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Abstract

:

The development of dynamic positioning (DP) algorithms for an unmanned surface vehicle (USV) is attracting great interest, especially in support of complex missions such as sea rescue. In order to improve the simplicity of the algorithm, a DP algorithm based on its own path following control ability is proposed. The algorithm divides the DP problem into two parts: path generation and path following. The key contribution is that the DP ability can be realized only by designing the path generation method, rather than a whole complex independent DP controller. This saves the computing power of the USV onboard computer and can effectively reduce the complexity of the algorithm. In addition, the fixed-time LOS guidance law is designed to improve the convergence rate of the system state in path-following control. The reasonable selection of speed and a heading controller ensures that the number of design parameters to be determined is at a low level. The above algorithms have been thoroughly evaluated and validated through extensive computer simulations, demonstrating their effectiveness in simulated and real marine environments. The simulation results verify the ability of the proposed algorithm to realize the dynamic positioning of USVs, and provide a practical scheme for the design of the dynamic positioning controller of USVs.
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1. Introduction


As typical underactuated systems, unmanned surface vehicles (USVs) have been receiving more and more attention from researchers because of their great application prospects in marine environment monitoring, resource exploration, emergency rescue, and military applications [1,2,3]. In recent years, many achievements have been made related to USV control problems such as path following, trajectory tracking, dynamic positioning, and formation control [4,5,6,7,8,9]. Among them, dynamic positioning plays a crucial role in maritime operations, such as search and surveillance, in which position and heading course must be maintained.



Dynamic positioning refers to the ability of a ship to track a desired position and direction in a predetermined point using active thrusters to counteract external disturbances caused by waves, currents, and wind. The past few decades have witnessed extensive research on the dynamic positioning of ships. Hu et al. [10] solved the DP problem for a supply ship with a backstepping adaptive control strategy; meanwhile, an observer and the projection algorithm were applied to compensate disturbances and uncertainties. Sarda et al. [11] tested several static-positioning controllers for fully actuated vehicles suffering from uncertain environmental disturbances. In order to maintain the vehicle at a preset point, a supervisory switching controller was designed later [12]. The DP control problem for autonomous underwater vehicles (AUVs) has been studied extensively. Mai The Vu et al. [13] designed a robust station-keeping (SK) controller for an overactuated AUV in the horizontal plane to overcome the problems of uncertainties and external disturbance. A DP controller for an underwater legged robot was constructed by Mrudul Chellapurath [14], in which the underwater legged robot was a fully actuated system. The above study only designed DP controllers for fully actuated or overactuated ships/AUVs, and it is difficult to apply to USVs, which are mainly oriented to near-shallow sea operations. However, due to certain limitations in size, load, and structure, USVs are mostly underactuated ships. Although underactuated USVs lack an independent rolling actuator to carry out the rolling motion, the rolling motion is accomplished indirectly through yaw control, which brings great difficulties to the DP control design. However, an underactuated USV can still achieve path following, trajectory tracking, and other types of control with fewer controllers and actuators, which not only improves the working efficiency and endurance performance, but also reduces the incidence of mechanical failure. As a result, underactuated USVs’ DP technology has received considerable attention.



An integrator adaptive controller was first introduced by Aguiar and Pascoal [15] to overcome the DP problem for a USV facing negative effects from unknown currents and system uncertainties. Dong et al. [16] derived a novel backstepping controller with the state-feedback method to guarantee point stabilization. Furthermore, a potential problem that must be taken into consideration for USV motion systems is input constraints, which are caused by the physical limitations in a vehicle’s propulsion system. To deal with this problem, fruitful DP controllers [17,18] have been developed by researchers, assisted by model predictive control [19], backstepping control, and the barrier Lyapunov function [20]. Although many researchers have applied their efforts to the DP problem, they have mostly tried to eliminate the negative effects of uncertainties and disturbances for underactuated USV systems with the help of adaptive strategies, neural networks, and observers, which ultimately tend to complicate control laws. However, complex control laws are often difficult to apply to practical applications. Therefore, the main focus of this paper is how to use the basic path-following capability of a USV to realize DP control.



