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Abstract

:

In this article, an observer-based adaptive non-singular fast-reaching terminal sliding mode control strategy is proposed to tackle the problem of actuator faults and uncertain disturbance in aerial robot systems. Firstly, a model of an aerial robot system is established through dynamic analysis. Next, an adaptive observer, combined with a fast adaptive fault estimation (FAFE) algorithm, is proposed to estimate system states and actuator failure and compensate for faults in a precise and prompt manner. In addition, a non-singular fast terminal sliding surface is defined, taking into account the fast convergence of the tracking errors in order to provide appropriate trajectory tracking results. Since the upper bounds of the disturbances caused by the manipulator of the system in practice are unknown, the control approach may benefit from the addition of an adaptive control strategy that can suppress the influence of uncertain disturbances. The Lyapunov stability theory demonstrates that tracking errors are able to converge stably and quickly. In the end, the contrast experiment is conducted to exhibit the effectiveness of the proposed control strategy. The results demonstrate quicker convergence and improved estimating accuracy.
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1. Introduction


With the further development of science and the continuous iteration of related technologies, countries and organizations around the world have successively carried out research on multi-rotor aircraft, further promoting the development of drones. In addition to military unmanned reconnaissance aircraft and unmanned target drones, multi-rotor drones also have various civilian applications, including space surveillance, environmental monitoring, surface crack detection, logistics transportation, and so on [1,2,3,4], while these services are no longer able to completely satisfy people’s requirements. With the aim of improving the ability to interact with the external environment, multi-rotor aircraft equipped with multi-joint manipulators, which can help people complete more complex, dangerous, and sophisticated activities, have attracted more and more attention and research [5,6] in recent years. If an autonomous manipulator is combined with the mobile platform on the ground and in the air as a new type of robot, it will have the flexible characteristics of the robotic arm and the mobile platform at the same time, so that the robotic arm can move autonomously and finally be able to grasp the workpiece in industrial production and assist workers in carrying heavy objects [7,8].



This approach, which combines the powerful operation ability of the robotic arm with the free-movement ability of the mobile robot platform to expand the application range of robot technology, has set off a wave of technological development and has broad application prospects. At present, a novel system consisting of a multi-rotor aircraft and a robotic arm can replace people to complete tasks such as sample information collection, instrument remote control, and industrial equipment maintenance [9]. The combination of the robotic arm and the rotorcraft aims to realize the miniaturization and dexterity of the robotic arm and the multi-function and intelligence of the four-rotor aircraft, which conforms to the current technological development trend [10,11].



While the aerial robot enhances its ability to interact with the environment, the drone will also be internally disturbed by the action of the manipulator’s actuator [12]. For a rotorcraft with a robotic arm, when the robotic arm moves, the center of gravity of the whole system will also be affected. To solve this problem, a new adaptive backstepping sliding mode controller was designed in [13]. In [14], after deriving the full dynamics of unmanned aerial manipulation (UAM), the researchers used the low-dimensional simplified model of the entire system and adaptive backstepping technology to deal with the predicament that the unmanned aerial vehicle (UAV) is independent of the robot manipulator control. Reference [15] provided a sliding mode control for the attitude control of the rotorcraft aerial manipulator. In [16], a fuzzy sliding mode control method was developed to obtain stable control performance and tracking performance. For a UAM under uncertainties and external disturbances, an adaptive sliding mode observer-based control strategy was proposed in [17] to achieve the desired steady-state and transient performance.



As a result of a diversity of environments and attitudes, the aircraft will face various problems that cause system instability during the performance of tasks; thus, a high-precision observer is particularly important for the timely observation of aerial robots. A Velocity-based Disturbance Observer (VbDOB), which can not only increase the robustness to external disturbances and uncertainties in the plant dynamics but also manage accurate full-state estimations, was constructed in [18]. In [19], in order to provide information on states and faults to the outer controller, with the compensations for faults, researchers designed an adaptive observer based on a radial basis function neural network (RBFNN). A reduced-order model of the system was used to build the adaptive observer design, which lowered computational complexity and made parameter adjustments easier. In [20], without accurate knowledge of the system dynamics, an adaptive neural network observer was designed to estimate information on angular velocity and compensate for the disturbance of the four-rotor UAV to guarantee the stability of the system. Since the system state measurement and state-dependent disturbances cannot be fed back, an adaptive approach based on a fuzzy observer was provided in [21].



