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Abstract

:

Aiming at the problems of low following accuracy and weak anti-disturbance ability in the three-dimensional path-following control of small fixed-wing Unmanned Aerial Vehicles (UAV), a Globally Stable Integral Sliding Mode Radial Basis Function S-Plane (GSISM+RBF S-Plane) controller is designed. The controller adopts the inner and outer loop mode, the outer loop adopts the Globally Stable Integral Sliding Mode (GSISM) control, and the inner loop adopts the S-Plane control. At the same time, the unknown disturbance in the model is estimated via an RBF neural network. Firstly, the outer loop controller is designed based on the GSISM, and its stability is proved using the Lyapunov theory. Then, the S-Plane controller is designed for the instruction signal of the inner loop. Considering the complexity of the derivation in the S-Plane controller, a second-order differentiator is introduced. Finally, considering the problem of external wind disturbance, the controller is modeled, studied, and processed in order to better reflect the impact of real external wind on UAV path following. Finally, the Globally Stable Sliding Mode (GSSM) control and Globally Stable Integral Sliding Mode S-Plane (GSISM S-Plane) control are used for a comparative experiment. The simulation results show that the designed GSISM+RBF S-Plane controller can accurately track the ideal path compared with the GSSM and GSISM S-Plane controller, and it has good control performance and anti-disturbance performance.
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1. Introduction


With the development of electronic information technology, communication, and intelligent control, UAVs are becoming increasingly intelligent. UAVs play an important role in the military and civil fields, especially in the service fields [1]. Viewed from the angle of technology, UAVs can be mainly classified into fixed-wing UAVs, rotor UAVs, and unmanned helicopters. Fixed-wing UAVs have a large load, long range, and fast flight speed. They have been widely used in communication relays, enemy attacks, swarm operations, reconnaissance and surveillance, forest fire control, disaster relief and reduction, sightseeing tourism, agricultural plant protection, etc. [2]. Among the various subsystems of UAVs, the flight control system is an important component in determining whether the UAV can successfully complete a scheduled task. Trajectory tracking and path following are important components of the UAV flight control system. Trajectory tracking requires the UAV to reach a predetermined place within a predetermined time according to the ideal trajectory, while path following has no specific requirements for the arrival time of a UAV following a path. The research in reference [3] also shows that path following is more valuable than trajectory tracking in small fixed-wing UAVs.



UAV path following involves geometric methods and control methods. Geometric methods mainly include the pure pursuit method, line of sight method [4], vector field method [5], nonlinear guidance rate [6], L1 guidance rate, and a combination of the line-of-sight method and pure pursuit method. The control method mainly includes PID control [7], model predictive control [8,9], sliding mode control [10,11,12], LQR control [13] backstepping control [14,15], linear quadratic regulator control, etc. The control principle of the pure pursuit method, line of sight method, and nonlinear guidance rate [16,17] aim to provide a virtual point on the ideal path. The UAV aligns its course with the virtual target point by adjusting the yaw angle so as to follow the ideal path. The main idea of the vector field method is to construct a vector field around the desired path, direct the UAV to move into the vector field, and ensure that the tracking error uniformly converges to 0. The L1 guidance rate is an algorithm that chooses a reference point on the current path and calculates the horizontal expected acceleration according to the horizontal velocity of the UAV and its distance from the reference point. The geometric method has the advantages of a simple structure and easy implementation. It is mostly used for UAVs following a two-dimensional curved path. It is mainly applicable for UAV cruise flights at a certain altitude, as it is hard to apply for the UAV’s whole flight phase. The control method is mainly applied in the controller design based on the error or error change rate of the two-dimensional or three-dimensional path following. It has a wide range of applications and can be used to design controllers according to specific requirements. Compared to PID control and model predictive control, sliding mode control can overcome the uncertainty of the system and has the advantages of a fast response, insensitivity to parameter changes and disturbances, and a simple structure, and thus has great advantages in path-tracking control algorithms for unmanned aerial vehicles. The main disadvantage of sliding mode control is that chattering can occur when state trajectory reaches the sliding mode surface, which is also the main factor limiting the practical application of sliding mode control. Integral sliding mode control (ISMC) can make its initial state on the sliding mode surface by design so as to eliminate the static error, effectively suppress the vibration, and improve the robustness of the system.



Liu et al. designed the S-Plane controller [18]. It features a simple structure, easy parameter adjustment, and a strong disturbance rejection capability. Zhao et al. introduced S-Plane control into the longitudinal motion control of a UAV [19]. It showed a good ability to resist external disturbance and modeling uncertainty. When Dong et al. introduced S-Plane control into a micro-USV control system, the simulation results showed that the S-Plane control had a good motion control performance [20]. Li et al. applied S-Plane to the control of an ocean observation platform to aid it in resisting the influence of ocean currents. Simulink and tests obtained good results [21].



