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Abstract

:

Fixed-wing Vertical Takeoff and Landing (VTOL) drones have been widely researched and applied because they combine the advantages of both rotorcraft and fixed-wing drones. However, the research on the transition mode of this type of drone has mainly focused on completing the process quickly and stably, and the application potential of this mode has not been given much attention. The objective of this paper is to routinize the transition mode of compound VTOL drones, i.e., this mode works continuously for a longer period of time as a third commonly used mode besides multi-rotor and fixed-wing modes, which is referred to as the hybrid mode. For this purpose, we perform detailed dynamics modeling of the drone in this mode and use saturated PID controllers to control the altitude, velocity, and attitude of the drone. In addition, for more stable altitude control in hybrid mode, we identify the relevant parameters for the lift of the fixed-wings and the thrust of the actuators. Simulation and experimental results show that the designed control method can effectively control the compound VTOL drone in hybrid mode. Moreover, it is proven that flight in hybrid mode can reduce the flight energy consumption to some extent.
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1. Introduction


Drones have generated a great deal of interest in recent years in both the military and civilian sectors because of their enormous potential for applications in reconnaissance, photography, transportation, rescue, and other areas [1]. Currently, there are two main types of common drones: fixed-wing drones and rotorcraft drones. Both types have their own advantages and limitations. Fixed-wing drones have more obvious advantages in terms of cruising speed, payload, and flight range and duration, but they are constrained by take-off and landing fields and flight velocity. Rotorcraft drones, on the other hand, have no site limitations and have hovering capability, which gives them great flexibility; however, their flight speed and range are much lower than those of fixed-wing drones [2,3]. Therefore, fixed-wing vertical take-off and landing (VTOL) drones, which combine the advantages of the two types of drones, have a wide range of development prospects and have now become a popular research topic [3,4,5,6]. Various designs have been proposed for this type of drone, commonly including tilt-rotor [7,8], tilt-wing [9,10], tail-sitter [11,12] and compound VTOL [13,14].



VTOL drones have two primary modes of flight: multi-rotor flight mode and fixed-wing flight mode. These two modes of flight are connected by a transition mode, which usually persists only for a short period of time. In terms of flight control, the difficulties of transition control for VTOL drones have long been the focus of researchers due to their high dynamic uncertainty and the serious aerodynamic interference between rotors and wings [15,16,17,18,19,20,21,22,23]. Yeo et al. [24] proposed a gain-scheduled altitude control method to ensure stable transitions with minimal altitude changes, and this strategy is effective in allowing drones to maintain stability and altitude accuracy in transition modes. Liu et al. [25] designed a unified six degrees of freedom (6-DOF) nonlinear control strategy using the Incremental Nonlinear Dynamic Inversion (INDI) method for the control during transitions, which effectively manages the complex dynamics of the transition maneuvering without the need to change the control logic. Zhao et al. [26] transformed the transition strategy design problem into an optimal control problem with constraints, while the Gauss pseudospectral method (GPM) was employed to transform and solve the problem, effectively balancing the relationship between transition time, control inputs and attitude stability. Yuksek et al. [27] designed a low-altitude flight control system based on an adaptive dynamic inversion method, using reinforcement learning methods to provide safety and energy efficiency during the transition flight phase, which improves the adaptability and efficiency of transition management for drones in complex urban environments. Dickeson et al. [28] designed a robust   H ∞   control method based on the conversion of a linear parameter variation model, which improves the robustness of the system under unmodeled dynamic conditions. Ye et al. [29] proposed a soft transition mode using a control law that consists of implicit nonlinear dynamic inversion (NDI) and incremental nonlinear dynamic inversion (INDI). This approach improves robustness, safety, and smoothness during transitions.



To the best of our knowledge, although there are many studies on the control of transition modes in VTOL drones, the vast majority of them only aim to complete the transition process quickly and stably, and no researcher has yet proposed the transition process as a common flight mode. However, as the missions that VTOL drones are required to perform become more complex, the drones will need to be used more frequently in low-speed flight situations, which are difficult for this type of drone to adapt to (when flying in multi-rotor mode, the drag may be too high and it may be difficult to reach the desired velocity. Conversely, when flying in fixed-wing mode, the velocity may be excessive). Therefore, we focus on the transition mode due to its suitability for low speed flight. From our perspective, routinizing the transition mode has the following potential:




	
The VTOL drones have a large portion of the flight speed envelope in between the multi-rotor and fixed-wing modes that is not being effectively utilized.



	
During transition mode, the VTOL drones can maintain a horizontal attitude at a relatively low speed without the tilting of the airframe required by rotorcraft. This feature has the potential for use in various applications, such as power system inspection, disaster search and rescue, and aerial photography.



	
Compared to rotorcraft, VTOL drones use fixed-wings to provide lift during transition mode, which reduces energy consumption to some extent.








This paper proposes the use of the transition mode of a compound VTOL drone as a third common flight mode, alongside multi-rotor and fixed-wing modes. This mode will be referred to as the hybrid mode. The main contributions of this paper are outlined below:




	
We routinize the transition mode of a compound drone (meaning that the transition mode is used as a mode that works continuously for an extended period of time), propose the hybrid mode, and design its flight logic.



	
Combining the flight characteristics of the drone in hybrid mode, we establish its 6-DOF dynamics model in detail, and completely design the corresponding control strategy and controllers.



	
A method is proposed to identify the fixed-wing lift parameters of this type of drones in hybrid mode. Conventional wind tunnel tests are particularly costly and are generally not applied to small VTOL drones for economic reasons. The proposed method can effectively reduce the cost of identifying the fixed-wing lift and can be applied to a wide range of VTOL drones.



	
The proposed flight method is verified through simulation, and a compound VTOL drone prototype is built for real flight experiments.








The remainder of this paper is structured as follows: In Section 2, the dynamic model of the system will be built. The control strategy and controllers design are overviewed in Section 3. Simulations and experimental validation are presented in Section 4 and Section 5, respectively. Finally, conclusions and future works are drawn in Section 6.




2. Modelling of the System


In this section, we introduce the flight control logic of the compound VTOL drone for hybrid mode, combine the motion characteristics of the drone to build its dynamic model in this particular mode, and describe the relevant parameter identification.



2.1. Hybrid Mode Control Logic


The power system of the drone in this work consists of two parts. One is the four multi-rotor actuators that generate vertical thrust, and the other one is the tail-thrust actuator located at the rear of the fuselage that generates forward thrust for the drone. All motor actuators are activated, and the control surfaces of the fixed-wing are made ineffective in hybrid mode.



As shown in Figure 1 the flight control logic of the compound VTOL drone for hybrid mode is designed as follows:




	
Vertical motion: When the combined lift generated by the four multi-rotor actuators and the fixed-wing due to aerodynamic force is greater than the gravity of the drone, the drone ascends; otherwise, it descends. When the combined lift is equal to the drone’s gravity, the drone maintains its current altitude.



