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Abstract

:

Bionic underwater robots have many advantages such as high mobility, high efficiency, high affinity, etc. They are especially suitable for tasks such as collecting hydrographic information and for detailed surveys of the marine environment. These tasks are based on their high-precision attitude control. Therefore, this paper proposes a control scheme for a bionic underwater robot—a manta robot. To improve the depth retention capability of the manta robot, a S-plane controller based on asymmetric output was designed in combination with the longitudinal motion characteristics of the manta robot. In addition, to achieve good motion control for the manta robot under conditions of large changes in the heading angle, the fuzzy controller and the heading transition target value function were combined to design the heading controller of the manta robot. Finally, the feasibility and reliability of the control system of the manta robot were verified by pool experiments. The experimental results showed that the depth control error was within   ± 5   cm and the heading control error was within   ± 5   degrees. The control scheme proposed in this paper achieves high-precision attitude control of the manta robot, providing a basis for the practical application of the manta robot.
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1. Introduction


With the increasing demand for ocean exploration and intervention tasks, several underwater vehicles have been developed for use in various areas of ocean exploration and exploitation [1]. As an important tool for exploring and monitoring the ocean, research on unmanned autonomous underwater vehicles (AUVs) has been very productive [2,3,4,5,6,7,8]. AUVs have been widely used for underwater operations in numerous fields such as marine environmental monitoring and resource exploration [9,10,11], offshore oil and gas resource exploration [12,13], submarine pipeline monitoring [14,15], and submarine investigation [16]. At present, the rotary AUV with propeller propulsion is still the most used underwater vehicle, but with the increasing complexity and diversity of underwater operational requirements, bionic underwater vehicles are receiving increasing attention [17]. Compared with traditional underwater vehicles that are propelled by propellers, this type of bionic underwater vehicle has many compelling advantages, including stronger resistance to interference, higher propulsion efficiency, better maneuverability, and less operational noise [18,19]. Bionic underwater vehicles can be divided into two main types according to their different propulsion methods: body and/or caudal Fin (BCF) mode, and median and/or paired fin (MPF) mode [20]. The bionic underwater vehicle with MPF propulsion mode has a small turning radius and good navigational stability. In particular, due to its unique shape and structure, it has a strong carrying capacity, which makes it especially suitable as an underwater operation carrying platform, carrying different types of sensors to achieve a variety of operational tasks [21,22,23,24,25,26].



Researchers have studied the bionic underwater vehicle in terms of both the prototype structure and prototype control, and work on developing the prototype structure has achieved some relatively good results [27,28,29,30,31,32,33,34,35,36]. The control performance of the bionic underwater vehicle is an important factor in determining its mission execution capability. Among the many control objectives, depth control in the longitudinal plane and heading control in the horizontal plane are vital to all missions. Therefore, depth control and heading control are two important basic control objectives of bionic underwater vehicle control. To achieve the simple task of a robot fish cruising at the desired depth in the water, Zhong et al. implemented a depth controller for a robot fish based on fuzzy control [37]. Cao et al. used the Takagi–Sugeno (T–S) fuzzy control method to achieve depth control of the robotic manta and experimentally verified the effectiveness and accuracy of the T–S fuzzy neural network controller for this robotic manta [38]. Wei et al. designed a depth controller based on the active disturbance rejection control (ADRC) technique to achieve the depth control of a new bionic underwater robot based on a squid proto-type. Both the simulation and experimental results showed that the depth controller, which was designed based on the active disturbance rejection control technique outperformed the proportional integral derivative (PID) controller [39]. Yu et al. proposed a hybrid controller that combined sliding mode control and fuzzy control to achieve depth control for bionic dolphins [40]. For the control of the horizontal motion of a bionic robot fish, Wang et al. [34] were inspired by cuttlefish and designed a bionic underwater vehicle with two undulatory fins. To realize the heading control of the designed underwater bionic vehicle, they proposed a hybrid heading control method combining the disturbance rejection control (ADRC) and fuzzy strategy, and the effectiveness of the control system was verified by experiments. Yan et al. proposed a CPG-based sliding film controller (SMC-CPG) by combining a central pattern generator (CPG) and a sliding mode controller. The experimental results showed that under the initial error condition, the bionic machine fish could quickly eliminate the position error and heading error under the control of the SMC-CPG controller. With regard to linear trajectory tracking, the heading angle error always fluctuated between −40° and 60°, and the effectiveness of the proposed SMC-CPG controller was verified by experiments [41]. Chen, et al. combined a PID control algorithm and central mode generator to propose a direction-tracking control method based on a bionic closed-loop central pattern generator (CPG) for robot fish, which was experimentally verified in a pool. The experimental results showed that the proposed control strategy worked well and the robot fish effectively completed the direction tracking [42]. Cao et al. utilized a classical T–S fuzzy neural network controller for the heading control of a robot manta, and verified the error of the heading controller in   ± 6 °   in a pool experiment [43]. Hao et al. were inspired by the biological yaw mode to design the yaw mode based on phase difference and amplitude difference for the manta robot. They combined the phase difference and amplitude difference yaw modes to realize the closed-loop heading control of the manta robot, and the effectiveness of the combined mode was verified through experiments [44].