One of the most basic problems in USVs’ various missions is the path-following (PF) control problem, which is mainly solved by the cleverly designed guidance law and heading controller. The former is designed to generate a reference signal for the latter; then, the latter will give out an execution command to make the actuator generate force so as to make the USV move along a predetermined path. By imitating the behaviors of the helmsman, the line-of-sight (LOS) guidance law is carried out to guide ships to a certain constant distance in front of the projection point of the vehicle. In [21], the traditional LOS guidance law was used for the first time to effectively achieve the convergence of USV states. The PLOS guidance law is further formulated in [22]. However, these results require an accurate measurement of a USV’s sideslip angle. A USV often receives negative effects from complex disturbances and faults that require diagnosis [23,24,25]. Considering that the unknown sideslip angle caused by unknown external interference will reduce the convergence rate of tracking error, a large number of compensation methods are proposed. Based on the traditional LOS, Wan L. [26] designed an integral term to form the ILOS law for canceling out the sideslip angle. Via another method, an ALOS scheme was proposed in reference [27] for the same purpose. However, both ILOS and ALOS play roles in the hypothesis that the sideslip angle is constant or varies slowly. In [28,29], an extended state observer (ESO) and predictor-based LOS were proposed, respectively, wherein effects caused by fast-varying sideslip angles are eliminated. Considering that only an asymptotic convergence of the system state is achieved based on the above algorithm, it cannot meet the requirements of convergence performance in surface and underwater target search tasks, so the finite-time or fixed-time path-following control method is proposed.



Note that the finite-time or fixed-time controller can make tracking errors converge to zero faster, with better robustness and higher accuracy [30,31]. Wang et al. [29] studied the path-following problem of USV systems subjected to unknown disturbances and proposed a fixed-time predictor to approximately forecast the sideslip. The system’s fixed-time stability was guaranteed via designing a fixed-time LOS and heading controller. Though the above methods can increase the convergence characteristics of a USV’s state, the complex form of its guidance law and controller has limited their practical application. Therefore, how to improve the convergence performance of USVs while ensuring the simplicity of the cascade control structure has become the focus of this paper.



Motivated by the aforementioned existing literature, the DP problem of an underactuated USV with a fixed-time PF-based DP controller is investigated. The DP control scheme is proposed to convey the DP problem to a PF problem. Then, we prove that the guidance subsystem is stabilized in a fixed time. Our contributions are summarized below.



(1) Considering the complexity of the DP problem, a novel but concise DP controller is proposed to divide this problem into the path planning part and the path following control part. After the design of the DP controller, the DP problem of an underactuated USV can be transferred into a PF problem;



(2) A novel fixed-time LOS is proposed, under which a reference heading angle signal is generated to guide the vehicle in moving along the desired paths given by the DP scheme. Obviously, when a fixed-time LOS is taken into consideration, the PF problem will be transformed into a desired heading angle tracking problem. Compared with the traditional LOS, the tracking error converges to its origin faster;



(3) Both simulations and practical experiments are designed to elucidate the effectiveness and robustness of the proposed algorithm. This proves that we can provide a feasible scheme for the practical application of USV dynamic positioning.



The remaining content is arranged as follows. Section 2 specifically introduces preliminaries and the problem formation. Section 3 depicts a detailed algorithm for the DP control structure and fixed-time LOS. The proposed scheme is validated by numerical simulations and practical experiments in Section 4. Conclusion and future work are given in Section 5.




2. Preliminaries


2.1. Description of an Underactuated USV’s Motion


To depict the motion of a USV, dynamics and kinematics equations are selected, and the control input is established to keep the dynamic positioning near the preset point. Since the dynamic positioning strategy of this paper is based on the USV’s PF control capability, the biggest task for us is to force the USV move along the reference paths given by the DP scheme.



