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Abstract Hybrid Unmanned Aerial Vehicles (H-UAVs) are currently a very interesting field
of research in the modern scientific community due to their ability to perform Vertical Take-
Off and Landing (VTOL) and Conventional Take-Off and Landing (CTOL). This paper fo-
cuses on the Tilt-wing UAYV, a vehicle capable to performing both flight modes (VTOL and
CTOL). Hovering and vertical flight, which is characteristic of helicopters, and high cruis-
ing speeds, which are a characteristic of fixed-wing are achieved by a tilt-wing mechanism
enabling to modify the rotor’s thrust direction [1]]. The UAV complete dynamic model is
obtained using the Newton-Euler formulation, it includes aerodynamic effects, as the drag
and lift forces of the wings which are a function of airstream generated by the rotors, the
cruise speed, tilt-wing angle and angle of attack, furthermore, additional aerodynamic ef-
fects caused by the empennage are considered [2]]. The airstream velocity generated by the
rotors is studied in a test bench. The projected area on the UAV wing that is affected by the
airstream generated by the rotors is specified and 3D aerodynamic analysis is performed for
this region. In addition, aerodynamic coefficients of the UAV in VTOL mode are calculated
by using Computational Fluid Dynamics method (CFD) and are embedded into the nonlin-
ear dynamic model. To validate the complete dynamic model, PD controllers are designed
for altitude and attitude control of the vehicle in VTOL mode, the controllers are simulated
and implemented in the vehicle for indoor and outdoor flight experiments.

This work was supported by CONACyT, UMI-LAFMIA 3175 CNRS and CINVESTAV-IPN.

Luz M. Sanchez-Rivera

Laboratoire Franco-Mexicain d’ Informatique et Automatique, UMI LAFMIA 3175 CNRS-CINVESTAV
Av. IPN 2508, San Pedro Zacatenco, 07360, Ciudad de México, México

E-mail: luz.maria.sanchez @cinvestav.mx

Rogelio Lozano

Laboratoire Heudiasyc UMR CNRS 6599, Université de Technologie de Compiegne
Centre de Recherches de Royallieu 60205, Compiegne, France

E-mail: rlozano@hds.utc.fr

Alfredo Arias-Montano

Escuela Superior de Ingenieria Mecanica y Eléctrica UP Ticomén, IPN
Av. Ticoman 600, San José Ticoman, 07340, Ciudad de México, México
E-mail: aarias@ipn.mx



2 Luz M. Sanchez-Rivera™ et al.

Keywords Dual Tilt-wing - VTOL flight mode - Complete dynamic model - Drag and lift
forces - PD

1 Introduction

In recent time, many UAV types have been developed with the purpose to expand its features,
flight modes, applications, missions, etc. Actually, UAVs can be classified into three groups:
fixed-wing UAVs (airplane), rotary-wing UAVs (Multi-rotor) and hybrid UAVs.

Hybrid UAV combines the capabilities of a fixed-wing (large cruising speed) and a
rotary-wing (vertical take-off and landing) by means of its three flight modes: VTOL, tran-
sition and CTOL. Based on whether or not the fuselage tilts, hybrid UAV can be further
divided into two categories: convertiplane and tailsitter. Tilt-rotor and tilt-wing are some
examples of convertiplanes, both vehicles can perform the transition between VTOL and
CTOL flight modes by means of a tilt mechanism that changes the angle of the rotors or the
wings with rotors.

In the area of tilt rotors there has been more progress and focus in the last years [3], [4],
[5]], vehicles with four, three and two rotors in addition to main rotor have been a source of
research for its different flight modes, from the control design to experimental flight tests. On
the other hand, the area of the tilt-wings has received a significant interest as a correspond-
ing growing area of research and development activities, vehicles as SUAVI [6], JAXA’s
”AKITSU” QTWUAV [7] and QTW QUX-02 [8], quad tilt-wing UAVs where the thrust is
generated by four rotors that are located on the leading edges of the four identical wings
at front and rear of vehicle, the wing-rotor pairs can be tilted from vertical to horizontal
position for the transition between flight modes.