	
Forward motion: Compared to the multi-rotor mode, forward motion in hybrid mode is achieved by using the tail actuator to provide thrust rather than generating a specific pitch change to allow the multi-rotor actuators to provide forward thrust. In hybrid mode, the forward acceleration and deceleration of the drone are controlled by the rotational speed of the tail actuators, and the drone cannot move backward.



	
Lateral motion: Similar to a quadrotor, the lateral motion of the drone is achieved by the difference in rotational speed between the left and right multi-rotor actuators, causing the fuselage to roll and thus generate lateral thrust. Taking rightward movement as an example, the rotational speed difference causes the drone to roll. At this moment, the multi-rotor actuators create a rightward thrust. Simultaneously, due to the aerodynamic force, the fixed-wing also produces a component of rightward thrust, enabling the drone’s movement to the right. The leftward motion is the same.



	
Yaw motion: The four multi-rotor actuators generate a gyroscopic torque when they rotate. When the rotational speed of one pair of actuators increases while that of the other pair decreases, the gyroscopic torque rotates the fuselage. The rotational direction of the drone is opposite to that of the actuators whose rotational speed increases.









2.2. Dynamic Model


In the conventional transition mode, most VTOL drones only perform forward acceleration, so only the longitudinal model of the drone is usually considered [30]. However, it is necessary to build a complete dynamic model of the drone in hybrid mode.



The modeling of drones is very complicated. In order to make the model simple and without losing its relevance, we consider the drone to be a rigid body. Therefore, the state variables describing its motion can be reduced to the position and velocity in the inertial frame, as well as its attitude represented by the body frame and angular velocity.



As shown in Figure 2a, body frame   (  O b   x b   y b   z b  )   and North-East-Down (NED) inertial frame   (  O w   x w   y w   z w  )   are defined.



2.2.1. Position Dynamics Model


According to Newton’s second law, the positional dynamic equation of the drone in the inertial frame is as follows:


   p ˙  = v ,  



(1)






  m  v ˙  = F ,  



(2)




where  m  is the total mass of the drone,  F  is the resultant force,  p  and  v  are the position and velocity of the drone in the inertial frame, respectively.



The resultant force can be divided into the following parts: gravity  G , collective thrust of the actuators  T , aerodynamic force    F a   , and disturbance force    F  d i s    . Therefore, Equation (2) can be written as:


  m  v ˙  = T +  F a  + G +  F  d i s   ,  



(3)







Since the thrust of the actuators and the aerodynamic force are more intuitive and convenient in the body frame, we can further obtain:


  m  v ˙  =  R b w   T b  +  R b w   F a b  + G +  F  d i s   ,  



(4)




where    R b w    is the transformation matrix from the body frame to the inertial frame, and the superscript b denotes the vector in the body frame.



The collective thrust includes the thrusts of the multi-rotor actuators    T  m c     and the tail-thrust actuator    T f   , which can be written as:


   T b  =  T  m c   +  T f  =          c f   ω f 2     0    −  c  m c    ∑   ω i 2           T  ,  



(5)




where    ω f    is the rotation speed of the tail-thrust actuator,    ω i    is the rotation speed of each multi-rotor actuator,    c f    is the tail-thrust actuator’s thrust coefficient which is influenced by the incoming airflow, and    c  m c     is the thrust coefficient for the multi-rotor actuators. This paper considers the thrust coefficients as constants and the changes caused to the airflow effects as external disturbances.



The resultant aerodynamic force is traditionally decomposed into lift force and drag [13]. We resolve it along the body frame into a lift force perpendicular to the fuselage, a lateral force, and a drag in the opposite direction of flight, as follows:


   F a b  =           −  c D  ρ  v a 2  S  / 2        −  c Y  ρ  v a 2  S  / 2      −    c L  ρ  v a 2  S  / 2         T  ,  



(6)




where the    v a    is the airspeed,  ρ  is the air density, and  S  is the reference area of the wing. The aerodynamic coefficients    c D   ,    c Y   ,    c L    depend on the angle of attack  α  and sideslip angle  β . In this work, we ensure that the fixed-wing control surfaces of the drone remain in neutral and do not engage in the control; therefore, the aerodynamic coefficients are not affected by them.



The dynamic equation of the drone also can be described in the body frame as:


  m   v ˙  b  =  T b  +  F a b  +  R w b  G +  F  d i s  b  − m  R b w   ω b  ×  v b  ,  



(7)




where    v b    and    ω b    are the velocity and rotation angular velocity in the body frame, respectively.




2.2.2. Attitude Dynamics Model


We assume that the rotational inertia matrix of the drone is  I . According to the moment of momentum theorem, we can obtain:


  τ = I  ω ˙  ,  



(8)






  τ =  τ T  +  τ a  +  τ  d i s   ,  



(9)




where  τ  is the resultant torque and  ω  is the angular velocity in the inertial frame. According to the forces mentioned above, it can be known that the torques the drone receives include the actuators torque    τ T   , the aerodynamic torque    τ a   , and the disturbance torque    τ  d i s    .



Since the drone is symmetrical about the    O b   x b   z b    plane of the body frame, its inertia matrix can be written as:


  I =        I  x x      0     I  x z        0     I  y y      0       I  z x      0     I  z z         ,  



(10)







Based on Coriolis’ theorem, in the body frame, the dynamics model of the drone can be written as:


  I   ω ˙  b  =  τ T b  +  τ a b  +  τ  d i s  b  −  ω b  ×   I  ω b    ,  



(11)







The relationship between the Euler angular rate    Θ ˙  =         ϕ ˙     θ ˙     ψ ˙        T    and the body angular velocity is:


   Θ ˙  =      1    sin ϕ tan θ     cos ϕ tan θ      0    cos ϕ     − sin ϕ      0    sin ϕ / tan θ     cos ϕ / tan θ        ω b  ,  



(12)







The actuators’ torque includes the thrust torque and gyroscopic torque generated by the multi-rotor and tail-thrust actuators. The thrust direction of the tail-thrust actuators passes through the mass center of the drone, so the thrust torque generated by the tail-thrust actuator is equal to 0. In addition, due to the wingspan of the drone’s fixed wing, its rotational inertia along the    x b    is large. Therefore, we neglected the gyroscopic torque of the tail-thrust actuator. Then, the actuators’ torque can be expressed as:


   τ T b  = A          T 1       T 2       T 3       T 4         T  ,  



(13)






  A =       − a    a    − a    a     b    − c    b    − c      k   k    − k     − k       ,  



(14)




where  a ,  b  and  c  are positive scalars characterizing the positions of the actuators with respect to the center of mass, as shown in Figure 2b,  k  is the reverse torque coefficient of the multi-rotor actuator, and    T i    is the thrust of each multi-rotor actuator.



The aerodynamic torque can be described as:


   τ a b  =           −  c l  ρ  v a 2  S  b ¯   / 2        −  c m  ρ  v a 2  S  c ¯   / 2      −    c n  ρ  v a 2  S  b ¯   / 2         T  ,  



(15)




where    c l   ,    c m    and    c n    are the aerodynamic torque coefficients, respectively, while   b ¯   is the wingspan and   c ¯   is the mean aerodynamic chord.