Firstly, a fixed-time LOS is raised to obtain reliable control input, by which the desired signal named the reference heading angle is generated. Hence, the PF control problem of the USV is transformed into an angle tracking control problem. Therefore, the heading controller is designed for the heading angle tracking subsystem letter. Considering that the algorithm presented in this paper will be used in practical USV applications, a low-disturbance-sensitive and simple heading controller is indispensable, which will be discussed later. This section is devoted to describing the dynamics and kinematic equations of the USV, followed by the USV’s tracking error dynamics.



As shown in Figure 1, the USV’s kinematics equation is as follows, with    η  =     x , y , ϕ    T    referring to the underactuated USV’s position and attitude in an inertial coordinate system    O E   X E   Y E    and   v =     u , v , r    T    representing the velocities in surge and sway, which are the yaw motions in the USV’s body-fixed coordinate system   O X Y   [32]:


    η ′   = J ( ϕ ) v ,  



(1)




where


   J  ( ϕ ) =       cos ϕ     − sin ϕ    0      sin ϕ     cos ϕ    0     0   0   1       











Ignoring the negative effects caused by uncertainties and disturbances, the dynamics equation is written as [32]:


   M  v ′   +  C  (  v  )  v  +  D  (  v  )  v  =  τ  ,  



(2)




in which    τ  =      τ u  , 0 ,  τ r     T    denotes the control input generated by controller, where    τ u    denotes the longitudinal thrust calculated by controller, and    τ r    is the yaw moment, which are used to regulate the USV’s surge, sway and yaw motions. Since underactuated USVs are not equipped with thrusters that provide lateral thrust,    τ v  = 0  . The inertia matrix   M  , coriolis and centripetal matrix    C  (  v  )  , and damping matrix    D  (  v  )   are defined as [29]:


     M  = d i a g (  m  11   ,  m  22   ,  m  33   ) ,     C ( v ) =      0   0    −  m  22   v      0   0     m  11   u        m  22   v     −  m  11   u    0      ,     D ( v ) =        X u  +  u   X   u 2       0   0     0     Y v  +  v   Y   v 2       0     0   0     N r  +  r   N   r 2          .    











 Remark 1: 

Though it is easier to deal with a dynamic positioning problem for a fully actuated USV using the methods in [33,34], those methods cannot be applied to underactuated USVs. However, compared to a fully-actuated one, an underactuated USV is more common in reality. This paper is intended to deal with the dynamic positioning problem for an underactuated USV.





 Assumption 1:

The velocities   u , v , r   and their derivations    u ′  ,  v ′  ,  r ′    of underactuated USVs are limited with a known constant.






2.2. Tracking Error Dynamics of Underactuated USV


In this part, the tracking error dynamics based on the Serret–Frenet framework (SFF) are formed. We assume that any point used as a target ship is located on the desired path shown in Figure 2. The original point of the SFF is the target vessel itself, while the path’s tangent line and normal line are separately defined on its X-axis and Y-axis.



In Figure 2,    φ n  = arctan (     y ′  n   /    x ′  n    )   is the path tangential angle. The along-tracking error    e x    and cross-tracking error    e y    can be calculated as:


   e x  = ( x −  x n  ) cos  φ n  + ( y −  y n  ) sin  φ n  ,  



(3)






   e y  = − ( x −  x n  ) sin  φ n  + ( y −  y n  ) cos  φ n  .  



(4)







We define the target ship’s velocity along the desired path as    v n  =   x ′  n  cos  φ n  +   y ′  n  sin  φ n   .



