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. 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 nonlinear 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.

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, transition 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 [START_REF] Flores | Quad-Tilting Rotor Convertible MAV: Modeling and Real-Time Hover Flight Control[END_REF], [START_REF] Chen | Control and flight test of a tilt-rotor unmanned aerial vehicle[END_REF], [START_REF] Aktas | Rapid prototyping of a Fixed-Wing VTOL UAV for Design Testing[END_REF], 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 corresponding growing area of research and development activities, vehicles as SUAVI [START_REF] Centinsoy | Design and development of a tilt-wing UAV[END_REF], JAXA's "AKITSU" QTWUAV [START_REF] Sato | Flight Controller Design and Demonstration of Quad-Tilt-Wing Unmanned Aerial Vehicle[END_REF] and QTW QUX-02 [START_REF] Muraoka | Quad Tilt Wing VTOL UAV: Aerodynamic Characteristics and Prototype Flight Test[END_REF], 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 [START_REF] Lindqvist | Optimal Design and Modeling of a Tilt Wing Aircraft[END_REF].

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 [START_REF] Lindqvist | Optimal Design and Modeling of a Tilt Wing Aircraft[END_REF] and [START_REF] Small | Modelling and Control of a Tilt-Wing Unmanned Aerial Vehicle, 24th Mediterranean Conference on Control and Automation[END_REF] 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 [START_REF][END_REF], 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 decreases, 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.

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 aerodynamic 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 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.

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 propeller effects. However, the study is only proposed in the horizontal flight mode or specific flight conditions. In [START_REF] Benkhoud | Dynamics modeling and advanced metaheuristics based LQG controller design for a Quad Tilt Wing UAV[END_REF], Benkhoud and Bouallegue considered the wing's lift and drag forces only for horizontal and transition flight modes, as function of linear velocity (V x and V z ), tilt (γ) and attack (α) angles. Their motion equations for VTOL flight mode are similar to those of a Quadrotor. Additionally, in [START_REF] Masuda | Robust control design for Quad Tilt-wing UAV[END_REF], Masuda and Uchiyama considered uncertainties such as wind in the model, and the aerodynamic coefficients were obtained by wind tunnel experiments. In [START_REF] Cetinsoy | Design and construction of a novel quad tilt-wing UAV[END_REF], 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 [START_REF] Garcia | Attitude stabilization with real-time experiments of a tail-sitter aircraft in horizontal flight[END_REF], 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 [START_REF] Takeuchi | Development and control of tilt-wings for a tilttype Quadrotor[END_REF] and [START_REF] Small | Modelling and Control of a Tilt-Wing Unmanned Aerial Vehicle, 24th Mediterranean Conference on Control and Automation[END_REF] 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.

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).

Equations of motion

Consider each element as a rigid-body in the inertial reference system, with the gravity center (cg) coincident with the aerodynamic center (ca). E = {x E , y E , z E } denotes the earth fixed inertial reference frame, B = {x B , y B , z B } denotes the body fixed reference frame with origin in the cg, W = {x W , y W , z W } denotes the mobile aerodynamic referential with origin in the ca (Figure 1).

Assuming the generalized coordinates as Q = [q 1 q 2 ] T ∈ R 6 , where q 1 = [x y z] T ∈ R 3 denotes the vehicle position relative at the inertial frame and q 2 = [φ θ ψ] T ∈ R 3 are the three Euler angles, roll, pitch and yaw respectively and represent the UAV attitude. For transforming the axes from the body frame to the inertial frame, the rotation matrix R B→E is defined, where s * = sin ( * ) and c * = cos ( * ).

R B→E =   cθcψ cθsψ -sθ sφsθcψ -cφsψ sφsθsψ + cφcψ sφcθ cφsθcψ + sφsψ cφsθsψ -sφcψ cφcθ   (1) 
For transforming the axes from the mobile aerodynamic referential to body frame, the rotation matrix R W →B is defined, where α is the rotation angle (angle of attack) of the tilt mechanism of wing and rotor [START_REF] Etkin | Dynamics of flight: stability and control[END_REF][START_REF] Cook | Flight dynamics principles: A linear systems approach to aircraft stability and control[END_REF].