2.2.3. Control Effectiveness Model


From the previous two subsections, the 6-DOF dynamic model of the compound VTOL drone in hybrid mode can be represented by Equations (4) and (11). For control in all degrees of freedom, we build the control effectiveness model of the drone. The inverse process of the control effectiveness model is the control allocation.



In hybrid mode, we only use the multi-rotor actuators and the tail-thrust actuator to control the drone while keeping the fixed-wing control surfaces in neutral. The required thrust and torque are controlled by the rotation speed of the actuators.



Based on Equations (5) and (13), the following matrix expression can be obtained:


         T  m c          T f         τ x         τ y         τ z        = M        ω 1 2         ω 2 2         ω 3 2         ω 4 2         ω f 2        =        c  m c        c  m c        c  m c        c  m c      0     0   0   0   0     c f        − a  c  m c       a  c  m c       − a  c  m c       a  c  m c      0      b  c  m c       − c  c  m c       b  c  m c       − c  c  m c      0      k  c  m c       k  c  m c       − k  c  m c       − k  c  m c      0             ω 1 2         ω 2 2         ω 3 2         ω 4 2         ω f 2        .  



(16)









2.3. Model Parameters Identification


Due to the influence of aerodynamic forces, the fixed-wing will always have a lift force in hybrid mode. The multi-rotor actuators need to constantly adjust thrust output to maintain the desired altitude. Since the lift generated by the fixed-wing changes with airspeed, the collective thrust of the multi-rotor actuators also needs to be adjusted with the airspeed. In order to improve the control accuracy and response speed for altitude control, it is necessary to identify the related parameters of the fixed-wing lift and multi-rotor actuators.



We assume that the drone is in a horizontal flying attitude and ignore interference forces. Expanding Equation (4) in the    z w    direction, we can obtain:


  m   v ˙  z  = m g +  T  m c   +  F  a , z   = m g −  c  m c    ∑   ω i 2    −  ℂ L   v a 2  ,  



(17)




where    c  m c     and    ℂ L  =    c L  ρ S  / 2    are the unknown parameters.



Thrust throttle is often used in practice to control the collective thrust of the multi-rotor actuators. As shown in Figure 3a, each actuator consists of an ESC, a motor, and a propeller. With the throttle command   σ ∈   0 , 1     and the battery voltage  E , the actuators produce the collective thrust    T  m c    . Obviously, thrust and throttle are positively correlated as    T  m c   ∝ σ  , which is easily obtained from a thrust test platform.



From Equation (17), when     v ˙  z  = 0   we can obtain:


     F  a , z     =  ℂ L   v a 2  = m g −    T  m c     .  



(18)







We set the desired vertical velocity to 0 and conduct multiple flight tests at different airspeeds. We keep the desired pitch angle at 0 to avoid thrust coupling and consider both the angle of attack and sideslip angle as 0, as we will mention in the control strategy of Section 3. Then, we use a simple PID controller to control the vertical and forward velocities as shown in Figure 3b, which can be described as:


  u =  k  v , P    v ˜  +  k  v , I     ∫  v ˜    d t +  k  v , D     v ˜  /  d t   .  



(19)







When the height and forward velocity of the drone stabilize, throttle  σ  can be obtained from the autopilot. From Equation (18), we can compute the parameter    ℂ L   .



The identification result will be shown in Section 5.





3. Control Strategy and Controllers Design


This section first introduces the control strategy of the drone in the hybrid mode, and then details the design of the controllers.



3.1. Hybrid Mode Control Strategy


As mentioned in the control logic, in hybrid mode, only the multi-rotor actuators and the tail-thrust actuator are involved in the control of the drone, while the fixed-wing control surfaces are not activated in order to avoid control coupling. The fixed-wing acts as part of the lift generation, and the multi-rotor actuators supplement the lift for maintaining altitude.



In this mode, we adopt a control strategy similar to that of a rotorcraft. Except for the forward velocity, which is controlled through the tail-thrust actuator, the motion of the drone is mainly controlled by the four multi-rotor actuators. Therefore, to facilitate the subsequent controller design, we simplify the dynamics model in Section 2.



We consider aerodynamic forces and torques, other than aerodynamic lift in the direction of the    z b   , as external disturbances and incorporate them into the disturbance term. Then, Equations (4) and (11) can be written as:


  m   v ˙  w  =  R b w   T b  +  R b w   L b  + G +  F  d i s   ,  



(20)






  I   ω ˙  b  =  τ T b  +  τ  d i s  b  −  ω b  ×   I  ω b    ,  



(21)




where    L b  =        0   0    −    c L  ρ  v a 2  S  / 2         T    is the lift represented in the body frame.



Afterward, in hybrid mode, we adopt a hierarchical control architecture that includes external loops (called position controller) and internal control loops (called attitude controller), as shown in Figure 4.



In the position controller (Figure 5a), in the vertical direction, we design the controller with feedforward, and in the horizontal direction we transform the coordinate frame into the heading frame for the controller design. The attitude controller (Figure 5b) we designed is the same as in a common rotorcraft. However, we expect the pitch angle to always be set to 0 to keep the drone’s lift relatively stable.



It is worth mentioning that there is always a slow time-varying disturbance due to aerodynamic forces in the disturbance term in Equations (20) and (21), and since the controllers we designed are basically PID controllers, we need to consider anti-saturation for the integral term.



The detailed design of the controller is described in the following subsections.




3.2. Position Controller


We separate the position control problem into vertical altitude control and horizontal control. Since the drone has forward velocity at all times in hybrid mode, we disengage the horizontal position control and preserve the control of altitude. In horizontal control, only velocity control is available.



3.2.1. Altitude Control


The objective of the altitude control module is to define a desired vertical speed    v z  s p     as an intermediate variable, as well as to control the height error and keep it converging to 0.



Define the saturation equation as:


  S a  t   x  min      x  max      x  =        x  min         x <  x  min          x       x  min   ≤ x ≤  x  max            x  max         x >  x  max           .  



(22)







We propose the following saturated proportional controller:


   v z  s p   = S a  t   v z  min      v z  max        k z    z −  z  s p       ,  



(23)




where    k z    is the proportional control coefficient,  z  and    z  s p     are the current and desired heights, respectively. With a North-East-Down convention for the inertial frame,      v z  min       is the maximum climbing velocity and    v z  max     is the maximum descending velocity.



In order to achieve the convergence of the vertical velocity    v z    to the setpoint    v z  s p    , we need to obtain the desired vertical acceleration    a z  s p    . We propose the following PID controller with feed forward as:


    v ˜  z  =  v z  −  v z  s p   ,  



(24)






   a z  s p   = S a  t   a z  min      a z  max       −  k  v z  P    v ˜  z  −  k  v z  I   I  v z   +  k  v z  D     v ˜  ˙  z    +  k f    v ˙  z  s p   ,  



(25)






   I  v z   =      0         I  v z     ≥  I  v z  m    and    I  v z    v ˜  > 0         S a  t  −  I  v z  m     I  v z  m        ∫  v ˜    d t       o t h e r w i s e       ,  



(26)




where    k  v z  P   ,    k  v z  I    and    k  v z  D    are positive proportional, integral and differential gains, respectively, while    a z  max     and    a z  min     are the vertical acceleration constraints,    I  v z     is the integral term and    I  v z  m    is its saturation value, and    k f    is the feedforward gain.