Calculating the time-derivation of (3) and (4), we can derive the tracking error dynamics of an underactuated USV as:


      e ′  x    = (  x ′  −   x ′  n  ) cos  φ n  + (  y ′  −   y ′  n  ) sin  φ n  +   φ ′  n   e y       =  x ′  cos  φ n  +  y ′  sin  φ n  −  v n  +   φ ′  n   e y     



(5)






      e ′  y    = − (  x ′  −   x ′  n  ) sin  φ n  + (  y ′  −   y ′  n  ) cos  φ n  −   φ ′  n   e x       = −  x ′  sin  φ n  +  y ′  cos  φ n  −   φ ′  n   e x     



(6)







We define   U =    u 2  +  v 2      as the USV’s linear velocity, marking the sideslip angle as   β = arctan (  v / u  )  . If  β  varies slowly and to a small enough degree, it means    β ′  = 0  ,   sin β = 0   and   cos β = 1  . We can then rewrite (5) and (6) as:


    e ′  x  = U cos ( ϕ −  φ n  ) − U sin ( ϕ −  φ n  ) β +   φ ′  n   e y  −  v n   



(7)






    e ′  y  = U sin ( ϕ −  φ n  ) + U cos ( ϕ −  φ n  ) −   φ ′  n   e x   



(8)







The main objective of this manuscript is to establish a new dynamic positioning control structure for an underactuated USV. In order to make it clearer and simpler, the basic path-following ability of the USV itself is reapplied in the form of the DP control structure. Therefore, a novel guidance law is necessarily designed to calculate the desired signal. The heading control law is selected to force the motions of the USV. When the heading controller tracks the desired signal, the position tracking errors reduce to zero. Then, the dynamic positioning of the USV is realized.





3. Dynamic Positioning Control Structure Design


We designed a dynamic positioning control structure using the fixed-time PF scheme. The DP scheme was first invented to show that the DP control problem transfers into a path following problem with a simple structure. Then, a fixed-time LOS is developed to generate the desired signal and thus assist the path following controller in forcing the position error to quickly reach zero.



3.1. Design of Dynamic Positioning Scheme


For a fully actuated USV, it is easier to achieve dynamic positioning control by use of the thrusters providing transverse force, and there are many related research methods, but these methods are not suitable for an underactuated USV without transverse thrusters. When the USV performs dynamic positioning tasks, a very important consideration is that it needs to maintain a low speed when approaching the preset desired point, and it must constantly adjust the actuator to make sure that the desired positioning heading is tracked. Although the transverse force of an underactuated USV is always zero, when the USV has the capability of reversing, the dynamic positioning of an underactuated USV can be realized by designing a reasonable dynamic positioning strategy.



The USV dynamic positioning task area is divided into the approach area, the cut-in area and the adjustment area, as shown in Figure 3. Four reference points,   R P 1  ,   R P 2  ,   R P 3   and   R P 4  , are generated by the intersection between the segmentation circle of the three areas and the line through the desired position   (  x d  ,  y d  )   point, the direction of which is the expected positioning course    φ  p d    . The line formed by the desired position point and the USV’s initial position will bring us the approach point.



When the USV is located in the DP task area and receives the task command, the DP controller will first generate information on the desired speed    u d   , as follows:


   u d  =        k 1   U  max   ,     A p p r o a c h − a r e a        k 2   U  max   ,     C u t − i n − a r e a        k 3   U  max   ,     A d j u s t m e n t − a r e a       ,  



(9)




where    U  max     denotes the maximum speed of USV, and    k i  , i = 1 , 2 , 3   represent the parameters to be determined.



The azimuth information    φ e  ∈     − π , π       between the USV and the desired position point is determined according to the relationship between the USV heading angle  ϕ  and the desired positioning heading angle    φ  p d    .    φ e    is used to judge the azimuth relationships between the USV and the desired position point, which are, respectively, right–front, left–front, right–back and left–back. The function of this judgment is mainly to generate the reference path required by the PF algorithm.



The reference path is shown in Table 1 below.



 Remark 2: 

According to the reference path generation method shown in the table above, the USV shown in Figure 3 will follow the red line and finally undertake a forward/backward motion near the desired position point. In reality, a USV fitted with a water-jet can achieve forward/backward motion by adjusting a device called the reverse bucket.






