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Abstract


This paper studies the fast finite-time path following of underactuated unmanned surface vehicles (USV) with sideslip compensation, time-varying disturbances and input saturation. In the guidance module, the fast finite-time predictor-based line-of-sight (FFTPLOS) is proposed to overcome the large guidance angle and high-frequency oscillation and eliminate the sideslip angle with finite time. Then, the robust finite-time feedback control is applied to keep the vehicle following the desired path in the control module, where the reduced-order extended state observers (ROESO) are applied to deal with time-varying disturbances. Additionally, fast finite-time auxiliary dynamic systems with smoothly switching functions (FFTADS-SSF) achieve the saturation constraints on actuators with low consumption. The stability analysis proves that the guidance-control system of USVs is uniformly ultimately bounded stable within finite time. The effectiveness and performance of this proposed scheme are superior to the comparison schemes.
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1. Introduction


More attention has been paid to the academic research on unmanned surface vehicles (USV) over the past several years because of its widespread applications in civilian fields such as casualty rescue, target search and reconnaissance missions of the military [1,2]. Path following is an indispensable branch of the motion control of unmanned systems, including unmanned surface vehicle (USV) systems [3], unmanned aerial vehicle (UAV) systems [4] and unmanned ground vehicle (UGV) systems [5]. It is known that the control objective of path following is to track the geometric path on the plane without time constraints. Therefore, path following has played an indispensable role in its brilliant properties such as dynamic path planning and practical engineering applications [6,7]. By incorporating guidance methods into path following [8], the control design of USVs can achieve the convergence of path-following error and obtain better transient tracking performance, improving the safety of USV maneuvering.



Numerous academic studies have been published on the path-following control of USVs [3,6,7], mainly involving the research guidance module in kinematics and control module in dynamics. At the kinematics level of USV, the line-of-sight (LOS) method is a common technique within the guidance system due to the merits of simplicity, efficiency, and ease of implementation. The traditional LOS guidance law has proposed to obtain the reference heading angle by the position tracking errors and look-ahead distance. Since most USVs have no thrust in the cross-track direction, a small sway velocity is generated by the environmental disturbances, resulting in a small sideslip angle. Although it is small, it also affects the accuracy of path following. Therefore, how to remove its influence becomes challenging research. The integral LOS guidance strategy is an established controller, which effectively compensates for drift forces and offsets the sideslip angle [9]. Meanwhile, an adaptive LOS guidance principle used by both integral term and adaptive method is established to handle constant or slow time-varying sideslip angles [10]. Additionally, a novel LOS guidance law with reduced-order ESO is employed to solve the sideslip angle [11]. During transient state, large tracking errors may make the guidance heading deviate from the desired angle in the mentioned studies. In [12,13], a practical proportional sliding-mode controller is applied to deal with the problem of trajectory tracking of the USV. In this paper, an improved predictor-based LOS guidance method with fast finite time not only provides simplicity and interpretation but also addresses the smoothing and fast identification of time-varying sideslip angle and is used to compensate for the vehicle sideslip due to environmental impacts.



In addition to the guidance module, the control module should be considered to design the whole path-following system, which makes the vehicle velocity and attitude fulfill the requirements of LOS guidance. Then, much theoretical research, including the fuzzy control [14], backstepping method [15], active disturbance rejection control [16], trajectory linearization control [17] and sliding-mode control [18], has been applied to control systems. By designing a virtual control law, the linearization of the USV model is avoided, and the global asymptotic stability of the system is proved [19]. Adaptive PI sliding-mode control is applied to deal with the path-following problem of USVs under unknown model parameters and environmental disturbances. The advantage of this method is that there is no need to assume that the upper bound of the disturbance is known [20]. An adaptive integral sliding-mode path-following controller is developed via RBF neural network to improve the robustness [21]. However, in [22,23], a nonlinear disturbance observer (NDO) is summarized to solve parameter uncertainty and external disturbance. Although the above research methods are all designed controllers by sliding-mode control, they bring tremors to the system. This phenomenon can weaken but cannot eliminate.



In engineering applications, input saturation is unavoidable because of the physical restrictions of the actuator, while most research [13,14,15,16,18,19,20] ignored this. Therefore, predefined physical limitations are introduced to control the actuator within a reasonable working range, which leads to instability of the entire system [24]. To solve the above problems, on the one hand, other antisaturation methods are proposed in [25,26,27], which are employed to handle the input saturation. In [25], the Gauss error function is applied to approximate the uncertainties of the input saturation, which is described by the control inputs with the bounded multiplicative gains in [26]. Meanwhile, the MPC controller with input constraints is proposed that can be easily adjusted to produce outputs that are not saturated in [27]. On the other hand, an auxiliary system is proposed in [17,28] to deal with the input saturation. A robust nonlinear controller is developed to the dynamic positioning (DP) system for vehicles, which solves input saturation by the auxiliary dynamic system (ADS) in [29]. In [30], a novel auxiliary dynamic system is applied to address actuator saturation, and the finite-time auxiliary dynamic system is developed to solve the saturation problem in [31]. According to the above research, this paper adopts the improved finite-time auxiliary dynamic system with smoothly switching function (FFTADS-SFF) that limits the input within the reasonable range, reducing input energy consumption, thereby improving the tracking and control performance.



Inspired by the above results, this paper studies the path following of underactuated USVs with sideslip compensation, time-vary disturbances and input saturation and proposes a fast finite-time control strategy via FFTPLOS guidance, ROESOs and FFTADS-SSF. The main contributions of the proposed control scheme are summarized as follows:




	(1)

	
In the guidance module, compared with the PLOS [12,13] that prediction errors are applied to in order to identify the sideslip angle, the FFTPLOS is employed instead of the PLOS such that this angle is compensated within a finite time. The better estimated performances, not only in steady state but also in transient state, are reached rapidly without causing high-frequency oscillation.




	(2)

	
In the control module, a robust finite-time feedback control law is applied to keep vehicles following the desired path. Moreover, the ROESO provide accuracy for the time-varying disturbances on the along velocity and cross velocity, achieving a prominent control effect at the USV’s kinetic level under complex ocean conditions. More importantly, the system exhibits better disturbance estimation performance than [22].




	(3)

	
Compared with the ADS in [28] that alleviates input saturation of the propulsion systems, the novel FFTADS-SSF is introduced to replace the ADS such that actuator input is limited within a finite settling time, which produces lower consumption. The better physical constraints are superior to the ADS scheme in tracking performance and control accuracy.









The other sections of this paper are arranged as follows. Section 2 introduces the problem formulation and preliminaries. Section 3 presents the design details of the FFTPLOS guidance law. Section 4 introduces the design of the path-tracking controller with the ROESO. Section 5 describes a proof-of-system stability. Section 6 provides simulations of path following under time-varying disturbances. Finally, the conclusion of this paper is in Section 7.




2. Problem Formulation and Preliminaries


This section mainly describes the 3-DOF USV model, position error dynamic equation, lemmas and assumptions and control objectives.



2.1. USV Model


Ignoring the heave and pitching movements of USVs, the path variables are illustrated in Figure 1, where   P =   [ x , y ]  T    and    P d  =    x ( θ ) , y ( θ )   T    represent the current location and the arbitrary location of the predefined path, respectively. Considering the influence of the unknown time-varying disturbances such as ocean current, we establish a 3-DOF kinematic model of the underactuated USV [21,32].