3.2.2. Horizontal Velocity Control


Because the forward velocity control and lateral velocity control of the drone use different control actuators, we design the horizontal velocity controller in the heading frame (   O h   x h   y h   z h   ) as shown in Figure 5c, where    z w    and    z h    coincide.



The horizontal velocity in the heading frame is:


   v h  =   [  v x  cos ψ +  v y  sin ψ , −  v x  sin ψ +  v y  cos ψ ]  T  .  



(27)







To obtain the desired horizontal acceleration    a  x y   h , s p    , we design the PID controller for horizontal velocity as follows:


    v ˜  h  =  v h  −  v  h , s p   ,  



(28)






   a  x y   h , s p   = S a  t   a  h , min      a  h , max       −  k v P    v ˜  h  −  k v I   I v  +  k v D     v ˜  ˙  h    ,  



(29)






   I v  =      0         I v    ≥  I v m    a n d    I v    v ˜  h  > 0         S a  t  −  I v m     I v m        ∫    v ˜  h     d t       o t h e r w i s e       ,  



(30)




where    k v P   ,    k v I    and    k v D    are PID gains,    a  h , max     and    a  h , min     are the horizontal acceleration constraints,    I v    is the integral term and    I v m    is its saturation value.



In the control of forward velocity, we consider the influence of aerodynamic force, and thus focus on controlling the airspeed    v a   . Therefore, we modify    v h    in Equation (29) to be:


   v h  =   [  v a  , −  v x  sin ψ +  v y  cos ψ ]  T  ,  



(31)









3.3. Thrust and Attitude Setpoints Calculation


3.3.1. Thrust


The calculation of thrust is divided into two parts. One is the forward thrust, which is derived from the forward acceleration performed by the tail-thrust actuator, and the remaining acceleration component is provided by the multi-rotor actuators.



The forward thrust can be easily obtained as:


   T x h  = S a  t 0   T x  h , max        k  t h r    a x  h , s p     ,  



(32)




where is    k  t h r     forward thrust factor. Because the desired pitch angle is equal to 0, we assume that the change in pitch angle is small, so the tail thrust is equal to the forward thrust    T f  =  T x h   .



In order to calculate the desired collective thrust of the multi-rotor actuators, we first compute the hover thrust obtained from lift identification as:


   T  h o v e r   =   − m g  /  cos ϕ cos θ   −  L  i d e    



(33)




where    L  i d e     is the fixed-wing lift obtained from the identification.



Then, we can observe the actuators’ vertical thrust as:


   T z  = m  a z  +  T  h o v e r   cos ϕ cos θ .  



(34)







If we define the total desired acceleration vector as    a  h , s p    , then we can calculate the multi-rotor collective thrust as:


   T  m c   =  T z       a  h , s p   −  a x h   x h      (  a  h , s p   −  a x h   x h  ) ⋅  z h    .  



(35)








3.3.2. Attitude Setpoints


As mentioned above, the desired pitch angle is always set to 0, the desired yaw angle is entered externally, and only the desired roll angle needs to be calculated.



The desired attitude is computed from the rotation matrix based on the vector of the desired    z b   . The direction of    z b    is the same as the direction of the collective thrust from the rotor actuator, which can be described as:


   z b w  =  R h w    (  a  h , s p   −  a x h   x h  )      a  h , s p   −  a x h   x h      ,  



(36)




where    z b w    represents that    z b    is expressed in the inertial frame.



Since the desired pitch angle is 0 and the direction of    x b w    is in the (   O w   x w   y w   ) plane, it can be written as:


   x b w  =         cos  ψ  s p       sin  ψ  s p      0       T  .  



(37)







From    z b w    and    x b w    we can obtain:


   y b w  =  z b w  ×  x b w  .  



(38)







By the rotation matrix from the body frame to the inertial frame    R b w    we can obtain:


   y  b , z  w  = sin  ϕ  s p   cos  θ  s p   .  



(39)







Since    θ  s p   =  0 ∘   , we can calculate:


   ϕ  s p   = arcsin  y  b , z  w  .  



(40)









3.4. Attitude Controller


The design of the attitude controller is the same as that of an ordinary rotorcraft. As shown in Figure 5b, the center of mass and the aerodynamic center of the drone do not coincide. This results in the drone always being disturbed by the aerodynamic torque, which easily causes the integration saturation. For this reason, we designed a saturated cascade PID controller as follows:


    Θ ˙   s p   = S a  t  −   Θ ˙  m      Θ ˙  m       k  Θ ˙     Θ −  Θ  s p       ,  



(41)






    Θ ˙  ˜  =  Θ ˙  −   Θ ˙   s p   ,  



(42)






    Θ ¨   s p   = S a  t  −   Θ ¨  m      Θ ¨  m      −  k  Θ ˙  P    Θ ˙  ˜  −  k  Θ ˙  I   I Θ  +  k  Θ ˙  D    Θ ¨  ˜    ,  



(43)






   I  Θ ˙   =      0         I  Θ ˙     ≥  I  Θ ˙  m    and    I  Θ ˙     Θ ˙  ˜  > 0         S a  t  −  I  Θ ˙  m     I  Θ ˙  m        ∫   Θ ˙  ˜    d t       o t h e r w i s e       ,  



(44)




where    k  Θ ˙     is the angle proportional gain, while    k  Θ ˙  P   ,    k  Θ ˙  I    and    k  Θ ˙  D    are the angular rate PID gains and    I  Θ ˙     is the integral term.



We then obtain the desired torque    τ T b    from Equations (12) and (21). Finally, we pseudo-inverse  M  in Equation (16) to obtain the control allocation matrix, and then we can obtain the target rotation speed of each actuator.





4. Simulations


To verify the feasibility of the above control strategy and designed controllers, we perform numerical simulation tests in this section.



4.1. Simulation Setup


The simulation tests are carried out with the Gazebo platform in conjunction with the PX4 firmware (Figure 6). Gazebo is a powerful simulation tool for robotics that can model complex environments and physical interactions. The flight control algorithms and state estimation of the drone are implemented using PX4. The two communicate with each other using the MAVLink messaging protocol. A 3D model of a compound VTOL drone is constructed, and its dynamics and aerodynamic characteristics are established. The drone model is then added to the Gazebo environment, and PX4 is used to control it.




