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        Abstract



        Aiming at improving the security of a semi-pelagic trawl in a complex working environment, this paper proposes a three-dimensional tracking control system for the guidance of a semi-pelagic trawl on a complicated trajectory. The flexible nonlinear trawl system is simplified as a mass-spring-bar model. A hierarchical backstepping controller is then designed for the trajectory tracking of the trawl net and two otter boards. However, high-order state variables caused by the non-strict feedback characteristic of the trawl system appear frequently in recursive processes. Hence, a control algorithm based on the Sigmoid function is applied to construct the control outputs of these high-order variables. The stability of the proposed hybrid control method is analyzed based on the Lyapunov theorem when interference with an unknown upper limit occurs. Finally, simulation and contrast examinations show that the control algorithm is effective.
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      1. INTRODUCTION


      The semi-pelagic trawl is a type of relatively advanced trawl system. It is mainly adopted to catch demersal fish such as squid and butterfish. Compared with the bottom trawl, it has proved to be friendly to the undersea environment [1]. Similar to the mid-water trawl, the semi-pelagic trawl system is hydrodynamically balanced, which means that the sweeps, bridles and trawl net maintain a short distance from the seabed, but the otter boards are still on the sea bottom [2]. The diagrammatic sketch of a semi-pelagic trawl system is shown in Fig. (1). In the process of trawling, rough undersea mountains and some obstacles such as subsea production equipment and pipelines sometimes can hook the otter boards, which will affect the catch rate and damage the trawl net. This situation may even threaten the safety of the vessel in bad weather. The purpose of this work is to study a three-dimensional trajectory tracking approach for a semi-pelagic trawl system, which can control the trajectories of the otter boards and trawl net. Owing to the complexity of the semi-pelagic trawl system, it is difficult for a single control strategy to achieve this control objectives, so a combined control method is needed. The otter boards can then leave the seabed and the trawl net can follow a complicated trajectory. After a collision with the seabed, the trawl system can rapidly return to a steady state of motion.


      Tracking control of the trawl system is difficult because of the hulking physical size of the entire system and the flexibility of the trawl net and warps. At present, a few approaches have been studied. In the study of control modeling, Umeda proposed a first-order simplified model to control the depth of the trawl net [3]. Lee et al. presented a nonlinear trawl mathematic model, which considers the trawler, otter board and net as three material points, and all ropes are simplified as elastic links [4, 5]. This nonlinear model has been employed widely. In the study of control methods, several conventional PID controllers have been adopted to control the trajectory of the trawl net by regulating the otter board and considering the horizontal movement [6-8]. The fuzzy control approach and robust H2/H∞ method have been attempted to realize controlled directed fishing with the mid-water trawl and semi-pelagic trawl [9, 10].


      However, the above literature is mainly aimed at the depth control of the trawl net. To ensure the safety of the semi-pelagic trawl in a complex environment, trajectory tracking control in three-dimensional space is required. Moreover, the motion state parameters of two otter boards should be seriously considered because they provide the lateral spread of the trawl net. Few studies have investigated three-dimensional tracking of the semi-pelagic trawl. Nevertheless, many approaches have been proposed to control the trajectory of under-actuated unmanned underwater vehicles(UUV), which are quite similar to the research question in this work. The commonly used tracking control methods of UUVs are neural network adaptive control, sliding-mode control and the backstepping method. Yu et al. presented a direct adaptive control algorithm for UUVs based on a generalized dynamic fuzzy neural network [11]. Jia et al. approached a virtual guide method to establish the space motion error equation of UUVs, and a three-dimensional path controller was designed based on nonlinear iterative sliding mode [12]. Do et al. adopted the Lyapunov direct method and backstepping technique to design an adaptive path tracking controller of UUVs, which considered the parameter uncertainty of the system model [13]. Jon et al. combined the backstepping method and feedback control model to control slender-body under-actuated UUVs and carried out an experiment [14]. Zhu et al. proposed a backstepping tracking control algorithm for UUVs combined with a bio-inspired neurodynamics model, which reduced the speed jump in the conventional backstepping controller [15, 16]. Xu et al. applied a virtual velocity to replace attitude tracking in the backstepping design, and adaptive sliding model control was adopted to increase the adaptive ability of UUVs in dynamic uncertain environments [17, 18].


