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Abstract


Surface target salvage is a crucial component of marine emergencies. Although unmanned surface vehicles (USVs) have emerged as effective alternative platforms to traditional artificial salvage, salvage target tracking remains a challenging issue. Therefore, this paper proposes a salvage target tracking (STT) algorithm which enables rapid approach (RA) to the salvage target, while maintaining an appropriate salvage distance that keeps the surface target within the operational range in the terminal tracking (TT) phase. In the RA phase, the model predictive line-of-sight (PLOS) guidance algorithm is proposed to estimate and compensate for the drift angle encountered when following a curved path. In the TT phase, a guidance algorithm based on the key point is proposed to track the salvage target. To achieve the goals in the RA phase and the TT phase, a heading and speed controller based on proportional–integral–derivative control is proposed to track the desired signals computed by the PLOS and key point guidance algorithms. To verify the effectiveness of the STT algorithm, simulation analysis is conducted for the PLOS guidance algorithm and key point guidance algorithm. The simulation results show that the proposed PLOS guidance algorithm has the lowest cross-tracking error compared with the traditional LOS, integral LOS, and adaptive error constraint LOS. Moreover, the distance between the USV and the salvage target is less than the operating radius of the salvage operation. The results demonstrate that the proposed STT algorithm is capable of maintaining the appropriate salvage distance while tracking the salvage target.
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1. Introduction


Salvage operations have gained significant importance in contemporary maritime safety management with the increasing frequency of maritime traffic accidents [1,2,3]. Following maritime accidents, salvage operations must be conducted for the ship wreckage and overboard personnel. Applying unmanned surface vehicles (USVs) to salvage sunken objects or people in the water can contribute to reducing personnel costs, enhancing personnel safety, and broadening the operational weather window [4].



Salvage operations with a twin-propeller and non-rudder (TPNR) ship can be conducted by controlling the rotational speed of the two propellers [5]. Since the controller is solely responsible for managing the rotational velocities of the dual propellers, a significant number of USVs employ a TPNR configuration. As the TPNR configuration is prevalent among USVs, the development of a salvage target tracking algorithm specifically designed for TPNR USVs is of paramount importance. However, there are two technical challenges in tracking the salvage target. On the one hand, the unmanned surface vehicle (USV) must ensure precise path-following accuracy when tracking the salvage target at high speed. However, when the USV follows a path at high speed, this can lead to significant path-following errors [6]. On the other hand, there are constraints on the position of the USV relative to the salvage target during the tracking process, as the working space of the salvage actuator needs to cover the salvage target.



Previous studies have investigated the path-following control of USVs, which can be categorized into two categories. The first category is the virtual ship method, where a reference path is generated according to a virtual ship model, and the USV is controlled to follow this path based on the corresponding control algorithm [7]. A low-frequency learning technique based on the virtual ship guidance algorithm was proposed to smooth the reference path [8]. The second category is the fixed coordinate system method, in which the position and course errors are quantified in a coordinate frame. Furthermore, the corresponding controller is designed based on the fixed coordinate system method to reduce errors in the position and course. One of the most widely used systems is the Serret–Frenet coordinate system, which is applicable not only to mobile robot control [9], but also to USV control [10]. These two categories of methods involve the direct design of the controller based on the mathematical model of the path-following system of the USV. The presence of complex nonlinear and uncertain terms in the model will make the design process very difficult [11]. To simplify the design of the controller, Fossen et al. divided the path-following system into a guidance subsystem and a control subsystem [6]. The desired course angle is calculated by the guidance subsystem, and is transmitted to the control subsystem. The control subsystem is responsible for controlling the USV to track the desired course.



The line-of-sight (LOS) guidance algorithm is widely used in guidance subsystems because of its simple design. This algorithm simplifies the design process by focusing solely on the kinematics of the system, thereby reducing the number of parameters to be tuned [12]. Pettersen et al. also proved that the LOS guidance algorithm is globally, uniformly, asymptotically stable [13]. Building on this principle, numerous studies have integrated the LOS guidance algorithm with various heading control methods, such as PID controllers [6], model predictive controllers [14], adaptive controllers, fuzzy logic controllers [15,16], and neural network controllers [17]. However, these heading control methods may result in larger tracking errors because of the low resistance characteristics of the water surface. To address this gap, a nonlinear adaptive state observer is proposed to estimate the drift angle [12]. An improved LOS guidance algorithm based on an extended-state observer is proposed to estimate the time-varying drift angle, which is more realistic than constant drift angle estimation [18].



The improved LOS guidance algorithm enhances path tracking by estimating environmental disturbances, while the USV will converge more quickly after deviating from the path by adjusting the lookahead distance. However, this guidance algorithm uses only a single waypoint, defined as the point on the path nearest to the USV. When the distance between the USV and the waypoint is zero, the desired path calculated by the guidance algorithm is the tangent direction of the path. If the path ahead is curved, the USV will deviate from the path and then be guided back onto the path. Global asymptotic convergence has been proven for the LOS guidance algorithm based on the assumption that the actual course of the USV can be quickly tracked to the desired course [12,18,19]. However, it takes a certain amount of time to track the course, because saturation rate constraints always exist for the propeller and rudder. If the curvature of the path ahead is constantly changing, the direction of the path may change again before the USV converges back to the path. This can lead to significant tracking error. Therefore, it is important to propose a guidance algorithm that can take into account the information of multiple waypoints to reduce the occurrence of the USV deviating from the path.



In the initial research on target tracking technology, target tracking was regarded as an application of path tracking. A path planner was used to generate a path that could reach the target, then path tracking technology was employed to follow the planned path [20,21]. The A-star algorithm was adopted in these studies to generate a path from the USV to the target [22,23]. Singh et al. used the Dijkstra algorithm to generate the desired path [24]. Subsequently, obstacle avoidance became an important consideration in the target tracking process. Some studies began to consider the obstacle avoidance problem during the tracking process. The artificial potential field method is widely used in obstacle avoidance algorithms. Wang et al. proposes a fusion algorithm based on the improved artificial potential field and the collision prediction model to solve the obstacle avoidance problem of wave gliders in the marine environment [25]. Du et al. use a millimeter-wave radar to detect obstacles. When the USV enters the obstacle avoidance area and the yaw angle satisfies certain conditions, it is determined that there is a collision risk, and different guidance algorithms are triggered [26]. Zhang et al. propose an improved artificial potential field algorithm for obstacle avoidance of a dual USV formation to ensure that the two USVs in the formation pass by the same side of the obstacle [27]. Target tracking methods are not limited to realization through path planning. Similarly to path following, line-of-sight guidance and pure pursuit guidance can also be directly applied to the target, instead of being used only on the planned path [4]. Du et al. utilize the line-of-sight angle to design a target tracking control algorithm [26]. In addition, some intelligent control methods, as well as neural network methods, have been applied to target tracking. A vision-based finite-time control method is proposed for an unmanned aerial vehicle to track an uncooperative target in [28]. Aumtab et al. propose a tracking control method based on the fundamental equations of constrained motion with uncertainty control [29]. Liu et al. study the target tracking problem of an underactuated surface vehicle with model uncertainties and external unknown disturbances. A composite, robust, adaptive, self-structuring neural network-bounded controller is proposed to improve system performance and avoid input saturation [30]. Shojaei investigates the three-dimensional target tracking control problem of underactuated autonomous underwater vehicles by using coordinate transformation and multi-layer neural networks [31]. Kim introduces optimal controllers for USV tracking of underwater targets [32].