R W →B =   cα 0 -sα 0 1 0 sα 0 cα   (2) 
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 [START_REF] Escareño | Modelling and control of a convertible VTOL aircraft[END_REF].

m vE = R B→E F B + mG I (3) 
I Ω + Ω × IΩ = Γ B (4) 
where F B ∈ R 3 and Γ B ∈ R 3 are the forces and moments acting on the vehicle, m = diag (m) ∈ R 3×3 is the UAV mass, vE = q1 = [ẍ ÿ z] T ∈ R 3 denotes the linear acceleration, Ω = R q2 = [p q r] T ∈ R 3 describes the angular velocity and Ω = Rq 2 ∈ R 3 the angular acceleration according to the Euler angles, with q2 = φ θ ψ 3 and the rotation matrix R defined as:

T ∈ R 3 , q2 = φ θ ψ T ∈ R
R =   cθcψ sψ 0 -cθsψ cψ 0 sθ 0 1   (5) 
Furthermore, I ∈ R 3×3 describes the inertia tensor matrix, whose value depends on the body mass distribution, if the body symmetry on the x B -z B plane is considered and the remaining inertia products are low compared to the main moments, the inertia tensor is approximated by:

I =   I x 0 0 0 I y 0 0 0 I z   (6) 

Translational dynamic

From equations ( 1) and (3), the UAV translational motion may be re-written as:

mẍ = F B x (cθcψ) + F B y (cθsψ) -F B z (sθ) mÿ = F B x (sφsθcψ -cφsψ) + F B y (sφsθsψ + cφcψ) + F B z (sφcθ) mz = F B x (cφsθcψ + sφsψ) + F B y (cφsθsψ -sφcψ) + F B z (cφcθ) -mg (7) 
The total forces (F B ) acting on the vehicle is the sum of the rotors forces (F B R ) and the aerodynamic loads (F B W ),

F B = F B x F B y F B z T = R W →B F B R + R W →B F B W .
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.

F B x = cα (F R1 + F R2 ) -cα (D W 1 + D W 2 + D W e + D W r ) -sα (L W 1 + L W 2 + L W e ) F B y = L W r F B z = sα (F R1 + F R2 ) -sα (D W 1 + D W 2 + D W e + D W r ) +cα (L W 1 + L W 2 + L W e ) ( 8 
)
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 2). Fig. 2: Aerodynamic forces and controls notation.

Rotational dynamic

From equations ( 4), ( 5) and ( 6), the UAV rotational motion may be re-written as:

φ = 1 cθcψ -θsψ + φ θsθcψ + φ ψcθsψ -θ ψcψ + 1 I x Γ B x --φcθsψ + θcψ φsθ + ψ (I y -I z ) θ = 1 cψ φcθsψ -φ θsθsψ + φ ψcθcψ + θ ψsψ + 1 I y Γ B y -φcθcψ + θsψ φsθ + ψ (I z -I x ) ψ = -φsθ -φ θcθ + 1 I z Γ B z -φcθcψ + θsψ -φcθsψ + θcψ (I x -I y ) (9) 
The total moments (Γ B ) acting on the vehicle is the sum of the main moments provided by the control surfaces (Γ B c ), the gyroscopic moment generated by the variation of the propeller rotation axis (Γ B g ), and the drag moment (Γ B D ) due to the propeller drag force,

Γ B = Γ B x Γ B y Γ B z T = Γ B c + Γ B g + Γ B D . With Y R , Y W , X e , X r
, Z e as the distances of the forces acting on the vehicle of the rotors, wings, horizontal and vertical stabilizer respectively (Figure 3), the main moments are defined as follow: The gyroscopic moment, with I zr as the propeller inertia moment on its rotation axis and ω R as the rotor angular velocity, is described as:

Γ B c =   sα (Y R1 F R1 -Y R2 F R2 ) + cα (Y W 1 L W 1 -Y W 2 L W 2 ) -sα (Y W 1 D W 1 -Y W 2 D W 2 ) -Z e (cαD W e + sαL W e ) + X e (-sαD W e + cαL W e ) -X r (sαD W r ) cα (Y R2 F R2 -Y R1 F R1 ) + sα (Y W 1 L W 1 -Y W 2 L W 2 ) + cα (Y W 1 D W 1 -Y W 2 D W 2 ) -X r L W r   (10)
Γ B g =   sαI zr q (ω R2 -ω R1 ) cαI zr r (ω R2 -ω R1 ) + sαI zr p (ω R1 -ω R2 ) cαI zr q (ω R1 -ω R2 )   (11) 
Finally, the drag moment, where D R is the propeller drag force, is defined as:

Γ B D =   sα (Y R2 D R2 -Y R1 D R1 ) 0 cα (Y R1 D R1 -Y R2 D R2 )   ( 12 
)
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 α = 90 • , therefore, cos(α)= 0 y sin(α)= 1. B) The x 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 (α), only in function of the control surfaces (only ailerons). D) The vertical stabilizer does not generate aerodynamic effects. E) Since gyroscopic effects on propellers are small enough, they are neglected. F) The yaw (ψ) and roll (φ) motions are small compared to pitch (θ), so that sin(A) = A and cos(A) = 1.