In the movement of small fixed-wing UAVs, external wind disturbance is a critical and non-negligible disturbance factor. Zhao et al. took 20% to 50% of the UAV flight speed as the wind velocity [22]. Brezoescu et al. took the gust and crosswind disturbance as a fixed value [23]. Zhang et al. regarded 5 m/s fixed wind from west to east in the UAV path trajectory as an external wind disturbance [24]. In the above literature, the external wind disturbance was set to a certain value. This method is easy to operate in simulation, but it does not accurately reflect the impact of real external wind disturbance on UAVs. However, Wei et al. expressed the gust, random wind, and gradual wind of nature with corresponding equations, which truly reflects the composition of wind disturbance [25]. This paper will expand on this research on the composition of wind disturbance so as to more truly and accurately reflect the impact of external wind disturbance on UAV path following.



In this paper, based on the global stability theory, we propose a Globally Stable Integral Sliding Mode Radial Basis Function S-Plane (GSISM+RBF S-Plane) control method by combining the integral sliding mode control and the S-Plane control. It has the characteristics of strong disturbance rejection, resistance to modeling uncertainty, and robustness. In addition, the integral sliding mode control can improve the control accuracy. Compared with the Globally Stable Sliding Mode (GSSM) control and GSISM S-Plane control, GSISM+RBF S-Plane control has the characteristics of high tracking accuracy, a strong anti-disturbance ability, and smooth cutting into the ideal path. The specific contributions of this paper are as follows.



Aiming at the problems of low following accuracy and weak anti-disturbance ability of fixed-wing UAVs in three-dimensional path following, an S-Plane control algorithm with a strong anti-disturbance performance is introduced, and a radial basis function neural network is used to estimate the unknown disturbance in the model, and a GSISM+RBF S-Plane control algorithm is proposed. This allows the fixed-wing UAV to cut into the ideal path smoothly with a certain radian, and it has high following accuracy and anti-disturbance performance under external wind.



Considering the influence of wind on small fixed-wing UAVs, the composition of natural wind is modeled and studied, and these wind models are used to simulate the actual flight environment of fixed-wing UAVs in a simulation so as to improve the control performance of fixed-wing UAVs.



In order to verify the performance of the designed GSISM S-Plane control algorithm, the simulation is carried out considering a spatial straight line, spiral line, and special space curve, in which the special space curve includes taxiing, takeoff, cruise, and landing phases of the fixed-wing UAVs.



The remainder of this paper is organized as follows: UAV modeling and S-Plane control are described in Section 2. The design of the fixed-wing UAV controller is presented in Section 3. A comparative simulation and simulation verification are described in Section 4. Concluding remarks are summarized in Section 5.




2. UAV Modeling and S-Plane Control


2.1. UAV Modeling


The positional relationship between a UAV and an ideal path in a three-dimensional space is shown in Figure 1.



In Figure 1,   ( x , y , z )   represents the position coordinates of the fixed-wing UAV at a certain point in space, and   (  x d  ,  y d  ,  z d  )   represents the position coordinates of the fixed-wing UAV on the ideal path in three-dimensional space.   (  x e  ,  y e  ,  z e  )   represents the error between the current position   ( x , y , z )   of the fixed-wing UAV and the corresponding position   (  x d  ,  y d  ,  z d  )   on the ideal path. The motion model of fixed-wing UAV in three-dimensional space is shown in Equation (1) [26]:


       x ˙  = v cos ψ cos γ +  d x       y ˙  = v sin ψ cos γ +  d y       z ˙  = v sin γ +  d z       



(1)




where  ψ  is the yaw angle,  γ  is the flight path angle, and  v  is the flight speed of the fixed-wing UAV.    d x   ,    d y   , and    d z    are the unknown disturbances of each coordinate axis, respectively.




2.2. S-Plane Control


The S-Plane control model is shown in Equation (2):


  u =  2  1 + exp [ − (  k  11   e +  k  12    e ˙  ) ]   − 1.0  



(2)




where  e  is the error of the input signal,   e ˙   is the error change rate of the input signal, and    k  11     and    k  12     represent the adjustment coefficients of the input signal error and error change rate, respectively. A diagram of its three-dimensional surface is shown in Figure 2.



S-Plane control is similar in structure to proportional differential control. Therefore, in the adjustment of    k  11     and    k  12    ,we can refer to the adjustment mode of its parameters in proportional differential control. PD control is linear control, while S-Plane control is a kind of nonlinear control based on the fuzzy control table. Thus, it also has the advantages of strong robustness and anti-disturbance of fuzzy control.



In the path following a fixed-wing UAV, the mathematical model of the ideal path is   ζ = f ( t )  . It can be seen from Section 2 that    q    (  x d  ,    y d  ,      z   d  )   is a point on the ideal path. The current position of the fixed-wing UAV is   p    ( x ,   y ,   z )   . The purpose of path following is to make     lim   t → ∞   ∥ p − q ∥ = 0   by designing a control law so as to achieve  x  following    x d   , y  following    y d   , z  following    z d   . That is, the error of each coordinate axis in the three-dimensional space tends to be 0. The error equation is shown in Equation (3).


       x e  = x −  x d       y e  = y −  y d       z e  = z −  z d       



(3)







The derivative of error can be obtained through the derivation of Equation (3) according to Equation (1). The derivative of error is shown in Equation (4).


        x ˙  e  = v cos ψ cos γ −   x ˙  d        y ˙  e  = v sin ψ cos γ −   y ˙  d        z ˙  e  = v sin γ −   z ˙  d       



(4)







In order to facilitate the design of late control law, we make a simple replacement, such as Equation (5).


      v cos ψ cos γ =  U 1      v sin ψ cos γ =  U 2      v sin γ =  U 3       



(5)









3. Controller Design


3.1. GSISM S-Plane Controller and Stability Analysis


In order to design the three-dimensional path following the controller of the fixed-wing UAV, a theorem from the literature [27] is adopted.