Due to a change of angle of the wings and rotors, Tilt-wing UAV presents the following
aerodynamic advantages: 1) Minimum drag and down wash on the wings, since the wings
are always aligned with the rotor, 2) In transition flight mode, the wings will start generating
lift and drag because there will be an increase in speed at the same time, and even though
the lift to drag ratio is low under the transition phase, the tilt wing will still generate a fair
amount of lift, meaning that the UAV will be able to utilize smaller rotors and become more
efficient electric current consumption as long as it can overcome the drag [9].

Unlike tilt-rotor UAVs, the study focus of the Tilt-wing UAV is mostly the quad tilt-wing
vehicle, due to its structural design similar to quadrotor. In [9] and [10] the authors present
Tri tilt-wing UAVs where the thrust is generated by two main rotors and a tail rotor that
pitch stabilizes, however, the focus is only with hover flight. On the other hand, the German
DHL company [11], developed a dual tilt-wing UAV, where the thrust is generated only by
two main rotors, nevertheless, there is no evidence of the vehicle development (structural
design, control design, simulations, experimental tests, etc).

Since the thrust is generated by two rotors, the Dual tilt-wing UAV presents a great
stability challenge in its three flight modes, however, the electric current consumption de-
creases, the vehicle’s weight is smaller than the Tri or Quad tilt-wing, so the flight time
increases.

In this paper a Dual Tilt-wing is presented. For VTOL flight mode, the vehicle has two
main rotors that are located on the leading edges of the two wings and two ailerons that are
located on the trailing edges of the wings as control surfaces. For the transition flight mode,
the wings together with the rotors are tilted from 90 to 0 degrees. Finally, for horizontal
flight mode it is similar to a fixed-wing, with two rotors, two ailerons, an elevator and a
rudder on the empennage as control surfaces.
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The main contribution of this paper is to provide the UAV’s complete dynamical model,
the nonlinear model is derived the Newton-Euler formulation, the model includes aerody-
namic effects, as the drag and lift forces of the wings which are a function of: 1) the airstream
generated by the rotors, 2) the cruise speed, 3) the tilt angle and angle of attack.

The airstream velocity generated by the rotors is studied in a test bench. Later, the pro-
jected area on the UAV wing that is affected by the airstream generated by the rotors is
specified and 3D aerodynamic analysis is performed for this region.

Aerodynamic effects are included caused by the empennage. Aerodynamic coefficients
of the UAV in VTOL mode are calculated by using Computational Fluid Dynamics method
(CFD) and are embedded into the nonlinear dynamic model.

In investigations based on the study of tilt-wing UAVs, complete dynamic models have
been developed that include wing’s aerodynamic characterization or the studying the pro-
peller effects. However, the study is only proposed in the horizontal flight mode or specific
flight conditions. In [12]], Benkhoud and Bouallegue considered the wing’s lift and drag
forces only for horizontal and transition flight modes, as function of linear velocity (V
and V), tilt () and attack («) angles. Their motion equations for VTOL flight mode are
similar to those of a Quadrotor. Additionally, in [13], Masuda and Uchiyama considered
uncertainties such as wind in the model, and the aerodynamic coefficients were obtained by
wind tunnel experiments. In [14], Cetinsoy et al. in addition to wind tunnel experiments,
they performed ANSYS simulations to obtain the wing’s aerodynamic coefficients. They
consider that the total thrust and the desired attitude angles are functions of the wing angles,
this effect are not studied for quadrotors. In [15]], Garcia et al. In addition to the angle of
attack, they include the sideslip angle in the mathematical model. They also accounted for
the propeller effect (Propeller Momentum Theory) to obtain the aerodynamic behavior of
the vehicle in horizontal flight. Other papers as [[16] and [[10] mention that mounting the
tilt-wings does not affect a fundamental operation of the Quadrotor, likewise, the additional
aerodynamic forces exerted on the body and the forces produced by the flow of air from the
propellers over the wing profile are neglected.