4.2. Simulation Cases and Results


We simulated each motion state of the drone in hybrid mode as follows:




	
Case 1: Forward Motion








We let the drone accelerate to the desired airspeed, keeping it flying horizontally in this case (the simulation results are shown in Figure 7). From the results, we conclude that the drone can accelerate to and maintain the desired forward velocity in hybrid mode with a stable altitude and attitude. As flight velocity increases, the lift generated by the fixed-wing also increases. Consequently, the throttle of the multi-rotor actuators decreases to maintain altitude.



	
Case 2: Vertical Motion






In this case, we let the drone maintain a forward velocity and, at the same time, make it undergo vertical speed changes. The simulation results shown in Figure 8 indicate that vertical velocity tracking is feasible in hybrid mode, while forward flight velocity and attitude stabilization can be maintained. During vertical velocity changes, the attitude angles of the drone are slightly perturbed, but the effect is minimal.



	
Case 3: Lateral Motion






In this case, we input the desired lateral velocity to cause the drone to move sideways while maintaining forward velocity. Figure 9 shows the simulation results of this case, from which it can be seen that the drone is able to control the lateral motion speed by varying the desired roll angle, and is also capable of maintaining forward flight velocity and altitude stability. In this process, the roll angle remains fairly constant, and the yaw angle produces a small error due to disturbances.



	
Case 4: Yaw Motion






The expectation is that the yaw angle will change in the course of maintaining a forward flight speed in this case. In the simulation results shown in Figure 10, we can see that the yaw angle can accurately follow changes in the desired yaw and remain stable in forward flight speed and altitude. Because the roll and yaw characteristics are coupled with each other, changing the yaw affects the desired roll angle. Due to the coupling of the control and disturbance, the pitch angle shows a more obvious error but remains stable overall.



From the above simulation results, it can be seen that it is feasible to realize the flight of the drone in hybrid mode with the designed control strategy and controllers.





5. Experiments


In this section, we describe a series of related experiments carried out for flight characterization of the compound VTOL drone in hybrid mode, as well as to validate the real flight performance of the designed control method.



5.1. Experiments Setup


As shown in Figure 11a, a prototype VTOL drone is built for the following experiments. The fuselage of the drone is a VTBIRD composite frame. The multi-rotor actuators utilize T-motor F100 (2810) KV1100 motors, T-motor FPV 45A ESC, and HQ Prop 8045 propellers. The tail-thrust actuator is composed of a Dualsky XM2838EA KV600 motor, a HobbyWing SkyWalker 80A ESC, and a SAIL 12*6 propeller. A HOLYBRO Pixhawk V4 is used as the flight controller with PX4 v1.11 firmware [31]. Sensors include a Holybro M9N GPS and a CUAV V5 digital airspeed meter. A 6S 8000 mAh 25C LIPO battery is used as an energy source. The related technical parameters of the prototype are shown in Table 1.




5.2. Parameters Identification Experiment


5.2.1. Multi-Rotor Actuator Identification


To identify the multi-rotor actuator model, the thrust test platform is adopted as shown in Figure 12a.



Under the same experimental conditions, different throttle commands are given in the range [0, 1], and the results are recorded when the actuator reaches a steady state. Using the MATLAB Toolbox [32] to fit the experimental data, the identification results can be obtained, as shown in Figure 12b.



From the result, it is relatively obvious that the throttle and thrust present a better relationship as a quadratic polynomial, which can be expressed as:


   T i  =  p 1   σ i 4  +  p 2   σ i 3  +  p 3   σ i 2  +  p 4   σ i  +  p 5  ,  



(45)




where    p 1  = 22.39  ,    p 2  = − 88.4  ,    p 3  = 97.51  ,    p 4  = − 3.636  ,    p 5  = 0.02482  .



In practical control, we need the output throttle to control the actuators, so we also fit the equation to obtain the throttle from the thrust as:


   σ i  =  q 1   T i 4  +  q 2   T i 3  +  q 3   T i 2  +  q 4   T i  +  q 5  ,  



(46)




where    q 1  = − 6.866 ×   10   − 8    ,    q 2  = 7.219 ×   10   − 5    ,    q 3  = − 0  . 002581   ,    q 4  = 0.05502  ,    q 5  = 0.06689  .




5.2.2. Fixed-Wing Lift Identification


We use the method described in Section 2.3 to identify the lift of the fixed-wing. The desired airspeeds from 0 to 9 m/s are divided into ten groups, with one identification group set up at 1 m/s intervals, and the experiment is repeated five times for each group of airspeeds. A total of 0 m/s can be read directly from the current hovering throttle. When the forward velocity and altitude are stabilized, the throttle of the multi-rotor actuators at that moment can be obtained. Then, the current fixed-wing lift can be calculated from Equations (18) and (46). We averaged the results of the repeated experiments for each group to get the lift of the fixed-wing at that airspeed. It should be noted that the identification experiments are conducted in nearly windless weather conditions. Therefore, it is assumed that the direction of airflow during flight is parallel to the drone’s flight direction. When acquiring the throttle, we ensure that the pitch angle of the drone is stabilized at 0 degrees, so the lift obtained from the identification is the lift of the drone when flying at 0 degrees of angle of attack.



Lift is related to airspeed as a quadratic polynomial, and we express the relationship as:


  L =  r 1   v a 2  +  r 2   v a  +  r 3  .  



(47)




Fitting by the MATLAB Toolbox resulted in    r 1  = 0.6818  ,    r 2  = − 1.543  ,    r 3  = − 0.1112  , and the fitting result is shown in Figure 13a.



From the results, it can be seen that, when the airspeed is less than 2 m/s, the fixed-wing produces almost no lift, and, at this point, it is sufficient to fly in multi-rotor mode. When the airspeed reaches 9 m/s, the throttle of the rotor actuator is reduced to less than 25%. To ensure the control margin of the drone, 9 m/s is the maximum forward flight velocity of this drone in hybrid mode. When the required flight velocity exceeds this velocity, the drone accelerates to reach the fixed-wing cruise velocity to switch to fixed-wing mode. Therefore, we define the forward flight velocity envelope for this drone in hybrid mode as 2–9 m/s.



With the identified lift, we can accurately calculate the required thrust compensation in the vertical direction for more stable altitude control. If the lift of the fixed-wing is not included in the calculation of the required thrust for the multi-rotor actuators, and the required hovering thrust is assumed to be essentially constant (similar to that of an ordinary rotorcraft), the vertical thrust control can only be provided through the PID controller output. This will result in a slow response and large errors in altitude control.



As shown in Table 2, under the same conditions, the data obtained from the identification are included in the calculation of the vertical thrust, which reduces the maximum altitude error from 2.15 m to 0.96 m and the average error from 1.04 m to 0.06 m. Figure 13b shows an example set of experimental comparisons under the same conditions. It can be clearly seen that using the proposed method makes the height control more stable and the error smaller. Without lift identification, the fixed-wing lift initially continues to increase as the drone accelerates forward, but the multi-rotor actuators’ thrust is not reduced in time. This results in the drone being unable to maintain the desired altitude, leading to unintended climbing. As the forward velocity stabilizes, the altitude controller gradually restores the drone to the desired altitude. Furthermore, the drone’s altitude is vulnerable to change if disturbed by airflow. When the identified lift is added to the thrust calculation, the altitude control exhibits a satisfying effect.