With the continuous development of technology, USVs are being applied in various scenarios, accompanied by new requirements for target tracking. Kim proposes a tracking mode that encircles the target, thereby achieving all-round monitoring of the target [1]. Du puts forward a target tracking method that uses a constrained line-of-sight angle to enable the USV to better monitor the target [26]. Zhang proposes an algorithm for using a double USV formation to clean up surface debris, requiring two USVs to pass by both sides of the debris, respectively [27]. In addition to avoiding collisions, the target tracking algorithm must ensure that the salvage target remains within the working space of the salvage actuator.



Motivated by the problems mentioned above, this paper studies the salvage target tracking problem for twin-propeller and non-rudder USVs. The main challenges to be addressed include the following: (1) When the USV is tracking the salvage target, it needs to follow the reference path with high precision. Deviations caused by response-time limitations of the USV should be reduced when following a curved path. (2) The USV must maintain a fixed relative positional relationship with the salvage target, ensuring that the salvage target remains on the side of the USV where the salvage actuator is installed. The distance between the salvage target and the USV must be less than the maximum radius of the working space of the salvage actuator. (3) All control objectives can only be achieved by adjusting the rotational speeds of the left and right propellers of the USV.



Therefore, a salvage target tracking algorithm for TPNR USVs is proposed for tracking salvage targets. From a practical perspective, the algorithm is divided into two phases: rapid approach and terminal tracking. When the USV is far from the salvage target, the algorithm is in the rapid approach phase. The model predictive line-of-sight algorithm is applied to track the path from the USV to the salvage target with a high cruising speed and high precision. When the USV is relatively close to the salvage target, the algorithm controls the USV to brake and enter the terminal tracking phase. A guidance algorithm based on the key point is proposed for tracking both stationary and moving salvage targets. The selection of the key point takes into account the installation position of the salvage actuator. The main contributions of the paper can be summarized as follows:




	(1)

	
A surface salvage target tracking algorithm is proposed. The algorithm is divided into two phases, based on the distance between the salvage target and the USV: rapid approach and terminal tracking. The output of the salvage target tracking algorithm consists of the desired heading and the desired speed.




	(2)

	
In the rapid approach phase, the model predictive line-of-sight guidance algorithm and path-following control algorithm are introduced. The PLOS guidance algorithm comprehensively considers a segment of the path information to optimally determine the desired heading, thereby improving the accuracy of curved path following. In the terminal tracking phase, a key point guidance algorithm-based method is proposed to track stationary or moving salvage targets. This method ensures that the distance between the salvage target and the USV remains within the salvage radius.




	(3)

	
A PID-based heading and speed controller is developed to track the desired heading and speed. By adjusting the rotational speeds of the left and right propellers, the USV is driven to accomplish the tracking of the surface salvage target.









The remainder of this paper is organized as follows. In Section 2, the model of the salvage target tracking problem and the dynamic model of the TPNR USV are introduced. The methodology of the salvage target tracking system is described in Section 3. Moreover, the setting and results of numerical analysis are demonstrated in Section 4 and Section 5, respectively. Finally, the conclusions are shown in Section 6.




2. Control Objective Description


2.1. Configuration of Unmanned Surface Vehicle


Consider the scenario of a water area with shipwrecks or individuals overboard that necessitate salvage operations. A USV is used to execute the salvage mission. The USV is composed of a perception system, a salvage actuator, and a propulsion system, as shown in Figure 1. The perception system integrates a lidar module, a visual camera, and a real-time kinematic (RTK) positioning system to measure the orientation    ψ t   , the distance    l t    of the salvage target relative to the USV, and the global position of the USV. Moreover, the salvage actuator is a six-degree-of-freedom serial manipulator integrated with an end-effector salvage net assembly. The manipulator is mounted on the starboard aft section of the USV, specifically designated for executing salvage operations. The propulsion system consists of left and right propellers symmetrically distributed along the centerline of the USV, without rudders. For the USV operating on the water surface, it is necessary to control its three degrees of freedom: surge, sway, and yaw. However, the two propellers only generate control forces in the surge and yaw directions, making the system underactuated due to its inability to control sway.



Furthermore, the north–east–down (NED) coordinate system   { n } = (  x n  ,  y n  ,  z n  )   is used as the global coordinate system, as shown in Figure 1a. The positive direction of the    y n    axis points to the east. The positive direction of the    x n    axis points to the north. The body-fixed coordinate system   { b } = (  x b  ,  y b  ,  z b  )   is used as the local coordinate system. The body-fixed coordinate system is attached to the hull of the USV. The origin of the body-fixed coordinate system is located at the center of gravity of the USV, with the positive    x b    oriented toward the bow and the positive    y b    directed toward the starboard side of the USV.



By utilizing the defined north–east–down and body-fixed coordinate system, the positions of the USV and the salvage target can be specified to facilitate the description of control objectives. The position of the origin of the body-fixed coordinate system in the global coordinate system is defined as    P v  = ( x , y ) ∈  ℝ 2   , where  x  denotes the position in the eastward direction and  y  represents the position in the northward direction.    ℝ 2    represents the horizontal plane space. It is assumed that the orientation    ψ t    and distance    l t    of the salvage target are obtained with the assistance of the perception system.



Additionally, the position of the salvage target center    P t  = (  x t  ,  y t  ) ∈  ℝ 2    can be calculated by    P t  = ( x +  l t  cos  ψ t  , y +  l t  sin  ψ t  )  , where    x t    denotes the position of the salvage target in the eastward direction and    y t    represents the position of the salvage target in the northward direction. If the salvage target moves with the ocean current, the speed of the salvage target    u t    is equivalent to the ocean current speed. The projection of the working space of the salvage actuator onto the horizontal plane is defined as     a   s    ; it is a semicircle.



According to the requirements of the docking position, the control objective can be formalized as


    lim   t → ∞      x t  ,  y t    ∈   a  s   



(1)








2.2. Mathematical Model of Twin-Propeller and Non-Rudder Unmanned Surface Vehicle


The kinematics model of the USV is obtained as


         x ˙  = u cos ψ − v sin ψ        y ˙  = u sin ψ + v cos ψ        ψ ˙  = r       ,  



(2)




by the transformation between the global coordinate system and the body-fixed coordinate system. The superscript dot denotes the derivative with respect to time.  u ,  v , and  r  denote the surge speed, sway speed, and yaw angular speed, respectively. Additionally,  ψ  is the heading of the USV.



The following nonlinear three-degree-of-freedom dynamic model of an underactuated USV is established as


         u ˙  =     m v     m u     v r +     X u     m u     u +     τ u     m u            v ˙  = −     m u     m v     u r −     Y v     m v     v +     τ v     m v            r ˙  =     m u  −  m v     m r     u r −     N r     m r     r +     τ r     m r           ,  



(3)




where    m u  = m −  X  u ˙    ,    m v  = m −  Y  v ˙    , and    m r  =  I z  −  N  r ˙    . Here,    X  u ˙    ,    Y  v ˙    , and    N  r ˙     represent the added mass in the surge, sway, and yaw directions, respectively.    I z    refers to the moment of inertia of the USV mass about the    z b    axis.    X u   ,    Y v   , and    N r    represent the hydrodynamic damping in the surge, sway, and yaw directions, respectively.    τ u   ,    τ v   , and    τ r    refer to the external forces on the USV in the surge, sway, and yaw directions, respectively.