To validate the complete dynamic model, PD controllers are designed for altitude and
attitude control of the vehicle in VTOL mode, the controllers are simulated and implemented
in the vehicle for real-time flight experiments.

The rest of the paper is organized as follows: Section 2 contains the Dual tilt-wing UAV
complete dynamic model. In section 3 to validate the dynamic model, PD controllers are
designed, simulated and implemented for altitude and attitude control of the UAV in VTOL
mode. In section 4, modeling parameters are obtained. In section 5 the simulation results
are analyzed. Subsequently, in section 6 the real-time flight experiments results of UAV
in VTOL mode are presented. Finally, section 7 concludes the paper and future work is
presented.

2 Complete Dynamic model

In this section, the UAV complete dynamic model is presented, aerodynamic effects are
considered for its different flight modes. The model is obtained by employing the Euler-
Newton formulation for each of its 6-degrees-of-freedom (6-DOF).
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2.1 Equations of motion

Consider each element as a rigid-body in the inertial reference system, with the gravity cen-
ter (cg) coincident with the aerodynamic center (ca). E = {:z:E , yE , 2F } denotes the earth
fixed inertial reference frame, B = {xB ,yB, 2B } denotes the body fixed reference frame
with origin in the cg, W = {:EW, yW, zW} denotes the mobile aerodynamic referential
with origin in the ca (Figure[I).

Assuming the generalized coordinates as @ = [q1 qg]T € RS, where ¢1 = [z y Z]T €
RR? denotes the vehicle position relative at the inertial frame and g2 = [¢ 6 w]T € R? are
the three Euler angles, roll, pitch and yaw respectively and represent the UAV attitude.

e x"

Fig. 1: UAV motion variables notation.

For transforming the axes from the body frame to the inertial frame, the rotation matrix
RB7F is defined, where s = sin (%) and cx = cos ().

ey sy —s6
RB™F — spslcy) — cpsip spsisyy + copch spch 1)
cpsOcy) + spsy cpslsy — spcy copch

For transforming the axes from the mobile aerodynamic referential to body frame, the
rotation matrix R" 7% is defined, where « is the rotation angle (angle of attack) of the tilt
mechanism of wing and rotor [17,[18].

ca 0 —sa
RY7P =101 o0 2)
sa 0 ca
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Therefore, the UAV complete dynamic model is obtained, where the translational motion
is based to Newton’s second law with respect to inertial reference frame and the rotational
motion with Euler’s law with respect to body fixed reference frame [19]].

mo” = RP7PFP 4 mG! 3)
IN+xIN="1" )

where FZ € R3 and I'® € R? are the forces and moments acting on the vehicle,
m = diag (m) € R**3 is the UAV mass, 07 = g1 = [ 2]" € R3 denotes the linear
acceleration, 2 = R¢2 = [p g T‘]T € R3 describes the angular velocity and {2 = Rz €

..o T
R? the angular acceleration according to the Euler angles, with go = [(b 0 1/)} € R3,
v T
G2 = [¢ 0 1/)} € R? and the rotation matrix R defined as:

checp s 0
R=|—clOsy c 0 Q)]
s 01

Furthermore, I € R3*3 describes the inertia tensor matrix, whose value depends on
the body mass distribution, if the body symmetry on the 2 — 2P plane is considered and
the remaining inertia products are low compared to the main moments, the inertia tensor is
approximated by:

©)

~
I

o o5

o&t o

So o

2.1.1 Translational dynamic

From equations (]D and (Eb, the UAV translational motion may be re-written as:

mi = F2(cOcp) + F2(cOsp) — FE(s0)
mij = FP (spsbcp — cosp) + FyB(s¢5031/1 + chperp) + FB (speh) @)
mi = FP (cpsOecyp + spsip) + F (chpsfsh — spey) + FE (cped) — myg

The total forces (F'7) acting on the vehicle is the sum of the rotors forces (F}]f ) and the
aerodynamic loads (Fyy), F? = [F? F} FP] T [RV7PFE + RV P RE.