Since the bionic underwater robot is a strongly nonlinear system, it is difficult to establish an accurate mathematical model for it. This results in various problems in relation to the control of the bionic underwater robot. Based on a review of the existing work on bionic underwater robots, there are other applications or methods that do not require an accurate mathematical model of the control object such as fuzzy control. These methods avoid the establishment of a mathematical model of the bionic underwater robot and are very robust although this also presents problems such as the need for strong reliance on human experience; therefore, the final control effect is influenced by human input. In addition, several researchers have also applied control methods such as disturbance suppression control and sliding mode control to the control of bionic underwater vehicles by building simplified underwater vehicle models. However, the results of these control methods depend on the accuracy of the bionic underwater vehicle models and the control algorithms are relatively complex, which is not conducive to engineering implementation.



Therefore, based on the above discussion, the main contributions of this paper are summarized as follows. In this study, we aimed to design a control algorithm that relies less on human experience and is simple to implement, which has the advantage of facilitating the engineering of the control method and the extension of the method to different prototype bionic underwater vehicles. This paper presents a control strategy for a manta robot. In contrast to previous work, this paper considers the motion characteristics of the bionic manta robot in the controller design and investigates the case of large heading errors, which are common when bionic underwater vehicles perform real-world tasks, and are therefore important for the practical application of bionic underwater vehicles. Specifically, this study involved the following steps. A depth controller for the manta robot was designed based on the S-plane control method, combined with the longitudinal motion characteristics of the manta robot, and a heading controller for the manta robot was designed based on the S-plane by combining fuzzy control and the desired heading transition value function. The control of the designed controller for the manta robot was verified by pool experiments.



The sections of this paper are as follows. Section 2 presents the structural design and control system of the manta robot, Section 3 presents the controller design of the manta robot, Section 4 presents the pool experiments and gives the experimental results, and Section 5 discusses the conclusions of this paper and the prospects for future work.




2. Overview of Manta Robot


2.1. Mechanical Structure


The mechanical structure design of the manta robot is based on a modular design. As shown in Figure 1, the manta robot can be divided into three parts: the main body of the manta robot, the flexible pectoral fin and the flexible tail fin. The body length of the prototype is 60 cm, the wingspan is 90 cm, the thickness of the prototype body is 12 cm, and the overall weight is 8.5 kg. The main body of the manta robot is used to carry sensors, control circuits, batteries, and drive servos. All the drive energy of the manta robot is provided by a 7.4 volt, 1500 mAh DC power supply. There are seven drive servos for the manta robot, six for the pectoral fin servos, and one for the tail fin servo, all of which are driven by PWM waves generated by the main control board. The servos are mounted in a sealed compartment attached to the exterior of the main body, which is intended to extend the working life of the servos. Special attention is paid to the fact that both the tail and pectoral fins are composed of two sub-modules: the flexible silicone skin and the fin rays. In this case, each level of fins and their respective driving servos are directly connected by adapters and driven independently by the corresponding servos, with no influence between the fins at different levels. Due to the flexibility of the fins and the silicone skin, traveling waves providing propulsion can form on the fin surface of the pectoral fins when the fins are in motion.