       η ˙  = J  ( ψ )  v        M  v ˙   = − C  v  v − D v + τ      



(1)




where   η =   [ x , y , ψ ]  T    is the position and heading in the earth-fixed frame, and   ψ ∈   0 , 2 π    .   v =    u , v , r   T    is the surge, sway and yaw velocities in the body-fixed frame.   τ =   [  τ u  , 0 ,  τ r  ]  T    is the control force and moment.  M  is the USV inertia matrix,  C  and  D  are the USV’s Coriolis–centripetal, linear and nonlinear damping matrices, respectively. Their specific expressions are given as follows


      M =       m 11     0     0      0     m 22       m 23       0     m 32       m 33          C =      0    0      c 13       0    0      c 23        c 31      c 32      0            D =       d 11     0     0      0     d 22       d 23       0     d 32       d 33          J  ( ψ )  =       cos ψ     − sin ψ     0       sin ψ     cos ψ     0      0    0     1         








where   m 11  ,   m 22  ,   m 33  ,   m 23   and   m 32   denote the USV inertia mass, including added mass. The terms   d 11  ,   d 22  ,   d 33  ,   d 23   and   d 32   are hydrodynamic derivatives, including the linear and nonlinear damping terms. The rotational matrix  J  is a transformation between the body-fixed and earth-fixed frame. The Coriolis–centripetal terms meet    c 13  = −  c 31  =  m 22  v − 0.5  (  m 23  +  m 32  )  r  ,    c 23  = −  c 32  =  m 11  u  , and    m 23  =  m 32    [32].



Remark 1.

There are off-diagonal terms   m 23   and   m 32   in the inertia matrix  M  which are not equal to 0 and satisfy   m 23   =   m 32  . The reason for the above is that the profile of the bow is different from that of the stern [33]. In this case, the resulting yaw moment   τ r   acts directly on the roll and yaw dynamics of the USV simultaneously.





To solve the above problem, the following coordinate transformation [34] is adopted,    x ¯  = x + ε   cos  ψ ,    y ¯  = y + ε   sin  ψ ,    u ¯  = u ,  v ¯  = v + ε r   and    r ¯  = r  , where   ϵ =  m 23  /  m 22  > 0  , for nonzero off-diagonal terms. Through coordinate transformation, the inertial matrix of the USV is transformed into an “oblique symmetry form”, so that the rocking dynamics of the USV can get rid of the moment   τ r  . Generating a new USV output variable (  x ¯  ,   y ¯  ,  ψ ) to replace the original (x, y,  ψ ), one yields


         x ¯  ˙  =  u ¯  cos ψ −  v ¯  sin ψ         y ¯  ˙  =  u ¯  sin ψ +  v ¯  cos ψ        ψ ˙  =  r ¯              u ¯  ˙  =  F u     u ¯  ,  v ¯  ,  r ¯    +  τ u  +  d u          v ¯  ˙  = X  (  u ¯  )   r ¯  + Y  (  u ¯  )   v ¯  +  d v          r ¯  ˙  =  F r     u ¯  ,  v ¯  ,  r ¯    +  τ r  +  d r        



(2)




where    F u     u ¯  ,  v ¯  ,  r ¯    =   m 22   m 11    v ¯   r ¯  −   d 11   m 11    u ¯   ,   Y  (  u ¯  )  = −  1  m 22    d 22   ,   X  (  u ¯  )  =    m 11  + ε  d 22  −  d 23    m 22    ,    F r     u ¯  ,  v ¯  ,  r ¯    =    (  m 11   m 22  −  m    22   2  )   u ¯  +  (  m 23   d 22  −  m 22   d 32  )     m 22   m 33  −  m  23  2     v ¯  +    m 23   d 23  −  m 22   d 33  +  m 23   d 32  − ε  m 23   d 22     m 22   m 33  −  m  23  2     r ¯   .   X (  u ¯  )   and   Y (  u ¯  )   are linear functions of velocity and are also continuously passively bounded.   d =   [   d u  ,  d v  ,  d r   ]  T    denotes the unknown time-varying environmental disturbances.



Remark 2.

Move the origin of the attached coordinate system to a positive distance ε from the center of gravity, so that the USV system (1) is transformed into a diagonal form (2). If   (  x ¯  ,  y ¯  )   instead of   ( x , y )   is regarded as the USV position, the above-mentioned method is used to re-select   η =   [ x , y , ψ ]  T   ,   v =    u , v , r   T    and   τ =   [  τ u  , 0 ,  τ r  ]  T    as the position vector, velocity vector and surge force and yaw moment of the mathematical model of the USV motion after coordinate transformation.





Considering the physical constraints [35], the control inputs with nonlinear saturations are described as follows


   τ i  =       τ  i max   ,            τ  i 0   >  τ  i max           τ  i 0   ,           τ  i min   ≤  τ  i 0   ≤  τ  i max           τ  i min   ,           τ  i 0   <  τ  i min          



(3)




where   τ  i min    and    τ  i max    ( i = u , r )    are the minimum and maximum control inputs generated by the actuators, according to physical constraints of the motor’s rotational speed and rudder deflection.    τ  i 0    ( i = u , r )    is the command control input of the proposed controller, which needs to be designed.




2.2. Position Error Dynamic Equation


Since the path-following control of USVs does not have time constraints, we need to define the ideal parameterized path    P d   (  x d   ( θ )  ,  y d   ( θ )  )   . Additionally, the tangential angle   α k   of the path curve is as follows:


   α k   ( θ )  = arctan  (   y d  ˙   ( θ )  ,    x d  ˙   ( θ )   )   



(4)




where     x ˙  d  =   ∂  x d        ∂  x d   ∂      ∂  θ   and     y ˙  d  =   ∂  y d        ∂  y d   ∂      ∂  θ  .



As shown in Figure 1, for the USV located at    P d   (  x d   ( θ )  ,  y d   ( θ )  )   , its position tracking error of along-track   x e   and cross-track   y e   relative to the ideal position   ( x , y )   is described in the path-tangential reference frame.


       x e       y e      =       cos  α k      − sin  α k        sin  α k      cos  α k       T       x −  x d   ( θ )        y −  y d   ( θ )        



(5)







Taking the time derivative of the along-track error   x e   in (5) yields


              x ˙  e  =  x ˙  cos  α k  +  y ˙  sin  α k  −   x ˙  d   ( θ )  cos  α k  −   y ˙  d   ( θ )  sin  α k        +   α ˙  k   [ −   ( x −  x d   ( θ )  )  sin  α k  +  ( y −  y d   ( θ )  cos  α k  ]      .  



(6)







Inserting (5) into (6), it follows that


    x ˙  e  = U cos  ( ψ −  α k  )  cos β − U sin  ( ψ −  α k  )  sin β +   α ˙  k   y e  −  u p   



(7)







In (7), the velocity   u p   of the virtual reference point is regarded as the control input to control the convergence of the along-track error   x e  


   u p  =  θ ˙      x ˙  d 2   ( θ )  +   y ˙  d 2   ( θ )     



(8)







Similarly, taking the time derivative of the cross-track error   y e   in (5) yields


               y ˙  e  = −  x ˙  sin  α k  +  y ˙  cos  α k  +   x ˙  d   ( θ )  sin  α k  −   y ˙  d   ( θ )  cos  α k        −   α ˙  k   [   ( x −  x d   ( θ )  )  cos  α k  +  ( y −  y d   ( θ )  sin  α k  ]      



(9)







Substituting (2) into (9), it follows that


           y ˙  e  = u sin  ( ψ −  α k  )  + v cos  ( ψ −  α k  )  −   α ˙  k   x e        = U sin  ( ψ −  ψ d  + β )  −   α ˙  k   x e      



(10)




where   U =    u 2  +  v 2      represents the combined velocity of the surge velocity u and sway velocity v.   β = arctan (  v     v u      u  )   denotes the sideslip angle.



According to the trigonometric function, we combine (7) and (10) to have


        x ˙  e  = U cos  ( ψ −  α k  )  cos β − U sin  ( ψ −  α k  )  sin β +   α ˙  k   y e  −  u p          y ˙  e  = U sin  ( ψ −  α k  )  cos β + U cos  ( ψ −  α k  )  sin β −   α ˙  k   x e       



(11)







Assumption 1

([7,12]). The sideslip angle β is usually very small and changes slowly, which often satisfies   β <  5 ∘   , so   cos β ≈ 1   and   sin β ≈ β  .