Lemma 1: The trivial solution of the system







   η ˙  = − α tanh ( k η )  



(6)




is globally asymptotically stable for any selected constants   α ,   k > 0  , and for each   η ( 0 )  , the state   η ( t )   converges exponentially to zero.




Proof: It is sufficient to prove that when   t → ∞  ,   η → 0  . That is, when Equation (6) is asymptotically stable, Lyapunov is defined as   V =  η 2  / 2  .





Then,


   V ˙  = η  η ˙  = − α η tanh ( k η )  



(7)







since   x tanh ( x ) = x    e x  −  e  − x      e x  +  e  − x     ≥ 0  ,   k η tanh ( k η ) ≥ 0  ; thus,    V ˙  ≤ 0  



if, and only if,   η = 0  ,    V ˙  = 0  



which completes the proof [28].



The above theorem is also used in reference [29] for the controller design of a wheeled mobile robot. The wheeled mobile robot is eventually able to track the ideal path with a certain accuracy. However, compared with fixed-wing UAVs, wheeled mobile robots have the problem of having fewer degrees of freedom. In this paper, based on the literature [27], a GSISM+RBF S-Plane control method is proposed to improve the path-following accuracy of a fixed-wing UAV. The specific control law is designed as follows:



Firstly, the  x -axis direction is taken to design the control law, and the GSISM plane is taken as


   s 1  =  x e  +  c 1     ∫ 0 t    x e  d t +  a 1  tanh (  p 1   x e  ) ,  c 1  ,  a 1  ,  p 1  ≥ 0     



(8)







The time derivative of     s ˙  1    is given by


      s ˙  1    =   x ˙  e  +  c 1   x e  +  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2  =  x ˙  −   x ˙  d  +  c 1   x e  +  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2       =  u 1  +  d x  −   x ˙  d  +  c 1   x e  +  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2     



(9)







The control law in the  x -axis direction can be designed as


   u 1  =   x ˙  d  −  c 1   x e  −  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2  −  d x  −  k 1   s 1   



(10)







Because    d x    is unknown,    d x    is estimated using an RBF neural network. The formula of the RBF neural network is


  h ( x ) = exp (       x −  c j     2    2  b j 2    )  



(11)







Design    d x  =  d 1 *    T  h ( x ) +  ε x   



where  x  is the input of the neural network,  j  is the number of nodes in the hidden layer of the network,   h ( x )   is the output part of the Gaussian function,    d 1 *    is the ideal weight, and    ε x    is the approximation error.



In the  x  direction, the actual output of the RBF neural network is


    d ^  x  =   d ^  1    T  h ( x )  



(12)







Then, Equation (10) can be rewritten as


   u 1  =   x ˙  d  −  c 1   x e  −  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2  −   d ^  x  −  k 1   s 1   



(13)







Substitute Equation (13) into Equation (9) to obtain


      s ˙  1    =  u 1  +  d x  −   x ˙  d  +  c 1   x e  +  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2       = (   x ˙  d  −  c 1   x e  −  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2  −   d ^  x  −  k 1   s 1  )        +  d x *  −   x ˙  d  +  c 1   x e  +  a 1   p 1    ( 1 / cosh (  p 1   x e  ) )  2       = −   d ^  x  +  d x  −  k 1   s 1  = −   d ˜  x  −  k 1   s 1     



(14)






    d ˜  x  =  d x  −   d ^  x  =  d 1 *    T  h ( x ) +  ε x  −   d ^  1    T  h ( x ) =   d ˜  x    T  h ( x ) +  ε x   



(15)







Define the Lyapunov function as


   L 1  =  1 2   s 1    2  +  1 2   γ 1    d ˜  x    T    d ˜  x   



(16)







The time derivative of    L 1    is given by


     L 1    =  s 1    s ˙  1  +  γ 1    d ˜  x    T     d ˜  ˙  x       =  s 1  ( −   d ˜  x  −  k 1   s 1  ) −  γ 1    d ˜  x    T     d ^  ˙  x         = s  1  ( −   d ˜  x    T  h ( x ) −  ε x  −  k 1   s 1  ) −  γ 1    d ˜  x    T     d ^  ˙  x        =  −     d   ˜  x    T  (  s 1  h ( x ) +  γ 1     d ^  ˙  x  ) −  k 1   s 1    2  −  s 1   ε x     



(17)







The adaptive rate of the designed  x  axis is


     d ^  ˙  x  = −  1   γ 1     s 1  h ( x )  



(18)







Then,     L ˙  1  =  s 1  ( −  k 1   s 1  −  ε x  ) = −  k 1   s 1    2  −  ε x   s 1   ; when    ε x    is small enough, that is    ε x  → 0  ,     L ˙  1  ≤ 0  .