2.2. Control System of the Manta Robot


As shown in Figure 2, the control system of the manta robot consists of the host computer measurement and control system and the control system on board the manta robot. The host computer system is mainly used to send control commands, receive real-time data from the manta robot, and to realize the control and data monitoring of the manta robot. The communication between the host system and the manta robot is done by radio.



The onboard control system of the manta robot includes the main control unit, actuators, sensors, and so on. The main control unit uses STM32F103ZET6 as the main control chip, which is mainly used to collect and process sensor information and analyze control commands. In addition, the main control unit is also connected to a radio, which realizes the communication between the manta robot and the host computer system. The drive unit consists of servos. The main control unit analyzes the pectoral/caudal fin motion parameters at the current moment according to the control commands in real-time, including the oscillation frequency and amplitude of the fins and the phase difference between the fins at each level, and converts these control commands into pulse width modulation (PWM) waves to drive the servos.



The sensor unit consists of various sensors on board the manta robot; these mainly include laser sensors, a depth sensor, and an inertial measurement sensor. There are four laser sensors installed on the head of the manta robot that are used to measure the distance to the front, left, right and bottom. A depth sensor is mounted on the tail of the manta robot to measure the depth at the current position. The current depth of the manta robot is returned to the main control unit. The inertial measurement sensor that is installed in the main compartment of the manta robot can be used to obtain the navigation attitude of the manta robot, including the current heading angle, pitch angle, roll angle, and other attitude information. This information is used to achieve control of the attitude of the manta robot.





3. Design of S-Plane-Based Controller


The manta robot is a strongly coupled nonlinear system, and it is difficult to establish an accurate motion model. Among various control algorithms for underwater vehicles, the S-plane controller has been widely used in the control of various underwater robots because of its simple structural form and nonlinear characteristics [45]. Considering the complexity of the motion control of the manta robot, the depth controller and heading controller of the manta robot was designed based on the S-plane control algorithm. Moreover, because the longitudinal motion of the manta robot is mainly influenced by the pitch generated by the tail fin deflection, and the horizontal motion is mainly influenced by the yaw moment and propulsion force generated by the pectoral fin, the three-dimensional motion control of the manta robot was decoupled into depth control in the longitudinal plane and heading control in the horizontal plane. The depth controller and heading controller were designed separately. The control system of the manta robot is shown in Figure 3.



3.1. Design of Depth Controller for the Manta Robot


The standard form of the S-plane control algorithm [46] is shown in Equation (1):


  f =   2.0   1.0 + exp  (  −  k 1  e −  k 2   e ˙   )    − 1.0  



(1)




where  e  is the normalized deviation,   e ˙   is the normalized deviation rate of change,    k 1    is the control parameter corresponding to the deviation,    k 2    is the control parameter corresponding to the deviation rate of change, and  f  is the control output of the controller.



It is also worth noting that the output of the S-plane controller is restricted to the range [–1, 1]. Therefore, when using the S-plane control method for control, the output of the S-plane controller needs to be mapped to the actuator’s execution interval by a gain factor using Equation (2).


   X i  =  K i  ×  u i  +  X 0   



(2)




where    K i    is the gain factor,    u i    is the output value of the S-plane,    X 0    is the mechanical zero of the actuator, and    X i    is the actual actuation value of the actuator.



The flow chart of the standard S-plane control algorithm is shown in Figure 4 and Table 1.





[image: Table] 





Table 1. Steps of the flow diagram of standard S-plane control algorithm.






Table 1. Steps of the flow diagram of standard S-plane control algorithm.





	
Steps

	
Details






	
1

	
Set controller parameters    k 1    and    k 2   




	
2

	
Calculate the deviation according to Equation (1).




	


   e ( k ) = r ( k ) − y ( k )   



(3)








	

	
where,   e ( k )   is the deviation at the current moment,   r ( k )   is the sampled value of the control quantity at the current moment, and   y ( k )   is the expected value of the control quantity.




	
3

	
Since time is discretized in the control system, the deviation rate of change is expressed in a discretized form. The deviation rate of change is calculated according to Equation (1).




	


   Δ e ( k ) = e ( k ) − e ( k − 1 )   



(4)








	

	
where,   Δ e ( k )   is the deviation rate of change at the current moment,   e ( k )   is the deviation at the current moment, and   e ( k − 1 )   is the deviation at the previous moment.