The vehicle consists of two rotors generating the lift force for vertical flight mode and a
thrust force for horizontal flight mode. With a fuselage that for now, its aerodynamic effect is
neglected, two wings and an empennage that generate aerodynamic forces as function of the
angle of attack, the control surfaces (ailerons, elevator and rudder), relative wind velocity
and airstream generated by the rotors.

FP = ca(Fri + Fr2) — ca (Dw1 + Dwa + Dwe + Dw+)

—sa(Lw1 + Lwa2 + Lwe)
Fy = Lw, ®)
FP = sa(Fr1 + Fra) — sa (Dw1 + Dwa + Dwe + Dwy)

+ca (Lwi + Lwa + Lwe)
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where L is the aerodynamic lift and D is the aerodynamic drag of the wings (W), the
horizontal stabilizer (We) and the vertical stabilizer (Wr), (Figure Q)

Lwe (Elevator)

Dwe \&] (Aileron)
3 & 5 Lw2

(Rudder)DWr, 4 -
&S >
R ~

Ny P

A C ra

N '//
LWr
(Aileron) DWl

Fig. 2: Aerodynamic forces and controls notation.

2.1.2 Rotational dynamic

From equations (@), (8) and (6), the UAV rotational motion may be re-written as:

b= oy [lis + Hstew + bibcts — ey + 1 (1P — (~debsw + bew) (330 + ) (1, — 1))
0= & [etsw — p0s0s + duicbe + s+ = (17 — (bebew + bsw) (90 + ) (I ~ L) )]
= —¢sl — $pOch + % (FZB — (éc@cw + 9s¢) (—q@c@sz/} + éc¢) Iz — Iy))

)

The total moments (I'?) acting on the vehicle is the sum of the main moments provided
by the control surfaces (I'?), the gyroscopic moment generated by the variation of the
propeller rotation axis (FgB ), and the drag moment (Fg ) due to the propeller drag force,
r®=[r2rPr?)" = [r?+ 12+ 18

With Yr, Yw, Xe, X», Ze as the distances of the forces acting on the vehicle of the
rotors, wings, horizontal and vertical stabilizer respectively (Figure @, the main moments
are defined as follow:

sa (YriFr1 — YroFRr2) + ca (Yw1Lw1 — YwaLw2) — sa (Yw1Dwi1 — YwaDwe)
B = —Ze (caDwe + saLwe) + Xe (—saDwe + calwe) — Xr (saDwy)
ca (YraFr2 — Yr1Fr1) + sa (Ywi1Lwi1 — YwaLw2) + ca (Ywi1Dwi1 — YweDwo2) — XrLw
(10)
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Fig. 3: Distances of the forces acting on the UAV.

The gyroscopic moment, with [, as the propeller inertia moment on its rotation axis
and wpr, as the rotor angular velocity, is described as:

salrq(wWr2 — wWR1)
Iy = |calyr (Wr2 — wr1) + salarp (Wr1 — WR2) (11)
cal,rq(wr1 — WR2)

Finally, the drag moment, where D g, is the propeller drag force, is defined as:

sa(YreDr2 — Yr1DRa)
rs = 0 (12)
coe(Yr1DRr1 — YroDro)

3 Mathematical model validation

In this section, the complete mathematical model is validated. For simplicity, the UAV’s
different flight dynamics are studied separately. First, the flight in VTOL mode is analyzed,
therefore, the equations are simplified for VTOL flight mode conditions, subsequently PD
controllers are designed for altitude and attitude control.

Assumptions

A) The rotors and wings are in vertical position, so that the angle « = 90°, therefore,
cos(a)= 0y sin(a)= 1.

B) The z and y displacements are neglected for are small compared to the z displacement
(Altitude).

C) The wings and horizontal stabilizer do not generate lift forces in function of the angle
of attack («), only in function of the control surfaces (only ailerons).