Similarly, the GSISM function in the  y  direction can be designed as


   s 2  =  y e  +  c 2     ∫ 0 t    y e  d t +  a 2  tanh (  p 2   y e  ) ,  c 2  ,  a 2  ,  p 2  ≥ 0     



(19)







The control law in the  y -axis direction can be designed as


   u 2  =   y ˙  d  −  c 2   y e  −  a 2   p 2    ( 1 / cosh (  p 2   y e  ) )  2  −  d y  −  k 2   s 2   



(20)







Finally, the GSISM function in the  z  direction can be designed as


   s 3  =  z e  +  c 3     ∫ 0 t    z e  d t +  a 3  tanh (  p 3   z e  ) ,  c 3  ,  a 3  ,  p 3  ≥ 0     



(21)







The control law in the  z -axis direction can be designed as


   u 3  =   z ˙  d  −  c 3   z e  −  a 3   p 3    ( 1 / cosh (  p 3   z e  ) )  2  −  d z  −  k 3   s 3   



(22)







When     L ˙  i  ≡ 0 ( i = 1 , 2 , 3 )  ,    s i  ≡ 0 ( i = 1 , 2 , 3 )  , according to the invariance principle of   L a S a l l e  , the closed-loop system is asymptotically stable.




3.2. Controller Structure


The structure of the fixed-wing UAV path-following controller proposed in this paper is shown in Figure 3.



GSISM+RBF S-Plane controller adopts the double-loop structure of inner and outer loop control. The running process of the GSISM+RBF S-Plane controller is as follows. Firstly, an ideal flight path is obtained through the track generator. Then, the ideal path is expressed in the form of a parametric equation and transmitted to the GSISM controller. Flight speed  v , flight path angle  γ , and yaw angle  ψ  are obtained under the action of the GSISM controller, where the flight speed  v  is transmitted to the motion model through the outer loop control. The flight path angle  γ  and yaw angle  ψ  are transmitted to the motion model after passing through the S-Plane control in the inner loop. The actual UAV flight path coordinate is obtained after the action of the motion model. A part of the signal is output, and another part is fed back to the input signal to participate in the calculation of the next step. By repeating this process, the fixed-wing UAV can follow the ideal path. When the flight path angle  γ  and yaw angle  ψ  are transmitted to the inner loop control, the error of the flight path angle  γ  and yaw angle  ψ  is obtained under the action of the feedback signal. Then, the error change rate is obtained under the action of the differentiator, and the obtained error and error change rate are transmitted to the S-Plane controller. Part of the signal is output to the kinematic model after the action of the S-Plane controller; another part of the signal is fed back to the input signal of the inner loop control to participate in the calculation of the next step in the inner loop control. In addition, the RBF neural network takes the error of the input expected position and output actual position as the input signal and its output signal is input to the GSISM controller as the estimated value of unknown disturbance. In this way, the following of the intermediate command signal can be realized. The intermediate command signal can be obtained by Equation (5). The yaw angle  ψ  of path following is


  ψ = arctan (    U 2     U 1    )  



(23)







The flight path angle  γ  of the path to be followed can be obtained according to Equations (5) and (23).


  γ = arctan (    U 3     U 2    sin ψ )  



(24)







The velocity  v  of the path to be followed is obtained according to Equations (5), (23), and (24).


  v =    U 3    sin γ    



(25)







The input signal in S-Plane control is the error and error change rate. Integral explosion in the solution of the error change rate occurs easily. Therefore, the derivation process of the intermediate instruction signal is realized using the second-order differential method [28]. The second-order differentiator is shown in Equation (26):


        x ˙  1  =  x 2        x ˙  2  = − 2  R 2  (  x 1  − n ( t ) ) − R  x 2      y =  x 2       



(26)




where   n ( t )   is the input signal,    x 1    is the following of the signal, and    x 2    is the estimation for the first-order derivative of the signal. The differentiator is an integral chain operation, which can suppress the noise in signal derivation.




3.3. GSISM+RBF S-Plane Control Algorithm


The path-following control algorithm based on GSISM+RBF S-Plane model for the fixed-wing UAV is shown as Algorithm 1.



	Algorithm 1: GSISM+RBF S-Plane Controller



	Outer loop input: expected path point    q    (  x d  ,    y d  ,      z   d  )  . Current location point   p    ( x ,   y ,   z )   . GSISM+RBF S-Plane control gain.   d x ,   d y ,   d z  .

Inner loop input: intermediate command signal  ψ , γ , S-Plane gain    k  11    ,   k  12    ,   k  21    ,   k  22    .

1: calculating the error and error change rate through Equations (3) and (4).

2:   (  s 1  ,  s 2  ,  s 3  ) ← (  x e  ,  y e  ,  z e  )  

3: calculate    u 1  ,  u 2  ,  u 3    through Equations (10), (20), and (22)

4: calculate   ψ , γ , v   through Equations (23)–(25)

5: calculating   ψ ˙   and   γ ˙   through Equation (26).