      In this work, the three-dimensional trajectory tracking strategy of a trawl net and otter boards are considered. First, a simple kinetic model of the semi-pelagic trawl system considering the motions in three degrees of two otter boards is established.


      A hybrid control algorithm based on the hierarchical backstepping method and another nonlinear control method is then proposed. The backstepping method is used to design the virtual control variables of each subsystem from lower to higher orders. Owing to the non-strict feedback characteristics of the model state equation, the backstepping method is unavailable for some subsystems that contain high-order variables. A parallel nonlinear controller called “S-plane control” can solve these high-order variables directly.


      Subsequently, the stability of the proposed control algorithm has been proved based on Lyapunov theory. To illustrate the superiority of the proposed control approach, a simulation experiment comparison is conducted based on the MATLAB/Simulink platform.


      [image: ]
Fig. (1)

      Diagrammatic sketch of a semi-pelagic trawl.
    


    
      

      2. MATHEMATICAL MODEL OF A SEMI-PELAGIC TRAWL


      [image: ]
Fig. (2)

      Simplified model of a semi-pelagic trawl.

      The semi-pelagic trawl is a complex, flexible and under-actuated system. A kinematic model is established based on the following simplified conditions. The trawl net and otter boards have planar motions in three degrees of freedom. The trawler moves in the horizontal plane with two translational degrees of freedom and one rotational degree of freedom. As shown in Fig. (2), two rectangular coordinate systems have been defined i.e., the earth fixed frame ( XE, YE, ZE ) and the ship fixed ( XT, YT, ZT ) frame. The trawler, two otter boards and trawl net are simplified as four mass points. The two pairs of warp and sweep are simplified as flexible links. The tension of all ropes can be calculated by Hooke's law. The simplified model of the semi-pelagic trawl can be named as the “four-mass-point model”.


      The state variables of the trawl system can be defined as:


      
        
          	[image: ]

          	(1)
        

      


      where qn and [image: ] are the position and velocity of the trawl net, qoz and [image: ] are the position and velocity of the port otter boards, qoy and [image: ] are the position and velocity of the starboard otter boards, and qs and [image: ] are the position and velocity of the trawler, respectively. lwz and lwy are the lengths of the two warps, and [image: ] and [image: ] are the release rates of these warps.


      The external environment of the semi-pelagic trawl is rather complicated. The trawler is under the joint action of wind, waves and current. Based on the nonlinear mathematical model for ships [19], the kinetic equations of the trawler can be obtained.


      The main source of the environmental disturbance of the otter boards and trawl net is the current. Based on D'Alembert's principle, the kinetic equations of the port otter board can be expressed as:
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          	(2)
        

      


      where k2sz is the elasticity coefficient of the port sweep. m 0 , W 0 and B 0 are the equivalent mass, the gravity and the resistance coefficient of the otter board, respectively. ωoz is the environmental disturbance. The equations of the two otter boards are basically the same. When the system motion state changes, the fluid resistance coefficient B 0 is slowly varying. Owing to the limitation of fluid theory, B 0 is obtained by parameter estimation.


      The kinetic equations of the trawl net mass point are similar to Eq. (2). According to the mechanical properties of the hydraulic winch, the kinetic equations of the port trawl winch can be expressed as:
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          	(3)
        

      


      where Jw is the rotational inertia of the winch, and Wd is the tension produced by the power source of the winch. Bw is the damping coefficient, and rw is the radius of the roller.