D) The vertical stabilizer does not generate aerodynamic effects.
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E) Since gyroscopic effects on propellers are small enough, they are neglected.
F) The yaw () and roll (¢) motions are small compared to pitch (0), so that sin(A) = A
and cos(A) = 1.

From equations and (), the resulting linearized altitude and attitude dynamics can
be expressed in earth fixed inertial reference frame, as:

mz = (u1 — Dw1 — Dwa — Dwe) (c0) —mg
b= % {—édi + 3050 + Prpctrp — O — % ((—QBCW} + 9) (¢559 + 77/1) (Iy — Iz)) + % (u2 — Yw1Dwi1 — YWQDWQ)}
0 = betip — G0 + dhct + 0 — 1 (b0 +6v) (60 +0) (I — 1)) + £ (us — X D)

b= s — 9t — = ((9cb+ ) (~debp +6) (I — 1)) + - (ua)
(13)

where, w1 is a virtual control input in terms of actuating forces and w2, u3 and u4 are a
virtual control inputs in terms of actuating torques.

u1 = Fr1 + Fro

u2 = Yr1FRr1 — Yr2FRo
14
us = _ZeLWe ( )

ug = Ywi1Lwi1 — YwaLwe

A PD controller [20] is designed for altitude control and three PD controllers are de-
signed for attitude control. Controllers designed are defined by the following equations:

Uz = kp,zez + kd,ze.z + ki,z f €z

ug = kg€ + ka,p€s + kis [ € (15)
up = kp,o€o + ka,0€0 + kio [ €0

Uy = kpypey + Ekqgpey + iy few

4 Model parameters of the vehicle

This section is focused in obtaining the UAV’s physical parameters to be used for the simu-
lation of the designed altitude and attitude controllers.

4.1 Vehicle mass

Because the vehicle’s thrust is generated by two rotors for vertical flight mode, the vehicle
has to be lightweight and capable of withstanding the possible loadings in its different flight
modes. Therefore, for the UAV construction, foam board is used for the fuselage, boom and
landing gear, EPS for wings and vertical and horizontal stabilizer, with carbon fiber tubes
in the wings as reinforcements. By the vehicle structure, electronic system, rotors and Li-Po
battery, the vehicle total weight is 1 Kg.
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4.2 Inertia tensor

A Computer Aided Design (CAD) software is used to obtain the inertia tensor. First, the
vehicle is designed, after, the proper material type is added to the different parts in the model
so that the weight, mass center, and inertia tensor matrix could be estimated, as showed in
(Figure[d).

So that the mass center is coincident with the aerodynamic center, both are positioned
at 25 % of the symmetrical profile’s chord of wing.

General Properties
[ indude Cosmetic Welds [indude QTY Overrides
Center of Gravity™
Mass [1007ko (elative ] @y % [0.028m Relatiet]

Area [ 0,999 m~2 (Relaty| ¥ [0314m Relatvee|

Volume: [ 0.003m~3 (Relativ] z [0.083m Relative |

Inertial Proper ties™

Principal Global Center of Gravity

Mass Moments

Doc [0.010kgm~2 (| Caleulated using negative integral.
- by

xz [-0.000kgm~2| 1yz [-0.000kgm~2| 1z [0.033kgmn2 (]

*Values do not reflect user-overridden mass or volume

Fig. 4: UAV inertia tensor.

4.3 Aerodynamic effects

During vertical flight, the wings and horizontal stabilizer generate aerodynamic effects that
are included into the dynamic model.

A symmetrical airfoil (NACA 0012) is considered for the wing, where the airstream
generated by the rotors is aligned with the wing chord line, thus the lift force and moment
is canceled due to the symmetrical flow condition. Therefore, only the drag force is consid-
ered.

For the drag force calculation, the wing can be divided into two areas due to aerodynamic
interference, an area that is affected by airstream generated by the rotors and an area that is
affected by the vehicle’s rate of climb in vertical flight mode (Figure 3).

