are the
corresponding linear velocities; and 𝑝, 𝑞, 𝑟 the angular velocities referred to the same axis (see Fig. 2 for axis reference).

Given the time derivative of a vector in an inertial system, we need to add one extra term to express it in a body-axes reference
frame: the cross product of the rotating system angular speed with respect to the inertial, multiplied by the vector to be derived.
Thus, the momentum and kinetic moment theorems can be expressed as:

𝐹 = 𝑚( 𝜕𝑉
𝜕𝑡

+ �⃗� × 𝑉 ), (9)

�⃗� = 𝜕ℎ⃗
𝜕𝑡

+ �⃗� × ℎ⃗. (10)

Manipulating and solving the expressions above, we obtain:

𝐹𝑥 = 𝑚(�̇� − 𝑟𝑣 + 𝑞𝑤),

𝐹𝑦 = 𝑚(�̇� + 𝑟𝑢 − 𝑝𝑤),

𝐹𝑧 = 𝑚(�̇� − 𝑞𝑢 + 𝑝𝑣),

𝐿 = 𝐼𝑥�̇� − 𝐽𝑥𝑧 �̇� + (𝐼𝑧 − 𝐼𝑦)𝑞𝑟 − 𝐽𝑥𝑧𝑝𝑞,

𝑀 = 𝐼𝑦�̇� − (𝐼𝑧 − 𝐼𝑥)𝑝𝑟 + 𝐽𝑥𝑧(𝑝2 − 𝑟2),

𝑁 = 𝐼𝑧 �̇� − 𝐽𝑥𝑧�̇� − (𝐼𝑥 − 𝐼𝑦)𝑝𝑞 + 𝐽𝑥𝑧𝑞𝑟. (11)

The given system of Eqs. (11) is commonly known as Euler’s motion equations for rigid body dynamics [29]. As the name implies,
the body is assumed to be one single rigid body, neglecting control surfaces’ and other subsystems’ associated degrees of freedom,
and the kinetic moment with respect to rotating systems.

The next step is to particularize the external forces and momentum involved in this system. We will follow the formulation
developed by [29], which subdivides them into:

• Gravity actions: in a local level system (LLS, denoted by superscript ℎ), the expression only contains a term in the 𝑧 axis:

𝐹 ℎ
𝐺 =

⎛

⎜

⎜

⎝

0
0
𝑚𝑔

⎞

⎟

⎟

⎠

, (12)

where 𝑔 represents the acceleration due to gravity at a given point. To project this vector on a body-fixed system (BFS, denoted
by superscript 𝑏), a rotation matrix has to be applied from LLS to BFS:

𝐹 𝑏
𝐺 =

⎛

⎜

⎜

⎝

𝐹𝐺𝑥
𝐹𝐺𝑦
𝐹𝐺𝑧

⎞

⎟

⎟

⎠

= 𝐿𝑏ℎ𝐹
ℎ
𝐺 =

⎛

⎜

⎜

⎝

−𝑚𝑔 sin 𝜃
𝑚𝑔 cos 𝜃 sin𝜙
𝑚𝑔 cos 𝜃 cos𝜙

⎞

⎟

⎟

⎠

(13)

where 𝜃 is the pitch angle, and 𝜙 the roll angle.
• Aerodynamic actions: external forces and moments due to aerodynamic effects.
• Propulsive actions: external forces and moments originated by propellers’ rotation and combinations of them.

If the System of Eqs. (11) is further expanded, introducing and separating the components based on this scheme, the new system
is:

− 𝑚𝑔 sin 𝜃+ 𝐹𝑇𝑥 + 𝐹𝐴𝑥 = 𝑚(�̇� − 𝑟𝑣 + 𝑞𝑤),

𝑚𝑔 cos 𝜃 sin𝜙+ 𝐹𝑇 𝑦 + 𝐹𝐴𝑦 = 𝑚(�̇� + 𝑟𝑢 − 𝑝𝑤),

𝑚𝑔 cos 𝜃 cos𝜙+ 𝐹𝑇 𝑧 + 𝐹𝐴𝑧 = 𝑚(�̇� − 𝑞𝑢 + 𝑝𝑣),

𝐿𝑇 + 𝐿𝐴 = 𝐼𝑥�̇� − 𝐽𝑥𝑧 �̇� + (𝐼𝑧 − 𝐼𝑦)𝑞𝑟 − 𝐽𝑥𝑧𝑝𝑞,

𝑀𝑇 +𝑀𝐴 = 𝐼𝑦�̇� − (𝐼𝑧 − 𝐼𝑥)𝑝𝑟 + 𝐽𝑥𝑧(𝑝2 − 𝑟2),

𝑁𝑇 +𝑁𝐴 = 𝐼𝑧 �̇� − 𝐽𝑥𝑧�̇� − (𝐼𝑥 − 𝐼𝑦)𝑝𝑞 + 𝐽𝑥𝑧𝑞𝑟. (14)

Subscripts 𝑇 and 𝐴 refer to the propulsive actions and aerodynamic actions, respectively.
A common assumption in flight mechanics [30] consists of assuming the earth as flat and non-rotating, allowing us to consider

the earth-fixed frame as inertial. This theory is known as the Flat Earth Hypothesis. A step-by-step demonstration of the omitted
mathematical formulation can be found in [29]. Thanks to this assumption, the CoM trajectory can be obtained in an earth-fixed
frame more easily.

3.2. Wind model

Once the generic Euler equations have been developed, the aerodynamic and propulsive terms have to be particularized for the
5
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be neglected. In fact, during hovering flight (or close to), the wind speed component will be the main component to which the flight
controller will need to respond to keep the desired position and attitude. The greater surface area of a VTOL vehicle makes it more
reactive to wind currents acting on its surface.

The absolute ground speed, in an earth-fixed frame (denoted by superscript 𝑒), is determined as the sum of the speed perceived
y the aircraft, usually called true airspeed, and the wind speed:

𝑉 𝑒
𝑔𝑟𝑜𝑢𝑛𝑑 = 𝑉 𝑒

𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 + 𝑉
𝑒
𝑤𝑖𝑛𝑑 . (15)

xpanding all vectors component by component:

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 = �̇�𝑒 �⃗� + �̇�𝑒 𝑗 + �̇�𝑒 �⃗� − (𝑢𝑒𝑤 �⃗� + 𝑣

𝑒
𝑤 𝑗 +𝑤

𝑒
𝑤 �⃗�), (16)

where �̇�𝑒, �̇�𝑒, �̇�𝑒 are the ground velocities of the CoM in an earth-fixed frame, and 𝑢𝑒𝑤, 𝑣𝑒𝑤, 𝑤𝑒𝑤 are the wind velocities.
The magnitude of velocity is calculated as follows:

|

|

|

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑

|

|

|

=
√

(�̇� 𝑒 − 𝑢𝑒𝑤)2 + (�̇� 𝑒 − 𝑣𝑒𝑤)2 + (�̇� 𝑒 −𝑤𝑒𝑤)2 (17)

If expressed in perceived wind frame (denoted by superscript 𝑤), the only remaining component is in the 𝑥 axis, aligned with the
ind direction:

𝑉 𝑤
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 =

⎛

⎜

⎜

⎝

√

(�̇� 𝑒 − 𝑢𝑒𝑤)2 + (�̇� 𝑒 − 𝑣𝑒𝑤)2 + (�̇� 𝑒 −𝑤𝑒𝑤)2
0
0

⎞

⎟

⎟

⎠

(18)

Thanks to this transformation, the remaining components disappear, allowing for more straightforward aerodynamic forces and
moments calculation.