      Combined with the equations of these subsystems, the state–space equations of the three mass point models are obtained [20]. For the proposed four mass point models, the trawl net is pulled by two sweep lines. Analogously, the trawler is pulled by two warps. Hence the state equations of these two subsystems must be modified. The otter boards and the trawl winches both require two sets of equations to describe their motion states.


      After the above modification, the state equations of the semi-pelagic trawl system can be expressed as:
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          	(4)
        

      


      where mn and Bn are the equivalent mass and damping coefficient of the trawl net, and kls is the elasticity coefficient of the sweep lines. lrz and lry are the length vectors of two sweep lines before they extend. is the gravity vector of the net underwater.


      For the fishing vessel, us , uwz , and uwy are the control inputs provided by the marine propulsion system and two trawl winches. Ms is the inertial matrix of the vessel after coordinate transformation. Bs is the damping force matrix of the vessel. Cs is the Coriolis force matrix of the vessel. Ts is the thrust of the vessel produced by the propeller and rudder, which is the control vector.

    


    
      

      3. TRAJECTORY TRACKING CONTROLLER DESIGNING


      The three-dimensional trajectory of the trawl net is the main control aim. The movements of two otter boards should also be highly regarded. Moreover, the state space model requires extra virtual control inputs. Thus, the tracking error of the trawl system can be defined as:
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          	(5)
        

      


      where xld is the target trajectory of the trawl net, and [image: ] are the virtual control inputs of all state variables.


      Based on the backstepping method, the design process starts from the lower differential equation of Eq. (4), and the Lyapunov functions related to the control objectives can be built step by step.


      Step 1. Construct a Lyapunov function as:
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          	(6)
        

      


      The derivative of V1 is:
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          	(7)
        

      


      To ensure that [image: ] , the virtual control inputs x2d can be defined as [image: ] with the control parameter k1 ≥ 0 plugging the expression of x2d into Eq. (7), the derivative of V1 is:


      
        
          	[image: ]

          	(8)
        

      


      Step 2. Based on Eq. (6), a new Lyapunov function can be defined as:
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          	(9)
        

      


      The derivative of V2 is:
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          	(10)
        

      


      In Eq. (10) the high-order state variable x5 appears, which means that the backstepping method cannot be used directly. Therefore, an entire variable xso , which is defined as xso = x3 + x5 , is introduced. To ensure that [image: ] , the new virtual control inputs can be embodied as:
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          	(11)
        

      


      where the control parameter k2 ≥ 0 .


      Step 3: Construct a new Lyapunov function as:
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          	(12)
        

      


      The derivative of V3 is:
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          	(13)
        

      


      To ensure that [image: ] , the virtual states x4d and x6d are [image: ] and [image: ] . The control parameters k3 and k5 are positive constants. Plugging the expressions of x4d and x6d into Eq. (13), the derivative of V3 is:


      
        
          	[image: ]

          	(14)
        

      


      Step 4: Based on Eq. (12), a new Lyapunov function can be defined as:
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          	(15)
        

      


      The derivative of V4 is:
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          	(16)
        

      


      In Eq. (16), the high-order state variables x9 and x11 appeared. Similar to step 2, new entire virtual control inputs xszd and xsyd can be introduced as:
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          	(17)
        

      


      Obviously, there are two expressions for one vector x7d in Eq. (17). The tensions of two warps are not equal when the vessel swerves, so this condition would lead to a conflict in solving x7d variable.


      To solve the high-order variables x7d , x9d , and x11d , a method called “S-plane control” is applied. This method is derived from the Sigmoid function, which partly embodies the idea of fuzzy control [21-23].


      The expression of S-plane control is:


      
        
          	[image: ]

          	(18)
        

      


      where ka and kb are the control parameters, and e and ė are the inputs the express deviation and change in deviation, respectively. f is the control output.