6:   (  e ψ  ,  e γ  ) ← ( ψ −  ψ ′  , γ −  γ ′  )  

7:    ψ ′  ← 2 / ( 1 + exp [ − (  k  11    e ψ  +  k  12     e ˙  ψ  ) ] ) − 1.0  

8:    γ ′  ← 2 / ( 1 + exp [ − (  k  21    e γ  +  k  22     e ˙  γ  ) ] ) − 1.0  

9: inner loop return:   ψ ′  ,  γ ′  

10:   ( x , y , z ) ← ( v cos  ψ ′  cos  γ ′  , v sin  ψ ′  cos  γ ′  , v sin  γ ′  )  

11: outer loop return: x , y , z 










4. Simulation and Results Analysis


4.1. Wind Disturbance Modeling


In the design of a small fixed-wing UAV controller, the factor of wind has a great influence on the performance of the designed controller. In the field of wind power generation, in-depth research has been carried out on the composition and performance of wind. Therefore, we can refer to these research results to study the impact of external wind disturbance on small fixed-wing UAVs. Wei et al. hypothesize that the wind occurring in nature is composed of basic wind, gust wind, gradual wind, and random wind and that the random combinations of these four types of wind represent most wind types occurring in nature [25]. However, the wind speed used in wind power generation is generally low, which is not fully applicable to wind disturbance modeling in the control process of a fixed-wing UAV. So, based on relevant research results, this paper further studies a wind disturbance model affecting the control of a fixed-wing UAV; adjustment factors, including gust, gradual wind, and random wind, are added to adjust the wind speed according to different needs.



	(1)

	
Basic Wind







Basic wind describes an average change in the external wind. It is also the best wind speed for UAV flights. In most cases, the wind occurring in nature can be described as basic wind. We treat it as a constant when we simulate it.


   V c  = k ,    k    is   a   constant  



(27)







	(2)

	
Gust Wind







Gust is a wind whose wind direction remains unchanged and whose wind speed increases suddenly for a short time. It reflects a sudden change in the wind. The model of gust wind can be expressed as follows:


   V g  =     0 ,     t < t  1       k g  ⋅    V  g max    2    1 − cos ( 2 π (   t −  t 1     t g    ) )       0 ,     t > t  1  +  t g      ,      t   1  ≤ t ≤  t 1  +  t g   



(28)




where    V g    is the wind speed of the gust,    V  g max     is the highest wind speed of the gust,    t 1    is the start time of the gust,    t g    is the duration of the gust, and    k g    is the gust wind speed adjustment factor.



	(3)

	
Gradual Wind







Gradual wind reflects a gradual nature in the wind, and its model can be expressed as follows:


   V w  =     0 ,    others       k w  ⋅  V  w max     t −  t 2     t 3  −  t 2    ,     t  2  ≤ t ≤  t 3       k w  ⋅  V  w max   ,     t  3  < t ≤  t 3  + T      



(29)




where    V w    is the wind speed of the gradual wind,    V  w max     is the maximum wind speed of the gradual wind,    t 2    is the start time of the gradual wind,    t 3    is the end time of the gradual wind,  T  is the holding time of the gradual wind, and    k w    is the wind speed adjustment factor of the gradual wind.



	(4)

	
Random Wind







Random wind reflects arbitrariness, uncertainty, and randomness of wind, and its model is shown as follows:


   V n  =  k n  ⋅  V  n max    R  a m   ( − 1 , 1 ) cos ( ω + φ )  



(30)




where    k n    is the adjustment factor of random wind speed,    V n    is the random wind speed,    V  n max     is the maximum random wind speed,    R  a m   ( − 1 , 1 )   is a random number between −1 and 1, and  ω  is the average distance of the wind speed fluctuation. The general value is   0.5 π ∼ 2 π  ;  φ  is a random quantity uniformly distributed on   0 ∼ 2 π  . After modeling the above four kinds of wind, we can represent the influence of real external wind on a small fixed-wing UAV flight in any combination. This is of great significance for improving the control performance of small fixed-wing UAVs. The following are the simulation results obtained by randomly selecting a combination of several winds.



Bring    V c  = 2    m / s   ,    k g  = 0.5    m / s   ,    V  g max   = 6    m / s   ,    t 1  = 1  ,    t g  = 7  ,    k w  = 0.5  ,    V  w max   = 6   into the gust and gradual wind formula above. The results for a combination of basic wind, gradual wind, and gust can be obtained via the MATLAB simulation, as shown in Figure 4.



The simulation of the random wind function is complex, so we approximately estimate the arbitrary wind model of nature through the random number module, transfer Fcn module, and gain module in Simulink. Bring    k g  = 0.125    m / s   ,    V  g max   = 8    m / s   ,    t 1  = 15    m / s   ,    t g  = 3    m / s    into the random wind and gust formula above. The simulation of a specific random wind and gust combination model is shown in Figure 5.