For a rotorcraft loaded with a robotic arm, how to maintain the stability of its flight is one of the main directions of current research. Many improvements for the PID controller have been proposed [22,23]. In order to reduce the possible causes of system instability, various sliding mode control (SMC) strategies are widely used in flight control systems due to their robustness and fast response speed. Reference [24] proposed an adaptive sliding mode fault-tolerant control method, which can adaptively generate fault-tolerant control strategies, while compensating for actuator faults and model uncertainties by utilizing a radial basis function neural network. In [25], a novel adaptive sliding mode control law was created in order to get over the singularity issue of the controller. In [26], the fuzzy logic sliding mode control strategy and the online adaptive estimation scheme were used to inhibit the influence of the actuator fault-tolerant control (FTC) without knowing advanced fault detection and diagnosis. Paper [27] introduced a finite-time extended disturbance observer-based adaptive neural sliding mode control approach, which not only eliminates chattering but also improves the network’s learning speed. A self-tuning sliding mode control strategy was proposed in [28], which proved that the tracking error is able to converge faster compared to the adaptive method. In [29], a continuous nonsingular terminal sliding mode control strategy was proposed to tackle the singularity problem and alleviate the chattering phenomenon, which enhanced practicability. A fast nonsingular terminal sliding mode, combined with an angular velocity planning controller, was designed in [30] for fast convergence, which improved the response performance.



Summarizing the above existing work, the robot system to be studied in this article is a complex and coupled system; researchers have conducted in-depth research on the serious impact of uncertainty, failure, and interference in the system, but there are still many problems that have not been completely solved. The characteristics of faults and disturbances are different, while faults may be regarded as lumped disturbances, although this has limitations [31]. Meanwhile, the chattering phenomenon is inevitable in a sliding mode control, but chattering reduction is not considered in some control strategies [32]. In addition, the upper bound of disturbance in the system is usually uncertain, and some control methods are not applicable [33].



In order to overcome the above-mentioned disadvantages, an observer-based adaptive non-singular fast-reaching terminal sliding mode fault-tolerant control strategy is proposed in this article. The major contributions of this article are summarized as follows:




	(1)

	
Aiming at the predicament that the actuator of the aerial robot has faults and unknown disturbances, the FAFE algorithm is adopted in the observer to obtain the system state and fault estimation value quickly and reliably in the case that the upper bound of the perturbation is unknown.




	(2)

	
Proposing an adaptive non-singular fast-reaching terminal sliding mode fault-tolerant control (ANFTSM-FTC) approach, where the surface can make the tracking error converge quickly in a finite time. At the same time, the fast-reaching law can suppress jitter and accelerate the convergence rate.




	(3)

	
Considering the influence of unknown external disturbance on the control method, through using an adaptive control scheme, the requirement to know the upper bounds of the uncertain disturbances is eliminated.









The remainder of this paper is structured as follows. Section 2 describes the models of the aerial robot system. In Section 3, the design of an adaptive fault observer is introduced. The ANFTSM controller is designed in Section 4. The simulation results are presented in Section 5. Finally, some conclusions are drawn in Section 6.




2. System Problem Description


In order to make our research have more practical physical significance, we usually establish the earth coordinate system  O  and the airframe coordinate system    O V   , following the righthand rule to describe the attitude of the aerial robot.



As is vividly shown in Figure 1, the robot mainly consists of a multi-rotor UAV and a manipulator. The quadrotor aircraft has six degrees of freedom of motion, including three linear motions moving in the direction of coordinate axes and angular motions rotating in the direction of three coordinate axes. Each rotor will generate lift when it rotates. The combination of various lift forces can make the quadrotor aircraft hover, lift, roll, pitch, and yaw, and the robotic arm connected under the aircraft can move in space. This work takes into account the perturbation effect of the robotic arm’s rotation on the stability of the system during the process of establishing the model of the aerial robot.



2.1. Model of Aerial Robot


Define the mass of an aerial robot as  m ; the center of gravity position of the aircraft in the Earth coordinate system is   P = ( x , y , z )  ; roll angle, pitch angle, and yaw angle are defined as  ϕ ,  θ ,  ψ , respectively; and  l  represents the length from the center of the rotor to the center-of-gravity position of the aircraft. In addition,   I ∈  R  3 × 3     is defined as the inertia matrix of the body, where   I =        I x     0   0     0     I x     0     0   0     I x         ;    I x   ,    I y   ,    I z    represent the moment of inertia around the body coordinate axes    X V   ,    Y V   ,    Z V   .



Through the above model analysis and the kinematics principle of the quadrotor aircraft, this paper establishes the control input of the aircraft; the control input can be expressed as:


         u 0         u 4         u 5         u 6        =      1   1   1   1     0    − l /  I x     0    l /  I x        − l /  I y     0    l /  I y     0      − c /  I z      c /  I z      − c /  I z      c /  I z               L 1         L 2         L 3         L 4         



(1)




where    L i  ( i = 1 , 2 , 3 , 4 )   denotes the lift provided by each rotor and  c  is the conversion coefficient between force and torque.