5.3. Enhancement of Yaw Torque


In actual flight, the drone may experience significant yaw disturbances in hybrid mode due to aerodynamic forces. Since the fixed-wing rudder is not activated, yaw control relies solely on the counter-torque generated by the rotational speed differences among the multi-rotor actuators, leading to limited control efficiency and a tendency for actuator saturation.



To address this issue in the actual flight of the prototype, we angled the multi-rotor actuators outward slightly, ensuring that the central axis of each actuator is not parallel to the    z b    axis, as illustrated in Figure 14a. Consequently, the thrust component of the actuators generates torque around the    z b    axis, and the differences in rotational speed among the actuators can more effectively produce the yaw control moment, enhancing the yaw angle control efficiency and disturbance resistance. This approach is widely adopted in rotorcraft design.



For convenience, the tilt angle is set to 7 degrees. Subsequent flight tests under consistent experimental conditions showed a significant reduction in yaw angle error. As shown in Figure 14b, one test conducted at a forward velocity of 5 m/s serves as an example. With the actuators mounted vertically, the maximum error reaches 21.4 degrees, and the average error is 8.5 degrees. After tilting the actuators outward, the maximum error is reduced to 9.5 degrees, and the average error to 2.3 degrees.




5.4. Real Flight Experiments


Since the aerodynamic model in the simulation environment described in Section 4 is idealized, the aerodynamic disturbances encountered during actual flight are significantly more severe and unpredictable. To evaluate the real flight performance of the drone in hybrid mode, we replicate the experiments conducted in the simulation.



	
Case 1: Forward Motion






The drone is scheduled to gradually accelerate to the desired velocity and maintain horizontal flight in this case. According to the experimental results shown in Figure 15, the drone is capable of accelerating to the desired velocity and maintaining a stable speed while keeping the altitude basically constant. Since the tail-thrust actuator has a practical response time, there is a delay of approximately 1 s during acceleration. During the first 5 s, the drone experiences slight fluctuations in attitude angles, especially in the yaw angle. These fluctuations are caused by the significant changes in aerodynamic forces during this time. The variation in the desired roll angle is due to the need for the drone to maintain a constant lateral velocity due to airflow disturbances. As the velocity stabilizes, the attitude angle also stabilizes. Furthermore, the increase in velocity results in an increase in fixed-wing lift, leading to a decrease in throttle output from the multi-rotor actuators. In an undisturbed environment, the multi-rotor actuators’ throttle is 50% when the drone is hovering. In the event of disturbance, the actuators need to be supplemented with some throttle to maintain altitude control and flight stability. In this case, when the velocity of the drone is low during acceleration, the lift provided by the fixed-wing is not significant, but the disturbance is relatively large, so there is a situation where the throttle of the multi-rotor actuators is increased. Only when a certain velocity is reached does the throttle of the multi-rotor actuators show a noticeable drop.



	
Case 2: Vertical Motion






In this case, the drone adjusts its vertical velocity while maintaining its current forward velocity. The experimental results are presented in Figure 16. The drone’s attitude angle remains stable throughout the process, with only minor fluctuations. It is worth mentioning that, when the drone has an upward flight velocity, the aerodynamic forces apply a sustained torque on the fuselage to keep it head down, causing the drone to always have a slight downward pitch angle, but with minimal effect on the flight. Since the drone experiences a vertical velocity change, at which point the altitude is unlocked, only the desired vertical velocity tracking is performed here. The effectiveness of the drone’s ability to track vertical velocity changes in hybrid mode is evident. As the drone moves vertically, the direction of incoming airflow changes, causing the airspeed to fluctuate and, consequently, the forward flight velocity of the drone.



	
Case 3: Lateral Motion






The drone in this case will have a desired lateral flight velocity in hybrid mode flight, and the results are shown in Figure 17. The experimental results demonstrate that the drone effectively tracks the required roll angle for controlling the lateral flight velocity. However, there is a significant deviation in the yaw angle during this period due to the coupling of the drone’s roll and yaw. During this period, the aerodynamic changes are more drastic, which has a considerable effect on the pitch angle. Overall, the drone’s attitude change remains within a relatively safe range. The forward velocity and altitude of the drone also fluctuate slightly as a result of the disturbance but remain relatively stable overall.



	
Case 4: Yaw Motion






In this case, the yaw angle of the drone is altered during the flight. The experimental results in Figure 18 illustrate that the yaw angle of the drone can be precisely controlled in hybrid mode. Although the coupling characteristics cause some deviation in the roll angle during yaw angle changes, the effect is less critical than for lateral motion. The pitch angle also varies as a result of the disturbance, but the impact is also relatively minor. The forward flight velocity of the drone exhibits an obvious error due to the constant variation in the incoming flow caused by changes in yaw angle. This significantly affects the accuracy of the flight velocity. The drone’s altitude remained stable throughout this period, and the fluctuations shown in the figure are due to airflow interference.



From the experimental results of the above cases, it can be concluded that the drone can meet the requirements of various motions during its hybrid mode flight, and the flight error is kept within a stable range. This indicates that the designed controllers and control strategy effectively implement the control of the drone’s hybrid mode flight and can satisfy the control requirements in the face of actual flight situations and changes in airflow.




5.5. Energy Consumption


In hybrid mode, the lift of the fixed-wing reduces the lift required from the multi-rotor actuators. This undoubtedly reduces the battery’s energy consumption to some extent. We measure the drone’s energy consumption within the flight velocity envelope of hybrid mode. The flight velocity is set at 1 m/s intervals, and the energy consumption is recorded after the velocity has stabilized. The average value is calculated from several experiments. To compare with the flight energy consumption in multi-rotor mode, we conduct the experiment in multi-rotor mode in the same way and under the same conditions. The maximum velocity of this drone in multi-rotor mode is 6 m/s. The flight energy consumption in fixed-wing mode cannot be compared here because the drone’s minimum flight velocity in fixed-wing mode exceeds 9m/s, making it unable to maintain flight status within the hybrid mode’s velocity envelope. Due to the high energy consumption of multi-rotor flight, it is almost certain that flying at cruising speed in fixed-wing mode will consume less energy than in hybrid mode, so fixed-wing mode energy consumption is not discussed here. The experimental result is shown in Figure 19.



When the flight velocity is below 3 m/s, the reduction in output from the multi-rotor actuators is not appreciable due to the low lift of the fixed-wing. However, due to the effect of aerodynamic forces and the activation of the tail-thrust actuator, the drone requires more energy compared to multi-rotor mode. As the flight velocity and the fixed-wing lift increase, the energy consumption in hybrid mode decreases significantly. In contrast, the higher the flight velocity in multi-rotor mode, the higher the required pitch angle of the drone (as well as the significant aerodynamic drag of the fuselage and wings), resulting in a significant increase in the drone’s energy consumption. Therefore, flying in hybrid mode can reduce the energy consumption of this drone within a specific flight velocity range.