4.2. Semi-Physical Simulation System


The hardware in the loop simulation system used in this paper is shown in Figure 6. It consists of four parts, namely, a ground control station, a switch, a UAV, and a ROS simulation platform. During operation, communication between the ROS simulation platform, UAV, and ground control station is achieved through the switch; the ROS simulation platform sends the simulation results to the ground control station through the switch-and-subscribe method. Then, the ground control station sends the control command to the UAV’s airborne computer through the switch to control the flight of the UAV. The simulation principle of the ROS simulation platform is as follows. In Figure 6, the inner part of the red dotted box is the publisher creation process, and the rest is the subscriber creation process. During the creation of the publisher, when the blank message module outputs a ROS message (bus signal) to the bus assignment module, the GSISM+RBF S-Plane controller module designed in this paper generates a UAV path following specific points, which are relayed via a ROS message under the action of the bus assignment module. Then, the bus assignment module passes the ROS message containing the UAV path points onto the publish module. After receiving the bus signal, the publish module sends it to the topic of “/location.” During the creation process of the subscriber, the subscribe module subscribes to the messages sent to the “/my_topic” by the publisher and extracts the coordinates of the UAV path points from the message, and then transfers these to the ground control station. The UAV model includes the shape and size design of the UAV, mainly to maintain its similarity to the actual UAV. It also includes a dynamic model based on Newtonian mechanics, a sensor model considering sensors such as cameras and radars, and a controller model based on control theory and UAV control characteristics.




4.3. Simulation Test and Results Analysis


In order to verify the following accuracy and anti-disturbance performance of the GSISM+RBF S-Plane controller designed in this paper, the GSSM controller in reference [29] and the GSISM S-Plane controller are used for a comparative experiment. In addition, the control effect under different flight paths following a spatial straight line, a spiral line, and a special space curve is verified. The coefficient of two S-Plane controllers is shown in Table 1.



Where the unknown disturbances in Equation (1) are:


      d x = 5 sin ( 0.5 t )     d y = 5 cos ( 0.5 t )     d z = 5 sin ( 0.5 t )      



(31)







The coefficient of the RBF function is shown in Table 2.



The parameters of the GSISM function in adaptive estimation are    a  1 i   =  c  1 i   =  p  1 i   = 0.015   ( i = 1 , 2 , 3 )  . The GSISM+RBF S-Plane control coefficients for the UAV when tracking the spatial straight line, spiral line, and special spatial curve are shown in Table 3.



4.3.1. Spatial Straight Line Path-Following Simulation


The parameter expression when the ideal path followed by the fixed-wing UAV is a spatial straight line is shown by Equation (32):


  ζ :      x d  = 50 + 4 t      y d  = 50 + 7 t      z d  = 50 + 5 t      



(32)







The initial position of a fixed-wing UAV during takeoff when following a spatial straight line is calculated in   [ 20 , 20 , 35 ]  . Under the action of control laws, the fixed-wing UAV completes the flight process along the spatial straight line. A diagram of the spatial straight line followed by the fixed-wing UAV in the simulation is shown in Figure 7. The error diagram of each coordinate is shown in Figure 8. As can be seen from Figure 8, when the fixed-wing UAV flies in a spatial straight line, the GSISM+RBF S-Plane controller can cut into the ideal path smoothly and quickly compared with the GSSM controller and GSISM S-Plane control. Figure 9 shows the error diagram of each coordinate axis of the spatial straight line. It can be seen from Figure 9 that in the whole flight process, especially when a disturbance is added in at around 10–20 s, the error between GSISM+RBF S-Plane control and the desired path is basically 0, which is smaller than that achieved with GSSM control and GSISM S-Plane control. Therefore, the GSISM+RBF S-Plane controller has the advantages of high following accuracy and strong anti-disturbance ability.




4.3.2. Spiral Line Path following Simulation


When the ideal flight path of the fixed-wing UAV is a circle, in order to better reflect the following performance of the designed controller in practice, the simulation is carried out using a spiral instead of a circle. The parametric equation of the spiral line is shown in Equation (33).


  ζ :      x d  = 100 cos ( t / 2 )      y d  = 100 sin ( t / 2 )      z d  = 20 + 5 t      



(33)







When flying along the spiral line, the initial position of UAV takeoff is   [ 0 , 0 , 0 ]   in the GSISM+RBF S-Plane controller. The simulation results for the fixed-wing UAV following the spiral line flight path are shown in Figure 10.



It can be seen from Figure 10 that GSISM+RBF S-Plane control, GSSM control, and GSISM S-Plane control had good control performances and could track the ideal path with high accuracy. However, compared with GSSM control and GSISM S-Plane control, GSISM+RBF S-Plane control could cut into the ideal path with a certain radian. GSSM control and GSISM S-Plane control cannot track with high accuracy in the initial stage and only cut into the ideal path after a few seconds. Figure 11 is the path-following diagram of each coordinate axis when the UAV follows the spiral line. Figure 12 shows the error value between the ideal path and the actual flight path of each coordinate axis when the UAV follows the spiral line. In the whole flight segment of Figure 12, the error of GSISM+RBF S-Plane control is around 0. It can be seen that the path-following accuracy is particularly high. In addition, we added the wind disturbance designed in Section 4 at around 15–25 s into the spiral line path-following simulation. It can be seen from Figure 11 and Figure 12 that when there is a gust disturbance at 17–23 s, the fluctuation of the UAV flying along the ideal path is greater. Compared with GSSM control and GSISM S-Plane control, GSISM+RBF S-Plane control leads to less fluctuation in gust disturbance. It can be seen that its performance against external wind disturbance is superior.



