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Abstract

:

In this paper, a non-singular fast terminal sliding mode control (NFTSMC) strategy based on a finite-time observer and improved reaching rate is proposed to solve the control problem of aerial robot systems subject to actuator faults and internal and external disturbances. Using the control strategy proposed in this paper, rapid convergence and high robustness of the system are guaranteed. In addition, the proposed finite-time observer can observe information related to the actuator fault or internal and external disturbance of the system in an accurate and timely fashion, and actively compensate the fault. The improved reaching law introduced in this paper can cause the system reach the sliding surface quickly, effectively improving the response speed of the system and increasing the tracking performance of the system. The stability of the whole system is proved using Lyapunov stability analysis. Finally, the effectiveness of the proposed control strategy is verified on the basis of a numerical simulation of a six-rotor UAV model with manipulator.
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1. Introduction


With advances in science and technology, multi-rotor UAVs have been used in various fields, including aerial photography [1], search and rescue [2], and precision agriculture [3]. However, due to design and structural limitations, multi-rotor UAVs cannot come into direct contact with objects in the environment. To solve the problem of interaction with the environment, one or more manipulators can be mounted on UAVs [4,5]. Multi-rotor UAVs with manipulators are called aerial robotic manipulators (AEROMs).



Aerial robotic manipulators have been applied in many fields, such as forest health monitoring and data collection [6], perching in high places and the performance of wall knocking inspection work [7,8]. The ability of aerial robotic manipulators to interact with their environment greatly increases the possibilities of successfully carrying out missions in the air [9].



With the increasing demand for air operations, much research has been performed on the control of aerial robots. However, manipulators exhibit serious coupling interference with multi-rotor UAVs. Therefore, the control problem of aerial robots has always been a focus of research. For example, in [10], an optimization problem control scheme was presented for a crowd of aerial machines performing a search task. In [11], in view of the problem of thrust and joint trajectory control, a control strategy for a multi-bar aerial robot based on motion elements and a nonlinear prediction model was proposed. In [12], an adaptive-repetitive visual-servo controller was proposed to adjust and track the system while solving the control problem arising from the uncertainty of internal and external parameters. Inspired by insect flight, adaptive tracking flight control and iterative learning control algorithms have been proposed to solve dynamic trajectory tracking, unmodeled dynamics, and system errors [13]. In [14], aiming to solve the underactuated problem of an aerial robot composed of a UAV and a manipulator, the researchers proposed a new model-based adaptive motion control algorithm.



Aerial robots are prone to fault problems and external interference during operation. Therefore, it is particularly necessary to design observers to perform timely observation of aerial robots. In [15], in order to solve the problem of precise control of the connecting rod, a low-latitude estimator with a nonlinear high-gain observation period was proposed that was able to determine the state of the whole system from the sensor. In [16], in order to solve the problem of interference hindering the completion of the task in n-order robot manipulators, the researchers used the robust position input observer to obtain a decoupling estimation from the unknown interference. The observer displayed good results. In addition to external disturbances, there are many uncertainties in UAV systems. In [17], a control strategy based on an adaptive sliding-mode disturbance observer was proposed for UAV systems subjected to external disturbance and uncertainty. The proposed observer effectively estimated and compensated for external disturbances and state-dependent uncertainties. In [18], the researchers extended the concept of the wrench observer to a tilted six-rotor UAV with a 3-DOF manipulator to estimate progress and robustness to measurement noise.



At present, due to their simplicity of design, the design of controllers for aerial robots mostly consists of the improvement and extension of PID controllers [19,20,21,22]. However, there are many control technologies with better control performance. In [23], an adaptive fault-tolerant scheme based on a frequency domain identification state space model was proposed for the actuator failure of a ducted-fan aerial robot. In [24], in order to solve the visual servo problem of a restricted mobile robot, a nonlinear model predictive control based on the Gaussian process was proposed. Compared with PID control, backstepping control has better performance for uncertain and parametric systems. In [25], the researchers combined backstepping control with the cuckoo search algorithm to track the trajectory of aerial robots, reducing the stability time and overshoot of the system.



In complex systems, sliding mode control has strong robustness to system faults, uncertainties and disturbances. Therefore, sliding mode control has also been promoted in the field of aerial robots. In [26], a high-order sliding mode controller was developed to counteract the influence of overhang on the rotor UAV, and a super twisting control input was generated to suppress load swing. In [27], a non-singular terminal sliding mode controller was designed using time-delay estimation, providing higher control precision than the proportional differential. In [28], A hybrid algorithm for the optimization of sliding mode control theory was proposed, verifying the effectiveness of the autonomous operation of an aerial robot over a paddy field.



The above investigations indicate that aerial robot systems are a highly coupled and underactuated system. Uncertainties, faults, and disturbances in the system will have a serious influence. There have been certain studies on the uncertainties and external interference to which aerial robots are subjected, but there have been few studies on actuator failure in aerial robots. Similarly, there have been few studies on the suppression of chattering in aerial robot control.