According to (11), the position error of a vehicle’s path yields the following:


        x ˙  e  = U cos  ( ψ −  α k  )  − U sin  ( ψ −  α k  )  β +   α ˙  k   y e  −  u p          y ˙  e  = U sin  ( ψ −  α k  )  + U cos  ( ψ −  α k  )  β −   α ˙  k   x e       



(12)








2.3. Lemma and Assumption


Lemma 1.

For all   ℑ  ( s )  ∈  R m    and given constants   0 <  r 1  <  r 2   , the following smoothly switching function is constructed, which is a nonlinear function [36,37,38].


   ℑ  ( s )  =      0 ,                 s  ⩽  r 1        1 − cos    π 2  sin    π 2       s   2  −  r 1 2     r 2 2  −  r 1 2        ,  r 1  <  s  <  r 2        1 ,                 s  ⩾  r 2         



(13)




where    r 2  >  r 1  > 0   are constant and positive.   ℑ ( s )   is a switching function for all   s ∈  R m   .





Lemma 2

([12]). The following inequality holds for any positive    χ i   ( i = u , r )   ,   ϖ ∈ R  . There are the following inequalities:


  0 ⩽  ϖ  − ϖ tan   ϖ  χ i    ⩽ 0.2785  χ i   



(14)









Lemma 3

([39,40]). For    λ 1  ≥ 0  ,    λ 2  ≥ 0   and   0 ≤ γ ≤ 1  , an extended Lyapunov condition of finite-time stability can be given in the form    V ˙   ( x )  +  λ 1   V ˙   ( x )  +  λ 2    V ˙  γ   ( x )  ≤ 0  , where the settling time can be given by    T r  ≤  1   λ 1   ( 1 − γ )    l n    λ 1   V  1 − γ    (  x 0  )  +  λ 2    λ 1    





Assumption 2.

The model parameters of a USV are accurately known, and its position and velocity information are all measurable.





Assumption 3.

The unknown external disturbance    d j   ( j = u , v , r )    of a USV is time-varying and bounded, and its first-order time derivative is bounded. It satisfies


      d ˙  j   ≤   d ¯  j    



(15)




where     d ¯  j   ( j = u , r )    is the upper bound of the first order time derivative of the unknown disturbance, and     d ¯  j  > 0  .






2.4. Control Objectives


The guidance law   ψ d  , the yaw moment control law   τ r   and surge control force control law   τ u   force USVs to maintain the ideal parameterized path    P d   (  x d   ( θ )  ,  y d   ( θ )  )   . Under the Assumptions 1–3, position and velocity tracking errors of USVs converge to an arbitrarily small neighborhood of zero within a fast finite time. In other words, it can be described as    lim  t → ∞    ( x −  x d  )  ⩽  ε x   ,    lim  t → ∞    ( y −  y d  )  ⩽  ε y    and    lim  t → ∞    ( u −  u d  )  ⩽  ε u   , where   ε x  ,   ε y   and   ε u   are small positive constants;   u d   is the desired surge velocity.





3. Guidance Law Design


As shown in Figure 2, one develops the guidance-control schematic of the path-following. In this section, we describe the detailed process of the guidance system.



3.1. Fast Finite-Time Sideslip Angle Estimation


The FTPLOS is used to estimate the sideslip angle. Firstly, design two fast finite-time predictors as follows:


         x ^  ˙  e  = U cos  ( ψ −  α k  )  − U sin  ( ψ −  α k  )   β ^  +   α ˙  k   y e  −  u p  −  k x    x ˜  e  −  k  x 1   s i  g  α  x 1     (   x ˜  e  )           y ^  ˙  e  = U sin  ( ψ −  α k  )  + U cos  ( ψ −  α k  )   β ^  −   α ˙  k   x e  −  k y    y ˜  e  −  k  y 1   s i  g  α  y 1     (   y ˜  e  )       



(16)




where     x ˜  e  =   x ^  e  −  x e  ,   y ˜  e  =   y ^  e  −  y e    is the position error of estimation, and   k x  ,   k  x 1   ,   k  x 2   ,   k y  ,   k  y 1    and   k  y 2    are positive gains.   β ^   is the estimation of the sideslip angle  β .



Remark 3.

Denote   s i  g α   ( x )  = s g n  ( x )    | x |  α  , α ∈  ( 0 , 1 )  , x ∈ R  , where   s g n ( x )   is the sign function.





According to the estimation error of sideslip angle, we design the update law   β ^  ; it follows that


    β ^  ˙  = Γ  [ U sin  ( ψ −  α k  )    x ˜  e  − U cos  ( ψ −  α k  )    y ˜  e  ]   



(17)




where    β ˜  e   is the estimation error of sideslip angle, and     β ˜  e  =  β ^  − β  . The error dynamic equation of    x ˜  e   and    y ˜  e   can be expressed as follows:


         x ˜  ˙  e  = − U sin  ( ψ −  α k  )    β ˜  e  +   α ˙  k    y ˜  e  −  k x    x ˜  e  −  k  x 1   s i  g  α  x 1     (   x ˜  e  )           y ˜  ˙  e  = U cos  ( ψ −  α k  )    β ˜  e  −   α ˙  k    x ˜  e  −  k y    y ˜  e  −  k  y 1   s i  g  α  y 1     (   y ˜  e  )           β e  ˜  ˙  = Γ  [ U sin  ( ψ −  α k  )    x ˜  e  − U cos  ( ψ −  α k  )    y ˜  e  ]       



(18)







The adaptive law (17) is designed for the constant sideslip angle, which is to deal with the time-varying sideslip angle. The update law of   β ˜   is designed as


    β ^  ˙  = Γ Pr o j  [  β ^  , U sin  ( ψ −  α k  )    x ˜  e  − U cos  ( ψ −  α k  )    y ˜  e  ]   



(19)




where   Pr o j ( . )   is the projection operator [25]. This design guarantees that the closed-loop system is uniformly ultimately bounded.




3.2. Guidance Law Design


The improved adaptive LOS guidance law is designed as


   ψ d  =  α k  + arctan   −   y e  Δ  −  β ^     



(20)







In (12),   u p   is regarded as a control input to stabilize the along-track error   x e  , and its form is described as


   u p  = U cos  ( ψ −  α k  )  − U sin  ( ψ −  α k  )   β ^  + κ   x ^  e   



(21)




where  κ  is a positive constant gain.



 θ  is the actual path parameter that needs to be updated according to the relationship between   u p   and  θ , which transforms (21) into the update law of  θ .


   θ ˙  =   U cos  ( ψ −  α k  )  − U sin  ( ψ −  α k  )   β ^  + κ   x ^  e       x ˙  d 2   ( θ )  +   y ˙  d 2   ( θ )      



(22)







Substituting (21) into (12), the dynamic equation of along-track error    x ^  e   is expressed as follows:


     x ^  ˙  e  = − κ   x ^  e  +   ψ ˙  d    y ^  e  −  k x    x ˜  e  −  k  x 1   s i  g  α  x 1     (   x ˜  e  )   



(23)







According to the Assumption 3 and (20), we have


      sin     tan   − 1    ( −    y ^  e  Δ  −  β ^  )    = −      y ^  e  + Δ  β ^     /       y ^  e  + Δ  β ^       Δ 2  +       y ^  e  + Δ  β ^     2           Δ 2  +       y ^  e  + Δ  β ^     2           cos     tan   − 1    ( −    y ^  e  Δ  −  β ^  )    =  Δ  /   Δ    Δ 2  +       y ^  e  + Δ  β ^     2           Δ 2  +       y ^  e  + Δ  β ^     2          



(24)







The dynamic equation of the cross-track error    y ^  e   is obtained as follows:


     y ^  ˙  e  = −  U    Δ 2  +       y ^  e  + Δ  β ^     2       y ^  e  −   ψ ˙  d    x ^  e  −  k y    y ˜  e  −  k  y 1   s i  g  α  y 1     (   y ˜  e  )   



(25)







Finally, the dynamic equations of the along-track error    x ^  e   and the cross-track error    y ^  e   are expressed as follows:


         x ^  ˙  e  = − κ   x ^  e  +   ψ ˙  d    y ^  e  −  k x    x ˜  e  −  k  x 1   s i  g  α  x 1     (   x ˜  e  )           y ^  ˙  e  = − c   y ^  e  −   ψ ˙  d    x ^  e  −  k y    y ˜  e  −  k  y 1   s i  g  α  y 1     (   y ˜  e  )       



(26)




where   c =  U    Δ 2  +       y ^  e  + Δ  β ^     2     > 0  .