For a USV equipped with only two propellers and no rudder, the propulsion provided by the propeller can be calculated as


         X l  ( t ) = ( 1 −  k g  )  F l  ( t )        Y l  ( t ) = 0        N l  ( t ) = ( 1 +  k h  )  d l   F l  ( t )       ,  



(4)






         X r  ( t ) = ( 1 −  k g  )  F r  ( t )        Y r  ( t ) = 0        N r  ( t ) = ( 1 +  k h  )  d r   F r  ( t )       ,  



(5)




where    F l  ( t )   and    F r  ( t )   denote the propulsion generated by the left and right propellers, respectively. The corresponding surge forces are denoted by    X l  ( t )   and    X r  ( t )  , and the sway forces as    Y l  ( t )   and    Y r  ( t )  . Additionally, the corresponding yaw moments are represented as    N l  ( t )   and    N r  ( t )  , generated by the left and right propellers through propulsion deduction.    k g    is the propulsion deduction coefficient, which accounts for the reduction in effective thrust due to interaction between the hull and the propellers.    k h    denotes the coefficient that quantifies the contribution of differential propeller thrust to the yaw moment, reflecting the turning effect induced by varying the speed of the left and right propellers.    d l    and    d r    are the distances from the left propeller and the right propeller to the USV central axis, respectively. Because the position of the two propellers is symmetrical along the central axis of the hull, namely    d l  =  d r  =  d 0   , the propulsion model of the USV is as follows:


         τ u  ( t ) = ( 1 −  k g  ) (  F l  ( t ) +  F r  ( t ) )        τ v  ( t ) = 0        τ r  ( t ) = ( 1 +  k h  )  d 0  (  F l  ( t ) −  F r  ( t ) )       ,  



(6)




where    τ u  ( t )  ,    τ v  ( t )  , and    τ r  ( t )   are the forces in the surge, sway, and yaw directions, respectively. The force diagram of the TPNR USV is shown in Figure 2.



Substituting Equation (6) into Equation (3), the dynamic model of the TPNR USV is conducted as


         u ˙  =     m v     m u     v r +     X u     m u     u +    ( 1 − g ) (  F l  ( t ) +  F r  ( t ) )    m u            v ˙  = −     m u     m v     u r −     Y v     m v     v        r ˙  =     m u  −  m v     m r     u r −     N r     m r     r +    ( 1 + h ) γ (  F l  ( t ) −  F r  ( t ) )    m r           .  



(7)







In the subsequent Section 3, the control algorithm will be presented to achieve the control objective proposed in this section. The dynamic model of the twin-propeller and non-rudder USV established in this section will be utilized in the numerical analysis conducted in Section 4.





3. Structure of Salvage Target Tracking Algorithm


In this section, the salvage target tracking algorithm is designed based on the control objective outlined in Section 2. The algorithm consists of the rapid approach phase and the terminal tracking phase, which proceed according to the distance between the USV and the salvage target, as shown in Figure 3. The algorithm operates in the rapid approach phase when the distance between the USV and the target exceeds a defined threshold, and switches to terminal tracking when the distance falls below this threshold. The threshold is set to 10 times the length of the USV  L , ensuring sufficient adjustment distance for subsequent tracking operations. Additionally, the rapid approach phase and terminal tracking phase are implemented through a heading and speed controller.



3.1. Rapid Approach Phase


For the rapid approach phase, the USV sails towards the salvage target at maximum speed along the reference path. The model predictive line-of-sight guidance algorithm is proposed to enable the USV to follow the reference path.



The PLOS guidance algorithm consists of cross-tracking error calculation, path segmentation, and desired-heading calculation. The calculation of the cross-tracking error defines the deviation between the position of the USV and the desired position; furthermore, it will be utilized in the calculation of the desired heading. Path segmentation divides the pre-planned path into straight-line segments and curved segments based on the curvature of the path and the yaw rate of the USV. The desired heading is computed separately for straight and curved path segments. In the path following, a non-zero drift angle is introduced to reduce the tracking error caused by the steering hysteresis effect, enabling the USV to initiate turning maneuvers in advance. The drift angle is determined based on the model prediction.



In order to calculate the cross-tracking error, it is necessary to identify the closest point to the USV on the pre-planned path. The reference path  Γ , consisting of a series of waypoints, is a non-closed path, as shown in Figure 4.      x c  ( ω ) ,  y c  ( ω )     is the closest point on the desired path to the origin of the body-fixed coordinate; it is determined by


     x c  ,  y c  , ω   = arg   min      x i  ,  y i  , ω   ∈ Γ   ∥    x i p  ,  y i p    −   x , y   ∥ ,  



(8)




where    x c    and    y c    represent the eastward and northward positions of the closet point in the north–east–down coordinate, respectively.    x i p    and    y i p    represent the eastward and northward positions of the i-th path point in the north–east–down coordinate, respectively.  ω  is a positive path variable.



The cross-tracking error    y e    is calculated by


   y e  = − ( x −  x c  ( ω ) ) sin (  γ c  ) + ( y −  y c  ( ω ) ) cos (  γ c  ) ,  



(9)




where    γ c    denotes the angle between the north axis    x n    and the tangent line at the point      x c  ( ω ) ,  y c  ( ω )     on the desired path  Γ , and it is expressed as    γ c  =  atan  2 (  y c ′  ( ω ) ,  x c ′  ( ω ) )  , where    x c ′  = ∂  x c  ( ω ) / ∂ ω  ,    y c ′  ( ω ) = ∂  y c  ( ω ) / ∂ ω  .



A judgment factor  κ  is utilized to segment the path, which is calculated by


  κ =    u ∂  γ c     r  max   ∂ x    ,  



(10)




where   ∂  γ c  / ∂ x   is the derivative of the tangent angle of the path with respect to the eastward coordinate.    r  max     is the maximum turning speed of the USV.



The path is defined as a straight line when   κ < 1.05  . The guidance algorithm is the same as LOS guidance algorithm. The desired heading is calculated by


   ψ d  =  γ c  − arctan       y e   Δ     ,  



(11)




where  Δ  is the look-ahead distance; it is usually set as 1.5 to 2 times the length of the USV. When the control subsystem realizes   ∀ ε > 0  ,     lim   t → ∞   (  ψ d  − ψ ) ≤ ε  , the USV can converge to the pre-planned path.



The path is defined as a curved path when   κ > 1.05  . The steering hysteresis effect caused by the curvature of the path is non-negligible. Because in Equation (11), the desired heading is proportional to the cross-tracking error    y e   , when    y e  → 0  , then    ψ d  →  γ c   . It only considers the information of the projection point      x c  ( ω ) ,  y c  ( ω )     at each sampling time. When the direction of the path ahead continuously changes, the USV will move off the path, causing cross-tracking error before being guided to the tracking path, as shown in Figure 5a.