The shortcomings of previous research can be summarized as being related to three aspects. Firstly, some methods combine sliding mode control with other control methods to produce a complex controller, and this control strategy has certain limitations in practical application. Second, some methods are very sensitive to interference and uncertainty, adding unnecessary restrictions or too many parameters in the design. Finally, some methods do not effectively solve the chattering problem of the system. On the basis of existing research, the trajectory tracking control problem of aerial robot systems subject to actuator failure and internal and external disturbances is studied using a non-singular terminal sliding mode control algorithm based on a finite-time observer and an improved reaching law. The main novelty and characteristics of this paper can be summarized as follows:




	(1)

	
A finite-time observer based on terminal sliding mode is designed by separating the fault of the aerial robot system from the internal and external unknown disturbances. The finite time lumped estimation and compensation of actuator fault information and internal and external disturbances are realized without obtaining the upper bound of disturbance.




	(2)

	
Based on the non-singular terminal sliding surface, an improved reaching law is introduced that enables the system to reach the sliding surface in a finite amount of time. This improves the robustness of the system and effectively reduces the chattering phenomenon.




	(3)

	
The model studied in this paper considers the effects of actuator failure, manipulator action interference, and unknown external interference on the aerial robot system, thus improving the effectiveness and availability of the control algorithm.









The remainder of this paper is organized as follows: the models and problem descriptions of aerial robot systems are given in Section 2. Section 3 presents the design of the finite-time observer. In Section 4, the detailed design process of the NFTSM controller based on the improved reaching law and the finite-time observer is given. The corresponding simulation results are provide in Section 5 in order to demonstrate the effectiveness of the proposed control strategy. Finally, the contents of this paper are summarized, and future research directions are given.




2. System Model Description


The schematic diagram of the aerial robot system is shown in Figure 1. The aerial robot system is composed of a six-propeller aircraft and a two-degree-of-freedom manipulator. A six-rotor UAV was selected because of its strong load capacity, which has great application for air operations. It provides a light arm for the system, thereby increasing flight autonomy. Although it moves in the XvOvZv plane, the manipulators attached to the UAV can interact with objects in 3D space. In the following section, the system is divided into two subsystems, namely, the UAV and the manipulator, for the purposes of dynamic modeling. This overall method regards the coupling problem as an internal interference problem [29].



2.1. Kinematics of Six-Rotor Aircraft


The six-rotor UAV is a rigid body and is affected by external forces exerted on its centroid. Following the method described in [30], Newton’s law, the Euler–Lagrange equation and small-angle simplification are used. The dynamic model equation of the six-rotor UAV is shown below:


  {     x ¨  =   sin ψ sin ϕ + cos ψ sin θ cos ϕ      U z   m       y ¨  =   sin ψ sin θ cos ϕ − cos ψ sin ϕ      U z   m       z ¨  =   cos θ cos ϕ − g      U z   m       ϕ ¨  =    I  y y   −  I  z z      I  x x        θ ˙   ψ ˙    −    J r     I  x x      θ ˙   Ω r  +    U ϕ     I  x x          θ ¨  =    I  z z   −  I  x x      I  y y        ϕ ˙   ψ ˙    +    J r     I  y y      ϕ ˙   Ω r  +    U θ     I  y y          ψ ¨  =    I  x x   −  I  y y      I  z z        ϕ ˙   θ ˙    +    U ψ     I  z z         



(1)




where    x ¨  ,  y ¨  ,  z ¨    denotes the linear acceleration in the position subsystem;    ϕ ¨  ,  θ ¨  ,  ψ ¨    represents the angular acceleration of the attitude system in the rotor UAV;   m   represents the quality of the unmanned aerial vehicle;    U z  ,  U ϕ  ,  U θ  ,  U ψ    represents the torque produced by the six propellers, defined as    U z  =    T 1  +  T 2  +  T 3  +  T 4  +  T 5  +  T 6     , Tn represents the force generated by propeller n,    U ϕ  =   l  3   2    −  T 2  −  T 3  +  T 5  +  T 6    ,  U θ  =  l 2    2  T 1  +  T 2  −  T 3  − 2  T 4  −  T 5  +  T 6    ,  U ψ  =    Q 1  −  Q 2  +  Q 3  −  Q 4  +  Q 5  −  Q 6     , where    Q n    is the torque caused by propeller  n ,  l  represents the distance from the rotor to the centroid;    I  x x   ,  I  y y   ,  I  z z     is the main inertia moment of the rotor UAV; and    Ω r  =   ∑   i = 1  6   ω i   ,    ω i    represents the speed of the  i  motor.