Consider the Lyapunov function of the FFTPLOS guidance system:


   V 1  =  1 2      x ˜  e 2  +   y ˜  e 2  +  Γ  − 1       β ˜  e   2     



(27)







Taking the time derivative of (27) and substituting (18) into it, one has


       V ˙  1  =       x ˜  e   ( − U sin   ( ψ −  α k  )    β ˜  e  +   α ˙  k    y ˜  e  −  k x    x ˜  e  −  k  x 1   s i  g  α  x 1     (   x ˜  e  )           −   y ˜  e   ( U cos   ( ψ −  α k  )    β ˜  e  −   α ˙  k    x ˜  e  −  k y    y ˜  e  −  k  y 1   s i  g  α  y 1     (   y ˜  e  )           +  β ˜   [ U sin  ( ψ −  α k  )    x ˜  e  − U cos  ( ψ −  α k  )    y ˜  e  −  k β    β ˜  e  −  k  β 1   s i  g  α  β 1     (   β ˜  e  )  ]       ≤    −  k x       x ˜   2   e  −  k  x 1   s g n  (   x ˜  e  )     x e     α  x 1   + 1   −  k y       y ˜   2   e  −  k  y 1   s g n  (   y ˜  e  )     y e     α  y 1   + 1        ≤    −  k x       x ˜   2   e  −  k  x 1     (   x ˜  e 2  )     α  x 1   + 1  2   −  k y       y ˜   2   e  −  k  y 1     (   y ˜  e 2  )     α  y 1   + 1  2   −     β ˜  e   2  −   (   β ˜  e 2  )   1 2   + 2     β ˜  e   2       ≤    −  k 1     V 1   2  −  k 2   V 1  l 1   +  ϵ 11       



(28)




where    k 1  = m i n  (   k x  ,  k y   , 1 )   ,    k 2  = m i n  (   k  x 1   ,  k  y 1    , 1 )   ,    ϵ 11  = 2     β ˜  e   2    and    l 1   = m i n (     α  x 1   + 1  2   ,      α  y 1   + 1  2  ,  1 2   )   . Since     V ˙  1  ≤ −  k 1   V 1  +  ϵ 11   , we integrate both sides of    V ˙  1  , it yields


  0 ≤  V 1   ( t )  ≤    V 1   ( 0 )  −   ϵ 11   2  k 1       e  − 2  k 1  t   +   ϵ 11   2  k 1     



(29)







Remark 4.

Hence, the guidance system (27) is uniformly ultimately bounded. When    V 1  ≥   ϵ 11    ξ 1   k 1     , for   0 ≤  ξ 1  ≤ 1  , we have    ϵ 11  ≤  ξ 1   k 1   V 1   . From (29), we know that     V ˙  1  ≤ −  ( 1 −  ξ 1  )   k 1   V 1  −  k 2   V 1  l 1    . According to   L e m m a   3  , it is clear that the guidance system has finite-time stability in the region    Ω v  :   V 1  ≤   ϵ 11    ξ 1   k 1      , and the settling time is computed as    T  r 1   ≤  1   k 1   ( 1 −  ξ 1  )   ( 1 −  l 1  )    l n    k 1   ( 1 −  ξ 1  )   V 2  1 −  l 1     ( 0 )  +  k 2    k 1    . Additionally, for   t ≥  T r   , the tracking error of the guidance system    z 1   (   x ˜  e  ,   y ˜  e  ,   β ˜  e  )    satisfies the condition    Ω  z 1   :   z 1  :  |  z 1  |  ≤    2  ϵ 11     ξ 1   k 1        and keeps it in a small neighborhood around zero in a finite time.







4. Path-Following Control Design


To complete the path-following task of USVs, the ideal yaw angle is obtained through the guidance system. It is necessary to design an effective dynamics controller to track the ideal yaw angle and keep the ideal surge speed.



4.1. Yaw Attitude and Dynamics Controller Design


Firstly, in order to track the ideal yaw angle calculated by the guidance system, the tracking error is defined as


   ψ e  = ψ −  ψ d   



(30)







Choose a Lyapunov function for the yaw angle control system


   V 2  =  1 2   ψ e 2   



(31)







For (31), taking the time derivative of it yields


    V ˙  2  =  ψ e    ψ ˙  e  =  ψ e    r −   ψ ˙  d     



(32)







To track the yaw angle, the rudder needs to reach a corresponding yaw angular velocity. Therefore, the tracking error of the yaw angular velocity is defined as


   r e  = r −  r d   



(33)







Taking   r d   as the finite-time virtual control input, it follows that


   r d  = −  k ψ   ψ e  +   ψ ˙  d  −  k  ψ 1   s i  g  α  ψ 1     (  ψ e  )   



(34)







Combining (32) and (34) gives


    V ˙  2  = −  k ψ   ψ  e  2  +  ψ e   r e  −  k  ψ 1   s i  g  α  ψ 1     (  ψ e  )   



(35)







Then, taking the time derivative of (33) yields


    r ˙  e  =  r ˙  −   r ˙  d   



(36)







Substituting (2) into (36), we have


    r ˙  e  =  F r  +  τ r  +  d r  −   r ˙  d   



(37)







Secondly, introducing the reduced-order extended state observers (ROESO) to estimate the time-varying disturbances, the ROESO are designed as


        d ^  r  =  ω 1  r +  ξ 1          ξ ˙  1  = −  ω 1   ξ 1  −  ω 1 2  r −  ω 1     τ r  +  F r         



(38)




where    d ^  r   is the yaw angular velocity,   ζ r   is the state variable of the ROESO and    ω 1  > 0   is the positive parameter.



Taking the time derivative of the estimation error    d ˜  r   yields


     d r  ˜  ˙  =   d ˙  r  −    d r  ^  ˙   



(39)







Combining (38) and (39), we have


     d r  ˜  ˙  =   d ˙  r  −  ω 1    d ˜  r   



(40)







Additionally, the input torque saturation   Δ  τ r  =  τ r  −  τ  r 0     is defined. To reduce the influence of   Δ  τ r   , the finite-time auxiliary dynamic system with smoothly switching function (FTADS-SSF) is constructed by


    σ ˙  r  = −  k  σ r    σ r  −  k  σ  r 1    s i  g  α  r 1     (  σ r  )  −      r e  Δ  τ r    + 0.5  ρ r 2  Δ  τ r 2    σ r   ℑ  (  σ r  )  +  ρ r  Δ  τ r   



(41)




where   σ r   is the state variable of the FTADS-SSF,    k  σ r   > 0   and    ρ r  > 0   are the design positive parameters;   ℑ (  σ r  )   smoothly switching function is given in [36] as follows:


  ℑ  (  σ r  )  =      0 ,                  σ r   ⩽  r  r 1         1 − cos    π 2  sin    π 2        σ r    2  −  r 1 2     r 2 2  −  r 1 2        ,  r  r 1   <   σ r   <  r  r 2         1 ,                  σ r   ⩾  r  r 2         



(42)




where    r  r 2   >  r  r 1   > 0   are constant and positive.