6. Conclusions and Future Work


This paper proposes the addition of a third common flight mode (hybrid mode) to compound VTOL drones. The hybrid mode routinizes the transition mode and extends the range of flight velocities and potential applications for this type of drone. We have built a detailed dynamics model for the motion characteristics of hybrid mode and designed a control strategy for this mode. Additionally, we have designed anti-saturation PID controllers for altitude, velocity, and attitude control to counteract aerodynamic disturbances. Furthermore, this study identifies the parameters of the drone’s fixed-wing lift and the thrust of the multi-rotor actuators to ensure accurate altitude control in hybrid mode. The feasibility of the control method has been verified through Gazebo simulation. A prototype has been built for real flight experiments, and the experimental results show that the control of hybrid mode flight can be effectively implemented and can meet the control requirements in actual flight situations. Finally, it has been proven that the use of hybrid mode flight can reduce the energy consumption of this type of drone during low-speed flight to some extent.



The next steps in the work are to improve the controllers used in hybrid mode to enhance the control of the drone. To enhance the control effectiveness, it may be worth considering incorporating a drone’s control surfaces into the control process. Moreover, hybrid mode will be implemented as a common mode for decision-making and path planning in drone missions.
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Figure 1. Hybrid mode control logic: (a) Vertical motion; (b) Forward motion; (c) Lateral motion; (d) Yaw motion. 
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Figure 2. (a) Coordinate system and forces; (b) Multi-rotor actuators configuration. 
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Figure 3. (a) The multi-rotor actuator model; (b) Velocity controller of fixed-wing lift identification. 
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Figure 4. Control Architecture. 






Figure 4. Control Architecture.
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Figure 5. (a) Position controller architecture; (b) Attitude controller architecture; (c)Heading frame. 
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Figure 6. Simulation platform. 
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Figure 7. Simulation results for Case 1: (a) Attitude; (b) Airspeed and altitude; (c) Multi-rotor throttle, tail-thrust throttle, and aerodynamic lift. 
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Figure 8. Simulation results for Case 2: (a) Attitude; (b) Airspeed and vertical velocity. 
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Figure 9. Simulation results for Case 3: (a) Attitude; (b) Airspeed, lateral velocity, and altitude. 






Figure 9. Simulation results for Case 3: (a) Attitude; (b) Airspeed, lateral velocity, and altitude.



[image: Drones 08 00093 g009]







[image: Drones 08 00093 g010] 





Figure 10. Simulation results for Case 4: (a) Attitude; (b) Airspeed and altitude. 
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Figure 11. (a) Compound VTOL drone prototype; (b) Real flight experiment. 
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Figure 12. (a) Thrust test platform; (b) Identification results of actuator model. 
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Figure 13. (a) Identification result of fixed-wing lift; (b) Example of height control result. 
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Figure 14. (a) Multi-rotor actuator inclination; (b) Example of enhanced yaw torque result. 
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Figure 15. Experiment results for Case 1: (a) Attitude; (b) Attitude error; (c) Airspeed and altitude; (d) Airspeed and altitude error; (e) Multi-rotor and tail-thrust throttle. 
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Figure 16. Experiment results for Case 2: (a) Attitude; (b) Attitude error; (c) Airspeed and vertical velocity; (d) Airspeed and vertical velocity error. 
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Figure 17. Experiment results for Case 3: (a) Attitude; (b) Attitude error; (c) Airspeed, lateral velocity, and altitude; (d) Airspeed, lateral velocity and altitude error. 
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Figure 18. Experiment results for Case 4: (a) Attitude; (b) Attitude error; (c) Airspeed and altitude; (d) Airspeed and altitude error. 
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Figure 19. Energy consumption at different velocity. 
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Table 1. Prototype related parameters.
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	Parameters
	Value





	Wingspan
	1600 mm



	Wing area
	0.4 m2



	Total weight
	5.5 kg



	Length
	1325 m



	Cruising speed
	12~15 m/s



	Wing incidence angle
	0 degree



	a *
	225 mm



	b *
	235 mm



	c *
	320 mm







* Multi-rotor actuators mounting position parameters shown in Figure 2b.













 





Table 2. Altitude error.






Table 2. Altitude error.










	
	Average Error
	Maximum Error





	Without identification
	1.04 m
	2.15 m



	Proposed method
	0.06 m
	0.96 m
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
XY :

outopiot





media/file4.png
(d)






media/file39.jpg
CEE=T ol

P e = = Sepoint

imets) imets)

) ime(s)

@ ()

z e %;;;L/-\_\’,\,
e N E,M

inets) et

" Aliude = Sepoint

inets)

(© (d)

ime(s)






media/file18.png
20} | ' ' ' ' ! ' ]
—
% 0
50 Roll angle = = Setpoint |
0 5 10 15 20 25 30 35 40
time(s)
201 | ' ' ' ' ! ' ]
-
(@]
- 0 S S ——
® Pitch angle = = Setpoint |
0 5 10 15 20 25 30 35 40
time(s)

110 F ' ' ! ! ' ' ' ]
~—~100 -
(@]

T % _—

= 8 Yaw angle = = Setpoint ]

0 5 10 15 20 25 30 35 40
time(s)

(a)

v _(m/s)

VZ(m/ S)

10 _ S
==V, = = Setpoint
5 | | | 1 1 |
0 10 15 20 25 30 35 40
time(s)
2 4
0 |
ot =——V_ = =Setpoint -
10 15 20 25 30 35 40
time(s)

(b)





media/file21.jpg
R~ SV

= ——
— =
= %

e - ] b —
=y it

@ (®)





media/file44.png
energy consumption(kW)

2.5

1.65

2.05

1.42

| |
" Multi-rotor mode
B Hybrid mode

5 6 7
veloctiy(m/s)

1.33

I 1.15
[

8 9





media/file26.png
Throttle-Thrust Curve

25+ T
® Measured Value i

Fitted curve |

G | |
0 10 20 30 40 50 60 70 80 90 100

throttle(%)
Thrust-Throttle Curve

100 T T )
~ s ® Measured Value -
< Fitted
5 60 itted curve _
=
D 40 .
ég 20 .

0 |
0 5 10 15 20 25
thrust(N)

(b)






media/file7.jpg





media/file28.png
50 T .