2.2. Dynamic Model of Manipulator


The two-degree-of-freedom manipulator is suspended on the lower hanging plate of the aircraft pod, and the manipulator moves in the    X v   O v   Z v    plane. The other degrees of freedom can be realized by the attitude transformation of the UAV, so the design can realize the function of interaction with objects in three-dimensional space required by the flying robot. The transmission of torque is realized by flexible rope traction, and the inertia ratio of the joints is decredased. By introducing Newton–Euler method [31], the dynamic model is derived as follows:


   q ¨  =  M  − 1    q    τ − C   q ,  q ˙     q ˙  − G q − F   q ˙      



(2)




where   M ϵ  R  2 × 1     represents the inertial matrix of the system;  q ,   q ˙   and    q ¨    are joint vector, joint angular velocity vector, and joint angular acceleration vector, respectively;   C ϵ  R  2 × 2     represents the coriolis and centrifugal force matrix; and   τ =      τ 1  ,  τ 2     T  ϵ  R  2 × 1     represents joint torque. The selection of aerial manipulator should meet the requirements of light weight and slenderness, such that the mass of the manipulator can be concentrated on the joint, and the quality of the connecting rod of the manipulator is not considered.



Then, when the gravity of the manipulator and the torque at the joint are brought into the model of the aircraft as disturbance and disturbance torque, we can obtain:


  {     x ¨  =   sin ψ sin ϕ + cos ψ sin θ cos ϕ      U z     m T         y ¨  =   sin ψ sin θ cos ϕ − cos ψ sin ϕ      U z     m T         z ¨  = ( cos θ cos ϕ − g )    U z     m T         ϕ ¨  =    I  y y   −  I  z z      I  x x        θ ˙   ψ ˙    −    J r     I  x x      θ ˙   Ω r  +    U ϕ     I  x x          θ ¨  =    I  z z   −  I  x x      I  y y        ϕ ˙   ψ ˙    +    J r     I  y y      ϕ ˙   Ω r  +    U θ     I  y y     +  τ 1  +  τ 2       ψ ¨  =    I  x x   −  I  y y      I  z z        ϕ ˙   θ ˙    +    U ψ     I  z z         



(3)




where mr = m + m1, mr is the total mass of the system, and m1 is the mass of the manipulator; and τ1, τ2 denotes the moment of the two joints acting on the aircraft.



Remark 1.

The motion of the manipulator is only carried out in the XvOvZv plane of the system, and the generated torque effect is regarded as only affecting the pitch angle of the system.






2.3. Problem Description


For aerial robot systems, actuator failures and external disturbances are inevitable, so in this part, actuator failures and external disturbances are introduced into the system model. The actuator failure type is the loss of control effectiveness [32]. The system failure and disturbance model can be described as follows:


  {      x ˙   11   =  x  12         x ˙   12   =  1   m T      1 −  μ 1     U 1  +  d 1        x ˙   21   =  x  22         x ˙   22   =  1   m T    ( 1 −  μ 2  )  U 2  +  d 2        x ˙   31   =  x  32         x ˙   32   =  1   m T    ( 1 −  μ 3  )  U 3  +  d 3      



(4)






  {      x ˙   41   =  x  42         x ˙   42   =    I  y y   −  I  z z      I  x x      x  52    x  62   −    J r     I  x x      Ω r   x  52   +   1 −  μ 4     I  x x      U ϕ  +  d τ  +  d 4        x ˙   51   =  x 52        x ˙   52   =    I  z z   −  I  x x      I  y y      x  42    x  62   +    J r     I  y y      Ω r   x  42   +   1 −  μ 5     I  y y      U θ  +  d 5        x ˙   61   =  x  62         x ˙   62   =    I  x x   −  I  y y      I  z z      x  42    x  52   +   1 −  μ 6     I  z z      U ψ  +  d 6      



(5)




where    x  i 1   =     x , y , z , ϕ , θ , ψ    T  ,  x  i 2   =      x ˙  ,  y ˙  ,  z ˙  ,  ϕ ˙  ,  θ ˙  ,  ψ ˙     T  ,  d i    i = 1 , 2 , ⋯ , 6     represents an external disturbance to the system, and    d τ  =  τ 1  +  τ 2    represents the disturbance caused by manipulator action, and these are collectively referred to as disturbance terms in the following.    U i    represents the virtual input control of the system:


         U 1  =   sin ψ sin ϕ + cos ψ sin θ cos ϕ    U z         U 2  =   sin ψ sin θ cos ϕ − cos ψ sin ϕ    U z         U 3  = ( cos θ cos ϕ − g )  U z         



(6)




where    μ i    represents the effectiveness of actuator operation, whereby    μ i  = 0   represents the normal operation of the actuator, in which the input of the corresponding control channel is not affected. When    μ i  = 1  , this indicates that the actuator has been completely destroyed, and the input of the corresponding control channel is zero. When   0 <  μ i  < 1  , this indicates that part of the actuator has failed, resulting in lack of input.



The purpose of this paper is to design a fault-tolerant controller for a flight robot system subject to actuator failures and internal and external disturbances. For this purpose, the following are some reasonable assumptions and lemmas:



Assumption 1.

Although the external disturbance of the system is unknown, since the external disturbance is always limited, the external disturbance is bounded:     d i    ≤  D i  ,   i = 1 , 2 , 3 ⋯ 6    .