Considering the coordinate transformation between different coordinate systems [34], through utilizing the Newton Euler method and the Euler–Lagrange equation, the dynamic model equation of the aerial robot can be obtained as:


         x ¨  =    u 0   m    cos ϕ sin θ cos ψ + sin ϕ sin ψ          y ¨  =    u 0   m    cos ϕ sin θ sin ψ − sin ϕ cos ψ          z ¨  =    u 0   m  cos ϕ cos θ − g        ϕ ¨  =  u 4  +    I y  −  I z     I x     θ ˙   ψ ˙         θ ¨  =  u 5  +    I z  −  I x     I y     ϕ ˙   ψ ˙         ψ ¨  =  u 6  +    I x  −  I y     I z     ϕ ˙   θ ˙         



(2)







When an aerial robot uses its robotic arm for aerial operations, the rotation of the manipulator will inevitably affect the stability of the whole system, and this coupling problem is usually viewed as an internal interference problem [35]. Considering the perturbations caused by the rotation of the robotic arm, we can sum up:


         x ¨  =    u 1   m  +  τ 1         y ¨  =    u 2   m  +  τ 2         z ¨  =    u 3   m  − g +  τ 3         ϕ ¨  =  u 4  +    I y  −  I z     I x     θ ˙   ψ ˙  +  τ 4         θ ¨  =  u 5  +    I z  −  I x     I y     ϕ ˙   ψ ˙  +  τ 5         ψ ¨  =  u 6  +    I x  −  I y     I z     ϕ ˙   θ ˙  +  τ 6         



(3)




where    τ i  ( i = 1 , ⋯ , 6 )   denote the perturbations on the rotation of the manipulator, and    u 1  ,  u 2  ,  u 3    are defined as the virtual input control of the system to make the design process more concise:


         u 1  =  u 0    cos ϕ sin θ cos ψ + sin ϕ sin ψ          u 2  =  u 0    cos ϕ sin θ sin ψ − sin ϕ cos ψ          u 3  =  u 0  cos ϕ cos θ        



(4)








2.2. Problem Formulation


During aerial operations, the aerial robot is extremely vulnerable to external disturbances, such as wind disturbances; at the same time, due to the reliability of the actuator, actuator failure is inevitable. Therefore, in order to bring it closer to practical application, actuator faults and external interference are undoubted considerations. In this article, we concentrate on the attitude of the aerial robot; the type of actuator fault is considered as a decrease in the effectiveness of the control input. Thus, the model can be described as follows:


         x ¨  =    u 1   m  +  τ 1  +  d 1         y ¨  =    u 2   m  +  τ 2  +  d 2         z ¨  =    u 3   m  − g +  τ 3  +  d 3         ϕ ¨  = ( 1 −  ρ 4  )  u 4  +    I y  −  I z     I x     θ ˙   ψ ˙  +  τ 4  +  d 4         θ ¨  = ( 1 −  ρ 5  )  u 5  +    I z  −  I x     I y     ϕ ˙   ψ ˙  +  τ 5  +  d 5         ψ ¨  = ( 1 −  ρ 6  )  u 6  +    I x  −  I y     I z     ϕ ˙   θ ˙  +  τ 6  +  d 6         



(5)




where    ρ i  ( i = 4 , 5 , 6 )   are the efficiency loss factors of the actuator and    ρ i  ∈ [ 0 , 1 ]  . When    ρ i  = 0  , it represents that the actuators will perform precisely as directed by the controller. When   0 <  ρ i  < 1  , it indicates a failure of the actuator and a decrease in control input. If    ρ i  = 1  , it means the input of the appropriate control channel is zero, indicating that the actuator has been totally damaged.    d i  ( i = 1 , ⋯ , 6 )   denote external disturbances.



This paper aims to create a fault observer and a fault-tolerant controller for an aerial robot system that can address the problem of actuator faults and uncertain disturbance caused by the rotation of the robotic arm. In order to achieve this purpose, the following assumption about perturbations is necessary:



Assumption 1. 

There exist unknown constants    D i  ( i = 1 , ⋯ , 6 )  , which hold the following conditions:      d i  +  τ i    ≤  D i   .







3. Design of the Observer


In this section, an adaptive observer is designed to estimate the actuator failure fault value    ρ i    quickly and reliably in the event that the upper bound of the perturbation is unknown. For the convenience of the theoretical proof in the following text, the assumptions and lemmas that need to be considered are as follows:



Assumption 2 

([36]).     ε (  x 1  , t ) − ε (  x 2  , t )   ≤ γ    x 1  −  x 2     , where   γ > 0   is the Lipschitz constant and   ε ( x , t )  satisfies the Lipschitz.





Assumption 3. 

The fault    ρ i    in the system is bounded and differentiable, and satisfies that      ρ i    ≤ Λ  ,       ρ ˙   i ˙     ≤  Λ ⌣   , where  Λ ,   Λ ⌣   are positive constants.





Lemma 1 

([37]).   2  K 1 T   K 2  ≤  1 υ   K 1 T   K 1  + υ  K 2 T   K 2   , where   υ > 0  .