Therefore, the robust finite-time feedback control law   τ  r 0    is designed as


   τ  r 0   = −  k a   r e  −  k  r e   s i  g  α  r e     (  r e  )  −  F r  −   d ^  r  −  k ψ   ( r −   ψ ˙  d  )  +   ψ ¨  d  +  k r   σ r   



(43)







Consider the following Lyapunov function:


   V 3  =  1 2       r e   2  +  σ r 2  +     d ˜  r   2     



(44)







Differentiating (44) and substituting (38), (41)–(43), it follows that


          V ˙  3  =       r e    r ˙  e  +  σ r    σ ˙  r  +   d ˜  r     d ˜  ˙  r       =      r e     F r  +  τ r  +  d r  −   r ˙  d    +   d ˜  r    −  k  ζ r     d ˜  r  +   d ˙  r    +  σ r    −  k  σ r    σ r  −      r e  Δ  τ r    + 0.5  ρ r 2  Δ  τ r 2    σ r   ℑ  (  σ r  )  +  ρ r  Δ  τ r         =      r e     F r  +  d r  −   r ˙  d    +  r e     τ  r 0   + Δ  τ r    −  k  ζ r     d ˜  r 2  +   d ˜  r    d ˙  r           −  k  σ r    σ r 2  −  k  σ  r 1      (  σ r 2  )     α  r 1   + 1  2   −      r e  Δ  τ r    + 0.5  ρ r 2  Δ  τ r 2    ℑ  (  σ r  )  +  ρ r  Δ  τ r   σ r         



(45)








4.2. Surge Velocity Controller Design


The design process is the same as the above section. Firstly, the desired surge velocity is known to   u d  , so its tracking error is defined as follows:


   u e  = u −  u d   



(46)







Taking the time derivative of (46) and substituting (2) into it, one obtains


    u ˙  e  =  F u  +  τ u  +  d u  −   u ˙  d   



(47)







Then, estimating the time-varying disturbances, the ROESO are introduced as follows:


        d ^  u  =  ω 2  u +  ξ 2          ξ ˙  2  = −  ω 1   ξ 2  −  ω 2 2  u −  ω 2     τ u  +  F u         



(48)




where    d ^  u   and    d ˜  u   are the estimation values of the external disturbance and estimation error.   ξ u   and   ω u   are the state variable and design positive parameter of the ROESO, respectively.



Taking the time derivative of the estimation error    d ˜  u   yields


     d u  ˜  ˙  =   d ˙  u  −    d u  ^  ˙   



(49)







Combining (48) and (49), one has


     d u  ˜  ˙  =   d ˙  u  −  ω 2    d ˜  u   



(50)







The longitudinal propulsion saturation is defined as   Δ  τ u  =  τ u  −  τ  u 0    . To reduce the influence of   Δ  τ u   , the FTADS-SFF is constructed by


    σ ˙  u  = −  k  σ u    σ u  −  k  σ  u 1    s i  g  α  u 1     (  σ u  )  −      u e  Δ  τ u    + 0.5  ρ u 2  Δ  τ u 2    σ u   ℑ  (  σ u  )  +  ρ u  Δ  τ u   



(51)




where   σ u   is the state variable of the auxiliary dynamic system,    k  σ u   > 0   and    ρ u  > 0   are the positive parameters.   ℑ (  σ u  )   is defined similarly to (42), and    r  u 2   >  r  u 1   > 0   are positive constants.



Additionally, the robust finite-time feedback control law   τ  u 0    is designed as


   τ  u 0   = −  k b   u e  −  k  u e   s i  g  α  u e     (  r e  )  −  F u  +   u ˙  d  −   d ^  u  +  k u   σ u   



(52)







Consider a Lyapunov function for the dynamic control system:


   V 4  =  1 2   u e 2  + +  1 2    d ˜  u 2  +  σ u 2   



(53)







Taking the time derivative of (53) and substituting (47), (50)–(52) into it, it follows that


          V ˙  4  =      u e    u ˙  e  +  σ u    σ ˙  u  +   d ˜  u     d ˜  ˙  u       =     u e     F u  +  τ u  +  d u  −   u ˙  d    +   d ˜  u    −  ω 2    d ˜  u  +   d ˙  u    +  σ u    −  k  σ u    σ u  −      u e  Δ  τ u    + 0.5  ρ u 2  Δ  τ u 2    σ u   ℑ  (  σ u  )  +  ρ u  Δ  τ u         =     u e     F u  +  d u  −   u ˙  d    +  u e     τ  u 0   + Δ  τ u    −  k  ζ u     d ˜  u 2  +   d ˜  u    d ˙  u           −  k  σ u    σ u 2  −  k  σ  u 1      (  σ u 2  )     α  u 1   + 1  2   −      u e  Δ  τ u    + 0.5  ρ u 2  Δ  τ u 2    ℑ  (  σ u  )  +  ρ u  Δ  τ u   σ u         



(54)









5. Stability Analysis


This section introduces the stability proof of the proposed guidance-control system to achieve the control objectives.



Theorem 1.

Under the Assumptions 1–3 for the mathematical models of (1) and (2) of USVs with sideslip compensation, time-varying disturbances and input saturation, the fast finite-time predictor-based LOS (FFTPLOS) guidance law (20) with the sideslip compensation (16), the robust finite-time feedback control law (43) and (52) with the ROESO (38) and (48) and the fast finite-time auxiliary dynamic systems with smoothly switching function (FFTADS-SSF) (41) and (51) are employed. Then, all signals are uniformly ultimately bounded with finite time by choosing the suitable parameters, and the actual parameterized path of the USV can track the arbitrary reference path with an arbitrary small path-following error.





Proof. 

Consider the following Lyapunov function candidate:


  V =  V 1  +  V 2  +  V 3  +  V 4   



(55)







Taking the time derivative of (55) and substituting (28), (35), (45) and (54), it follows that


         V ˙  =       V ˙  1  +   V ˙  2  +   V ˙  3  +   V ˙  4       ≤    −  k x       x ˜   2   e  −  k  x 1     (   x ˜  e 2  )     α  x 1   + 1  2   −  k y       y ˜   2   e  −  k  y 1     (    y e  ˜  2  )     α  y 1   + 1  2   −  k ψ     ψ e   2  −  k  ψ 1     (  ψ e 2  )     α  ψ 1   + 1  2            +  ψ e   r e  +  r e     F r  +  d r  −   r ˙  d    +  r e     τ  r 0   + Δ  τ r    −  k  ζ r     d ˜  r 2  +   d ˜  r    d ˙  r           −  k  σ r    σ r 2  −  k  σ  r 1      (  σ r 2  )     α  r 1   + 1  2   −      r e  Δ  τ r    + 0.5  ρ r 2  Δ  τ r 2    ℑ  (  σ r  )  +  ρ r  Δ  τ r   σ r           +  u e     F u  +  d u  −   u ˙  d    +  u e     τ  u 0   + Δ  τ u    −  k  ζ u     d ˜  u 2  +   d ˜  u    d ˙  u           −  k  σ u    σ u 2  −  k  σ  u 1      (  σ u 2  )     α  u 1   + 1  2   −      u e  Δ  τ u    + 0.5  ρ u 2  Δ  τ u 2    ℑ  (  σ u  )  +  ρ u  Δ  τ u   σ u         



(56)