Assumption 2.

Due to the limited power of the manipulator movement, the internal disturbance torque generated by the action of the manipulator in the system is bounded:     d τ    ≤  D τ   . Combined with Assumption 1, the internal and external disturbances are integrated into one, and the total disturbance of the system can be obtained as follows:  D  t  =      d 1  ,  d 2  ,  d 3  ,  d 4  +  d τ  ,  d 5  ,  d 6     T   ; therefore,  ∥ D  t  ∥ ≤  D i  +  D τ   .





Lemma 1

([33]).A state description system is as follows:


   x ˙   t  = f  x  , x  0  =  x 0   



(7)




where  f  x  :  R +  ×  R n  →  R n   . If there exists a positive definite function  V  x   which satisfies:


   V ˙   x  ≤ − α  V p   x  − β  V q   x   



(8)




where  α > 0 , β > 0 , 0 < p < 1  and  q > 1  , then the original system can converge in finite time  T , and T satisfies:


  T ≤  T  m a x   =  1  α   1 − p     +  1  β   q − 1      



(9)









Lemma 2

([34]).For the following improved reaching law:


                       s ˙  = −  k  Φ  s       s   α  s g n  s          Φ  s  = η + ξ     1 +      s    1 − α    ν      − 1          



(10)




where  0   α   1 , η   0 , ξ   0 , ξ + η < 1  ,   ·   represents the absolute value of a function.  k > 0  , represents the coefficient of the reaching law.  ν = σ      s 0      1 − α   , σ > 0 ,  s 0   represents the initial value of the switching function.



Then, the reaching law can cause the system to reach the sliding mode surface in a finite time   t r   , and can effectively suppress system chattering.


   t r  =        s 0      1 − α     k   1 − α       η + ξ     1 − α    2  σ ln   1 +  1 σ       



(11)




where   s t  = 0  ,    t r   represents the time at which the switching function first reaches the sliding surface.







3. Design of the Fault and Disturbance Observer


In this part, in order to obtain accurate fault information regarding the system, including information on the actuator and internal and external disturbances, and to perform timely compensation, a finite-time observer is designed for System (5). Equations (4) and (5) can be rewritten as the following state equations:


          X ˙  1   t  =  X 2   t          X ˙  2   t  = F    X 2    + G   I − E   U  t  + D  t         



(12)




where    X 1   t     and     X 2   t    represent the state vector of the system,   U  t    is the input vector of the system,  G  represents the control effectiveness matrix,   I ϵ  R  6 × 6     is the unit matrix,   E = d i a g    μ 1  ,  μ 2  ,  μ 3  ,  μ 4  ,  μ 5  ,  μ 6      represents the fault efficiency of the actuators, and   D  t    represents the aggregation of the internal and external disturbances of the system.



In order to obtain accurate fault information and perform timely compensation, a finite-time observer is designed for System (12). The unknown items are separated from the formula and rewritten as follows:


          X ˙  2   t  = −  l 1   X 2  + G U  t  +  D ∗         D ∗  =  l 1   X 2  + F    X 2    + γ       γ = D  t  − G E U  t         



(13)




where    l 1  > 0   is the vector of gain constants,    D ∗    represents the introduced intermediate variable, the actuator failure fault and internal and external interference of the system are combined into   γ =      γ 1  ,  γ 2  ,  γ 3  ,  γ 4  ,  γ 5  ,  γ 6     T   , which represents the collection of all system uncertainties. The auxiliary systems are established as follows:


      X ^  ˙   2   t  = −  l 1    X ^  2  + G U  t   



(14)







Definition error is    X e  =  X 2  −   X ^  2   . With simple calculations:


    X ˙  e  = −  l 1   X e  +  D ∗   



(15)







   D ∗    is set as an input to the corresponding observer, as follows:


            X ^  ˙   e  = −  l 2    X ^  e  +   X ˙  e  +  l 2   X e  +  l 3  s i g  n     λ 1     λ 2          X ˜  e    +  l 4  s i g  n     λ 2     λ 1          X ˜  e            D ^  ∗  =  l 1    X ^  e  +   X ˙  e         



(16)




where     D ^  ∗  =       d ^  1 ∗  ,   d ^  2 ∗  ,   d ^  3 ∗  ,   d ^  4 ∗  ,   d ^  5 ∗  ,   d ^  6 ∗     T    represents the observed value of    D ∗   ,     X ˜  e  =  X e  −   X ^  e    is the observation error,    l 2  ,  l 3    and    l 4    are positive constants indicating gains,   s i g  n p   x  = s i g n  x  ∗        x       p  , s i g  n p   X      s i g  n p     x 1    , s i g  n p     x 2    , ⋯ , s i g  n p     x n       T   , where   s i g n  ·    represents a symbolic function, and    λ 1  a n d    λ 2    are two positive odd numbers, and satisfy    λ 1  <  λ 2   .