Based on Equation (5), ignoring the gyroscopic effect, considering actuator failure and the interference of unknown disturbances, the attitude subsystem of the aerial robot is transformed into a state equation, as follows:


         x ˙  ( t ) = A x ( t ) + B ( E − ρ ) u ( t ) + ε ( x , t ) + L d ( t )       y ( t ) = C x ( t )        



(6)




where   A =        O  3 × 3        I  3 × 3          O  3 × 3        O  3 × 3          ,   B =          O  3 × 3        I  3 × 3          T   ,   C =  I  6 × 6    ,   x ( t ) =        ϕ   θ   ψ    ϕ ˙     θ ˙     ψ ˙        T    is the state variable,   E =  I  3 × 3    ,   u ( t ) =          u 4       u 5       u 6         T    is the control input, and   y ( t ) =        ϕ   θ   ψ    ϕ ˙     θ ˙     ψ ˙        T    is the output.   L = B   is the disturbance matrix.   ε ( x , t ) =          O  1 × 3        Θ T  ( x , t )        T    is a known nonlinear function and   Θ ( x , t ) =            I y  −  I z     I x     θ ˙   ψ ˙         I z  −  I x     I y     ϕ ˙   ψ ˙         I x  −  I y     I z     ϕ ˙   θ ˙         T   ,   d ( t ) =          τ 4  +  d 4       τ 5  +  d 5       τ 6  +  d 6         T    denote the disturbance;   ρ = d i a g {      ρ 4       ρ 5       ρ 6      }   are faults.



Therefore, the adaptive observer is designed as follows:


          x ^  ˙  ( t ) = A  x ^  ( t ) + B ( E −  ρ ^  ) u ( t ) + ε (  x ^  , t ) + L  d ^  ( t ) + H ( y −  y ^  )        y ^  ( t ) = C  x ^  ( t )        



(7)




where   ρ ^   is the observed value of  ρ ,  H  is the gain matrix,    d ^  ( t )   is the observed value of disturbance, and      d ˙  ( t )   ≤ κ  . The upper bound of the derivative of the unknown disturbance is a positive constant.



We can define system errors as follows,    e x  = x ( t ) −  x ^  ( t )  ,    e y  = y ( t ) −  y ^  ( t )  ,    e d  = d ( t ) −  d ^  ( t )  ,     ρ ˜  i  =  ρ i  −   ρ ^  i   , and set      ρ ˜  ˙  i  =   ρ ˙  i  −    ρ ^  ˙  i   ,     κ ˜  ˙  =  κ ˙  −   κ ^  ˙   .



If   P =  P T  > 0  ,   Q > 0  ,   ο > 0  ,   χ > 0  , then  G  can be derived from the following formula:


          ( A − H C )  T  P + P ( A − H C ) +  1 ο  P P + ο  χ 2  I = − Q       P B =   ( G C )  T         



(8)







For the actuator failure fault    ρ i   , an adaptive actuator fault estimation law is designed as follows:


     ρ ^  ˙  i  = − 2 α  g i   e y   u i   



(9)




where  α  is the learning rate;    g i    is the i-th row of  G .



The adaptive law for disturbance can be expressed as:


    d ^  ˙  ( t ) =  α 0  sgn (  e d  )  



(10)




where    α 0    is the adaptive parameter. In order to avoid chattering, set   sgn (  e d  ) =    e d       e d    + ∆    ,   ∆ = 0.001  .



Theorem 1. 

Focusing on the system shown in Equation (5), an adaptive observer in Equation (7) is designed to estimate the value of the actuator failure fault    ρ i    in the case that the upper bound of the perturbation is unknown. The designed actuator fault observer can guarantee the stability of the system.





Proof of Theorem 1. 

The Lyapunov function is chosen as follows:






    V 1  =  e x T  P  e x  +  1 2    ρ ˜  i 2  +  1 2   e d 2  +  1  2 σ     κ ˜  2    



(11)





Set    K 1  =  P T   e x   ,    K 2  = ε ( x , t ) − ε (  x ^  , t )  ; according to Lemma 1 and Assumption 1, it can be concluded that,


  2  e x T  P  K 2  ≤  1 ο   e x T  P  P T   e x  + ο  K 2 T   K 2  ≤  1 ο   e x T  P  P T   e x  + ο  χ 2   e x T  I  e x   



(12)







Set   Ξ =   ( A − H C )  T  P + P ( A − H C )  ; taking the derivative of    V 1    yields,