Firstly, the projected area on the wing that is affected by the airstream generated by the
rotors is specified. The maximum velocity airstream generated by the rotors is obtained in
a test bench (Figure . Propeller 10” x 4.5” is used for the propulsion force. (Figure
show the velocity airstream is function of rotor’s throttle and (Figure show the throttle
in function of rotor’s propulsion force.

With the maximum velocity airstream generated by the rotors obtained, 3D aerodynamic
analysis is performed for this region. The UAV’s drag coefficient (C'p) is calculated by using
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Fig. 5: Area affected by the rate of climb and area affected by the airstream generated by the
rotors.

Computational Fluid Dynamics method (CFD). The drag force [21.22] is obtained by the
following expression:

D= 1pV*SCp (16)

where, p is the air density, S the wing planform area, V' the airflow velocity, C'p the drag
coefficient. Finally, the drag force is assumed as a polynomial function in terms of rotor’s
propulsion force.

The drag force of wing’s second section and horizontal stabilizer are a function of the
rate of climb in vertical flight mode. Similarly, the drag coefficients are calculated by using
CFD method and the drag forces by the equation (I6). A polynomial function in terms of
the rate of climb for the wing’s drag force and the horizontal stabilizer is obtained.

5 Simulation results

Numerical simulations validate the proposed complete dynamic model with aerodynamic
effects considered and PD controllers designed. The simulations are carried out in Mat-
lab/Simulink environment.

Table[I]shows the operation range of UAV’s actuators. In Table[2]the parameters and the
applicable dimensions to the vehicle are shown. Conditions of the simulation are shown in
Table@ Last, the control parameters utilized are shown in Table E}

Table 1: Operation range of actuators.

Parameter ~ Value Unit
Propeller thrust 0L Fr, <10 (n=1,2) N
Aileron angle —7/6 <& <7w/6 (n=1,2) rad

Tilt angle anp =7/2 (n=1,2) rad
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(a) Test bench to studied the airstream generated by the ro-

tors.
Velocity airstream vs rotor throttle

16
w14
o
E
E 12 |
5
£ w0
m
& 8
[%]
1
£ 6

10 20 30 40 50 60 70 BD
Rotor throttle [%]
(b) Velocity airstream vs rotor throttle.
Throttle vs rotor propulsion
E |
5 |

Rotor thrust [M]
L

10 20 30 40 50 60 70 BO
Throttle [3%]

(c) Throttle vs rotor propulsion.

Fig. 6: Aerodynamic effects of the area on the wing that is affected by the airstream gener-
ated by the rotors
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Table 2: Parameters.

Parameter ~ Value Unit

m 1 kg

g 9.80665  m/s?

I 0.024 Kg - m?
I, 0.010 Kg - m?
I, 0.033 Kg - m?
Y1 0.25 m

Y2 0.25 m

p 1.225 Kg/m3
S 0.08 m?

Table 3: Simulation conditions.

Parameter Value Unit
Velocity initial vV, [oo0]” m/s
Angular velocity initial 2, [0 0 0]” rad/s
Attitude initial @ [0o00]" rad
Target position 24 [O 0 10} T (Time < 3 s) m
¢a [7/1000]" (Time=5s)  rad
045 [07/100]" (Time=8s) rad
¢va [007/10]7  (Time=10s) rad

Table 4: Control parameters.

K Roll Pitch Yaw  Altitude

kp 021 0.21 0.4 100
kg 0055 0.105 0.09 20

A vertical take-off, hover and landing scenario is considered. During the first 3 seconds,
the vehicle takes off and climbs to 10 m. Then, at 5 seconds, the vehicle rotates on the X
axis (Roll) to 15 degrees, later, at 8 seconds, the vehicle rotates on the Y axis (Pitch) to 15
degrees and at 10 seconds, the vehicle rotates on the Z axis (Yaw) to 15 degrees, preserving
its altitude. Finally, the vehicle lands in 20 seconds.