The PLOS guidance algorithm introduces the drift angle on the basis of the LOS guidance algorithm to compensate for the cross-tracking error caused by the steering hysteresis effect, as shown in Figure 5b. The desired heading is calculated by


   ψ d  =  γ c  − arctan     1 Δ    y e    +  β ^     |  y c ″  |    y c ″     ,  



(12)




where   β ^   is the drift angle, and    y c ″    is the second derivative of the path, calculated by


   y c ″  =     y c ″  ( ω )  x c ′  ( ω ) −  x c ″  ( ω )  y c ′  ( ω )      x c ′   3  ( ω )    ,  



(13)




and    y c ″  ( ω ) = ∂  y c ′  ( ω ) / ∂ ω  ,    x c ″  ( ω ) = ∂  x c ′  ( ω ) / ∂ ω  .



In order to compute the value of   β ^   that minimizes the cross-tracking error, the prediction model of the path-following system is established as


    x ˙  N  ( t ) =   f  N  (  x N  ( t ) ,  u  ( t ) ) ,  



(14)




where     f  N    is the state-space equation composed of the state variable     x  N  ( t )   and the input    u  ( t )  ; it can be calculated by


    f  N  (  x N  ( t ) ,  u  ( t ) ) =        x  N 6         cos (  x  N 1   )  x  N 4   − sin (  x  N 1   )  x  N 5         sin (  x  N 1   )  x  N 4   + cos (  x  N 1   )  x  N 5             τ 1    m −  X  u ˙            −     m u     m v      x  N 4    x  N 6   −     Y v     m v      x  N 5   +     τ v     m v               m u  −  m v     m r      x  N 4    x  N 6   −     N r     m r      x  N 6   +     τ r     m r           ,  



(15)




where    x N  ( t ) =          x  N 1        x  N 2        x  N 3        x  N 4        x  N 5        x  N 6          T  =        ψ   x   y   u   v   r       T   . The input of the system is    u  ( t ) =          τ 1       τ 2       τ 3         T   . The control force is computed based on the desired heading and the actual heading.



Continuous state-space equations are discretized into


    x  N  ( k + 1 ) =   x  N  ( k ) +   f  N  (   x  N  ( k ) ,  u  ( k ) )  t  s t e p   ,  



(16)




where  k  represents the computation step number and    t  s t e p     is the predicted step size.



The optimization goal is to minimize the cross-tracking error. The optimization problem is constructed to determine the drift angle as follows:


   β ^  =   arg   min   β ∈    β  min   ,  β  max           ∑   i = 1    N p     y c     ω i    −       0         0         1         0         0         0       ·  x N    k + i     ,  



(17)




where    N P    is the number of predicted steps,    β  min   = − 15 °  , and    β  max   = 15 °  .



Through the PLOS guidance algorithm, the information of multiple path points can be considered for guidance. The calculated drift angle   β ^   will enable the USV to initiate a turning maneuver in advance, thereby compensating for the cross-tracking error.




3.2. Terminal Tracking Phase


In the terminal tracking phase, a key point guidance algorithm is proposed for tracking the salvage target, comprising two modules: stationary salvage target tracking and moving salvage target tracking.



3.2.1. Key Point Guidance Algorithm for Stationary Salvage Target


The key point is selected to calculate the desired heading of the USV for tracking the stationary salvage target. To ensure contact between the salvage actuator and the target, the distance between the USV and the salvage target should be less than the maximum working radius of the salvage actuator. Therefore, an auxiliary circle is constructed with    P t  (  x t  ,  y t  )   as the center, and its radius    R s    equal to 0.8 times the radius of the working space of the salvage actuator. Additionally, the key point is positioned on the auxiliary circle to ensure that the docking position of the USV remains within the reachable workspace of the salvage actuator.



In order to describe the position of the key point,     A B  →    is defined as a vector that points from point  A  to point  B  in the north–east–down coordinate system    O n  −  x n   y n   z n   . Moreover,   ∠   A B  →    represents the angle formed between the vector     A B  →    with the axis of    x n   , and       A B  →      represents the Euclidean norm of the vector     A B  →   .



In order to obtain the position of the key point, a tangent line should be drawn to the auxiliary circle which passes through the origin of the body-fixed coordinate system    P v  ( x , y )  . The tangent point is selected as the key point. In the geometric context, it can be determined that there are two tangent lines satisfying the given geometric conditions. Subsequently, the selection of the tangent line is contingent upon the specific installation location of the salvage actuator. The salvage actuator is installed on the starboard side of the USV. The tangent line is obtained by rotating vector      P v   P t   →    in a counter-clockwise direction about the point    P v   , as shown in Figure 6a. Therefore, the desired heading can be calculated by


   ψ d  = ∠      P v  P  →   k  = ψ −  ψ t  + arcsin     R s     l t     .  



(18)







In order to track the stationary salvage target, the desired speed of the USV needs to be planned. The desired speed of the USV is planned in three stages. Initially, before the actual heading converges to the desired heading, the speed is set to zero. Subsequently, when the actual heading of the USV converges to the desired heading and remains stable, the desired speed of the USV is set to 1 m/s. Finally, when      l t  −  R s    ≤ 0.1 b  , where  b  represents the width of the USV, the left and right propellers operate at full speed in reverse until the speed drops to zero. At this moment, the USV has entered the working space of the salvage actuator. The specific implementation process of the key point guidance algorithm for a stationary salvage target is shown in Figure 7.




3.2.2. Key Point Guidance Algorithm for Moving Salvage Target


When tracking the moving salvage target, the trajectory of the USV must remain parallel to the trajectory of the salvage target, with the USV positioned on the right side of the trajectory of the salvage target. Therefore, the intersection point where the speed vector of the target is rotated counter-clockwise by   π / 2   rad and intersects with the auxiliary circle is selected as the key point, as shown in Figure 6b. The key point is selected to calculate the desired heading of the USV; the desired heading can be calculated by


   ψ d  = ∠    P v   P k   →  = ∠ (    P v   P t   →  +  R  ( θ )       u t       u t      R S  ) ,  



(19)




where    R  ( θ )   represents the rotation matrix, and  θ  represents the rotation angle, which is set as   π / 2   rad. Under the influence of the rotation matrix, the vector    u t    is rotated counter-clockwise by   π / 2   rad around the center of the salvage target.



The desired speed of the USV is determined by the distance between the USV and the salvage target. With the distance error between the USV and the salvage target defined as    d ˜  =  l t  −  R s   , the desired speed of the USV is given by


   u d  =  k  b a r r i e r   (  k p t   d ˜  +  k i t    ∫  d ˜    ) ,  



(20)




where    k p t    and    k i t    are the proportional and integral tracking control parameters, respectively.    k  b a r r i e r     is the speed-limiting factor, calculated by


   k  b a r r i e r   = −   tanh (  ψ ˜  ) + 1   ,  



(21)




where   ψ ˜   is the heading error that calculated by    ψ ˜   =  ψ −  ψ d   .



When the USV has not converged to the desired heading, the speed-limiting factor approaches zero, resulting in a desired speed close to zero. As a result, the turning radius of the USV is decreased, and the potential for overshoot is reduced. Consider a scenario in which the speed vector of the salvage target points towards the fourth quadrant of the body-fixed coordinate system. The turning radius of the USV depends on its speed; excessive speed may result in an overshoot, as illustrated in Figure 8a. A function graph of the speed-limiting factor is shown in Figure 9. When the heading error is large, the speed-limiting factor can make the speed of the USV approach zero, causing the trajectory shown in Figure 8b.