Next, the lift (𝐿𝑤), drag (𝐷𝑤), lateral force (𝑄𝑤), pitching moment (𝑀𝑤
𝐴 ), rolling moment (𝐿𝑤𝐴) and yawing moment (𝑁𝑤

𝐴 ),
respectively, can be calculated in a perceived wind reference frame with the commonly used expressions:

𝐿𝑤 = 1
2
𝜌 ||
|

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑

|

|

|

2
𝑆𝐶𝐿(𝜙, 𝜃, 𝜓), (19)

𝐷𝑤 = 1
2
𝜌 ||
|

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑

|

|

|

2
𝑆𝐶𝐷(𝜙, 𝜃, 𝜓), (20)

𝑄𝑤 = 1
2
𝜌 ||
|

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑

|

|

|

2
𝑆𝐶𝑄(𝜙, 𝜃, 𝜓), (21)

𝑀𝑤
𝐴 = 1

2
𝜌 ||
|

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑

|

|

|

2
𝑆 𝑐 𝐶𝑀 (𝜙, 𝜃, 𝜓), (22)

𝐿𝑤𝐴 = 1
2
𝜌 ||
|

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑

|

|

|

2
𝑆 𝑐 𝐶𝐿𝐴(𝜙, 𝜃, 𝜓), (23)

𝑁𝑤
𝐴 = 1

2
𝜌 ||
|

𝑉 𝑒
𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑

|

|

|

2
𝑆 𝑐 𝐶𝑁𝐴(𝜙, 𝜃, 𝜓), (24)

where 𝜌 is the air density, 𝑆 is the reference surface area, and 𝑐 is the reference wing chord length. Once the UAV’s perceived velocity
s known, the only unknowns in these equations are the respective force or moment coefficients (𝐶𝐿, 𝐶𝐷, 𝐶𝑄, 𝐶𝑀 , 𝐶𝐿𝐴, 𝐶𝑁𝐴), as a
unction of roll (𝜙), pitch (𝜃) and yaw (𝜓) angles. Those coefficients will have to be estimated via computational fluid dynamics
CFD) simulations.

Considering the UAV as a unique rigid body, only one coefficient for each term will need to be simulated for each incoming wind
irection. Even so, the infinite possible attitude configurations will require a discretization of the domain, studied in the upcoming
ections.

With the help of a rotation matrix, we can express the perceived wind frame forces and momentum in a body-fixed frame like
14):

⎛

⎜

⎜

⎝

𝐹𝐴𝑥
𝐹𝐴𝑦
𝐹𝐴𝑧

⎞

⎟

⎟

⎠

= 𝐿𝑏𝑤
⎛

⎜

⎜

⎝

−𝐷𝑤

−𝑄𝑤

−𝐿𝑤

⎞

⎟

⎟

⎠

, (25)

here 𝐿𝑏𝑤 is the rotation matrix between perceived wind axes to body-fixed axes, equivalent to:

𝐿𝑤𝑏 = 𝐿𝑇𝑏𝑤 =
⎛

⎜

⎜

⎝

cos 𝛼 cos 𝛽 sin 𝛽 sin 𝛼 cos 𝛽
−cos 𝛼 sin 𝛽 cos 𝛽 − sin 𝛼 sin 𝛽

− sin 𝛼 0 cos 𝛼

⎞

⎟

⎟

⎠

𝑇

=
⎛

⎜

⎜

⎝

cos 𝛼 cos 𝛽 −cos 𝛼 sin 𝛽 − sin 𝛼
sin 𝛽 cos 𝛽 0

sin 𝛼 cos 𝛽 − sin 𝛼 sin 𝛽 cos 𝛽

⎞

⎟

⎟

⎠

, (26)
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a

where 𝛼 is the angle of attack of the perceived speed and 𝛽 its drift angle [29]. Multiplying and expanding the product at (25), we
rrive to:

𝐹𝐴𝑥 = −𝐷𝑤 cos 𝛼 cos 𝛽 +𝑄𝑤 cos 𝛼 sin 𝛽 + 𝐿𝑤 sin 𝛼,

𝐹𝐴𝑦 = −𝐷𝑤 sin 𝛽 −𝑄𝑤 cos 𝛽, (27)
𝐹𝐴𝑧 = −𝐷𝑤 sin 𝛼 cos 𝛽 +𝑄𝑤 sin 𝛼 sin 𝛽 − 𝐿𝑤 cos 𝛽.