3.2. Fixed-Time LOS Design


Reference paths were generated by the DP scheme in Section 3.1; the next question is then how do we accurately follow these paths. Therefore, a fixed-time LOS will be proposed in Section 3.2.



Before giving the proof of the LOS guidance law and its stability, some lemmas are given.



Consider the following system:


       x ′  ( t ) = f ( t , x ( t ) ) ,     x ( 0 ) =  x 0  .     ,  



(10)




where   x ∈  ℝ n    denotes the state vector, and   f ( t , x ( t ) ) :  ℝ +  ×  ℝ n  →  ℝ n    is a nonlinear continuous function. Suppose that one of the equilibrium point of system (10) is its origin.



 Lemma 1 

([35,36]): Suppose    x 1  ,  x 2  ≥ 0 , 0 <  σ 1  ≤ 1 ,  σ 2  > 1  . Then, there is


     x 1   σ 1    +  x 2   σ 1    ≥   (  x 1  +  x 2  )    σ 1    ,      x 1   σ 2    +  x 2   σ 2    ≥  2  1 −  σ 2      (  x 1  +  x 2  )    σ 2    .    













 Lemma 2 

([37,38]): If function   V ( x )   of system (10) satisfies


   V ′  ( x ) ≤ −  μ 1   V α  ( x ) −  μ 2   V χ  ( x )  








in which   χ > 1  , then   a , b > 0 , 0 < α < 1  . Of course,  V ( x )   is continuous, radial and unbounded. We can conclude that the system’s fixed-time stability is satisfied by setting the time limit as:


  T ≤  T  max   : =  1   μ 1  ζ ( 1 − α )   +  1   μ 2  ζ ( γ − 1 )   , ζ ∈ ( 0 , 1 ) .  













A USV’s desired heading angle is defined as:


   ϕ d  =  φ n  + arctan ( −  1 Δ  (  e y  + s i  g p  (  e y  ) + s i  g q  (  e y  ) + Δ β ) ) ,  



(11)




where  Δ  is he look-ahead distance. The designed parameters satisfy   p > 1 , 0 < q < 1  .



We treat the target ship’s velocity    v n    as the virtual input:


   v n  =  k u   e x  + U cos ( ϕ −  φ n  ) − U sin ( ϕ −  φ n  ) β + s i  g p  (  e x  ) + s i  g q  (  e x  ) ,  



(12)




where    k u  > 0   is another designed parameter.



 Theorem 1: 

The position tracking errors     e x     and     e y     in Figure 1 can be reduced to zero under the novel LOS law, shown as (11), within a fixed time.





 Proof: 

The Lyapunov function is taken into consideration:


   V 1  =  1 2  (  e x 2  +  e y 2  ) ,  



(13)







From (11), we have


  sin (  ϕ d  −  φ n  ) = −    e y  + s i  g p  (  e y  ) + s i  g q  (  e y  ) + Δ β      Δ 2  +   (  e y  + s i  g p  (  e y  ) + s i  g q  (  e y  ) + Δ β )  2      ,  



(14)






  cos (  ϕ d  −  φ n  ) =  Δ     Δ 2  +   (  e y  + s i  g p  (  e y  ) + s i  g q  (  e y  ) + Δ β )  2      .  



(15)







Substituting (14) and (15) into (7) and (8), we have


    e ′  x  = −  k u   e x  +   φ ′  n   e y  − s i  g p  (  e x  ) − s i  g q  (  e x  ) ,  



(16)






    e ′  y  = U    e y  + s i  g p  (  e y  ) + s i  g q  (  e y  )      Δ 2  +   (  e y  + s i  g p  (  e y  ) + s i  g q  (  e y  ) + Δ β )  2      −   φ ′  n   e x  .  