	
4

	
Normalization of deviation   e ( k )   and deviation rate of change   Δ e ( k )  .




	
5

	
Calculate the control output according to Equation (1).




	

	
Inverse normalization of the control output by Equation (2)









Extensive experiments on the manta robot have revealed that its motion in the vertical plane is asymmetric in the upward and downward motion. The upward motion of the manta robot requires more control than the downward motion. This is mainly due to the hydrodynamic shape of the manta robot. Therefore, the classical S-plane is improved by introducing an asymmetric output factor in combination with this motion characteristic. The improved form of the S-plane controller is shown in Equation (5).


   f =   {      2.0   1.0 + α × exp  (  −  k 1  e −  k 2    e ˙    )    − 1.0       e > 0       2.0   1.0 + β × exp  (  −  k 1  e −  k 2    e ˙    )    − 1.0       e < 0      



(5)




where  e  is the normalized deviation,    e ˙    is the normalized deviation rate of change,    k 1    is the control parameter corresponding to the deviation,    k 2    is the control parameter corresponding to the deviation rate of change, and  f  is the control output of the controller.  α  and  β  are the factors used to regulate the degree of asymmetry of the S-plane,  α  and  β  both are positive real numbers and   0 < α < β  .



The adjustment to the depth of the manta robot is achieved by the tail fin deflection; therefore, the output of the S-plane controller is mapped through Equation (6) to the interval of the tail fin deflection angle to obtain the tail fin deflection angle needed for depth adjustment.


  R x =  K u  × f + R  x 0   



(6)




where   R x   is the tail fin deflection angle,    K u    is the control gain,  f  is the output of the controller, and   R  x 0    is the tail fin zero position. The basic variation interval of the tail fin bias angle is [−60°, 60°], and the size of this variation interval is determined by the mechanical structure of the manta robot. The zero position of the tail fin is the tail fin offset angle that ensures that the depth of the manta robot is stable and constant. The zero position here is different from the mechanical zero position of the tail fin servo.




3.2. Design of Heading Controller for Manta Robot


When the manta robot performs complex tasks in the horizontal plane, the change in the heading angle will be more frequent compared with the depth, thus the requirements for the controller are higher. Therefore, this paper combines the fuzzy control method and heading transition value function to design a heading controller based on the S-plane control algorithm. The controller structure is shown in Figure 5. Both the amplitude difference and phase difference are used as the control variables of the manta robot [44], The phase mode is suitable for a large heading adjustment with a fast yaw angle speed and small yaw radius. The amplitude mode applies to the adjustment of a small heading, with a slow yaw angle speed and large yaw radius. In this paper, the switching of the two modes is determined by the heading angle error. The motion mode-based S-plane heading controller for the manta robot is shown in Equation (7).


   {     u i  =   2.0   1.0 + exp ( −  k 1  × e −  k 2  ×  e ˙  )   − 1.0     Δ φ =  K  i 1   ×  u i           ,   |  ψ −  ψ d    *   |  > Δ  ψ 1      A =  K  i 2   ×  u i                 ,   |  ψ −  ψ d    *   |  ≤ Δ  ψ 1       



(7)




where    u i    is the output value of the S-plane controller,  e  is the normalized heading error,   e ˙   is the normalized rate of change of the navigation error,    k 1    and    k 2    are the controller parameters in the heading controller that correspond to the normalized navigation error and the normalized rate of change of the heading error, respectively,   Δ φ   is the phase difference between the fins of the pectoral fin levels,    K  i 1     is the gain factor of the phase difference of the fins,  A  is the amplitude of the pectoral fin,    K  i 2     is the gain factor of the amplitude of the pectoral fin,  ψ  is the current heading angle of the manta robot,     ψ d  *    is the desired heading angle of the manta robot, and   Δ  ψ 1    is the heading angle error threshold for switching between the amplitude difference motion mode and the phase difference motion mode.