3.3. Heading and Speed Controller


3.3.1. Design of Heading and Speed Controller


In this subsection, a heading and speed controller is proposed to track the desired heading and desired speed calculated by the PLOS guidance algorithm in the RA phase and the key point guidance algorithm in the TT phase. The controller is implemented based on the PID, and a schematic diagram of the controller is shown in Figure 10.



First, the speed error   u ˜   and the heading error   ψ ˜   are defined by


         u ˜  =  u d  − u        ψ ˜  =  ψ d  − ψ       ,  



(22)







The subscript d represents the desired value calculated by the PLOS guidance algorithm in the RA phase and the key point guidance algorithm in the TT phase.



The virtual control variables of the speed    n v    and the heading    n h    are calculated by


         n v  =  k  v p    u ˜  +  k  v i   ∫  u ˜  +  k  v d      d  u ˜    d t           n h  =  k  h p    ψ ˜  +  k  h i   ∫  ψ ˜  +  k  h d      d  ψ ˜    d t          ,  



(23)




where    k  v p    ,    k  v i    ,    k  v d    ,    k  h p    ,    k  h i    , and    k  h d     are the parameters of the heading and speed controller.



The desired heading is adjusted by altering the difference in rotational speed between the left and right propellers. Meanwhile, to ensure a constant cruising speed, the sum of the rotational speeds of the left and right propellers should remain invariant. The rotational speeds of the left and right propellers are calculated by


         n l  =     n v   2   +  n h         n r  =     n v   2   −  n h        ,  



(24)




where    n l    is the speed of the left propeller,    n r    is the speed of the right propeller, and    n v    and    n h    are the control variables for speed and heading, respectively.




3.3.2. Controller Parameter Tuning


In this subsection, the parameters of the proposed heading and speed controller are tuned using the Bayesian optimization method to achieve optimal performance.



The parameter vector of the heading and speed controller is defined as


    θ  c  =   [      k  v p        k  v i        k  v d        k  h p        k  h i        k  h d       ]  T  ∈   Ξ  c  ⊂  ℝ 6  ,  



(25)




where     Ξ  c    is the parameter space of the heading and speed controller.



The objective function of the Bayesian optimizer is defined as


   J c  =    ∫   T c     T c   + 5      w 1  (   u ˜   )    +  w 2  (   ψ ˜   ) d t +  w 3   τ c u  +  w 4   τ c h  ,  



(26)




where    τ c u    is the rise time of the speed;    τ c h    is the rise time of the heading;    w 1   ,    w 2   ,    w 3   , and    w 4    are the evaluation weights for the heading and speed performance; and    T c    is the time at which both the heading and speed controlled by the controller first reach their desired values.



The purpose of Bayesian optimization is to search within the parameter space of the heading and speed controller for the parameter vector that minimizes the objective function:


    θ  c ∗  = arg   min     θ  c  ∈   Ξ  c     J c  (   θ  c  ) .  



(27)







Bayesian optimization constructs a probabilistic surrogate model of the objective function using a Gaussian process:


  J (  θ  ) ∼  G P  ( m (  θ  ) , k (  θ  ,   θ ′   ) ) ,  



(28)




where   m (  θ  )   is the mean function, representing the predicted mean at each point, which is typically set to zero in the absence of prior knowledge.   k (  θ  ,   θ ′   )   is the kernel function, which defines the covariance structure between different parameter points; it is defined as


  k (  θ  ,   θ ′   ) =  σ f 2  exp   −    | |  θ  −   θ ′   |  | 2      2  l k   2       ,  



(29)




where    σ f 2    is the maximum value of the kernel function, and    l k    denotes the characteristic length scale of the kernel.



In Bayesian optimization, an acquisition function is a utility that is used to pick the next point in the parameter space to be explored. In this paper, the Expected Improvement (EI) is chosen as the acquisition function:


   α  EI   ( θ ) = (  J  min   − μ ( θ ) ) Φ ( Z ) + σ ( θ ) ϕ ( Z ) ,  



(30)




where   Φ ( Z )   and   ϕ ( Z )   are the cumulative distribution function (CDF) and the probability density function (PDF) of the standard normal distribution, respectively.  Z  represents the normalized improvement, which is given by


  Z =     J  min   − μ ( θ )   σ ( θ )    .  



(31)







Based on the acquisition function, the next set of controller parameters is determined by


   θ  k + 1   = arg   max   θ ∈  Ξ    α ( θ ) .  



(32)







Through iterative optimization, the parameter vector of the heading and speed controller that maximizes the acquisition function is repeatedly selected until the objective function converges or the maximum number of iterations is reached. The controller parameter vector obtained at this point is regarded as the optimal solution.





3.4. Section Summary


In summary, the STT algorithm is divided into two phases based on the distance between the USV and the salvage target; specifically, whether the distance between the USV and the salvage target is greater or less than 10 times the length of the USV. A key point guidance algorithm is proposed to calculate the desired heading and desired speed. The corresponding key point is selected according to the speed of the salvage target. To facilitate understanding of the tracking algorithm, the pseudo-code of the entire algorithm is presented in Figure 11.





4. Simulation Analysis


4.1. Setting of Numerical Analysis


In this section, the effectiveness of the proposed salvage target tracking algorithm will be verified by numerical analysis methods, with a focus on the effectiveness of the proposed heading and speed controller, the performance of the PLOS guidance algorithm, and the effectiveness of the key point guidance algorithm.



Two simulation scenarios were designed to verify whether the proposed heading and speed controller would be capable of driving the USV to track the desired heading and the desired speed. In the first scenario, the USV is required to track a time-varying heading at a constant speed. The desired speed of the USV is set as    u d  = 1   m/s, and the desired heading of the USV is set as   sin ( 0.01 t )  . In the second scenario, the USV is required to track the time-varying heading while maintaining a speed of zero. The desired speed of the USV is set as    u d  = 0   m/s, and the desired heading of the USV is also set as   sin ( 0.01 t )  . The design parameters for the heading and speed controller are configured as detailed in Table 1.



Additionally, two sets of path-following simulations were conducted to verify the performance of the PLOS guidance algorithm by comparing it with the LOS guidance algorithm, integral line-of-sight (ILOS) guidance algorithm, and adaptive error constraint line-of-sight (AECLOS) guidance algorithm. In the first set of simulations, the path was obtained by performing cubic polynomial interpolation through the waypoints (0, 200), (400, 100), (800, 400), and (1300, 300). The initial position of the USV was set at (0, 100), and the initial speed of the USV was set as 0 m/s. The initial heading of the USV was set to −  π / 4   rad. In the second set of simulations, the path was a Dubins path, consisting of a straight line and an arc. The initial position of the USV was set at (−100, 300), and the initial speed of the USV was set as 0 m/s. The initial heading of the USV was set to 0 rad. In both simulations, the desired speed of the USV was set to the maximum speed recommended in the ISO 11592-1-2016 standard [33]. The parameters of the STT algorithm are shown in Table 1.