Theorem 1.

For the aerial robot system described in Equation (12), an observer is designed in Equation (16) that is able to accurately estimate the value of the uncertainty term  γ  in a finite amount of time.





Proof of Theorem 1.

Combining (13) and (14), we can obtain:


       X ˜  ˙   e  =   X ˙  e  +  l 2    X ^  e  −   X ˙  e  −  l 2   X e  −  l 3  s i g  n     λ 1     λ 2          X ˜  e    −  l 4  s i g  n     λ 2     λ 1          X ˜  e       = −  l 2    X ˜  e  −  l 3  s i g  n     λ 1     λ 2          X ˜  e    −  l 4  s i g  n     λ 2     λ 1          X ˜  e                                                  



(17)







A Lyapunov function is selected as follows:


   V x  =  1 2    X ˜  e T    X ˜  e   



(18)







According to Formula (18):


     V ˙  x  =   X ˜  e T      X ˜  ˙   e                                                                                                                                                                           = −   X ˜  e T     l 2    X ˜  e  +  l 3  s i g  n     λ 1     λ 2          X ˜  e    +  l 4  s i g  n     λ 2     λ 1          X ˜  e         = −  l 2  2  V x  −  l 3      2  V x         λ 1  +  λ 2    2  λ 2      −  l 4      2  V x         λ 1  +  λ 2    2  λ 1                                                         ≤ −  ρ 1   V x     λ 1  +  λ 2    2  λ 2      −  ρ 2   V x     λ 1  +  λ 2    2  λ 1                                                                                                             ≤ 0                                                                                                                                                                                     



(19)




where    ρ 1  =  2     λ 1  +  λ 2    2  λ 2      ∗  l 3  ,  ρ 2  =  2     λ 1  +  λ 2    2  λ 1      ∗  l 4   ,    λ 1     and     λ 2    are two positive numbers, and satisfy    λ 1  <  λ 2   . We can obtain that   0 <    λ 1  +  λ 2    2  λ 2    < 1    and    1 <    λ 1  +  λ 2    2  λ 1     . Therefore, according to Lemma 1, the observation error     X ˜  e    converges in a finite amount of time    T x   , where:


   T x  =    λ 2  −  λ 1    2  ρ 1   λ 2    +    λ 2  −  λ 1    2  ρ 2   λ 1     



(20)







Then, combining Formulas (15) and (16), we can obtain:


    D ^  ∗  = −  l 1    X ˜  e  +  D ∗   



(21)







Therefore, when     X ˜  e    converges, the observed value of    D ∗    is also the same as its actual value, and then, according to Equation (13), an accurate value of the uncertainty  γ  can be obtained as follows:


   γ ^  =   D ^  ∗  −  l 1    X ^  2  − F     X ^  2     



(22)







Theorem 1 has been proved. □





Remark 2.

In Formula (16),     X ˙  e    is needed to realize the designed observer. To meet this requirement, the high-order sliding mode differentiator designed in [34] is introduced. After inputting the signal value    X e    , the specific value of     X ˙  e    can be obtained in a finite amount of time.





Remark 3.

According to the above proof, it can be considered that the value of the system uncertainty observed by the finite-time observer is equal to the actual fault of the system.






4. Design of Fault-Tolerant Controller


In this section, a TSMC control method based on an improved reaching law is proposed that can be used in aerial robot systems subject to actuator faults and internal and external disturbances. The main advantage of this control algorithm is that, in the case of actuator faults and internal and external disturbances, the system possesses rapid convergence speed, strong robustness, and the ability to effectively suppress chattering.



For the design of the system controller, the position input and output channels can be regarded as independent, so the controller is designed with control channel 1 as an example to show the details of the controller design process. To facilitate the design of the display controller, control channel 1 in Formula (12) is written as follows:


     x ¨   1  =  f 1  +  g 1   u 1  +  γ 1   



(23)




where      x ¨   1    represents the state of system control channel 1,    f 1  ,  g 1    are known functions of the system, and    γ 1    is the set of uncertainties in control channel 1. Tracking error is defined as:


   e 1  =  x  1 d   −  x 1   



(24)




where    e 1  ,  x  1 d   ,  x 1    represent tracking error, target value, and system state, respectively.



The terminal sliding surface is designed as follows:


   s 1  =  e 1  +  k 1       e 1       a 1    sgn    e 1    +  k 2        e ˙  1       a 2    sgn     e ˙  1     



(25)




where    e 1  ,   e ˙  1    are the first derivative of error and error, respectively,   sgn  ·    is the symbolic function,    k 1  ,  k 2    are controller parameters greater than zero, and   1 <  a 2  <  a 1  < 2   is the design parameter.