3.2.1. Transition Process Based on the Transition Value Function


When the desired heading angle changes abruptly during the navigation process, the control system is equivalent to a step signal being applied. Since the manta robot has large inertia and the actuator has a certain time lag, it is easy to overshoot when the desired heading angle changes significantly in the actual control. Considering the actual situation, the manta robot does not reach the desired heading angle instantaneously, rather, it is a gradual process. Therefore, the idea of task decomposition, as shown in the figure, is adopted for the sudden change in the manta robot’s heading, and several desired heading angles are set as intermediate transition between the current heading angle and the final desired heading angle; thus, the final desired heading angle is approached gradually. The intermediate transition desired heading angles are calculated by the transition target value function of Equation (8).


   {       ψ i   ′   = sgn   (   ψ d  −  ψ 0   )   [ λ  |   ψ d  −  ψ 0   |  + ( 1 − λ ) × μ  |   ψ d  −  ψ 0   |  ] +  ψ 0      μ =  1 2   {  1 − cos  [ (  i  n − 1   ) π ]  }      i = 0 , 1 , 2 , … , n − 1      



(8)




where      ψ i   ′    is the ith desired heading angle in the heading transition process,   sgn ( · )   is the sign function,  λ  is the heading angle error adjustment factor,   0 < λ < 1  ,  μ  is the heading transition factor,    ψ d    is the final desired heading angle,    ψ 0    is the heading angle of the manta robot at the beginning of the transition process; n is the number of transitions experienced in the heading transition process.




3.2.2. Fuzzy Inference-Based Parameter Adjustment


In general, the S-plane control algorithm is a simple, efficient, and robust nonlinear control method, which is very suitable for the heading control of an underdriven model-free manta robot; however, the classical S-plane controller does not have the ability to adapt the parameters. Therefore, this paper used the fuzzy control method to realize the online adjustment of the control parameters of the S-plane controller.



The fuzzy controller used to adjust the control parameters of the S-plane controller in this paper is shown in Figure 5. The fuzzy controller contains four components: fuzzification, fuzzy inference, fuzzy rule base, and defuzzification. The actual range of the variation of each variable is referred to as the fundamental domain, where the range of discourse for each variable is determined based on previous experimental evaluations.   Δ  k 1    ranges from [−0.3, 0.3],   Δ  k 2    ranges from [−0.3, 0.3], the heading angle error ranges from [−60°, 60°], and the heading angle error ranges from [−40°, 40°]. Since the fuzzy domain is usually fixed, it was fixed to [−3, 3] in this paper, a linear variation of Equation (9) was used for scale transformation to vary the values on the basic domain to the fuzzy domain.


   x 0  =    x  min   +  x  max    2  +  (     x  max   −  x  min      x  max  *  −  x  min  *     )  ×  (   x 0 *  −    x  min  *  +  x  max  *   2   )   



(9)




where    x 0 *    is the input of a variable,    x  min  *    is the minimum of its fundamental domain,    x  max  *    is the maximum of its fundamental domain,    x  min     is the minimum of the domain required by fuzzy inference, and    x  max     is the maximum of the domain required by fuzzy inference.



Seven fuzzy subsets are defined on the variation interval of each quantity: PB (positive big), PM (positive medium), PS (positive small), Z (zero), NS (negative small), NM (negative medium), NB (negative big). Here NB, NM, NS, ZO, PS, PM, and PB refer to the linguistic values. The triangular membership function with a symmetric uniform distribution selected for this paper is shown in Figure 6.



Based on the analysis of the control response in the experiment and the S-plane control principle, the following rules were used to adjust    k 1    and    k 2    in this paper.



	(1)

	
When    | e |    is large, a larger value of    k 1    is selected to improve the response rate of the system, while a smaller value of    k 2    is selected at this time to avoid system instability caused by an excessive value of    k 1   .




	(2)

	
When the value of    | e |    is moderately large, a smaller value of    k 1    is selected to avoid excessive overshoot, while a moderate value of    k 2    is selected to improve the response rate of the system.




	(3)

	
When the value of    | e |    is small, selecting a larger    k 1    value and a moderate    k 2    value can improve the steady-state performance of the system while avoiding system oscillations near the equilibrium point.







Since the controller parameters    k 1    and    k 2    vary independently, a dual-input single-output fuzzy controller was designed to adjust    k 1    and    k 2   , respectively. Taking the adjustment of    k 1    as an example, the parameter adjustment rule has the following form.