Moreover, the verification of the key point guidance algorithm was carried out by testing under two scenarios. In the first scenario, the position of the USV is set at the point (0, 0), and the position of the salvage target is set at (41, 43). The salvage target remains stationary. In the second scenario, the origin of the body-fixed coordinate is set at (0, 0), and the initial heading is   π / 2   rad. The initial position of the salvage target is set at (20, 0). The salvage target moves at a speed of 0.50 m/s in the east direction, with the ocean current. The parameters of the key point guidance algorithm are shown in Table 1.



The hydrodynamic parameters of the USV used in the simulation were    m u  = 35.800  ,    m v  = 47.049  ,    m r  = 2.676  ,    X u  = − 0.422  ,    N r  = − 2.220  , and    Y v  = − 1.600  . The structural parameters of the USV are shown in Table 2.



In the simulation, the propulsion provided by the propeller    F p    is calculated by


   F p  = ρ   n  n  D P 4    K T  ,  



(33)




where  ρ  is the density of the seawater, taken as   1 ×   10  3      kg / m  3   ;  n  is the rotational speed of the propeller;    D P    is the diameter of the propeller; and    K T    is the advance coefficient of the propeller.



Furthermore, constraints on the maximum rotational speed and maximum angular acceleration are employed in the simulation to improve practicality. The restriction rule of the maximum rotational speed is calculated as


  n =        n  max       n >  n  max            n    n <  n  max         ,  



(34)




where    n  max     is the maximum rotational speed of the propeller.



Additionally, the restriction rule of maximum angular acceleration is calculated as


   n  k + 1   =        n k  +  t  step     n ˙   max        n ˙  >   n ˙   max          n k  +  t  step    n ˙       n ˙  <   n ˙   max         ,  



(35)




where     n ˙   max     is the maximum angular acceleration of the propeller;    n k    is the rotational speed of the propeller at step k; and    n  k + 1     is the rotational speed of the propeller at step k + 1.



The simulation was performed with a time step of 0.1 s. The hardware configuration of the computer used for the computation included an Intel Core i7-8700 CPU and an NVIDIA GeForce RTX 3060 Ti GPU. The algorithm’s memory usage was 3.13 MB. During runtime, the CPU utilization remained below 30%. The average execution time per control cycle was 8.5 ms.



The effectiveness of the proposed heading and speed controller was evaluated by analyzing the heading error and the speed error of the USV. When tracking the time-varying heading, if the heading error and speed error were bounded, the heading and speed controller was considered to be effective.



The performance of the proposed PLOS guidance algorithm was evaluated by comparing its path-following accuracy with that of LOS guidance algorithm, ILOS guidance algorithm, and AECLOS guidance algorithm. The path-following accuracy of the guidance algorithms was quantified using the cross-tracking error. The average of the cross-tracking error was calculated to measure the overall accuracy of the guidance algorithms. The standard deviation was calculated to evaluate the degree of dispersion of the error generated by the guidance algorithms. The root mean square error of the cross-tracking error was calculated to evaluate the deviation between the actual position and the expected position of the USV.



The distance between the USV and the salvage target and the orientation of the salvage target were used to evaluate the key point guidance algorithm. It was considered that if the distance between the USV and the target was less than the working radius of the salvage actuator, the key point guidance algorithm could be considered an effective guidance algorithm.




4.2. Results of Numerical Analysis


4.2.1. Heading and Speed Controller


Figure 12a shows the actual heading of the USV controlled by the heading and speed controller when the desired speed is 1 m/s. The actual heading of the USV follows a sine curve. The error between the actual heading and the desired heading fluctuates around 0 rad, and it is bounded. Figure 12b shows the rotational speeds of the left and right propellers. At the beginning of the simulation, the rotational speeds of the left and right propellers increase simultaneously; at this moment, the USV is in a state of linear acceleration. Subsequently, the rotational speeds of the left and right propellers fluctuate sinusoidally around 5 r/s, but the sum of the rotational speeds remains constant. Figure 12c shows the actual speed of the USV. The speed of the USV accelerates from 0 to 1 m/s. It can be seen from Figure 10 that the error between the actual heading and the desired heading of the USV is bounded, which proves that the proposed heading and speed controller can control the USV to track the desired heading.



Figure 13a shows the actual heading of the USV controlled by the heading and speed controller when the desired speed is 0 m/s. The actual heading of the USV follows a sine curve. The error between the actual heading and the desired heading fluctuates around 0 rad, and the amplitude of the fluctuation is greater than that of the simulation with a desired speed of 1 m/s. Figure 13b shows the rotational speeds of the left and right propellers. The left and right propellers start to rotate at the same speed, but in opposite directions, from the initial moment. Figure 13c shows the actual speed of the USV. The speed of the USV remains at zero all the time. As shown in Figure 11, the error between the actual heading and the desired heading of the USV is bounded, and the speed of the USV is zero. This indicates that the proposed heading and speed controller can control the USV to track the desired course when the speed of the USV is zero.




4.2.2. Rapid Approach Phase


Figure 14 shows the results for the USV following the interpolated curved path when guided by the LOS guidance algorithm, ILOS guidance algorithm, AECLOS guidance algorithm, and PLOS guidance algorithm. Figure 14a shows the segmentation of the path. Figure 14b shows the position of the USV during the path following. At the beginning of the path following, the USV when guided by the ILOS guidance algorithm and the AECLOS guidance algorithm exhibits overshoot. In contrast, the USV when guided by the LOS guidance algorithm and the PLOS guidance algorithm has a smooth trajectory. In the second segment of the curve path, the USV when guided by all four guidance algorithms exhibits cross-tracking error. When guided by the LOS guidance algorithm, the USV demonstrates the largest cross-tracking error. The cross-tracking error is the smallest when the USV is guided by the PLOS guidance algorithm.



Figure 14c shows the desired heading calculated by the four guidance algorithms. The desired heading calculated by the ILOS guidance algorithm has oscillations. The desired heading calculated by the LOS guidance algorithm is the smoothest. The desired heading calculated by the AECLOS and PLOS guidance algorithms has sudden changes. Figure 14d shows the cross-tracking error of the four guidance algorithms. Within 30 s, the cross-tracking error trends of the USV when guided by the four guidance algorithms are consistent. After 30 s, the cross-tracking error of the USV when guided by the ILOS guidance algorithm and the AECLOS guidance algorithm shows oscillation. The cross-tracking error of the USV when guided by the LOS guidance algorithm reaches a peak at 180 s.



Figure 15 shows the results for the USV following the Dubins path when guided by the LOS guidance algorithm, ILOS guidance algorithm, AECLOS guidance algorithm, and PLOS guidance algorithm. Figure 15a shows the segmentation of the path. Figure 15b shows the position of the USV during the path following under the guidance of four guidance algorithms. When transforming from the straight-line path segment to the curved path segment, the USV when guided by the LOS guidance algorithm, ILOS guidance algorithm, and AECLOS guidance algorithm moves along the original straight-line direction before it begins to converge toward the curve. The actual path of the USV under the guidance of the PLOS guidance algorithm fits the curve. Figure 15c shows the desired heading calculated by the four guidance algorithms. As shown in Figure 15c, the USV when guided by PLOS guidance algorithm changes course earlier than the other three algorithms. It shows that the USV is guided by the PLOS guidance algorithm in advance through the drift angle calculated by the model prediction. When the USV’s path transforms from the straight-line path to the curved path, when the drift angle is created by the PLOS guidance algorithm, the USV does not sail far out of the path. Figure 15d shows the cross-tracking error of the four guidance algorithms. It can be seen that when following the curved path segment, the USV guided by the LOS guidance algorithm has a steady-state cross-tracking error. The cross-tracking error of the USV when guided by the ILOS guidance algorithm and AECLOS guidance algorithm is gradually reduced.