      The expression of S-plane control is similar to that of PID control, but S-control is nonlinear. It is very suitable for the movement control problems of the towing system which is nonlinear and thus has a mathematical model that is difficult to acquire precisely. The essential similarities of PD control can effectively ensure the effect of motion control.


      There are coupling effects among the 3-degrees of freedom motions of the vessel. To simplify the controller design, the decoupling controller is then designed as one controller for every degree. Thus, there are 3 S-plane controls for the vessel.


      Assume that the target trajectory of the vessel in the X-direction is x7dx , the tracking error is ex = x7dx – x7x , and the output of each S controller can been expressed as:
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          	(19)
        

      


      where Xmax is the maximum output, and emax is the maximum permissible error. The change in buoyancy and current can be seen as steady interference forces over a period of time. Δf is the adjustable variable for adapting to the interference of the environment. This fixed deviation can be eliminated by adjusting the offset of the S-plane. The expression of adaptive variable Δf can be expressed as:
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          	(20)
        

      


      where S (Δex, 0) is the control function of the S-plane, et is the deviation at time t , and Δex is the adaptive adjustment amount of the deviation. γ is the enabled factor. When the absolute value of deviation change is less than the threshold value ė 0, and the deviation shows an increase in tendency, γ is set to 1 otherwise γ is set to 0. αt is the fading factor at time t . When γ is 0, αt =0.9 αt -1. When γ is 1, αt = 1. βt is the vanish factor at time t . When Δe and et are opposite in sign, βt =0.25 βt -1 otherwise βt = 1. δ is the low-pass filter parameters n is the number of historical data.


      Analogously, the expression of virtual control inputs x9d and x11d are formally consistent with Eq. (19). Hence there are 9 S-plane controllers for x7d , x9d and x11d altogether.


      With the expressions of x7d , x9d and x11d , the recursive process is thus able to continue. Plugging the expressions of these variables into Eq. (14), the derivative V4 of can be obtained.


      Step 5: Based on Eq. (15), a new Lyapunov function is given by:
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          	(21)
        

      


      The derivative of V5 is:
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          	(22)
        

      


      To ensure that [image: ], the virtual control inputs x8d , x10d and x12d can been defined as: [image: ] , [image: ] and [image: ]. The control parameters k7 , k9 and k11 are positive constants.


      Step 6: The last Lyapunov function is given by:
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          	(23)
        

      


      According to the derivative of V6 , the controlled quantities of the vessel and two winches can be defined as:
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          	(24)
        

      


      where the control parameters k8 ≥ 0 , k10 ≥ 0 and k12 ≥ 0 . With this, the three-dimensional trajectory tracking controller of the trawl system has been acquired.

    


    
      

      4. STABILITY ANALYSIS


      For the proposed S controller, it is assumed that the real trace is equal to the desired trajectory over a long time. At this moment, the desired output of controller is f 0 .


      Define that s = -k1e + k2ė . A Lyapunov function can then be expressed as:
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          	(25)
        

      


      The derivative of V( s ) is [image: ] .


      When f > f 0 , there is [image: ]. When f < f 0 , there is [image: ]. Therefore the following equality is established:
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          	(26)
        

      


      The sign function of [image: ] is:
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          	(27)
        

      


      Because [image: ], over enough time or a sufficiently large value, the following inequality is established:


      
        
          	[image: ]

          	(28)
        

      


      Therefore V(s) is asymptotically stable.


      To ensure the stability of the trawl system with a bounded input signal under the external environment disturbance, the disturbances are added to the trawl net and otter boards, which are ω(n) , ω(oz) and ω(oy) .


      Based on Eq. (23), and considering that the nonzero often bounded disturbances exist, a Lyapunov function can be defined as:
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          	(29)
        

      


      According to the inequality [image: ], the derivative V7 of satisfies the following inequality:
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          	(30)
        

      


      The definite integrals of Eq. (30) can be expressed as:
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          	(31)
        

      


      Thus, Eq. (31) proves that in the presence of interference with an unknown upper limit, the system is asymptotically stable and the control outputs would converge to the origin of a small domain in the stable area.