By calculating the first-order derivative of (25) and combining (23) and (24), we can obtain:


     s ˙  1  =  e ˙  +  k 1   a 1       e 1       a 1  − 1     e ˙  1  +  k 2   a 2        e ˙  1       a 2  − 1      e ¨   1                                                                   =  e ˙  +  k 1   a 1     e     a 1  − 1    e ˙  +  k 2   a 2      e ˙      a 2  − 1        x ¨    1 d   −  f 1  − g u +  γ 1      



(26)







In combination with Lemma 2, the controller can be designed as:


   u 1  =  1   g 1         x ¨    1 d   −  f 1  −   γ ^  1  +   k      s 1     α  s g n    s 1       k 2   a 2        e ˙  1       a 2  − 1     η + ξ     1 +        s 1      1 − α    ν      − 1       +    e ˙  +  k 1   a 1       e 1       a 1  − 1    e ˙     k 2   a 2        e ˙  1       a 2  − 1        



(27)




where     γ ^  1    represents the estimated value of the accumulated uncertainty for system control channel 1, which can be calculated using Formula (22).



Theorem 2.

For aerial robot systems subject to actuator faults and internal and external disturbances, as described by Formula (12), the controller (27) designed in this paper can cause the system state to converge and reach the sliding surface in a finite amount of time. It is also able to suppress system chattering.





Proof of Theorem 2.

Firstly, it will be proved that the sliding surface can be reached in a finite amount of while, and that chattering can be suppressed:



According to Formula (10), we can get:


  − k d t =   η + ξ     1 +      s    1 − α    ν      − 1        s    − α   s i g n  s   



(28)




when   s > 0  ,


    t r  = −  1 k    ∫    s 0     s t      η + ξ     1 +      s    1 − α    ν      − 1        s    − α   s i g n  s  d s      = −  1 k    ∫    s 0     s t    η  s  − α   d s −  1 k    ∫    s 0     s t    ξ     1 +    s  1 − α    ν      − 1    s  − α   d s   



(29)




where


     ∫    s 0     s t    ξ     1 +    s  1 − α    ν      − 1    s  − α   d s =   1 − α     ∫    s 0     s t      ξ ν   ν +  s  1 − α     d    s  1 − α                                                                  =   1 − α     ∫    β 0     β t      ξ υ   υ + β   d β                                                                    = ξ ν   1 − α   ln   ν + β    |   β 0     β t                                                                                 = ξ ν   1 − α   ln   ν +  s  1 − α      |   s 0     s t      



(30)




then,


      t r    = −  1 k     η  1 − α    s  1 − α    |   s 0     s t    + ξ ν   1 − α   ln   ν +  s  1 − α      |   s 0     s t            =  1 k     η  1 − α    s 0  1 − α   + ξ ν   1 − α   ln   ν +  s 0  1 − α       −   ξ ν   1 − α   ln  ν   k        =  1 k     η  1 − α    s 0  1 − α   + ξ ν   1 − α   ln   1 +    s 0  1 − α    ν          



(31)




when   s < 0  ,


   t r  =  1 k     η  1 − α       − s     1 − α   + ξ ν   1 − α   ln   1 +       − s     1 − α    ν       



(32)







Combining Equations (31) and (32), we can obtain:


   t r  =  1 k     η  1 − α    s 0  1 − α   + ξ ν   1 − α   ln   1 +    s 0  1 − α    ν       



(33)







Bring   μ = σ      s 0      1 − α     into (33), and we can get:


    t r  =  1 k     η  1 − α    s 0  1 − α   + ξ ν      s 0      1 − α     1 − α   ln   1 +  1 σ         =        s 0      1 − α     k   1 − α       η + ξ     1 − α    2  σ ln   1 +  1 σ                        



(34)







It is shown that the reaching law enables the system to reach the sliding surface in a finite amount of time. When  s  tends to 0,   s ˙   also tends to 0, and the chattering phenomenon of the system is effectively suppressed by the reaching law.



The proof of the stability of the controller is as follows:



Select a Lyapunov function    V 1   ,


   V 1  =  1 2   s 1 2   



(35)







Combining (10) with (23)–(27), the time derivative is given as:


       V ˙  1    =  s 1    s ˙  1         =  s 1  [   e ˙  1  +  k 1   a 1       e 1       a 1  − 1     e ˙  1          +  k 2   a 2        e ˙  1       a 2  − 1        x ¨    1 d   −  f 1  −  g 1   u 1  +  γ 1    ]         =  s 1  [   e ˙  1  +  k 1   a 1       e 1       a 1  − 1     e ˙  1          +  k 2   a 2        e ˙  1       a 2  − 1       γ ^  1  −  γ 1  −   k      s 1     α  s g n    s 1       k 2   a 2        e ˙  1       a 2  − 1   Φ    s 1      −     e ˙  1  +  k 1   a 1       e 1       a 1  − 1     e ˙  1     k 2   a 2        e ˙  1       a 2  − 1       ]         =  s 1     k 2   a 2        e ˙  1       a 2  − 1       γ ^  1  −  γ 1    −   k      s 1     α  s g n    s 1      η + ξ     1 +        s 1      1 − α    ν      − 1            



(36)







According to Remark 3, we can get:


       V ˙  1    =  s 1    s ˙  1         = −   k      s 1      α + 1     η + ξ     1 +        s 1      1 − α    ν      − 1             ≤ 0      



(37)







According to the proof of Lyapunov stability theory, the state        x  11   ,  x  12      T    of control channel 1 of the system is stable. Therefore, on the basis of the same principle, we can conclude that other control channels of the system are also stable. The aerial robot system employing the improved reaching law NFTSM controller is able to reach the designed sliding surface in a finite amount of time. Theorem 2 is proved. □





Remark 4.