The average cross-tracking error, the standard deviation of the cross-tracking error, and root mean square error of the cross-tracking error when the USV follows the interpolated curved path are given in Table 3. When following the interpolated curved path, the average cross-tracking error when using the PLOS guidance algorithm is reduced by 18.9%, 39.2%, and 17.6% compared with that obtained when using the LOS guidance algorithm, ILOS guidance algorithm, and AECLOS guidance algorithm, respectively. The standard deviation of the cross-tracking error when using the PLOS guidance algorithm is reduced by 19.0% and 4.1% compared with that obtained when using the LOS guidance algorithm and ILOS guidance algorithm, and 6.0% higher than that obtained when using the AECLOS guidance algorithm. The root mean square error when using the PLOS guidance algorithm is reduced by 40.3%, 29.5%, and 17.9% compared with that obtained when using the LOS guidance algorithm, ILOS guidance algorithm, and AECLOS guidance algorithm, respectively.



The average cross-tracking error, the standard deviation of the cross-tracking error, and root mean square error of the cross-tracking error when the USV follows the Dubins path are given in Table 4. When following the Dubins curved path, the average cross-tracking error when using the PLOS guidance algorithm is reduced by 88.1%, 77.6%, and 58% compared with that obtained when using the LOS guidance algorithm, ILOS guidance algorithm, and AECLOS guidance algorithm, respectively. The standard deviation of the cross-tracking error when using the PLOS guidance algorithm is reduced by 88.8%, 81.4%, and 74.0% compared with that obtained when using the LOS guidance algorithm, ILOS guidance algorithm, and AECLOS guidance algorithm. The root mean square error when using the PLOS guidance algorithm is reduced by 51.4%, 30.2%, and 15.6% compared with that obtained when using the LOS guidance algorithm, ILOS guidance algorithm, and AECLOS guidance algorithm, respectively. It can be concluded that the PLOS guidance algorithm has the smallest path cross-tracking error. This indicates that the tracking accuracy of the USV is improved when controlled by the PLOS guidance algorithm.




4.2.3. Terminal Tracking Phase


Figure 16 shows the results for the USV tracking a stationary salvage target. Figure 16a shows the actual heading of the USV. The results show that the actual heading of the USV converges at 0.87 rad. Figure 16b shows the actual speed of the USV. The USV has a speed of zero from 0 to 90 s. From 90 s to 160 s, the USV rapidly accelerates to a speed of 1 m/s, and then decelerates to zero. During 0–120 s, the USV adjusts its heading in place. After the system detects that the heading is stable, it starts to travel towards the key point at a speed of 1 m/s. When      l t  −  R s      is less than 0.15 m, the USV brakes. Figure 16c shows the rotational speeds of the left and right propellers. Before 90 s, the left and right propellers rotate in opposite directions. After 90 s, the left and right propellers rotate at the same speed and in the same direction to generate propulsion. As shown in Figure 16d, the salvage target is on the starboard side of the USV, where the salvage actuator is installed. The distance between the USV and the target is 3.20 m, which is within the radius of the working space of the salvage actuator. This demonstrates that the key point guidance algorithm is capable of maintaining the stationary salvage target within the operational workspace of the salvage actuator.



Figure 17 shows the results for the USV tracking a moving salvage target. Figure 17a shows the position of the USV and the position of the salvage target. At the initial stage of the simulation, the USV adjusts its heading. Then it begins to move towards the salvage target, and finally it moves parallel to the salvage target. Figure 17b shows the tracking error of the USV. At the initial stage of the simulation, the distance between the USV and the salvage target keeps increasing. After 5.5 s, the distance between the USV and the salvage target reaches its maximum, and then gradually decreases. It finally converges around 3.9 m, which is within the salvage radius and meets the task requirements. Figure 17c shows the speed of the USV. The speed-limiting factor restricts the turning radius of the USV. At the initial stage of tracking, the speed of the USV is 0 m/s, and the distance between the salvage target and the USV gradually increases. When the heading converges, the USV starts to accelerate to track the salvage target. Finally, the speed of the USV is the same as that of the salvage target; the USV is moving in parallel with the salvage target.



The simulation results show that the proposed salvage target tracking algorithm can effectively track the salvage target and maintain the corresponding distance.






5. Experimental Verification


5.1. Experimental Platform


To validate the effectiveness of the proposed STT algorithm, an experimental platform was constructed based on a surface rescue USV, which is driven by dual propellers. As shown in Figure 18, the platform was equipped with a lidar, a visual camera, an inertial measurement unit (IMU), and an RTK positioning system. Specifically, the model of the lidar was VLP-16, and the model of the camera was HM-SF7353-W. The lidar and visual camera were employed to sample both the azimuth and the relative distance from the USV to the salvage target. The model of the IMU, which provided the heading and speed information of the USV, was SC-INS-200S, while the model of the RTK, which was employed to obtain the global position of the USV, was MC300. The main parameters of the USV are listed in Table 5. A serial six-degree-of-freedom robotic arm was employed as the salvage actuator, which was mounted on the rear-right side of the USV. A schematic of the maximum working radius is shown in Figure 19, and measurements indicate that the maximum salvage distance was 2.13 m.



The experiment was conducted in an annular water system characterized by a stable water current. A rescue training dummy was used as the salvage target. The dummy was released into the center of the lake, allowing it to drift with the current. Subsequently, the autonomous control program of the USV was activated, in which the STT algorithm was implemented to guide the USV in tracking the drifting dummy.




5.2. Experimental Results


Figure 20a shows the trajectories of the USV and the salvage target during the tracking process. Figure 20b shows the distance between the USV and the salvage target during the tracking process. The final distance stabilizes within 1.13 m, which is less than the maximum salvage range, thereby meeting the operational requirements for salvage operation. Figure 20c presents the relative positional relationship between the USV and the salvage target, as captured by the depth camera. From the depth image, it can be observed that the distance between the target and the camera is equal to the distance between the end-effector of the robotic arm and the camera. From the visual image, it can be observed that the target is located within the working space of the salvage actuator.





6. Conclusions


This paper proposes the salvage target tracking (STT) algorithm for tracking salvage targets, which is used to provide necessary support for the surface rescue tasks performed by twin-propeller and non-rudder unmanned surface vehicles. The algorithm consists of a rapid approach phase and a terminal tracking phase, according to the distance between the USV and the salvage target. When the distance between the USV and the salvage target is greater than 10 times the length of the USV, the salvage target tracking algorithm operates in the rapid approach phase. The PLOS guidance algorithm is applied in the rapid approach phase. When the distance between the USV and the salvage target is less than 10 times the length of the USV, it enters the terminal tracking phase. The key point guidance algorithm is proposed to track the salvage target. Moreover, a heading and speed controller with rotational speed as the input is designed, and all the control objectives of the salvage tracking algorithm are achieved by adjusting the rotational speeds of the left and right propellers.