    R n    :   if   e =  A i      and    e ˙  =  B i    ,   then   Δ  k 1  =  C i    








where    A i   ,    B i    and    C i    (i = 1, 2, …, n) are the values of the input and output variables  e ,   e ˙   and    k 1    on their fuzzy domains, respectively, and they all take values in the range (NB, NM, NS, ZE, PS, PM, PB). The fuzzy rule tables for    k 1    and    k 2    based on the above rules are shown in Table 2 and Table 3.



In addition, triangular affiliation functions were used for all the input and output affiliation functions, Mamdani’s max–min synthesis method was used for the fuzzy inference rules, and the center of gravity method was used for the defuzzification process.



After defuzzification of the output values of the fuzzy inference, the change values of the control parameters k1 and k2 can be obtained. According to the calculation in Equation (10), the control parameters can be obtained after real-time adjustment of the fuzzy S-plane controller.


   {     k 1  =   k 1  *  + Δ  k 1       k 2  =   k 2  *  + Δ  k 2       



(10)




where   Δ  k 1    and   Δ  k 2    are the adjusted control parameters of the S-plane controller,    k 1    and    k 2    are the values of the controller parameter changes derived from the fuzzy controller,     k 1  *    and     k 2  *    are the baseline values of the control parameters of the S-plane controller.






4. Experiments and Results


To verify the effectiveness of the manta robot control system designed in this paper, depth and heading experiments were conducted on the manta robot in an indoor pool measuring 732 × 366 × 132 cm. To directly observe the effect of the prototype swimming under the action of the controller, a camera was placed above the pool to take real-time pictures of the prototype. The experimental environment is shown in Figure 7. During the experiments, the control commands for the manta robot, including the controller parameters for closed-loop control, the desired heading and depth, and the time for the prototype to change its heading were sent from the host computer to the control system of the manta robot via radio at the beginning of each experiment.



4.1. Depth and Heading Holding Experiment


Excellent depth-holding and heading-holding capabilities are basis of complex underwater missions. Therefore, direct swimming experiments were first conducted to verify the heading-holding and depth-holding capabilities of the manta robot.



Before the experiment started, the manta robot was floating on the surface of the water, and its initial depth was about 3 cm. The desired depth was set to 30 cm and the desired heading was set to 76°. Figure 8 shows the depth control video frames and the experimental data obtained during the experiment, the time duration of the whole experiment was 18.72 s. Figure 8III shows that the manta robot reached the desired depth after 8.16 s, and the manta robot remained stable at the desired depth until the end of the experiment, with an error of   ± 5   cm, verifying the effectiveness and stability of the depth controller we designed. Figure 8II shows the pitch angle change curve during the motion of the manta robot. From the curve, we can see that the maximum pitch angle of the imitation manta robot was −26.1° in the early stage, and the pitch angle shows a trend of rising and then falling during the dive. When the manta robot dives to a certain depth, the depth error decreases and the depth error rate of change increases, the control effect determined by the depth error rate of change in the controller starts to suppress the control output.



Figure 9 shows the video frames and data plot obtained during the swimming of the manta robot. At the beginning of the experiment, the heading angle of the manta robot was 79° and the desired heading angle was 76. After about 2.5 s, the manta robot was stabilized at the desired heading, and the heading error after stable swimming was within 3°, which showed that the heading controller we designed had good stability. It should also be pointed out that since the change in the heading angle was within 10° during the whole process of heading-holding swimming, the heading error during the whole motion did not reach the error threshold of motion switching; therefore, only the change of amplitude during the motion and the change curve of the amplitude difference is shown in Figure 9III. From the experimental results, it can be seen that the manta robot has good heading control and depth control capability.




4.2. Heading Switching Experiment


To verify the motion control capability of the manta robot under the condition of abrupt change in the desired heading angle, we conducted 90°, 180°, and 360° heading switching experiments.