By introducing an improved reaching law NFTSM controller, the rapid convergence characteristics of the system are guaranteed. When the system is no longer on the sliding surface, the control law guarantees the convergence characteristics of the system and effectively suppresses system chattering. The manipulator of the system will cause uncertain disturbances to the system. With the help of the improved reaching law, the strong robustness and rapid convergence of the controller are retained.






5. Simulation Results


In this section, in order to demonstrate the effectiveness and practicability of the NFTSMC method based on a finite-time observer and improved approach rate, a numerical simulation of an aerial robot system subject to actuator fault and internal and external disturbances was carried out. The proposed control algorithm was simulated and verified by building a system model in MATLAB.



The selection of the main parameters of the six-rotor UAV and the manipulator is shown in Table 1:



5.1. Observer Simulation


In the system, time-varying fault functions (38) and (39) are introduced into the control channel to simulate the actuator fault; and white noise with an upper bound    D i  = 0.018   is introduced to simulate the external disturbance. In the eighth second of the system’s operation, the joint angle of the rope-driven manipulator changes from       − 20 ° , − 30 °    T    to       20 ° , 10 °    T   , and the trajectory of the joint in space is operated according to the Cycloidal curve. In the system, the velocity and acceleration of the movement angle of the manipulator are taken into the dynamic model (2). The torque generated by each joint in the system is calculated. The running time of the manipulator is 3 s. The influence of the torque generated by the joint motion of the manipulator on the system can be approximately described as shown in Equation (40). The performance of the observer is verified on the basis of simulation experiments on control channels 1 and 4, and a comparison with the observer described in [35].


   μ 1  =       1 , t ϵ   0 , 6         0.5 + 0.1 sin   0.3 π t   , t ϵ   6 , 20          



(38)






       μ 4  =       1 , t ϵ   0 , 4         0.6 + 0.1 cos   0.3 π t   , t ϵ   4 , 20                μ 2  =  μ 3  =  μ 5  =  μ 6  = 1      



(39)






   d τ  =  τ 1  +  τ 2  = 0.18 cos    π 3  t   , t ϵ   8 , 11    



(40)







The relevant parameters of the observer are selected as follows:    l 1  = 0.02 ,  l 2  = 5 ,  l 3  = 1.5 ,  l 4  = 1 ,  λ 1  = 3 ,  λ 2  = 5  . The simulation results are shown in Figure 2 and Figure 3.



By comparing the two observer channel images, the proposed observer can track the fault function curve accurately and in a timely fashion. For an abrupt actuator fault, the maximum observation error of the observer proposed in this paper is about 0.08, and the fault information of the system can be accurately tracked in about 1.3 s. For the internal disturbance of the manipulator moving in the 8th to 11th seconds, the observer proposed in this paper is about 0.5 s, and the observation error is close to zero. The simulation results of the observer described in reference [35] indicate large observation errors, and there is a certain delay in the observation of the actual value. Therefore, the proposed observer has good observation effect.




5.2. Simulation of Trajectory Tracking Control Effect


This section studies the control performance of an aerial robot system subjected to an actuator failure fault and internal and external disturbances. The effectiveness of the proposed control strategy is verified by inputting an actuator 10% failure fault and manipulator rotation disturbance into the system in the eighth second. We set up two sets of experiments with different initial and target conditions to verify the effectiveness of the algorithm. The first group of experiments were as follows: the initial values of the system were set as      x 0  ,  y 0  ,  z 0  ,  θ 0    =   0 , 0.2 , 0.2 , − 0.1    . The control objective was to cause the system to reach the target position within a short time      x d  ,  y d  ,  z d  ,  θ d    =   0.4 , 0.4 , 0 , 0    . The second group of experiments was as follows: the initial values of the system were set as      x 0  ,  y 0  ,  z 0  ,  θ 0    =   0 , 0.2 , 0.6 , 0.2    . The control objective was to cause the system to reach the target position within a short time      x d  ,  y d  ,  z d  ,  θ d    =   0.6 , 0.8 , 0 , 0    . The initial position unit is  m  and the pitch angle unit is   r a d  .



To demonstrate the superiority of the FTSMC method based on the finite-time observer and the improved reaching law, this section compares it with the SMC controller based on the traditional reaching law [34]. According to Equation (27), the parameters selected by the controller in this paper are shown in Table 2:



The simulation results are as follows:



Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 show the tracking curves of the control strategy and the traditional sliding mode control when the system is subject to actuator faults and internal and external disturbances. Figure 4, Figure 5, Figure 6 and Figure 7 show the first set of experimental data, Figure 8, Figure 9, Figure 10 and Figure 11 show the second set of experimental data. The pitch angle tracking curve is shown in Figure 7 and Figure 11.