Analogously, aerodynamic moments can be determined as:

⎛

⎜

⎜

⎝

𝐿𝐴
𝑀𝐴
𝑁𝐴

⎞

⎟

⎟

⎠

= 𝐿𝑏𝑤
⎛

⎜

⎜

⎝

𝐿𝑤𝐴
𝑀𝑤

𝐴
𝑁𝑤
𝐴

⎞

⎟

⎟

⎠

, (28)

obtaining:

𝐿𝐴 = 𝐿𝑤𝐴 cos 𝛼 cos 𝛽 −𝑀𝑤
𝐴 cos 𝛼 sin 𝛽 −𝑁𝑤

𝐴 sin 𝛼,

𝑀𝐴 = 𝐿𝑤𝐴 sin 𝛽 +𝑀𝑤
𝐴 cos 𝛽, (29)

𝑁𝐴 = 𝐿𝑤𝐴 sin 𝛼 cos 𝛽 −𝑀𝑤
𝐴 sin 𝛼 sin 𝛽 +𝑁𝑤

𝐴 cos 𝛽.

This way, aerodynamic forces and moments are fully characterized. Lastly, to complete the mathematical model of copter flight,
only propulsive actions remain to be determined.

3.3. Propulsion model

For this particular UAV, rear motors are on an upper plane than front motors, although this does not affect forces and torques
modeling in copter mode. Force on the rotor direction for each motor can be modeled like [31]:

𝐹𝑖 = 𝐾𝑇𝜔
2
𝑖 , (30)

where 𝐾𝑇 is a thrust constant dependant on the specific propeller used, 𝜔𝑖 is the angular speed of the 𝑖th rotor. Also, torque is
modeled as:

𝜏𝑖 = 𝑏 𝜔2
𝑖 + 𝐼𝑀 �̇�𝑖, (31)

where 𝑏 is referred to a torque constant dependant on the motor and propeller used, and 𝐼𝑀 is the motor and propeller’s inertia.
Composing the force output of all four motors:

𝑇 =
4
∑

𝑖=1
𝐹𝑖 = 𝐾𝑇

4
∑

𝑖=1
𝜔2
𝑖 ; 𝑇

𝑏 =
⎛

⎜

⎜

⎝

0
0
𝑇

⎞

⎟

⎟

⎠

. (32)

Different yaw, pitch, and roll actions are performed combining forces and torques produced by the four motors [32], following
this scheme:

𝐿𝑇 = (𝐹𝐹𝐿 + 𝐹𝐵𝐿 − 𝐹𝐵𝑅 − 𝐹𝐹𝑅)𝑤,

𝑀𝑇 = (𝐹𝐹𝐿 − 𝐹𝐵𝐿 − 𝐹𝐵𝑅 + 𝐹𝐹𝑅) 𝑙, (33)
𝑁𝑇 = (𝜏𝐹𝐿 + 𝜏𝐵𝐿 + 𝜏𝐵𝑅 + 𝜏𝐹𝑅),

where 𝐿𝑇 ,𝑀𝑇 , 𝑁𝑇 are the rolling moment, pitching moment, and yawing moment in body frame, caused by the propulsive actions.
A complete diagram of forces and torques over the UAV is shown in Fig. 3.

Subindices 𝐹 , 𝐵 , 𝐿, 𝑅 denote front, rear, left and right, respectively. Two distances 𝑤 and 𝑙 have also been defined, referred
to the separation between a motor and the midplane of the aircraft, and the half-length separating two motors of the same side,
respectively.

With this, every term on the System of Eqs. (14) is fully defined. For any given initial conditions and control inputs, such as
motor input, with the help of an appropriate time integrator, we can estimate the position and attitude of the aircraft at any given
time step.

4. Aerodynamic coefficients characterization

Once the propulsive, gravity, and aerodynamic actions have been modeled, the next step is to evaluate the aerodynamics. From
equations obtained in Section 3.1, we derived the need to estimate force and torque coefficients, respect to wind axes, for a wide
range of angle combinations. For this task, ANSYS Fluent RANS (Reynolds-averaged Navier–Stokes) simulations have been performed.

Mesh independence, speed independence, turbulent layer height, and empirical correlation studies have been used to validate
this model before extracting any data from each simulation.