      V ˙  1    =  e x T  Ξ  e x  − 2  e x T  P B   ρ ˜  i   u i  + 2  e x T  P ( ε ( x , t ) − ε (  x ^  , t ) ) +  1 α    ρ ˜  i     ρ ˜  ˙  i  +  e d    e ˙  d  +  1 σ   κ ˜    κ ˜  ˙       ≤  e x T  Ξ  e x  − 2  e x T  P B   ρ ˜  i   u i  +  1 ο   e x T  P  P T   e x  + ο  χ 2   e x T  I  e x  +  1 α    ρ ˜  i  (   ρ ˙  i  −    ρ ^  ˙  i  ) +  e d    e ˙  d  +  1 σ   κ ˜    κ ˜  ˙       ≤  e x T  Ξ  e x  +  1 ο   e x T  P  P T   e x  + ο  χ 2   e x T  I  e x  −   ρ ˜  i  ( 2  e x T  P B   ρ ˜  i   u i  +  1 α     ρ ^  ˙  i  )      +  1 α    ρ ˜  i    ρ ˙  i  + ( κ −  α 0  )    e d    −  1 σ   κ ˜    κ ^  ˙     



(13)







In order to estimate the bound of the derivative of the perturbation, the adaptive law is designed as     κ ^  ˙  = σ    e d      and set    α 0  =  κ ˙  + ν  , where  ν  and  σ  are both positive constants. Thus,


    V ˙  1  ≤  e x T  Ξ  e x  +  1 ο   e x T  P  P T   e x  + ο  χ 2   e x T  I  e x  −   ρ ˜  i  ( 2  e x T  P B   ρ ˜  i   u i  +  1 α     ρ ^  ˙  i  ) +  1 α    ρ ˜  i    ρ ˙  i  − ν    e d     



(14)







Through Assumption 3, one obtains


     1 α    ρ ˜  i    ρ ˙  i    = −     ρ ˜  i 2   α  +     ρ ˜  i  (   ρ ˜  i  +   ρ ˙  i  )  α  = −     ρ ˜  i 2   α  +   (  ρ i  −   ρ ^  i  ) (  ρ i  −   ρ ^  i  +   ρ ˙  i  )  α       ≤ −     ρ ˜  i 2   α  +   (    ρ i    +     ρ ^  i    ) (    ρ i    +     ρ ^  i    +     ρ ˙  i    )  α       ≤ −     ρ ˜  i 2   α  +   2 Λ ( 2 Λ +  Λ ⌣  )  α     



(15)







Substituting Equation (15) into Equation (14), one achieves


      V ˙  1    =  e x T  ( Ξ e  1 ο  P  P T  + ο χ  e x T  I )  e x  −     ρ ˜  i 2   α  +   2 Λ ( 2 Λ +  Λ ⌣  )  α  − ν    e d         ≤ −    λ  min   ( Q )    λ  max   ( P )    e x T  P  e x  −     ρ ˜  i 2    2 α   +   2 Λ ( 2 Λ +  Λ ⌣  )  α  − ν    e d         ≤ − ϑ  V 1  + ζ − ν    e d       



(16)




where   ϑ = min   1 ,    λ  min   ( Q )    λ  max   ( P )      ,   ζ =   2 Λ ( 2 Λ +  Λ  ⌣   )  α   . Therefore, we can know that    e x  ( t )   and    e y  ( t )   converge to zero asymptotically [38], according to the Lyapunov stability theory.



Remark 1. 

According to the above proof, the designed adaptive law enables the fault observer to accurately estimate fault information without knowing the upper bounds of the disturbances.






4. Design of the Controller


In this section, an adaptive nonsingular fast terminal sliding mode fault-tolerant controller (ANFTSM-FTC) is designed for aerial robot systems with actuator faults and disturbances caused by the rotation of the robotic arm, to solve the suggested issue. The primary benefit of this control algorithm is that it can effectively reduce chattering and has a quick convergence speed in the event of disturbances with an uncertain upper bound and actuator failure issues.



Lemma 2 

([39]). If there exists a function   V ( x ( t ) )   satisfying 




	(1)

	
  V ( x ( t ) ) = 0 ⇔ x ( t ) = 0  , 




	(2)

	
   V ˙  ( x ( t ) ) ≤ −  Σ 1   V   ϖ 1    ( x ( t ) ) −  Σ 2   V   ϖ 2    ( x ( t ) )  , where    Σ 1  > 0  ,    Σ 2  > 0  ,   0 <  ϖ 1  < 1  ,    ϖ 2  > 1  .









then the system can converge to zero in finite time, and the convergence time satisfies:   T ≤  1   Σ 1  ( 1 −  ω 1  )   +  1   Σ 2  (  ω 2  − 1 )    .





The sliding surface of the nonsingular fast-reaching terminal is designed as:


   s i  =   e ˙  i  +  λ i   e i  +  μ i       e i       h i    sgn (  e i  )  



(17)




where    λ i   ,    μ i   ,    h i  ( i = 1 , … , 6 )   are all positive constants and    e i    are vector tracking errors which are defined as:


         e 1  = x −  x d         e 2  = y −  y d         e 3  = z −  z d         e 4  = ϕ −  ϕ d         e 5  = θ −  θ d         e 6  = ψ −  ψ d         



(18)




where            x d       y d       z d       ϕ d       θ d       ψ d         T    is the desired value.