Figure 13 and Figure 14 present input and output diagrams of the flight path angle and yaw angle in S-Plane control. S-Plane control has good anti-disturbance performance. It can be seen from Figure 13 and Figure 14 that the output value of the command signal is significantly different from the input value after being controlled by the S-Plane, regardless of the flight path angle or yaw angle. The corresponding value is large before entering the S-Plane controller, but after the action of the S-Plane controller, it is basically normalized to   [ − 1 , 1 ]  . Although the intermediate command signal changes to a certain extent when passing through the S-Plane control, the path-following accuracy of the fixed-wing UAV does not change; this also shows that the GSISM+RBF S-Plane controller designed in this paper has good control performance.




4.3.3. Following Simulation of Special Space Curve


When a UAV flies in real space, its path can usually be synthesized by Section 4.3.1 and Section 4.3.2 spatial curves. In order to more realistically simulate the accuracy of the actual path-following performance of the UAV, the special space curve in reference [30] is used to simulate the whole flight process of a UAV in this paper. Its parametric equation is shown in Table 4.



Figure 15 presents a diagram of the special space curve path. In Figure 15, ① is the taxiing phase on the runway, ② is the takeoff phase of the fixed-wing UAV, ③ and ⑤ are the cruise flight phase, ④ is the flight phase under special space conditions, ⑥ is the landing phase, and ⑦ is the taxiing phase after the aircraft lands. When following along a special space curve, the initial position of the UAV when taxiing is   [ 0 , 0 , 1 ]  . When following a special space curve path, it can be seen from Figure 15 that the GSISM+RBF S-Plane control, the GSSM control, and the GSISM S-Plane control can follow the ideal path with high accuracy for the whole flight phase, showing good control performance. We then add the wind disturbance designed in Section 4 (20–70 s) into the special space curve path simulation in Figure 15. It can be seen from Figure 15, Figure 16 and Figure 17 that when wind disturbance is added, the disturbance of GSSM control and GSISM S-Plane control is more severe than that of GSISM+RBF S-Plane control. When there is no disturbance in Figure 17, the error of GSSM control and GSISM S-Plane control is about 1, while the error of GSISM+RBF S-Plane control basically tends to 0. It can be seen from the diagram of the special space curve path of each coordinate axis in Figure 16 that GSISM+RBF S-Plane control can smoothly track the ideal path, and the external wind disturbance has little impact on it. GSSM control and GSISM S-Plane control are more sensitive to external wind disturbance, showing large fluctuations. Therefore, it can be seen that the GSISM+RBF S-Plane controller designed in this paper has high control performance and the ability to resist external wind disturbance.



Figure 18 and Figure 19 present diagrams of the input and output for the flight path angle and yaw angle of the S-Plane controller in the special spatial curve path-following phase. It can be seen from Figure 18 and Figure 19 that except for the period when wind disturbance is added, the output signals at other times are normalized to the range of   [ − 1 , 1 ]   under the action of the S-Plane controller. Although the output value changes compared with the input value, it does not affect the following accuracy of the UAV. On the contrary, it improves its anti-disturbance ability. It also shows that the S-Plane controller has good anti-disturbance performance.




4.3.4. Simulation Results Analysis


In order to better prove the anti-interference performance of the designed controller, the maximum perturbation values of the x, y, and z directions in simulations are shown in Table 3, Table 4 and Table 5.



As Shown in Table 5, Table 6 and Table 7, when tracking spatial straight, helical, or spatially special curves, the GSISM+RBF S-Plane controller has the smallest perturbation values in the presence of external wind disturbance. Compared to the GSISM+RBF S-Plane controller, the perturbation values of the GSISM S-Plane controller and GSISM S-Plane controller are higher. In other words, the GSISM+RBF S-Plane controller has a superior anti-wind disturbance performance.






5. Conclusions


Aiming at the path-tracking control problem of small fixed-wing UAVs, a GSISM+ RBF S-plane controller is designed in this paper, and its control performance is verified by tracking spatial straight lines, spiral lines, and special spatial curves. The following conclusions are reached:




	(1)

	
The proposed controller can track the ideal path with high accuracy and a smooth cut into curved paths; thus, it has good control accuracy and anti-disturbance performance under external wind disturbance;




	(2)

	
The proposed controller is based on the inner and outer loop control idea, which has the characteristics of a simple structure, easy realization, and practical application for fixed-wing UAV control;




	(3)

	
The S-plane control can adjust the input signal well, and the second-order differentiators have certain advantages in suppressing the integral explosion problem during signal derivation; thus, the proposed controller demonstrates excellent performance in anti-interference.
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Figure 1. Position relationship between fixed-wing UAV and ideal path. 
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Figure 2. Spatial structure of S-Plane control. 
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Figure 3. GSISM S-Plane controller structure. 
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Figure 4. Simulation results for a basic wind, gradual wind, and gust combination. 
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Figure 5. Simulation results of a random wind and gust combination. 
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Figure 6. Schematic diagram of hardware in the loop simulation system. 