(17)







The time-derivative of    V 1    satisfies


    V ′  1  = −  k u   e x 2  − γ  e y 2  −  e x  s i  g p  (  e x  ) −  e x  s i  g q  (  e x  ) − γ  e y  s i  g p  (  e y  ) − γ  e y  s i  g q  (  e y  ) ,  



(18)




in which   γ = min (  U /     Δ 2  +   (  e y  + s i  g p  (  e y  ) + s i  g q  (  e y  ) + Δ β )  2      )  .



Due to   s i  g ρ  ( e ) =    e   ρ  s i g n ( e )  , (18) can be rewritten as:


       V ′  1  ≤ −  k u   e x 2  − γ  e y 2  −  k u   e x 2  − γ  e y 2  −  e x       e x     p  −  e x      e x    q  − γ  e y      e y    p  − γ  e y      e y    q      ≤ −  k u   e x 2  − γ  e y 2  −   (  e x 2  )     p + 1  2    −   (  e x 2  )     q + 1  2    − γ   (  e y 2  )     p + 1  2    − γ   (  e y 2  )     q + 1  2       .  



(19)







According to Lemma 1, we have


       V ′  1  ≤ − ϖ  V 2  − δ   (  e x 2  )     p + 1  2    − δ   (  e x 2  )     q + 1  2    − δ   (  e y 2  )     p + 1  2    − δ   (  e y 2  )     q + 1  2        ≤ − ϖ  V 2  − δ  V 2    p + 1  2    −  2    q + 1  2    δ  V 2    q + 1  2       ,  



(20)




where   ϖ = min    k u  , γ   > 0  ,   δ = min   1 , γ    .



According to Lemma 2 and the form of (20), Theorem 1 can be proven, showing that the position errors    e x    and    e y    go down to zero within a fixed time,


   t g  ≤  T  max   : =  1  δ ζ (   p − 1  2  )   +  1   2    1 − q  2    δ ζ (   1 − q  2  )   , 0 < ζ < 1 .  











□





 Remark 3: 

Here, a novel LOS is being proposed, which generates a reference signal and endows the tracking errors with fixed-time convergence. Under this guidance law, only a few parameters need to be adjusted, including   Δ ,  k u  , p , q  , so the time required for parameter tuning will be greatly reduced when the guidance law is introduced into the practical application. The selection of the heading and speed control law should also follow the principle of fewer parameters and simple tuning.





 Remark 4: 

Although the non-quadratic Lyapunov functions shown in [39] lead to better performance, the quadratic Lyapunov function (13) is still considered in this paper because of the form of the kinematics Equation (1) and the dynamics Equation (2) of an underactuated USV. Regarding the robot’s mechanical and electrical dynamics, the positive–definite inertia matrix and inductance matrix are used to define the Lyapunov function candidates, which are always in form of a quadratic Lyapunov function.





The main purposes of this paper are declared above, in that the DP control scheme is designed to transfer the DP problem into a PF problem for an underactuated USV, and a novel fixed-time LOS guidance law is derived to transform this PF problem into a desired heading angle tracking problem. According to Remark 3, the incremental S-surface controller is selected for USV speed control, and the heading control of the USV is achieved using an integral S-surface controller. Their forms are shown as:


       τ u  =  2  1 + exp ( −  λ 1  (  u d  − u ) +  λ 2   u ′  )   − 1      τ r  =  2  1 + exp ( −  λ 3  (  ϕ d  − ϕ ) +  λ 4   ϕ ′  )   +  λ 5    ∫  (  ϕ d  − ϕ ) d t    − 1     ,  



(21)




where    λ i  , i = 1 , 2 , 3 , 4 , 5   are parameter-adjusted letters. Because these two controllers have been widely used in practical engineering control, detailed proof of the stability of (21) is omitted here to save space. The block of the proposed approach shown in Figure 4 is given to clarify the design procedure and the controller’s structure to allow better comprehension.