Derivation of the Equation (17) can be obtained as:


    s ˙  i  =   e ¨  i  +  λ i    e ˙  i  +  μ i   h i       e i       h i  − 1     e ˙  i   



(19)







In an attempt to improve response speed and quickly stabilize the system, the approaching law can be expressed as follows:


    s ˙  i  = −  Γ i  ( 1 −  e i  −  s i    )  



(20)




where    Γ i  ( i = 1 , … , 6 )   are positive constant parameters.



By combining Equations (18) and (19), we can get:


    e ¨  i  +  λ i    e ˙  i  +  μ i   h i       e i       h i  − 1     e ˙  i  = −  Γ i  ( 1 −  e i  −  s i    )  



(21)







Substituting Equations (5) and (17) into Equation (20), and considering the estimations of the actuator faults, yields:


           u 1   m  +  τ 1  +  d 1  −   x ¨  d  +  λ 1    e ˙  1  +  μ 1   h 1       e 1       h 1  − 1     e ˙  1  = −  Γ 1  ( 1 −  e 1  −  s 1    )          u 2   m  +  τ 2  +  d 2  −   y ¨  d  +  λ 2    e ˙  2  +  μ 2   h 2       e 2       h 2  − 1     e ˙  2  = −  Γ 2  ( 1 −  e 2  −  s 2    )          u 3   m  − g +  τ 3  +  d 3  −   z ¨  d  +  λ 3    e ˙  3  +  μ 3   h 3       e 3       h 3  − 1     e ˙  3  = −  Γ 3  ( 1 −  e 3  −  s 3    )       ( 1 −   ρ ^  4  )  u 4  +    I y  −  I z     I x     θ ˙   ψ ˙  +  τ 4  +  d 4  −   ϕ ¨  d  +  λ 4    e ˙  4  +  μ 4   h 4       e 4       h 4  − 1     e ˙  4  = −  Γ 4  ( 1 −  e 4  −  s 4    )       ( 1 −   ρ ^  5  )  u 5  +    I z  −  I x     I y     ϕ ˙   ψ ˙  +  τ 5  +  d 5  −   θ ¨  d  +  λ 5    e ˙  5  +  μ 5   h 5       e 5       h 5  − 1     e ˙  5  = −  Γ 5  ( 1 −  e 5  −  s 5    )       ( 1 −   ρ ^  6  )  u 6  +    I x  −  I y     I z     ϕ ˙   θ ˙  +  τ 6  +  d 6  −   ψ ¨  d  +  λ 6    e ˙  6  +  μ 6   h 6       e 6       h 6  − 1     e ˙  6  = −  Γ 6  ( 1 −  e 6  −  s 6    )        



(22)







Since the upper bounds of disturbances caused by the rotation of the robotic arm are unknown in practice, an adaptive control scheme is considered, to be combined with the controller. Therefore, the controller is designed as:


         u 1  = − m (  λ 1    e ˙  1  +  μ 1   h 1       e 1       h 1  − 1     e ˙  1  −   x ¨  d  +  Γ 1  ( 1 −  e 1  −  s 1    ) +   D ^  1  sgn (  s 1  ) )        u 2  = − m (  λ 2    e ˙  2  +  μ 2   h 2       e 2       h 2  − 1     e ˙  2  −   y ¨  d  +  Γ 2  ( 1 −  e 2  −  s 2    ) +   D ^  2  sgn (  s 2  ) )        u 3  = − m (  λ 3    e ˙  3  +  μ 3   h 3       e 3       h 3  − 1     e ˙  3  −   z ¨  d  − g +  Γ 3  ( 1 −  e 3  −  s 3    ) +   D ^  3  sgn (  s 3  ) )        u 4  = −  1  ( 1 −   ρ ^  4  )   (  λ 4    e ˙  4  +  μ 4   h 4       e 4       h 4  − 1     e ˙  4  +    I y  −  I z     I x     θ ˙   ψ ˙  −   ϕ ¨  d  +  Γ 4  ( 1 −  e 4  −  s 4    ) +   D ^  4  sgn (  s 4  ) )        u 5  = −  1  ( 1 −   ρ ^  5  )   (  λ 5    e ˙  5  +  μ 5   h 5       e 5       h 5  − 1     e ˙  5  +    I z  −  I x     I y     ϕ ˙   ψ ˙  −   θ ¨  d  +  Γ 5  ( 1 −  e 5  −  s 5    ) +   D ^  5  sgn (  s 5  ) )        u 6  = −  1  ( 1 −   ρ ^  6  )   (  λ 6    e ˙  6  +  μ 6   h 6       e 6       h 6  − 1     e ˙  6  +    I x  −  I y     I z     ϕ ˙   θ ˙  −   ψ ¨  d  +  Γ 6  ( 1 −  e 6  −  s 6    ) +   D ^  6  sgn (  s 6  ) )        



(23)




where     D ^  i    are the estimated values of    D i   .