Figure 6. Schematic diagram of hardware in the loop simulation system.



[image: Drones 07 00253 g006]







[image: Drones 07 00253 g007 550] 





Figure 7. Spatial straight line path-following diagram. 
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Figure 8. Spatial straight line path-following diagram for each coordinate axis. 






Figure 8. Spatial straight line path-following diagram for each coordinate axis.



[image: Drones 07 00253 g008]







[image: Drones 07 00253 g009 550] 





Figure 9. Error diagram of each coordinate axis of the spatial straight line. 






Figure 9. Error diagram of each coordinate axis of the spatial straight line.



[image: Drones 07 00253 g009]







[image: Drones 07 00253 g010 550] 





Figure 10. Spiral line path-following diagram. 
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Figure 11. Spiral line path-following diagram for each coordinate axis. 
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Figure 12. Error diagram of each coordinate axis of the spiral line. 
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Figure 13. Input and output diagram of pitch angle in S-Plane control. 
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Figure 14. Input and output diagram of yaw angle in S-Plane control. 
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Figure 15. Diagram of special space curve path-following simulation. 
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Figure 16. Diagram of special space curve path-following simulation for each coordinate axis. 
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Figure 17. Error diagram of each coordinate axis of special space curve. 
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Figure 18. Diagram of input and output for flight path angle of S-Plane control in special space curve simulation. 
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Figure 19. Diagram of input and output of yaw angle of S-Plane control in special space curve simulation. 






Figure 19. Diagram of input and output of yaw angle of S-Plane control in special space curve simulation.
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Table 1. The coefficient of two S-Plane controllers.
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	     k  11  ′     
	     k  12  ′     
	     k  21  ′     
	     k  22  ′     





	two S-Plane controllers
	4
	0.01
	10
	0.1
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Table 2. The coefficient of the RBF function.
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	     c  i j      
	     b j     
	     γ 1     
	     γ 2     
	     γ 3     





	RBF function
	   0.1       − 0.5       − 0.5         − 0.25       − 0.25        0     0        0.25       0.25         0.5       0.5         
	15
	50
	50
	50
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Table 3. The GSISM+RBF S-Plane control coefficients for the UAV when tracking the spatial straight line, spiral line, and special spatial curve.
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	k1
	k2
	k3
	c1
	c2
	c3
	a1
	p1
	a2
	p2
	a3
	p3





	spatial straight line
	0.5
	0.0165
	0.09
	3
	20
	20
	40
	0.2
	5
	1.1
	2
	0.2



	spiral line
	7
	30
	30
	0.20
	0.3
	0.3
	2
	0.2
	13.4
	10
	2
	0.2



	special spatial curve
	4
	5
	9
	8
	10
	15
	2
	0.2
	0.5
	1.1
	0.2
	0.2
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Table 4. Parametric equation of spatial space curve.
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	   t   
	    x d    
	    y d    
	    z d    





	   t < 10   
	t
	t
	1



	   10 ≤ t < 30   
	   2   t − 10   + 10   
	   − 1.5   t − 10   + 10   
	   − 0.5   t − 10   + 1   



	   30 ≤ t < 39.2   
	     235   23     t − 30   + 50   
	     50   23     t − 30   − 20   
	   11   



	   39.2 ≤ t < 84.44   
	   144 cos     15   144     t − 39.2   −  π 2    + 144   
	   144 sin     15   144     t − 39.2   −  π 2    + 144   
	   11 + 6 sin     2 π   22.62     t − 39.2       



	   84.44 ≤ t < 93.64   
	   −   50   23     t − 84.44     
	  144 −   235   23   ( t − 84.44  )
	   11   



	   93.64 ≤ t < 113.64   
	   1.5   t − 93.64   − 20   
	   50 − 2   t − 93.64     
	   11 − 0.5   t − 93.64     



	   113.64 ≤ t < 123.64   
	   123.64 − t   
	   123.64 − t   
	  1  
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Table 5. The maximum perturbation values of the x direction.
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	GSISM+RBF S-Plane
	GSSM
	GSISM S-Plane





	Spatial straight line
	0.5
	−1
	−3



	Spiral line
	−0.8
	−1
	5



	Special space curve
	−0.4
	−1.2
	−2
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Table 6. The maximum perturbation values of the y direction.
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	GSISM+RBF S-Plane
	GSSM
	GSISM S-Plane





	Spatial straight line
	−0.4
	−4
	−2.2



	Spiral line
	0.5
	−4.8
	−3



	Special space curve
	3
	5
	−4
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Table 7. The maximum perturbation values of the z direction.
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	GSISM+RBF S-Plane
	GSSM
	GSISM S-Plane





	Spatial straight line
	−1.5
	2
	−5



	Spiral line
	5
	10
	−10



	Special space curve
	−1.7
	3
	−9
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