There is simple model (e.g., linear function) for the relationship between inputs and output aerodynamic coefficients, mainly due
to complex aerodynamic phenomena (flow separations, complex flow interactions). Therefore, aerodynamic coefficients need to be
simulated at different attitudes. Given the available computing resources, even using mid-plane symmetry, the number of points
that can be simulated is small. The following process has been developed:
7
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Fig. 3. Propulsive forces and moments diagram.

• In the first place, the domain has been subdivided into two different scenarios:

1. Controlled: a region where the aircraft is assumed controllable, and therefore more precision is needed. Within angles
𝜙 ∈ [−9◦, 12◦], 𝜃 ∈ [−9◦, 12◦], 𝜓 ∈ [−180◦, 180◦]. The limits for the roll and pitch values are defined by the region where
the flight actions are considered safe and under control. Also, the typical aerodynamic parameters (such as 𝐶𝐿 vs Angle
of Attack slope) can be extracted from this region.

2. Uncontrolled: for higher roll and pitch values, a loss of control is assumed, so the model does not require such high
precision in terms of aerodynamic coefficients.

• For the controlled flight scenario, 100 points are simulated. A couple of hand-selected conditions are picked (48 points) to
validate the CFD simulation technique: forward flight, tailwind, crosswind at 45, 90, and 135 degrees at different pitch and
roll angles. The remaining 52 points are randomly generated within this range, using an algorithm that ensures a minimum
predefined distance between each point.

• For the uncontrolled one, just a handful of points will be simulated. This calculation is only performed to ensure that the
aerodynamic model follows real-world physics, so the flight controller understands when it has lost control and a crash is
inevitable.

• Finally, to transform discrete simulations into a continuous model, a trilinear interpolation algorithm is proposed, allowing
for data interpolation between the existing points.

4.1. CFD simulation setup

A crucial aspect in generating sufficient points for the discretization of every wind direction possible is assuring a proper
distribution that thoroughly covers the desired range. First, 48 points are manually picked (in sets of 12) for various yaw angles:
0, 45, 90, 135, and 180 degrees, ranging from −9 to 12 degrees of pitch and roll in increments of 3. These points are manually
selected to verify CFD data against actual available data.

Complex structures such as propeller-motor joints and carbon fiber arms have been neglected in the CFD simulation to facilitate
convergence and ensure mesh quality. From experimental data, the simulated stall speed is approximately equal to the measured stall
speed during flight, which shows that neglecting the motor supports and joints for aerodynamic purposes is a reasonable assumption.

Once CFD simulations have been correlated with real aerodynamic data, a simple algorithm generates random points (roll, pitch,
and yaw) using a discrete uniform distribution [33].

Virtual wind tunnel speed is set to 9 m/s. The pressure-based solver is preferred for this type of slow flows. Since we are
only looking for a specific set of coefficients, we do not need to study time-dependent solutions. Thus, we can go for a stationary
simulation. Between the different solvers, the SIMPLE algorithm is preferable for this steady-state simulation. Heat and energy flux
models can be deactivated. The calculated Reynolds number is 𝑅𝑒 ≈ 4 ⋅ 105, reflecting that we are facing a turbulent flow [34].
Inside RANS models, k-omega SST offers the best performance for this scenario:

• Two equation model: kinetic turbulent energy and dissipation.
• Wall functions
• Combination of k-epsilon for the outside boundary layer and outwards, and k-omega in the inner boundary layer.
• Suitable for separated flows and jet streams.
• Limited by difficulties to reach convergence.

A summary of the simulation parameters can be found in Table 1. The first layer height has been calculated to properly capture the
viscous sublayer (𝑦+ ≈ 1) [35]. After the complete simulation setup, mesh independence studies, and validation tests, a set of 100
different design points are simulated on ANSYS Fluent. Convergence is reached when residuals fall below a threshold of 10−6 [36].
8
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Fig. 4. Slice cut of the mesh, with HTP meshing detail.

Fig. 5. Residuals plot screenshot from ANSYS for a simulation point.