4. Analysis of Numerical Simulation and Practical Experiment


The proposed DP control method will be verified by both numerical simulations and practical experiments. Because the method only involves the following of a straight path, curved paths will not be tracked and verified in the simulations and experiments. At the same time, due to the constraints of experiment time and other factors, no comparative experiment was carried out here, and only its feasibility and robustness have been verified.



4.1. Numerical Simulation and Its Analysis


In this section, the USV’s fixed-time PF control capabilities and dynamic positioning control capabilities will be demonstrated. Before the numerical simulations are undertaken, the relevant parameters of the USV must be given, as in Table 2:



Case 1 demonstrates the straight path-following ability of a USV by using the designed fixed-time LOS guidance law under time-varying disturbances. At the same time, the traditional LOS method is used to design comparative experiments.   x = y = ϑ   describes the straight path that is required, and the desired velocity    u d  = 1  . The disturbances are selected as:    τ d  =     3 sin ( 0.1 π t − (  π / 5  ) ) , cos ( 0.1 π t + (  π / 6  ) ) , 3 cos ( 0.2 π t + (  π / 3  ) )    T   . The initial positions of the USV are set as           x ( 0 )     y ( 0 )     ϕ ( 0 )        T  =         0 m     30 m     0 r a d        T    and the initial velocities are 0. The designed parameters are given in Table 3.



The straight path-following performances are shown in Figure 5a. Compared to the traditional LOS, the proposed fixed-time LOS achieves a better performance in two aspects: following the preset path precisely and reaching the preset path quickly.



More intuitively, although the tracking errors can both reach zero under these two guidance laws, it can be seen from the along-tracking error    x e    and cross-tracking error    y e    curves shown in Figure 5b that the newly proposed one achieves better convergence. The results show that when the fixed-time LOS is adopted, the positioning error approaches zero about 10 s faster. This results in a controller with a fixed time LOS guidance law that can enable the USV to reach the preset path much faster. Generally speaking, the USV’s trajectory under fixed-time LOS is closer to the preset path shown in Figure 5a.



In case 2, the dynamic positioning control ability of the underactuated USV is verified. We have given the desired position point and expected positioning heading angle as follows:            x d       y d         T  =         119.6209489 ( l o n )     39.89857318 ( l a t )        T   ,    φ  p d   = 100 °  . The values of the DP controller’s parameters are given in Table 4.



The performance of the DP following the proposed method is displayed in Figure 6, Figure 7 and Figure 8.



It can be seen from Figure 6 that the USV has a dynamic positioning control capability. Further, we can conclude from Figure 7 that the position error is less than 5 m when using the proposed fixed-time PF-based DP controller. As can be seen from Figure 8, regular heading adjustment will be carried out when the USV approaches the desired position point, because when it approaches that point, the speed of the USV will drop to a relatively low level. At this time, due to the influence of marine environmental factors, the position will be offset, so it is necessary to constantly adjust the heading and track. Figure 6 shows that the USV undertakes regular forward/backward motions in a small range near the desired position point to resist the disturbances brought by environmental factors. Although the oscillation amplitude of the error in position measurements at about 6 m still yields a large deviation compared with the length of a USV, the position tolerance error is often set as 20 m according to the actual task requirements. If the sea conditions are poor, the value will be set higher. Therefore, the new fixed-time PF-based DP control strategy designed in this paper can be applied in practice.




4.2. Practical Experiment and Its Analysis


A practical experiment has been carried out on the seashore of Qinhuangdao. The USV and its land monitoring station here communicate through a wireless communication system. The desired position point and expected positioning heading angle are as follows:            x d       y d         T  =         119.6209489 ( l o n )     39.89857318 ( l a t )        T   ,    φ  p d   = 100 °  . The practical positioning performance of the method proposed in this paper is displayed in Figure 9, Figure 10 and Figure 11.