According to Young’s inequalities


       ψ e   r e  ≤  1 2   ψ e 2  +  1 2   r e 2          u e    d ˜  u  ≤  1 2   u e 2  +  1 2    d ˜  u 2  ,  r e    d ˜  r  ≤  1 2   u r 2  +  1 2    d ˜  r 2           d ˜  u    d ˙  u  ≤  1 2    d ˜  u 2  +  1 2    d ˙  u 2  ,   d ˜  r    d ˙  r  ≤  1 2    d ˜  r 2  +  1 2    d ˙  r 2          k r   σ r   r e  ≤   k r  2     σ r   2  +   k r  2     r e   2  ,  k u   σ u   u e  ≤   k u  2     σ u   2  +   k u  2     u e   2          ρ r  Δ  τ r   σ r  ≤  1 2   σ r 2  +  1 2   ρ r 2  Δ  τ r 2  ,  ρ u  Δ  τ u   σ u  ≤  1 2   σ u 2  +  1 2   ρ u 2  Δ  τ u 2       



(57)







For the case where   ℑ  (  σ i  )  = 1 ,  ( i = u , r )   


         V ˙  =       V ˙  1  +   V ˙  2  +   V ˙  3  +   V ˙  4       ≤    −  k x       x ˜   2   e  −  k  x 1     (   x ˜  e 2  )     α  x 1   + 1  2   −  k y       y ˜   2   e  −  k  y 1     (    y e  ˜  2  )     α  y 1   + 1  2   −  (  k ψ  −  1 2  )     ψ e   2  −  k  ψ 1     (  ψ e 2  )     α ψ  + 1  2            −    k a  −   k r  2  − 1      r e   2  −  k  r e     (  r e 2  )     α  r e   + 1  2   −    k  σ r   −   k r  2  −  1 2       σ r   2  −  k  σ  r 1      (  σ r 2  )     α  r 1   + 1  2            −    k b  −   k u  2  − 1      u e   2  −  k  u e     (  u e 2  )     α  u e   + 1  2   −    k  σ u   −   k u  2  −  1 2     σ u 2  −  k  σ  u 1      (  σ u 2  )     α  u 1   + 1  2            −    ω 1  − 1     d ˜  r 2  +  1  2  ω 1       d ¯   2  −    ω 2  − 1     d ˜  u 2  +  1  2  ω 2       d ¯   2  −     β ˜  e   2  −   (   β ˜  e 2  )   1 2   + 2     β ˜  e   2       ≤    −  μ 11  V −  μ 21   V  l 1   +  ϵ 1         



(58)




where    μ 11  = min       k x  ,  k y  , 1 ,  k ψ  ,  k a  −   k r  2  − 1 ,  k  σ r   −   k r  2  −  1 2  ,        ω 1  − 1  k b  −   k u  2  − 1 ,  k  σ u   −   k u  2  −  1 2  ,  ω 2  − 1       ,    μ 21  =       k  x 1   ,  k  y 1   , 1 ,  k  ψ 1   ,  k  r e   ,        k  u e   ,  k  σ  r 1    ,  k  σ  u 1    ,  k  d r   ,  k  d u         ,    l 1  = min          α  x 1   + 1  2  ,    α  y 1   + 1  2   ,  1 2  ,    α  ψ 1   + 1  2  ,          α  r e   + 1  2  ,    α  u e   + 1  2  ,    α  r 1   + 1  2  ,    α  u 1   + 1  2  ,       ,    ϵ 1  =    1  2  ω 1    +  1  2  ω 2        d ¯  2  + 2     β ˜  e   2   .



Otherwise, for   ℑ  (  σ i  )  < 1 ,  ( i = u , r )   , one has


         V ˙  ≤     −  k x       x ˜   2   e  −  k  x 1     (   x ˜  e 2  )     α  x 1   + 1  2   −  k y       y ˜   2   e  −  k  y 1     (    y e  ˜  2  )     α  y 1   + 1  2   −  (  k ψ  −  1 2  )     ψ e   2  −  k  ψ 1     (  ψ e 2  )     α ψ  + 1  2            −    k a  −   k r  2  −  3 2       r e   2  −  k  r e     (  r e 2  )     α  r e   + 1  2   −    k  σ r   −   k r  2  − 1      σ r   2  −  k  σ  r 1      (  σ r 2  )     α  r 1   + 1  2   +  (  1 2  +   ρ r 2  2  )  Δ  τ r 2           −    k b  −   k u  2  −  3 2       u e   2  −  k  u e     (  u e 2  )     α  u e   + 1  2   −    k  σ u   −   k u  2  − 1    σ u 2  −  k  σ  u 1      (  σ u 2  )     α  u 1   + 1  2   +  (  1 2  +   ρ u 2  2  )  Δ  τ u 2           −    ω 1  − 1     d ˜  r 2  +  1  2  ω 1       d ¯   2  −    ω 2  − 1     d ˜  u 2  +  1  2  ω 2       d ¯   2       ≤    −  μ 12  V −  μ 22   V  l 2   +  ϵ 2         



(59)




where    μ 12  = min       k x  ,  k y  , 1 ,  k ψ  ,  k a  −   k r  2  −  3 2  ,  k  σ r   −   k r  2  − 1 ,        ω 1  − 1 ,  k b  −   k u  2  −  3 2  ,  k  σ u   −   k u  2  − 1 ,  ω 2  − 1       ,    μ 22  =       k  x 1   ,  k  y 1   , 1 ,  k  ψ 1   ,  k  r e   ,        k  u e   ,  k  σ  r 1    ,  k  σ  u 1    ,  k  d r   ,  k  d u         ,    l 2  = min          α  x 1   + 1  2  ,    α  y 1   + 1  2   ,  1 2  ,    α  ψ 1   + 1  2  ,          α  r e   + 1  2  ,    α  u e   + 1  2  ,    α  r 1   + 1  2  ,    α  u 1   + 1  2  ,       ,    ϵ 2  =    1 2  +   ρ r 2  2    Δ  τ r 2  +    1 2  +   ρ u 2  2    Δ  τ u 2  +    1  2  ω 1    +  1  2  ω 2           d ¯  2  + 2     β ˜  e   2   .



Combining (58) and (59), it follows that


   V ˙  ≤ −  μ 1  V −  μ 2   V l  + ϵ  



(60)




where    μ 1  : = min    μ 11  ,  μ 12     ,    μ 2  : = min    μ 21  ,  μ 22      and   ϵ : = max    ϵ 1  ,  ϵ 2     . Since    V ˙  ≤ −  μ 1  V + ϵ  , we integrate both sides of the inequality (60), and it yields


  0 ≤ V  ( t )  ≤   V  ( 0 )  −  R  2  μ 1       e  − 2  μ 1  t   +  ϵ  2  μ 1     



(61)







Hence, all the signals of the guidance-control system (62) are uniformly ultimately bounded. When   V ≥  ϵ  ξ  μ 1     , for   0 ≤ ξ ≤ 1  , we have   ϵ ≤ ξ  μ 1  V  . From (61), it follows that


   V ˙  ≤ −  ( 1 − ξ )   μ 1  V −  μ 2   V l   



(62)







Using   L e m m a   3  , it is clear that the guidance-control system will keep finite-time stability in the region    Ω v  :  V ≤  ϵ  ξ  μ 1      , and the settling time is computed as


   T r  ≤  1   μ 1   ( 1 − ξ )   ( 1 − l )    l n    μ 1   ( 1 − ξ )   V 2  1 − l    ( 0 )  +  μ 2    μ 1    



(63)







Additionally, for   t ≥  T r   , the path-following error   z (   x ˜  e  ,   y ˜  e  ,   β ˜  e  ,  ψ e  ,  r e  ,  u e  )   satisfies the condition    Ω z  :   z : | z |  ≤    2 ϵ   ξ  μ 1        and keeps it in a small neighborhood around zero for a finite time. □





Remark 5.