Simulation experiments were conducted to verify the effectiveness of the STT algorithm. The effectiveness of the proposed heading and speed controller was verified. The results show that the heading and speed controller can track the time-varying heading while maintaining the cruising speed. The effect of the proposed PLOS guidance algorithm was verified by comparing it with three algorithms: the LOS guidance algorithm, the ILOS guidance algorithm, and the AECLOS guidance algorithm. The results show that the PLOS guidance algorithm proposed in this paper has the highest accuracy in path following. The key point guidance algorithm was verified. The results show that the USV can track the salvage target and maintain the corresponding distance. In general, the proposed salvage target tracking algorithm can achieve effective tracking of salvage targets, which will provide support for salvage tasks performed by USVs. Near-shore experiments were conducted to validate the effectiveness of the STT algorithm. The experimental results demonstrate that the USV successfully tracked the salvage target while maintaining a relative position that met the spatial constraints required for successful salvage operations under the guidance of the STT algorithm.



The salvage target tracking algorithm proposed in this paper only considers a single-target scenario. In the future, the use of the salvage target tracking algorithm for a multi-target scenario will be considered, and it is necessary to avoid obstacles during the tracking process. In addition, the STT algorithm does not sufficiently account for resistance to external environmental disturbances. Future work will focus on the design of adaptive control algorithms that take environmental disturbances into account, in order to enhance the robustness of the system.
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Figure 1. Schematic diagram of USV and salvage actuator. (a) Body-fixed coordinate system and global coordinate system; (b) workspace of salvage actuator; (c) position of left and right propellers. 
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Figure 2. Dynamic model of twin-propeller and non-rudder USV. 
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Figure 3. Schematic diagram of salvage target tracking algorithm. 






Figure 3. Schematic diagram of salvage target tracking algorithm.



[image: Jmse 13 01158 g003]







[image: Jmse 13 01158 g004] 





Figure 4. Diagram of path-following system based on line-of-sight guidance. 
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Figure 5. Comparison of line of sight obtained with improved line-of-sight guidance algorithm based on model prediction (a) without drift angle compensation, and (b) with drift angle compensation. 
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Figure 6. Schematic diagram of key point guidance algorithm. (a) Key point guidance algorithm for stationary salvage target; (b) key point guidance algorithm for moving salvage target. 
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Figure 7. Flowchart of key point guidance algorithm for stationary salvage target. 
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Figure 8. Schematic diagram of moving-target tracking with and without speed-limiting factor. (a) Moving-target tracking without speed-limiting factor. (b) Moving-target tracking with speed-limiting factor. 
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Figure 9. Function graph of speed-limiting factor. 
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Figure 10. Schematic diagram of heading and speed controller. 
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Figure 11. Flowchart of salvage target tracking algorithm. 
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Figure 12. Results of heading and speed controller at 1 m/s. (a) Actual heading and heading error of USV; (b) speed of left and right propellers; (c) speed of USV in surge direction. 
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Figure 13. Results of heading and speed controller at 0 m/s. (a) Actual heading and heading error of USV; (b) speed of left and right propellers; (c) speed of USV in surge direction. 
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Figure 14. Results diagram for USV following interpolated path guided by LOS guidance algorithm, ILOS guidance algorithm, AECLOS guidance algorithm, and PLOS guidance algorithm. (a) Path segmentation; (b) position; (c) desired heading; (d) cross-tracking error. 
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Figure 15. Results diagram for USV following Dubins path when guided by LOS, ILOS, AECLOS, and PLOS guidance algorithms. (a) Path segmentation; (b) position; (c) desired heading; (d) cross-tracking error. 
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Figure 16. Results of tracking stationary salvage target. (a) Heading of USV; (b) surge speed; (c) rotational speeds of left and right propellers; (d) position of USV and salvage target. 
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Figure 17. Results for USV tracking moving salvage target. (a) Position of USV and salvage target; (b) distance between USV and salvage target; (c) surge speed of USV. 
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Figure 18. Experimental platform for salvage. 
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Figure 19. Schematic of maximum working radius. 
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Figure 20. Results of salvage target tracking. (a) Trajectory of USV and salvage target; (b) distance between USV and salvage target; (c) relative positional relationship between USV and salvage target. 
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Table 1. Design parameters of salvage target tracking control algorithm.
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Phase of Algorithm

	
Parameter Name

	
Parameter Setting






	
Rapid approach phase

	
Look-ahead distance,  Δ 

	
13.00 m




	
Sampling period of discrete system,    t  step    

	
0.10 s




	
Maximum speed of USV,    u  max    

	
5.00 m/s




	
Terminal tracking phase

	
Radius of auxiliary circle,    R s   

	
5.00 m




	
Allowable error of heading controller, threshold_psi

	
0.05 rad




	
Heading and speed controller

	
Speed proportional parameter,    k  v p    

	
9.00




	
Speed integral parameter,    k  v i    

	
0.08




	
Speed differential parameter,    k  v d    

	
0.70




	
Heading proportional parameter,    k  h p    

	
5.00




	
Heading integral parameter,    k  h i    

	
0.01




	
Heading differential parameter,    k  h d    

	
1.00











 





Table 2. Main parameters of scaled-down USV.






Table 2. Main parameters of scaled-down USV.





	Parameter Name
	Value





	Length of USV,  L 
	6.00 m



	Distance between left and right propellers,   2 γ  
	1.00 m



	Width of USV, b
	1.50 m



	Propulsion deduction coefficient,    t p   
	0.40



	Maximum rotational speed of left and right propellers,    n  max    
	15.00 r/s



	Maximum angular acceleration of left and right propellers,     n ˙   max    
	5.00 r/s2



	Diameter of left and right propellers,    D P   
	0.10 m



	Advance coefficient of left and right propellers,    K T   
	0.32



	Coefficient of left and right propellers influencing on turning moment,    b p   
	0.30










 





Table 3. Statistical results of cross-tracking error for USV following interpolated path.
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	Algorithm
	Average (m)
	Standard Deviation (m)
	Root Mean Square Error (m)





	LOS
	8.144
	21.844
	22.114



	ILOS
	10.858
	18.462
	18.747



	AECLOS
	8.012
	16.705
	16.094



	PLOS
	6.602
	17.703
	13.212










 





Table 4. Statistical results of cross-tracking error for USV following Dubins path.
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	Algorithm
	Average (m)
	Standard Deviation (m)
	Root Mean Square Error (m)





	LOS
	1.837
	1.701
	3.092



	ILOS
	0.972
	1.020
	2.154



	AECLOS
	0.519
	0.730
	1.782



	PLOS
	0.218
	0.190
	1.504










 





Table 5. Main parameters of experimental platform.
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	Parameter
	Value





	Length × width × height
	4.80 m × 1.60 m × 0.90 m



	Weight
	550.00 kg



	Load
	500.00 kg



	Draft depth
	0.22 m



	Distance between left and right propellers
	1.30 m



	Diameter of propellers
	0.15 m



	Advance coefficient of propellers
	0.13



	Maximum rotational speed of propellers under no-load condition
	13.33 r/s



	Coefficient of propellers influencing on turning moment
	0.29
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