An example of a residuals plot for a given attitude configuration can be seen in Fig. 5. The hybrid initialization method is chosen
to accelerate convergence. Simulations are carried out in packs of 6 design points per run to free memory and review each set of
points. Before each execution, all the simulation parameters including the mesh are verified using ANSYS Fluent’s Check Case utility.
A slice cut of a sample generated mesh can be seen in Fig. 4.

4.2. CFD simulation results

The result of these simulations is represented as an aerodynamic map containing 𝐶𝐿, 𝐶𝐷, 𝐶𝑄, 𝐶𝐿𝐴, 𝐶𝑀𝐴, and 𝐶𝑁𝐴 values for
each point in a range of roll ≈ 0 to simplify the visualization. Fig. 6 showcases the generated maps for the lift and drag coefficients.
Fig. 7 shows the rest of the coefficients: lateral force, roll moment, yaw moment, and pitch moment. A visual analysis of the first two
maps shows a strong dependence of lift and drag coefficients with the yaw and pitch angles, reaching optimal values at nose and
tailwinds. Also, as expected, the lift coefficient is higher at front wind and higher pitch angles, while the drag coefficient is lower at
lower pitch angles. The rest of the coefficients also show correspondence with reality. For example, the yaw moment coefficient is
minimum when the aircraft is aligned with the wind, and maximum when it is perpendicular to it. Note that the roll angle is kept
at 0 degrees in each of the six graphs.
9
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Table 1
CFD simulation summary.

Parameter Unit Value

Wind tunnel speed m/s 9
Estimated Re – 4.00 e+05
Density kg/m3 1.225
Viscosity kg/m s 1.7894e−05
Reference temperature K 288.16
Reference length m 1
Reference area m2 1
Average mesh nodes – 4.65e+06
Average mesh cells – 16.0e+06
First layer height m 6.2e−05

Fig. 6. Aerodynamic map of 𝐶𝐿 and 𝐶𝐷 for points with roll ≈ 0.

5. Software-in-the-loop flight controller

Once the physical model is complete, a flight controller must be implemented to recreate the UAV flight behavior. The actual
Marvin aircraft runs a modified version of Ardupilot’s open source flight controller software for VTOL aircrafts. Similarly, an instance
of the modified Ardupilot3 flight controller is executed in the same Linux computer that runs Gazebo. Communication between the
UAV model in Gazebo and the flight controller is established via MAVLink [37]. Loading the parameters file of the actual UAV
results in a complete Software-in-the-loop (SITL) solution.

A Taranis X9D+4 is connected via USB to Ardupilot and setup as a joystick for pilot input.

6. VTOL-DT building

6.1. Model components

The VTOL-DT flight dynamics have been determined, and the aerodynamic coefficients have been characterized, but the rigid-
body model has yet to be created in Gazebo. In order to reduce simulation times and improve overall training performance, the
rigid body has been divided into the following components:

• Fuselage: .stl file containing the main body, wings and tail structure.
• Motors (x4): modeled in Gazebo as basic cylinders.

3 https://ardupilot.org/.
4 https://www.frsky-rc.com/product/taranis-x9d-plus-2/.
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Fig. 7. Aerodynamic map of 𝐶𝑙𝑎𝑡𝑒𝑟𝑎𝑙 , 𝐶𝑟𝑜𝑙𝑙 , 𝐶𝑝𝑖𝑡𝑐ℎ, and 𝐶𝑦𝑎𝑤 for points with roll ≈ 0.

• Propellers (x4): modeled as flat sheets with the propellers’ approximate size. Despite the different apparent shapes, aerody-
namic and mass properties are carefully selected to model the physical propeller. Visually, the flat sheet is substituted by a
3D propeller design.

• Arms (x4): carbon rods connecting motors to the main fuselage. Again, they are modeled as simple cylinders with the
appropriate mass properties.

• Inertial Measurement Unit (IMU): introduced inside the fuselage, to gather attitude data for the training and simulation.

All the components have been included in the Gazebo model, and the origin of coordinates has been set at the Center of Mass
of the aircraft (CoM). The next step is to assign mass and inertia properties to each component.