In order to satisfy the requirement of finite-time convergence, the path-following error z is made sufficiently small by increasing   μ 1   or decreasing ϵ. According to the definition, it is clear that   μ 1   and ϵ are closely related to the design parameters   k x  ,   k  x 1   ,   α  x 1   ,   k y  ,   k  y 1   ,   α  y 1   , κ, Γ,   k ψ  ,   k  ψ 1   ,   α  ψ 1   ,   k a  ,   k  r e   ,   α  r 1   ,   k b  ,   k  u e   ,   α  u 1   ,   k  σ r   ,   k  σ u   ,   ω 1  ,   ω 2  ,   k r   and   k u  . By selecting appropriate parameter values, not only the path-following error is smaller but also the guidance-control system has a faster convergence rate.





Proof. 

Lateral dynamic characteristics: Consider the following Lyapunov function    V r  =  1 2   v 2   , according to (2) and deriving it, we have


       V ˙  r  =     v  v ˙       =    X  ( u )  r v + Y  ( u )   v 2  +  d v  v      ≤    Y  ( u )   v 2  +   X  ( u )  r +  d v    v     



(64)







From the boundedness of   X ( u )  , r,   d v   and   Y ( u ) < 0  ; according to [41], the lateral velocity r is passively bounded. □






6. Simulations


To verify the effectiveness of the designed guidance-control system, simulation comparison experiments are carried out in this section. The model of underactuated USVs adopts the Cybership II in [42], and its model parameters are shown in Table 1.



The design parameters involved in FFTPLOS guidance law are as follow    k x  = 90  ,    k  x 1   = 1  ,    α  x 1   = 0.5  ,    k y  = 40  ,    k  y 1   = 2  ,    α  y 1   = 0.7  ,   κ = 10  ,   Δ = 0.1   and   Γ = 1000  ; the path tracking controller parameters are    k ψ  = 15  ,    k  ψ 1   = 1  ,    α  ψ 1   = 0.3  ,    k a  = 2  ,    k  r e   = 1  ,    α  r e 1   = 0.5  ,    k r  = 7  ,    k b  = 2  ,    k  u e   = 1  ,    α  u e 1   = 0.5   and    k u  = 7  ; the ROESO’s parameters are   w 1 = 70   and   w 2 = 70  ; and the parameters of FFTADS-SSF are    k  σ r   = 2  ,    k  σ r 1   = 1  ,    α  σ r 1   = 0.5  ,    r  r 1   =  r  u 1   = 0.1  ,    r  r 2   =  r  u 2   = 1  ,    ρ r  = 1   and    ρ u  = 1  . The reference path following is    P d   ( θ )    =    [ 10 sin  ( θ / 10 )  , θ ]  T  ; the ideal surge speed of the USV is   u d   = 0.5 m/s, its initial position is     [ x  ( 0 )  , y  ( 0 )  ]  T  =   [ 0  m , 3  m ]  T    and the time-varying disturbances are set as    d u  = 0.5 sin  ( 0.5 t + 0.3 π )   ,    d v  = 0.01 sin  ( 0.1 t + 0.3 π )    and    d r  = 0.5 cos  ( 0.5 t + 0.2 π )   . The point of the origin of the predictor is set as 0. The predefined physical constraints of actuators are set as   τ  u max   =1.5 N and    τ  r max   = 3   N·m, and the other initial states are 0.



A series of comparative numerical simulations are conducted in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, and quantitative analyses are shown in Table 2, Table 3 and Table 4. There are five groups: the PLOS-FFTADS-SSF    R O E S O    (red curve) which combines PLOS in [12] and FFTADS-SSF; FFTPLOS-without-ADS    R O E S O    (light green curve) which denotes control scheme without auxiliary systems; FFTPLOS-FFTADS    R O E S O    (yellow curve) which denotes auxiliary systems with FFTADS in [28]; FFTPLOS-FFTADS-SSF    N D O    (dark green curve) which denotes auxiliary systems with FFTADS-SSF in [22]; and the FFTPLOS-FFTADS-SSF    R O E S O    (purple curve) scheme which is proposed in this paper.



Figure 3 and Figure 4 display the performance of the path following. The FFTPLOS-FFTADS-SSF    R O E S O    control scheme produces better-integrated performance in transient responses that is superior to others. Moreover, from the numerical table in Table 2, it is clear that the proposed scheme has smaller errors, less fluctuating and faster convergence properties than others by quantitative analysis. The overshoot of   u e   and   ψ e   in FFTPLOS is significantly restrained in PLOS, as shown in Figure 5. The PLOS errors    x ˜  e   and    y ˜  e   have a small range oscillatory behavior, presented in Figure 6, whereas the FFTPLOS errors    x ˜  e   and    y ˜  e   converge to zero within a finite time. Similarly, in Figure 7, by comparing with the PLOS scheme,  β  of the FFTPLOS scheme has a slighter fluctuation and smaller deviation both in initial and tracking processes. Note that in Table 2, the IAE (the integrated absolute error, i.e.,    ∫ 0 t    β e  d t   ) of estimation errors are reduced by 42.88%, 48.94%, 3.26% and 40.35% in 100 s. Furthermore, the ITAE (the integrated time absolute error, i.e.,    ∫ 0 t    t |   β e   | d t    ) of estimation errors is reduced by 47.00%, 53.01%, 1.65% and 44.75% in 100 s, respectively. The quantitative analysis further shows that the proposed scheme has a more accurate sideslip compensation.



The simulation results in Figure 8 show that the ROESO in four groups perform available and effective properties for time-varying disturbances. Then, the FFTPLOS-FFTADS-SSF    R O E S O    control scheme can estimate the time-vary disturbance at the fastest speed. The estimated time for the four control schemes FFTPLOS-FFTADS-SSF    N D O   , FFTPLOS-FFTADS    R O E S O   , FFTPLOS-without-ADS    R O E S O    and PLOS-FFTADS-SSF    R O E S O    increases sequentially. Qualitative analysis shows that the proposed control scheme can better estimate the external time-varying disturbance. Meanwhile, a numerical table of errors (  f  u e    and   f  r e   ) is provided in Table 3. Compared with the other schemes, the IAE (   ∫ 0 t   f  u e  d t    and    ∫ 0 t   f  r e  d t   ) of estimation errors of the proposed control scheme is reduced by 28.57%, 21.44%, 85.33% and 14.28% and 28.53%, 21.47%, 97.98% and 14.31% in 100 s. Meanwhile, the ITAE (   ∫ 0 t    t | f   u e   | d t     and    ∫ 0 t    t | f   r e   | d t    ) of estimation errors is reduced by 28.30%, 21.45%, 78.58% and 14.31% and 28.57%, 21.42%, 97.72% and 14.30% in 100 s, respectively. The estimation accuracy of the control scheme with ROESO is much higher than that of the nonlinear disturbance observer (NDO). Quantitative analysis shows that the proposed scheme provides smaller errors, less fluctuating and faster convergence properties than the others.



In addition, Figure 9 exhibits the control inputs, where the simulation results without input saturation (the FFTPLOS-without-ADS) are outside the prescribed limits, while the other three control schemes with auxiliary systems can limit the input signal within a reasonable range. Therefore, it is necessary to consider input saturation in the control system. Since control scheme has no auxiliary system, the system produces large fluctuations and consumption, while the novel auxiliary system proposed in this paper has smaller fluctuations.