From equations ( 7) and ( 9), the resulting linearized altitude and attitude dynamics can be expressed in earth fixed inertial reference frame, as:

mz = (u 1 -D W 1 -D W 2 -D W e ) (cθ) -mg φ = 1 cθ -θψ + φ θsθ + φ ψcθψ -θ ψ -1 I x -φcθψ + θ φsθ + ψ (I y -I z ) + 1 I x (u 2 -Y W 1 D W 1 -Y W 2 D W 2 ) θ = φcθψ -φ θsθψ + φ ψcθ + θ ψψ -1 I y φcθ + θψ φsθ + ψ (I z -I x ) + 1 I y (u 3 -X e D W e ) ψ = -φsθ -φ θcθ -1 I z φcθ + θψ -φcθψ + θ (I x -I y ) + 1 I z (u 4 ) (13) 
where, u 1 is a virtual control input in terms of actuating forces and u 2 , u 3 and u 4 are a virtual control inputs in terms of actuating torques.

u 1 = F R1 + F R2 u 2 = Y R1 F R1 -Y R2 F R2 u 3 = -Z e L W e u 4 = Y W 1 L W 1 -Y W 2 L W 2 (14)
A PD controller [START_REF] Oner | Mathematical modeling and vertical flight control of a tilt-wing UAV[END_REF] is designed for altitude control and three PD controllers are designed for attitude control. Controllers designed are defined by the following equations:

u z = k p,z e z + k d,z ėz + k i,z e z u φ = k p,φ e φ + k d,φ ė φ + k i,φ e φ u θ = k p,θ e θ + k d,θ ėθ + k i,θ e θ u ψ = k p,ψ e ψ + k d,ψ ė ψ + k i,ψ e ψ (15)

Model parameters of the vehicle

This section is focused in obtaining the UAV's physical parameters to be used for the simulation of the designed altitude and attitude controllers.

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.

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 4).

So that the mass center is coincident with the aerodynamic center, both are positioned at 25 % of the symmetrical profile's chord of wing. Fig. 4: UAV inertia tensor.

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 considered.

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 5).

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 6a). Propeller 10" x 4.5" is used for the propulsion force. (Figure 6b) show the velocity airstream is function of rotor's throttle and (Figure 6c) 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 D ) is calculated by using 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 [START_REF] Abbott | Theory of wing sections[END_REF][START_REF] Anderson | Fundamentals of Aerodynamics[END_REF] is obtained by the following expression:

D = 1 2 ρV 2 SC D (16) 
where, ρ is the air density, S the wing planform area, V the airflow velocity, C D 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 [START_REF] Takeuchi | Development and control of tilt-wings for a tilttype Quadrotor[END_REF]. A polynomial function in terms of the rate of climb for the wing's drag force and the horizontal stabilizer is obtained.

Simulation results

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

Table 1 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 3. Last, the control parameters utilized are shown in Table 4. 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 7 shows the corresponding control signals to the motors (rotors) and servomotors (ailerons). Notice that during vertical take-off, each rotor generates approximately 5N 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), vertical 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 10), pitch (Figure 11) and Yaw (Figure 12) motions, is managed to perform a quick recovery of the system stability in only a seconds.

Figure 13 shows the effects drag forces of the wings and horizontal stabilizer that in the model are included. Figure 14a show is the altitude's response, where results similar to the numerical simulation are obtained. Figures 14b,14c 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. 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 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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  (a) Test bench to studied the airstream generated by the rotors. (b) Velocity airstream vs rotor throttle. (c) Throttle vs rotor propulsion.
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 6 Fig. 6: Aerodynamic effects of the area on the wing that is affected by the airstream generated by the rotors

Fig. 7 :

 7 Fig. 7: Responses of control inputs.

Fig. 8 :

 8 Fig. 8: Altitude control response.

Fig. 9 :

 9 Fig. 9: Error signals.

Fig. 10 :

 10 Fig. 10: Roll angle and control.

Fig. 11 :

 11 Fig. 11: Pitch angle and control.

Fig. 12 :

 12 Fig. 12: Yaw angle and control.

Fig. 13 :
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  (a) Altitude real-time. (b) Roll real-time. (c) Pitch real-time. (d) Yaw real-time.
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 14 Fig. 14: Flight test results in real-time

  

Table 1 :

 1 Operation range of actuators.

	Parameter Value	Unit
	Propeller thrust	0 ≤ F Rn ≤ 10 (n=1,2)	N
	Aileron angle	-π/6 ≤ ξn ≤ π/6 (n=1,2) rad
	Tilt angle	αn = π/2 (n=1,2)	rad

Table 2 :

 2 Parameters.

	Parameter Value	Unit
	m	1	kg
	g	9.80665 m/s 2
	Ix	0.024	Kg • m 2
	Iy	0.010	Kg • m 2
	Iz	0.033	Kg • m 2
	Y w1	0.25	m
	Y w2	0.25	m
	ρ	1.225	Kg/m 3
	S	0.08	m 2

Table 3 :

 3 Simulation conditions.

Table 4 :

 4 Control parameters.

	K	Roll	Pitch	Yaw Altitude
	kp	0.21	0.21	0.4	100
	k d	0.055 0.105 0.09	20
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