Figure [/| shows the corresponding control signals to the motors (rotors) and servomo-
tors (ailerons). Notice that during vertical take-off, each rotor generates approximately SN
at 60% throttle that compensate the vehicle’s weight and the drag forces of the wing and
horizontal stabilizer. When the vehicle carries out a rotation motion (Roll, pitch, yaw), ver-
tical component of thrust decreases, therefore, rotors thrust increase without exceeding its
maximum capacity to preserving its altitude.

Also, notice that the UAV reached the desired altitude (Figure [8) while the error signals
(Figure[9) rapid converge to the reference signal, without intense overshots and oscillations
despite using PD controllers. Even, after performing the roll (Figure [I0), pitch (Figure [TT)
and Yaw (Figure[I2)) motions, is managed to perform a quick recovery of the system stability
in only a seconds.

Figure[I3|shows the effects drag forces of the wings and horizontal stabilizer that in the
model are included.
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Theust IN]
e Thrust difference [N]
e

rons [deg]
Alerons diference [deg]| —|

Time [s]

Fig. 7: Responses of control inputs.

Altude [m]
——— Desired alttude [

10 15

Time [s]

Fig. 8: Altitude control response.

| VAV ,

o 5 Time [s] 10 15

Fig. 9: Error signals.

6 Flight test results in real-time

This section shows the real-time results of the vehicle’s flight tests to perform for vertical
take-off, hover and landing. The tests start with a vertical take-off, hover flight at desired
altitude, after, rotation motions (roll, pitch and yaw), and finally, a vertical landing.
Figure[T4a] show is the altitude’s response, where results similar to the numerical simu-
lation are obtained. Figures [T4b] and [T4d] shows the real-time responses of the vehicle
orientation, roll, pitch and yaw, respectively. A stable flight hover is accomplished which
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Roll angle [deg]
——— Desired rol [degl]

0 5 Time [s] 10 15

Fig. 10: Roll angle and control.

18— == Pitch angle [deg] | —
== Desired pitch [deg]

& Time [s] <} 4

Fig. 11: Pitch angle and control.

——Yaw ange [deg]
——— Desired yaw degl

I A |

VAN

5 Time [s] 10 5

Fig. 12: Yaw angle and control.

the control inputs, rotors and ailerons, never exceeded its constraints, despite the vehicle is
drifted by side wind impact on the wings in vertical position.

The roll angle did not exceeded its reference for more than 4 degrees, whereas the error
in yaw reference tracking is bounded at 10 degrees. The pitch reference is kept at 8 degrees,
although, this reference is more difficult to stabilize.
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X /

o1 -

o 5 Time [s] 10 15

Fig. 13: Aerodynamic drag force.

Alitude Estimate

— GPS Attude Roll Angle
20 z — Barometer Alitud

VTOL mode

(a) Altitude real-time.

Pitch Angle

— Pitch Estimated
— Pitch Setpoint

020 100 120 140 200 220

(c) Pitch real-time. (@) Yaw real-time.

Fig. 14: Flight test results in real-time

7 Conclusions and future work

In this paper, a Dual Tilt-wing is studied. The UAV complete dynamic model is obtained
using the Newton-Euler formulation, aerodynamic effects are included of the wing and em-
pennage as function of the cruise speed, tilt angle and angle of attack. For aerodynamic
analysis, the wing is divided into two sections, an area that is affected by airstream gener-
ated by the rotors and an area that is affected by cruising speed. Experiments in a test bench
and 3D simulations are performed to obtain the aerodynamic effects that are embedded to
the model.

To validate the UAV dynamic model, PD controllers are designed for altitude and at-
titude control of the vehicle in vertical flight mode. Numerical simulations and flight tests
in real-time showed that the error signals rapidly converge to the reference signals, accom-
plished stable flights in vertical mode.

As future work, the side wind effect on the wings in vertical flight mode will be included
in the dynamic model, the model will be validated for the transition and horizontal flight
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modes, so that the three flight modes of the Dual Tilt-wing UAV can be studied with control
approaches to improve the stability of the controlled system.
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