In order to estimate    D i    more accurately, the following adaptive errors are designed as:


    D ˜  i  =   D ^  i  −  D i   



(24)







Derivation of the Equation (32) can be obtained as


     D ˜  ˙  i  =    D ^  ˙  i   



(25)




where


           D ^  ˙  1  =  1 m  sgn (   ∂  s 1    ∂  u 1    ) (  η  11        s 1       ξ  11     +  η  12        s 1       ξ  12     )          D ^  ˙  2  =  1 m  sgn (   ∂  s 2    ∂  u 2    ) (  η  21        s 2       ξ  21     +  η  22        s 2       ξ  22     )          D ^  ˙  3  =  1 m  sgn (   ∂  s 3    ∂  u 3    ) (  η  31        s 3       ξ  31     +  η  32        s 3       ξ  32     )          D ^  ˙  4  = sgn (   ∂  s 4    ∂  u 4    ) (  η  41        s 4       ξ  41     +  η  42        s 4       ξ  42     )          D ^  ˙  5  = sgn (   ∂  s 5    ∂  u 5    ) (  η  51        s 5       ξ  51     +  η  52        s 5       ξ  52     )          D ^  ˙  6  = sgn (   ∂  s 6    ∂  u 6    ) (  η  61        s 6       ξ  61     +  η  61        s 6       ξ  62     )        



(26)







With    η  i 1    ,    η  i 2   > 0   and   0 <  ξ  i 1   < 1  ,    ξ  i 2   > 1  .



Theorem 2. 

Set the dynamic model of aerial robots as Equation (5); ANFTSM-FTC Equation (23) is designed by combining the sliding mode surface Equation (17) and approaching law Equation (20). Meanwhile, adaptive laws Equation (26) can estimate the disturbances caused by the rotation of the manipulator more accurately. Accordingly, the designed ANFTSM control law can be used to obtain the stabilization of the sliding surface and fast convergence of the controller within a finite time.





Proof of Theorem 2. 

Choose Lyapunov functions as follows:


   V  i 2   ( t ) =  1 2   s i  ( t ) ( ∀ i = 1 , ⋯ , 6 )  



(27)









Taking the derivative of    V  i 2   ( t )   yields,


      V ˙   i 2   ( t )   =   ∂  V  i 2   ( t )   ∂  s i  ( t )     ∂  s i  ( t )   ∂  u i  ( t )     ∂  u i  ( t )   ∂   D ^  i  ( t )     ∂   D ^  i  ( t )   ∂ t        ≤ −  η  i 1       ∂  s i  ( t )   ∂  u i  ( t )         s i      ξ  i 1   + 1   −  η  i 2       ∂  s i  ( t )   ∂  u i  ( t )         s i      ξ  i 2   + 1        ≤ −  2     ξ  i 1   + 1  2     η  i 1       ∂  s i  ( t )   ∂  u i  ( t )       V  i 2       ξ  i 1   + 1  2    ( t ) −  2     ξ  i 2   + 1  2     η  i 2       ∂  s i  ( t )   ∂  u i  ( t )       V  i 2        ξ  i 2   + 1  2     ( t )    



(28)







According to Lemma 2, the sliding surface can be stable in a finite time.



When    s i  ( t ) = 0  , then,


    e ˙  i  = −  λ i   e i  −  μ i       e i       h i    sgn (  e i  )  



(29)







Considering Lyapunov functions as follows:


   V  i 3   ( t ) =  1 2   e i  ( t ) ( ∀ i = 1 , ⋯ , 6 )  



(30)







For the considered candidate Lyapunov, we get


      V ˙   i 3   ( t )   =  e i  ( t )   e ˙  i  ( t )      ≤ −  λ i   e i 2  −  μ i      e i      h i  + 2        ≤ −    λ i   2   V  i 3   ( t ) −    μ i   2    V  i 3       h i  + 2  2    ( t )    



(31)







Similarly, the tracking errors are able to converge rapidly in a finite time.



Remark 1. 

By designing a nonlinear term in the sliding surface and the approaching law, the singular problem is overcome and the chattering phenomenon is suppressed. In comparison to traditional SMC, through introducing an adaptive control procedure, the upper bounds of uncertain disturbances caused by the robotic arm of the system no longer need to be known in advance. Using the ANFTSM-FTC when designing a controller will obtain an excellent convergence speed.