6.2. Moment of inertia, mass, and center of mass characterization

Various sources have been considered to estimate the moment of inertia and mass terms, as well as the center of mass for each
component:

• Component datasheets: given by each manufacturer. Used to estimate the mass of propellers and motors.
• Estimation: a fully detailed 3D CAD model has been created in Solidworks5 and Autodesk Inventor.6 Internal modules allow

for precise mass estimation, inertia values, and center of mass. Used for the body, arms, and motors.
• In situ measurements: components weighting to validate the two previous methods.

6.3. Wind plugin implementation

By implementing an interpolation algorithm, the generated points from Section 4 can be turned into a continuous function of
roll, pitch, and yaw angles.

As already stated, Gazebo 11.0.0 includes an aerodynamic lift-drag plugin, but it is not suitable for this application, so a new
aerodynamic plugin has been developed from scratch. This model takes 5 input values at any given instant and aircraft location:

5 https://www.solidworks.com/.
6 https://www.autodesk.es/products/inventor/.
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Fig. 8. Complete SITL simulator setup running.

• Aircraft attitude: roll (𝜙), pitch (𝜃), yaw (𝜓).
• Atmospheric wind speed: 𝑉𝑤𝑖𝑛𝑑 .
• Aircraft flight speed: 𝑉𝑓𝑙𝑖𝑔ℎ𝑡.

And outputs 6 values based on the atmospheric conditions and aircraft’s mentioned properties:

• Forces acting on the center of gravity: 𝐿, 𝐷, 𝑄.
• Moments acting on the center of gravity: 𝑀𝐴, 𝐿𝐴, 𝑁𝐴.

These aerodynamic forces and moments are then published via ROS to Gazebo, and added to the propulsive and gravity actions.

7. VTOL-DT testing

Once the simulation model described in Section 6.1 is compiled and loaded into Gazebo, we are left with a complete simulation
setup as illustrated in Fig. 8.

Take-off, landing and hovering tests have been performed to evaluate the wind effect model against the conventional physics
model in Gazebo. The exact same setup was employed in both scenarios. Attitude and motor outputs have been extracted from the
SITL flight log and plotted in Figs. 9 and 10 for comparison. A flight simulation comparison video can be found in the link below.7
For this test simulation, the following conditions have been set:

• Aircraft initially set to 0◦: nose pointing to the north.
• Randomly selected wind direction of 15◦ coming from the northwest.
• Constant wind speed set to 6 m/s or 21.6 km/h, which is a typical caution threshold used by Marvin pilots during take-off.

Windspeeds above this value are considered to be dangerous to take-off and land safely.
• Constant air density of 1.225 kg/m3.
• All phases have been conducted automatically by the SITL flight controller. No pilot input has been used during this test.

Figs. 9 and 10 show the importance of including a wind physics model to predict the aircraft performance during take-off, landing
and hovering.

The standard physics model shows a nearly perfect flight, where the attitude is almost unaffected and motor response is very
stable and equal for all the motors. In contrast, when the wind model is applied heavy oscillations can be seen in attitude due to the
flight controller trying to maintain control against the wind. The motor response also features these oscillations, showing different
output speeds for the front and rear motors, which is a very important performance aspect. Two motors are constantly pushed to
more than 80% of their maximum output, indicating that slightly higher wind speeds would cause motor saturation and invoke a
high risk situation for the pilot. This proves why the usual take-off limit wind speed is set to 6 m/s in standard Marvin operations.

After evaluating the custom wind physics model in simulation, flight test experiments in real wind conditions have been
conducted following the listed procedure:

7 Flight simulation videos: https://youtu.be/2rvquHHQDS8.
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Fig. 9. Comparison plot of attitude angles (roll, pitch & yaw) using a conventional physics model and our custom wind model during take-off, short hovering
and landing.

1. The UAV is placed at ground level with a fully charged battery. The IMU is calibrated for a stable level flight.
2. Wind conditions are measured and averaged during the experimental run at an approximate height of 2 meters to avoid

ground-proximity effects.
3. The aircraft is taken off manually and switched to a position hold mode.
4. Once the position is fixed despite the wind, the aircraft is switched to a stabilized mode and the pilot sticks are liberated.
5. The aircraft is freely drafted by the wind. The pilot is only responsible for recovering control after a certain period of time

or aircraft displacement.