On the basis of the first set of experiments, it can be seen from the simulation results that the proposed method enables the attitude tracking curve to reach a steady state in about 1.7 s, and the position tracking curve to reach a steady state in about 2.3 s. At the 8th s, the system fault and internal and external disturbances occurred, and the attitude system was able to effectively handle the system fault and the manipulator disturbance action after about 1.5 s. At 1.4 s, the system was stable, and the maximum vibration amplitude of the curve was 0.0052 rad. The position system was able to achieve stability after about 2.5 s. At the 10th s, the attitude system was able to achieve stability in 1.2 s or so, and the maximum amplitude of the curve was 0.0036 rad; the position system was able to reach a steady state in 1.5 s. The conclusion of the second group of experiments is similar to that of the first group. It can be seen that in the z-axis attitude control, the traditional sliding mode control also has a certain effect when dealing with faults and disturbances, but our control strategy has better control effect than that of the traditional sliding mode control described in reference [36].



The traditional sliding mode control method is able to make the system stable, but there are some defects. First, with respect to the position and attitude tracking process of the system, the overshoot and adjustment time of the proposed method are small. Secondly, the proposed method is able to effectively suppress the chattering of the system, while the traditional sliding mode control cannot. Finally, when the actuator faults and internal and external disturbances occur simultaneously, the method proposed in this paper is able to quickly stabilize the system, while the traditional sliding mode causes severe system jitter, and the adjustment time is large.



On the basis of the above comparative analysis, it can be seen that the proposed control strategy has better tracking performance and higher accuracy with respect to stability.





6. Conclusions


In this paper, a non-singular fast terminal sliding mode control algorithm based on a finite-time observer and improved reaching rate was proposed for aerial robot systems that are subject to actuator faults, manipulators, and external noise disturbances. The introduction of a finite observer was able to accurately and quickly diagnose faults and obtain disturbance information in the system, thus providing the control strategy for the controller. The introduction of improved reaching rate effectively suppresses the chattering phenomenon of the system and improves the control accuracy of the system. When the system reaches the sliding surface, the coefficient of the discontinuous switching function of the non-singular fast terminal sliding mode controller guarantees the robustness of the system by maintaining a large slope, and it has faster convergence characteristics than the traditional terminal sliding mode control.



In the face of actuator faults and internal and external disturbances of the system, the controller proposed in this paper has high robustness and anti-interference ability. Therefore, this controller can be used in other models with higher anti-interference requirements. The simulation and experiment performed using the aerial robot model demonstrate the effectiveness of the proposed control strategy. In future research, the motion control problem of the manipulator of the aerial robot will be considered in three-dimensional space, not just in the plane.
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Figure 1. Model of aerial robot. 
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Figure 2. Observer performance comparison diagram. 
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Figure 3. Observer performance comparison diagram. 
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Figure 4. Trajectory tracking of position x. 
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Figure 5. Trajectory tracking of position y. 
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Figure 6. Trajectory tracking of position z. 
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Figure 7. The tracking value of pitch. 
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Figure 8. Trajectory tracking of position x. 
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Figure 9. Trajectory tracking of position y. 
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Figure 10. Trajectory tracking of position z. 
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Figure 11. The tracking value of pitch. 
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Table 1. Main parameters of the aerial robot.
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	Parameter
	Numerical Value
	Implication





	  m  
	   3.85    kg    
	Quality of UAV



	    m 1    
	   0.32    kg    
	Quality of mechanical arm



	    I  x x     
	   0.29    kg  /  m 2    
	Rotational inertia around x axis



	    I  y y     
	   0.29    kg  /  m 2    
	Rotational inertia around y axis



	    I  z z     
	   0.15    kg  /  m 2    
	Rotational inertia around z axis



	  g  
	   9.8    m  /  s 2    
	Acceleration of gravity



	  l  
	   0.36    m    
	UAV arm length
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Table 2. Main parameters of the controller.
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	Channel
	     a 1     
	     a 2     
	     k 1     
	     k 2     
	   α   
	   η   
	   ξ   
	   k   





	  x  
	   1.42   
	   1.21   
	   0.2   
	  1  
	   0.66   
	   0.5   
	   0.3   
	   3.2   



	  y  
	   1.45   
	   1.23   
	   0.2   
	  1  
	   0.66   
	   0.5   
	   0.3   
	   3.2   



	  z  
	   1.52   
	   1.25   
	   0.22   
	  1  
	   0.65   
	   0.5   
	   0.3   
	   3.2   



	  θ  
	   1.66   
	   1.35   
	   0.25   
	  1  
	   0.65   
	   0.55   
	   0.4   
	   3.25   
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