5. Simulation


In this section, several simulations are carried out on the Quanser company’s semi-physical simulation platform, as shown in Figure 2, Figure 3 and Figure 4, to prove the effectiveness of the proposed observer-based ANFTSM-FTC strategy. In order to obtain the position information that meets the accuracy requirements during the indoor flight experiment, the experimental platform adopts the Flex-3 motion capture camera and OptiTrackTools software (version 2.0.1. Final) to solve the position and realize the high-precision positioning of the indoor target. The ground workstation is composed of a computer, wireless router, and remote control. The computer is mainly responsible for the control and calculation tasks of the entire aircraft fault-tolerant control experimental platform system. It is equipped with a QUARC real-time fault-tolerant control system plug-in developed based on Matlab simulation software (version R2023b) and OptiTrackTools visual processing software (version 2.0.1. Final). After obtaining the dynamic visual information of the flight process of the aircraft from the cameras arranged in the room, the OptiTrackTools software (version 2.0.1. Final) analyzes and processes the information to complete the monitoring of the flight state of the aircraft, so as to realize the control of the aircraft in a reciprocating manner. According to the specific requirements of the experiment, the ground workstation can set fault and other command parameters for Qdrone aircraft according to the specific requirements of the experiment, simulate faults in the actual flight process of the aircraft, and realize the verification of the fault-tolerant control algorithm. Comparisons with two other strategies have been performed to show its superiority.



In the simulation experiment, in order to better simulate the actual situation, white noise with an upper bound less than 0.015 exists at the beginning of the simulation. The system-related parameters of the aerial robot are selected as shown in Table 1.



5.1. Observer Simulation


The parameter design of the adaptive observer is as follows:   α = 3  ,   P = 15.07 ×  I  6 × 6    ,   Q =  I  6 × 6    ,   ο = 1.6  ,   χ = 3.8  ,   ν = 3  ,   σ = 30  ,


  H =       5.51    0   0    0.5    0   0     0    5.51    0   0    0.5    0     0   0    5.51    0   0    0.5       0.5    0   0    5.51    0   0     0    0.5    0   0    5.51    0     0   0    0.5    0   0    5.51       .  











In this scenario, time-varying fault functions, as Equations (32) and (33), are introduced. To reflect the superiority of the proposed observer, we further compared it with the observer in reference [40].


   ρ 4  =      0    0 ≤ t < 5       0.5     5 ≤ t < 10 , t ≥ 15       0.2     10 ≤ t < 15        



(32)






   ρ 6  =      0    0 ≤ t < 5       0.4 + 0.15 cos ( 0.3 π t )     t ≥ 5        



(33)







As is vividly shown in Figure 5 and Figure 6, both observers have the ability to estimate failures, but the actuator faults can be estimated in a timely manner and accurately through the observer designed in this article, compared with the adaptive algorithm proposed in [40]. The observer in [40] has a longer delay in observing the actual value. As a result, the performance of the observer in this paper has a preeminent rapidity and accuracy.




5.2. Controller Simulation


In this section, the fault-tolerant effect of the aerial robot system under actuator faults and disturbances with unknown upper bounderies is studied. The controller parameters are given in Table 2.



The initial condition of the aerial robot is set as          x 0       y 0       z 0       ϕ 0       θ 0       ψ 0        =       0.4    0    0.6     − 0.1     − 0.2     0.1        , and the target condition is set as          x d       y d       z d       ϕ d       θ d       ψ d        =       − 0.1     0.5     0.3    0   0   0       . The goal of control is to make the system reach the target position as soon as possible and steadily. At the 7th second of the experiment, 15% of the actuator failure is injected into the attitude control channel, and the robotic arm rotates between 17 and 21 s.



To determine whether the ANFTSMC approach in this paper has outstanding effects, this paper conducts a comparative experiment with the method proposed in [41].



It can be observed from Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 that the tracking value in this paper can reach the target position in about 2 s when there exist faults, and curves in this paper restore stability in about one second, which proves that the tracking errors are able to converge in finite time. When a fault occurs and the robotic arm is running, the proposed method and the sliding mode fault-tolerant control method in reference [41] can compensate for the fault information to make the system stable, but the comparison diagrams show that the trajectories in this article converge approximately 1 s faster than the trajectories in [41], and the convergence time of the proposed approach is shorter, reflecting the effectiveness of the fast convergence law. Meanwhile, the control method in this article can effectively weaken the chattering of the system compared with the other method.



Accordingly, the proposed FTC strategy has superior stability and a faster response speed.





6. Conclusions


This paper proposed an adaptive non-singular fast terminal sliding mode fault-tolerant control method based on an adaptive observer for aerial robot systems. When actuator faults occur in the system, the adaptive fault observer with anti-interference capability can estimate the time-varying faults accurately and weaken the chattering phenomenon. After defining the tracking error, a non-singular fast-reaching terminal sliding surface is designed. Considering various uncertain disturbances, including those caused by the rotation of the manipulator, several adaptive control laws are utilized to estimate the upper bounds of uncertain disturbances. By comparison with some existing FTC methods, it is obvious that the proposed approach has superior fault-tolerant performance. In future studies, we will focus on the uncertainty part of modeling in aerial robot systems.
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