Note that due to the available wind measuring instrumental, only average wind speed and direction values have been collected
during experimental flights. Therefore, only the average wind components can be considered in simulation, even though the
simulator is perfectly capable of reproducing any provided input.

In total, more than 15 min of flight data were analyzed from experimental flights to validate the simulation. From the recorded
data, 4 test cases have been selected and reproduced from the multiple runs in the simulator to validate the Digital-Twin’s wind
physics, as noted in Table 2. The results can be seen in the linked video.8

8 Flight experiment videos: https://youtu.be/2BMcp3AFbRE.
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Fig. 10. Comparison plot of individual motor responses using a conventional physics model and our custom wind model during take-off, short hovering and
landing.

Table 2
Flight test selected cases.

Case Initial yaw (◦) Wind direction (◦) Windspeed (m/s)

1 318 330 5
2 289 344 4.5
3 340 330 6
4 340 350 5

Fig. 11. Comparison of the 3D trajectory followed by the UAV in real wind conditions (above) and simulated wind conditions (below) for the second case.

7.1. Results

The UAV is drafted following a similar 3D trajectory in all four cases. For reference, Figs. 11 and 12 show the 3D visualization
of two trajectories followed by the actual UAV and the simulated UAV respectively. Trajectories are extracted from the flight logs
in both cases. The night scene in the simulated flight log is just caused by the Ardupilot SITL timezone not being configured.
14
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Fig. 12. Comparison of the 3D trajectory followed by the UAV in real wind conditions (above) and simulated wind conditions (below) for the fourth case.

Initially, when the relative speed to the wind is at its highest, the aerodynamic forces are maximum and, therefore, the
acceleration is maximum. As a result, the aircraft is lifted and accelerated in the wind direction. Once the VTOL reaches the wind
speed, the aerodynamic forces tend to zero, reducing the amount of lift produced and decreasing the height. There is no opposing
force to the drag-induced speed, so the horizontal displacement is maintained at approximately the wind speed.

Aerodynamic moments are canceled out both in the real world and the simulation by the flight controller, so the effects are
negligible.

The aircraft has been accurately described in simulation based on its actual physical properties. The flight controller runs the
exact same configuration and code both in simulation and real flight, and the propulsive subsystem has been modeled to accurately
mimic the real behavior from exhaustive motor bench tests. Therefore, most differences between both scenarios come from the
way the wind has been modeled in the simulation. The available wind measuring equipment only provided mean wind speed and
direction values. Thus, the wind can only be modeled based on the mean intensity and direction, omitting the fluctuations caused
by turbulence. Due to this, comparing the variations in the aircraft’s attitude does not provide any valuable information since most
of the oscillations come from wind turbulence.

In general terms, the simulation strongly correlates with the actual flight experiments, proving that the aerodynamic model is
working as expected. For better reference, readers are encouraged to watch the linked video.

8. Conclusion

Throughout this paper, we have successfully created and tested the digital twin of a custom commercial VTOL convertiplane
UAV in copter mode in Gazebo.

Starting from Euler’s motion equations for rigid body dynamics, we have developed a novel mathematical model that takes into
account wind blowing from any possible direction to obtain the corresponding aerodynamic forces and moments. More than 100
CFD simulations have been carried out to discretize the dependence of aerodynamic coefficients on the incoming wind direction.

This novel approach will allow for VTOL convertiplane UAVs to be trained and tested in take-off, hovering, and landing
maneuvers without the hassle of physical testing and dependence on existing wind conditions.

The model has performed as expected in all the experiments, with realistic-looking results and close to actual physical behaviors
in every tested scenario. Most limitations have come from the way the wind was captured during experimental flights, limiting the
ability to reproduce wind gusts and turbulence in simulation.

Future work includes developing precision equipment to capture instantaneous wind speed and direction. With the appropriate
measuring tools wind could be exactly reproduced in simulation, capturing turbulence effects and achieving an even more realistic
performance.
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