    


    
      

      5. SIMULATION EXPERIMENT


      To simulate the three-dimensional motion tracking of a semi-pelagic trawl net in a complex seabed terrain, the target trajectory of the trawl net is defined as a nonlinear time-varying function. The semi-pelagic trawl system is assumed to move in uniform flow. The masses of four mass points are defined as ms = 5718000kg, mo = 5200kg, mn = 47916kg. The lengths of the warp and sweep lines are lw = 3000m and lr = 206m . The expression of x1d is given by:


      
        
          	[image: ]

          	(32)
        

      


      where [image: ],


      [image: ]


      [image: ].


      When the time t=1000 s, a disturbing force ω 0 acts on the otter board on the left side, which is removed at time t=2000s. At time t=1500 s, ω 0 acts on the trawl net, and it is removed at time t=2500 s. ω 0 is defined as 6x105(N) in three directions.


      [image: ]
Fig. (3)

      The tracking trajectories of the trawl system without disturbing forces.

      As shown in Eq. (28), the target trajectory is rather complex. For comparison, the conventional linear controller is also given. The condition that the semi-pelagic trawl moves without disturbing forces is simulated first. The simulation result of the linear controller is shown in Fig. (3a), and the result of the improved backstepping controller is shown in Fig. (3b). Compared with these two results, it can be seen that the track curve of the conventional linear controller has obvious deviation. In contrast, the deviation has been effectively reduced under the action of the proposed control method.


      Fig. (4) shows the trajectories of the trawl net under the disturbing forces. Similar to Fig. (3), Fig. (4a) shows the trajectory of the linear controller and Fig. (4b) shows the trajectory of the proposed controller. Apparently, the path deviation in the Z-direction is larger than in other directions during the action period of the disturbing forces. The trajectory tracking errors of the proposed controller are much lower than in the linear controller. When the disturbing forces disappear, the proposed controller can eliminate the deviation rapidly and stably, whereas the trajectory of the linear controller still has oscillation for a long time.


      [image: ]
Fig. (4)

      The tracking trajectories of the trawl system with disturbing forces.

      For further quantitative analysis, the real-time relative error comparison of these two controllers has been provided. As shown in Fig. (5), in the X-direction, the tracking errors of two controllers are nearly the same. In the Y-direction, the two tracking relative error curves both have mutations at time t=2000 s and t=4000 s. This may be caused by the reverse direction of velocity. However, for most of the time, the proposed controller has much lower tracking error. In the Z-direction, the tracking error of the linear controller is much larger, sometimes even higher than 0.1. The proposed controller can still maintain the tracking error at a low level.


      [image: ]
Fig. (5)

      Ratio of the tracking relative error without disturbing forces.

      Fig. (6) shows the real-time relative error comparison in the presence of a disturbance force. It can be seen that when the disturbing force exists, the tracking errors in the Y-direction have changed little. In the Z-direction, the maximum relative error increases to more than 0.3. After the disturbing force disappears, the improved backstepping controller can rapidly reduce the error to the previous level.


      [image: ]
Fig. (6)

      Ratio of the tracking relative error with disturbing forces.
    


    
      CONCLUSION


      According to the actual working status of a semi-pelagic trawl system, a new simplified model is presented in this paper. By using the backstepping method and S-plane control in combination, a compound nonlinear controller considering decoupling of the high-order state variables in the process of recursion is presented. The robustness and stability of this system under constant external disturbances have been proved based on Lyapunov stability theory. Finally, the simulation results show the superiority and effectiveness of the proposed control approach. When a constant disturbance force acts on the system, the depth location of the trawl net changes more than the horizontal position. In future work, a model experimental demonstration will be presented to verify the effectiveness of the proposed control scheme in practical applications, and further modification of the control model will be considered to improve the model accuracy in a complex flow field.
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