Airspeed - Lift Curve

® Measured Value
Fitted curve

45

35

lift(N)

N\

0 1 2 3 4 5
airspeed(m/s)

(a)

altitude(m)

18

175

Without identificatio
Proposed method
= = Altitude setpoint

5 10 15
time(s)

(b)

20 25

30





media/file10.png
il g

Altitude
Control

Velocity
Control

To Attitude

Control
Allocation

l//sp me ?
v | o T I mm———
AS::::{;“?“ Attitude Angular Rate
Control Control






media/file45.png





media/file11.jpg
or

(c)





media/file6.png
® DMass Center
e Aerodynamic Center

(a) (b)





media/file15.jpg
timets)

—Pich gl — — Sepoi

inets)

ime(s)

e angle — —saipomt

timets)

@

= — Acrodyamic it

iimets)

T e

| ]

finets)

timets)

©

—— Aliude = = Sepoint

lime(s)

(b)





nav.xhtml


  drones-08-00093


  
    		
      drones-08-00093
    


  




  





media/file37.png
1 I I I I I I I 1 N 10 I I I I I I I I 1
- - (@]
N’
S
i _ — - S o
S T . y W b
i Roll angle = = Setpoint i O | Roll error
1 | | | | | | 1 %—10 | | | | | | | | 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
time(s) time(s)
T T T T T T T T T N 10 T T T T T T T T T
- . (@]
N’
S
i Pitch angle = == Setpoint | 5) Piteh error
1 | | | | | | 1 % _10 | | | | | | | | 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
time(s) time(s)
T T T T T T T T T N 10 T T T T T T T T T
(@]
N’
- m S
— g 0
i Yaw angle = = Setpoint ) O Yaw error
1 | | | | | | 1 $~_1O | | | | | | | | 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
time(s) time(s)

(a) (b)





media/file23.jpg





media/file24.png
(b)

(a)





media/file29.jpg
ime(s)

(b)





media/file1.jpg
@ (b)





media/file12.png
Xy,

>V,

(¢)





media/file3.png
(b)

(a)





media/file9.jpg





media/file42.png
ol Roll angle = = Setpoint _
0 2 4 6 8 10 12 14 16 18
time(s)
20 I I I I I I I I I ]
—
(@]
~ 0
= ol Pitch angle = = Setpoint |
0 2 4 6 8 10 12 14 16 18
time(s)
O I I I I I I I I
—~20r -
%_40 v!
_60 B -_— . T
sl . Yawlanglel ISetpolm | | | i
0 2 4 6 8 10 12 14 16 18
time(s)
(a)
7 T T T T T T T T
6 ]
‘'
~~ 5 — -_— -
g
< 4r -
>
2 1 1 1 | | | | |
0 2 4 6 8 10 12 14 16 18
time(s)
15 T T T T T T T T
~14} 4
g W
o 13 .
<
B 12t -
=
B - Altitude = = Setpoint
10 1 1 1 | | | | |
0 2 4 6 8 10 12 14 16 18

time(s)

(c)

6‘\ 10 T T T T T T T T
‘;5" Roll error
0
5
\e~_10| 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
time(s)
6-\ 10 1 1 I I I 1 1 1
= Pitch error
g 0
Q
DD -10 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
time(s)
6'\ 10 T T T T T T T T
‘g Yaw error
b 0
Q
S‘—']O 1 1 ! ! ! 1 1 1
0 2 4 6 8 10 12 14 16 18
time(s)
1 T T T T T T T T
7 VvV error
~ 05} a -
g
=
S or .
=
Q
< -05F _
>
_1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
time(s)
S~ 1 T T T T T T T T
é altitude error
= 05F -
S
=
Q ok
Q
<
2 -05¢ -
=
Cc _1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
time(s)

(d)





media/file38.png
v (m/s)

v (m/s)

=V, = = Setpoint

10 12 14 16 18 20
time(s)

=V = = Setpoint -

10 12 14 16 18 20
time(s)

(c)

~~
Q 05 .
£
=
o 05
=
L
Se 0T V_error
a
-1 1 1 1 1 1
0 8 10 12 14 16 18
time(s)

1 I I I I I
~~
Q 05 .
£
=
S 0 1
=
© 0.5

N -Oor

> v_error

-1 1 1 1 1 1

0 8 10 12 14 16 18
time(s)

(d)





media/file17.jpg
Ralange — —Setpoint

inets) —3, =~ Sapoint.

inets)

inets)

@ (b)





media/file30.png
(a)

- Befor inclination

== After inclination |

= = Yaw Setpoint

10 15

20 25

time(s)

(b)

30





media/file35.jpg
inets)

s ;—‘-——-“’-1_% ]

J E‘ — Yaw error
T e

@

(b)






media/file27.jpg
TifiN)

Airspeed - Lift Curve

 Messured Vae
—Finedene

—— Witout identificaton
—— Poposed method
= = Alude sepoin

ainpeedan’)

(@)

timets)

(b)





media/file22.png
¢(°)

Roll angle = = Setpoint V

5

10 15 20 25 30 35 40
time(s)

5

. - . 'I
——=Pitchangle = = Setpoint
10 15 20 25 30 35 40
time(s)

Yaw angle = = Setpoint

5

10 15 20 25 30 35 40
time(s)

(a)

40

15 T T T T T T
—
72!
~
g 10 e
e
<
>
V= = Setpoint
5 1 1 | | | |
0 10 15 20 25 30 35
time(s)
30 T T T T T T
—
E st 2
]
i
=20} i
p—
o . .
== Altitude = = Setpoint
15 1 1 | | | |
0 10 15 20 25 30 35 40
time(s)

(b)





media/file19.jpg
* [ ralmate — “Sefom ™~
BT )
& [ —Fwnmgie — ~Sapom £
L e N IR N
N
H
4 — it — — St

time(s)

(a) (b)





media/file40.png
20

< o....~’~.ﬁ r\‘_ﬁ,‘j\'_ . ‘7“’:\*‘ n -
@_20_ == R0Il angle = \—Setpoint ]

0 2 4 6 8 10 12 14 16 18 20
time(s)

20 i I I I I I I I I I ]
—

NN -
% . .
ool =Pitch angle = = Setpoint 1
0 2 4 6 8 10 12 14 16 18 20
time(s)

80 T T T T T T T T T
560+ .
N - - . —_— —
"Shaor Yaw angle = = Setpoint I

0 2 4 6 8 10 12 14 16 18 20
time(s)
(a)
‘6 ]
~ — I T . .
é«s“' e V= == Setpoint |
> a P
2 1 | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
time(s)
—_ 4 [ T T T T T T T T T i
& 2k Y < J
E ¢ Setpoint
>>\_i i 1 | | | | | yl | e pI01n |
_ 0 2 4 6 8 10 12 14 16 18 20
time(s)
A15 T T T T T T T T T
g
]
‘.g L____mamn | |
E - Altitude = = Setpoint
!C—é 10 1 | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

time(s)

(c)

6‘\ 20 T T T T T T T
‘;5" Roll error
0 g
5
ﬁ_20 1 1 1 1 1 1 |
0 4 6 10 12 14 16 18 20
time(s)
6-\ 20 T T T T T T T
= Pitch error
g 0
Q
% _20 1 1 1 1 1 1 1
0 4 6 10 12 14 16 18 20
time(s)
6'\ 20 T T T T T T T
}5" Yaw error
b 0
Q
$_20 l 1 1 1 1 1 1
0 4 6 10 12 14 16 18 20
time(s)
~~
Q 2 T T T T T T T
é V error
—
S OF a
=
Q
N_2 | 1 | | 1 1 1
> 0 4 6 8 10 12 14 16 18
. time(s)
/]
~ 2 T T