Note that, for the position errors (  x e   and   y e  ) in Table 2, the IAE (   ∫ 0 t    x e  d t    and    ∫ 0 t    y e  d t   ) of the proposed control scheme is reduced by about 81.93%, 43.38%, 5.58% and 21.40% (  x e  ) and 6.17%, 1.98%, 5.55% and 2.50% (  y e  ) in 100 s compared with the control scheme that does not consider input saturation, while ITAE (   ∫ 0 t    t |   x e   | d t     and    ∫ 0 t    t |   y e   | d t    ) is decreased by about 81.83%, 43.18%, 0.29% and 20.70% (  x e  ) and 8.03%, 6.31%, 0.65% and 6.66% (  y e  ) in 100 s, respectively. If input saturation is not properly compensated, severe performance degradation results. Moreover, the ISA ( the integral of square error, i.e.,    ∫ 0 t    τ u 2  d t    and    ∫ 0 t    τ r 2  d t   ) performance index is introduced to evaluate the control energy of the path-following controller by quantitative evaluation. A numerical table of control energy consumption ISA values is shown in Table 4; relative to the FFTPLOS-without-ADS, other schemes are approximately reduced to 97.41%, 93.48%, 99.47% and 91.93% (  τ u  ) and 92.84%, 94.93%, 97.67% and 91.69% (  τ r  ) in 100 s, respectively. From data analysis, it can be seen that the fast finite-time stability auxiliary system produces the lowest IAE and ITAE and the smallest energy consumption ISA. Thus, the proposed guidance-control scheme provides better dynamic and steady-state performance, which is superior to other schemes.




7. Conclusions


A novel FFTPLOS guidance and fast finite-time feedback control scheme with FFTADS-SSF for USV motion control while being subjected to sideslip compensation, input saturation and time-vary disturbances was proposed. It provides for a smooth and fast compensation of the sideslip angle with finite time. Meanwhile, the control scheme, the robust finite-time feedback controller with ROESO and FFTADS-SSF, deals with the time-varying disturbances and input saturation, guaranteeing the superior properties (i.e., steady state, sideslip compensation, disturbance estimation, antisaturation and energy consumption) of path following by choosing parameters. Stability analysis proves that the proposed guidance-control strategy can ensure that the closed-loop system is uniformly ultimately bounded by the fast finite-time Lyapunov stability theory. The simulation results and quantitative analysis reveal that the effectiveness of the proposed guidance-control scheme is superior to the other schemes.
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Abbreviations




	USV
	unmanned surface vehicle



	LOS
	line-of-sight



	DOF
	degree of freedom



	FFTPLOS
	fast finite-time predictor-based line-of-sight



	ROESO
	reduced-order extended state observers



	IS
	input saturation



	ADS
	auxiliary dynamic system



	FFTADS
	fast finite-time auxiliary dynamic system



	FFTADS-SFF
	fast finite-time auxiliary dynamic system with smoothly switching function
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Figure 1. Geometric information of the path following. 
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Figure 2. The schematic of the path-following controller. 
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Figure 3. Comparison of path-following trajectory in horizontal plane. 
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Figure 4. Comparison of along-track x, cross-track y and heading angle  ψ  for position following. 
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Figure 5. The tracking errors of the surge velocity and heading angle. 
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Figure 6. The position errors and its estimations with predictors. 
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Figure 7. The time-varying sideslip angle and its estimations. 
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Figure 8. The time-varying disturbances and its estimations. 






Figure 8. The time-varying disturbances and its estimations.



[image: Jmse 10 00960 g008]







[image: Jmse 10 00960 g009] 





Figure 9. The control inputs. 
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Table 1. Model parameters of the Cybership II.
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	Mark
	Value
	Mark
	Value
	Mark
	Value





	   m 11   
	25.8
	   m 22   
	33.8
	    m 23   (  m 32  )    
	1.0115



	   m 33   
	2.76
	   d 32   
	−0.2601
	   d 11   
	0.9257



	   d 22   
	2.8909
	   d 23   
	−0.2601
	   d 33   
	0.5










 





Table 2. Path-following performance of different methods.






Table 2. Path-following performance of different methods.





	
Metrics

	
Input Type

	
PLOS-FFTADS

-SFF    ROESO   

	
FFTPLOS-

without

-ADS    ROESO   

	
FFTPLOS-

FTADS    ROESO   

	
FFTPLOS-

FFTADS

-SFF    NDO   

	
FFTPLOS-

FFTADS

-SFF    ROESO   






	
IAE

	
  x e  ,    x ˜  e  

	
  x e   = 22.1603

   x ˜  e   = 0.3775

	
  x e   = 7.0718

   x ˜  e   = 0.3544

	
  x e   = 5.0944

   x ˜  e   = 0.3427

	
  x e   = 4.1965

   x ˜  e   = 0.4006

	
  x e   = 4.0043

   x ˜  e   = 0.3879




	
  y e  ,    y ˜  e  

	
  y e   = 13.5847

   y ˜  e   = 0.7936

	
  y e   = 13.0046

   y ˜  e   = 0.7438

	
  y e   = 13.0732

   y ˜  e   = 0.7319

	
  y e   = 13.4949

   y ˜  e   = 0.8421

	
  y e   = 12.7466

   y ˜  e   = 0.8417




	
   β e   

	
  β e   = 8.3814

	
  β e   = 9.3749

	
  β e   = 8.0252

	
  β e   = 4.9489

	
  β e   = 4.7871




	
ITAE

	
  x e  ,    x ˜  e  

	
  x e   = 1129.8

   x ˜  e   = 18.9755

	
  x e   = 361.1162

   x ˜  e   = 17.3685

	
  x e   = 258.7596

   x ˜  e   = 17.4393

	
  x e   = 205.7960

   x ˜  e   = 20.4001

	
  x e   = 205.1941

   x ˜  e   = 19.8820




	
  y e  ,    y ˜  e  

	
  y e  = 465.4997

   y ˜  e  = 41.5967

	
  y e   = 456.9519

   y ˜  e  = 38.9382

	
  y e  = 453.6706

   y ˜  e   = 38.3516

	
  y e   = 430.9628

   y ˜  e   = 44.1912

	
  y e   = 428.1403

   y ˜  e   = 43.8426




	
   β e   

	
  β e   = 453.3129

	
  β e   = 511.2425

	
  β e   = 434.7642

	
  β e   = 244.2495

	
  β e   = 240.2223











 





Table 3. The estimation disturbance performance of different methods.






Table 3. The estimation disturbance performance of different methods.





	
Metrics

	
Input Type

	
PLOS-FFTADS

-SFF    ROESO   

	
FFTPLOS-

without

-ADS    ROESO   

	
FFTPLOS-

FTADS    ROESO   

	
FFTPLOS-

FFTADS

-SFF    NDO   

	
FFTPLOS-

FFTADS

-SFF    ROESO   






	
IAE

	
    f u  e   

	
   f u  e   = 0.3262

	
   f u  e   = 0.2966

	
   f u  e   = 0.2718

	
   f u  e   = 1.5889

	
   f u  e   = 0.2330




	
    f r  e   

	
   f r  e   = 0.3263

	
   f r  e   = 0.2967

	
   f r  e   = 0.2719

	
   f r  e   = 11.5031

	
   f r  e   = 0.2332




	
ITAE

	
    f u  e   

	
   f u  e   = 16.1098

	
   f u  e   = 14.6454

	
   f u  e   = 13.4254

	
   f u  e   = 53.6952

	
   f u  e   = 11.5038




	
    f r  e   

	
   f r  e   = 15.7509

	
   f r  e   = 14.3186

	
   f r  e   = 13.1250

	
   f r  e   = 492.7868

	
   f r  e   = 11.2516











 





Table 4. ISA performance comparisons of different methods.
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Metrics

	
Input Type

	
PLOS-

FFTADS

-SFF    ROESO   

	
FFTPLOS-

without

-ADS    ROESO   

	
FFTPLOS-

FTADS    ROESO   

	
FFTPLOS-

FFTADS

-SFF    NDO   

	
FFTPLOS-

FFTADS

-SFF    ROESO   






	
ISA

	
   τ u   

	
15.3232

	
15.7294

	
14.7035

	
14.5371

	
14.4594




	
   τ r   

	
183.1642

	
197.2831

	
187.2748

	
185.1934

	
180.8806
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