It can be seen from Figure 9 that when adjusting design parameters appropriately, the USV can attain a dynamic positioning control capacity under external disturbances. However, affected by the influence of marine environmental factors that cannot be modeled, Figure 10 shows us that the position error varies between 5 and 8 m, and its amplitude becomes unstable when compared to Figure 6. At the same time, the oscillation of the heading error also becomes severe.





5. Conclusions and Future Work


A dynamic positioning control method for an underactuated USV based on its own PF capability is presented in this paper. Because exploration and monitoring tasks often require the USV be located at a certain point and moving in a fixed direction, developing a DP with minimal computational cost and faster convergence on the premise of ensuring the simplicity and easy implementation of the algorithm is one of the main obstacles in the completion of a USV offshore missions. In order to solve this problem, the algorithm simplifies the USV’s DP problem into two parts—path generation and path following—and uses its own PF control algorithm to follow the paths generated by the DP controller. In addition, the algorithm also includes a PF control module based on fixed-time LOS, which improves the state convergence speed of the USV under the influence of the algorithm. Both numerical simulations and practical experiments prove that, benefiting from the proposed method, DP control can be realized with good robustness.



In future research, refining the dynamic positioning control strategy to generate smoother reference paths and meet the global fixed-time convergence requirements will become the focus.
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Figure 1. Illustration of two coordinate systems. 
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Figure 2. Guidance geometry of LOS. 
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Figure 3. Illustration of DP control scheme. 






Figure 3. Illustration of DP control scheme.



[image: Jmse 12 00551 g003]







[image: Jmse 12 00551 g004] 





Figure 4. PF-based DP controller for an underactuated USV. 
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Figure 5. (a) The PF performance. (b) The PF performance. 
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Figure 6. Dynamic positioning performance in the numerical simulation. 
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Figure 7. Position error of the numerical simulation. 
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Figure 8. Heading error of the numerical simulation. 
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Figure 9. The practical performance of the DP controller. 
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Figure 10. Position error of the practical experiment. 
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Figure 11. Heading error of the practical experiment. 
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Table 1. Reference path waypoints generation.






Table 1. Reference path waypoints generation.





	Case
	Waypoint 1
	Waypoint 2
	Forward/Backward
	Basis





	1
	——
	——
	Forward
	   A d j u s t m e n t − a r e a   



	2
	   R P 4   
	   R P 3   
	Backward
	     C u t − i n − a r e a     −  π / 2  ≤  φ e  <  π / 2      



	3
	   R P 2   
	   R P 1   
	Forward
	     C u t − i n − a r e a      φ e  ∈   − π , −  π / 2      o r    φ e  ∈    π / 2  , π       



	4
	USV’s position
	Desired position
	Forward
	   A p p r o a c h − a r e a   










 





Table 2. The underactuated USV’s dynamic parameters.
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	Mark
	     m  11      
	     m  22      
	     m  33      
	     X u     
	     X   u 2       
	     Y v     
	     Y   v 2       
	     N r     
	     N   r 2       





	Value
	215
	265
	80
	70
	100
	100
	200
	50
	100



	Unit
	   kg   
	   kg   
	   kg ⋅  m 2    
	     kg  / s    
	     kg  / m    
	     kg  / s    
	     kg  / m    
	     kg ⋅  m 2   / s    
	   kg ⋅  m 2    










 





Table 3. Designed parameters of path-following controller.
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Section

	
Symbol

	
Value






	
Fixed-time LOS guidance

	
    k u    

	
6.0




	
  p  

	
1.5




	
  q  

	
0.4




	
  Δ  

	
30.0




	
Speed controller

	
    λ 1    

	
7.5




	
    λ 2    

	
3.5




	
Heading controller

	
    λ 3    

	
12.0




	
    λ 4    

	
3.0




	
    λ 5    

	
6.5











 





Table 4. Design parameters of the DP controller.
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	Section
	Symbol
	Value





	DP controller
	    k 1  ,  k 2  ,  k 3  ,  U  max     
	   0.2 , 0.1 , 0.05 , 5   
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