Figure 10 shows the frame diagram of the moving process and the experimental data diagram of the experimental process when the manta robot’s desired heading was changed by 90°. Experiments A and B were designed to compare and verify the performance of the classical S-plane controller with the fuzzy S-plane controller based on the transition value function for the desired angle change of 90°. The control parameters k1 and k2 of the classical S-plane controller were determined to be 4 and 3 by the trial-and-error method. The experimental results are shown in Figure 10II. In the process of heading error elimination, the overshoot of the classical S-plane controller was about 27.5°, and the overshoot of the fuzzy S-plane controller based on the transition value function was about 11.4°, which is smaller. When the course switch was completed, the errors of the classical S-plane controller and the fuzzy S-plane controller based on the transition value function were   ± 10 °   and   ± 5 °  , respectively. This means that the effect of a fuzzy S-plane controller based on the transition value function was improved compared to the classical S-plane controller.



For the control process using the fuzzy S-plane control method based on the transition value function, the sequence of the moving process of the manta robot captured by the camera is shown in Figure 10I. The whole process lasts for 15.2 s, the manta robot starts to switch the heading at about 2.45 s and reaches the new desired heading position at about 7.85 s. The motion parameters of the pectoral fins are shown in Figure 10IV. In the experiment, the heading error threshold for pectoral fin motion mode switching was set to 45°, and since the transition process divides the 90° heading switch int, three 30° expected heading angle switches, in this experiment, the manta robot only moves with the difference in amplitude.



To verify the control effect of the manta robot in the case of a larger heading change, the experiments were conducted by choosing the working conditions of 180° and 360° for the desired heading angle change. The experimental results and the experimental frame diagram when swimming are shown in Figure 11.



In both sets of experiments, the manta robot was first required to swim steadily at the current heading angle. The experimental frame diagram when the desired heading angle changed 180° is shown in Figure 11I. As shown in Figure 11II, the manta robot started the heading angle switch at about 12.0 s after starting, and finished the 180° heading angle adjustment after 9.6 s, then continued to swim on that heading, and the parameters of the controller changed in the process as shown in Figure 11III. The motion parameters of the pectoral fins are shown in Figure 11IV. In the whole swimming process, the overshoot was 12.8°, When the heading change was completed, the heading angle error was within   ± 5 °  . The experimental frame diagram when the desired heading angle change 360° is shown in Figure 11V. As shown in Figure 11VI, the manta robot completed 360° of heading change after 4.65 s, and the overshoot during the control process was 12.4°. When the heading change was completed, the heading angle error was within   ± 5 °  . The controller parameters of this experiment changed as shown in Figure 11VII, and the motion parameters of the pectoral fins are shown in Figure 11VIII. In the two heading switching experiments, the same three times of heading transition processes were realized, but the change in the desired heading angle was 60° in each experiment when the heading angle switched 180°, and 120° in each experiment when the heading angle switched 360°. In the experiment where the heading angle switched 360°, the error in the heading angle of the manta robot was larger at the beginning of each transition process, and the controller controlled the pectoral fin of the manta robot to maintain the large parameter movement for a higher proportion of time; therefore, although the angle that the manta robot needed to turn was larger when switching 360° than when switching 180°, the time to complete the heading switch was shorter. The experiment verified the effectiveness and stability of the controller when the desired heading angle was changed substantially.





5. Conclusions


In this paper, the depth controller and heading controller of the manta robot were designed based on the S-plane control method. Firstly, the classical S-plane controller was improved with asymmetric output to design the depth controller based on the asymmetric S-plane by combining the longitudinal plane motion characteristics of the manta robot. Secondly, because the horizontal plane motion task of the manta robot is more complex and diverse, to meet the needs of different desired heading angle changes, a heading transition value function was introduced into the heading controller to decompose the large desired heading angle changes, while the fuzzy controller was used to adjust the controller parameters and realize the online correction of the controller parameters. Finally, heading and depth-keeping experiments as well as heading-switching experiments were carried out in an indoor pool. The experimental results show that the depth error was within   ± 5   cm and the heading error was within   ± 5 °  , and the overshoot of the improved S-plane heading control was small compared with the classical S-plane heading controller; additionally, the error was smaller after the completion of heading switching, which proves the feasibility and reliability of the manta robot control system.



In the future, we will consider improving the perception capability of the manta robot and improving the autonomous movement capability of the manta robot.
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Figure 1. Model and physical images of the manta robot. The manta robot was configured to be more buoyant than gravity so that the manta robot would float on the water when at rest. 
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Figure 2. The control system of the manta robot. (a) Shows the block diagram of the manta robot control system, and (b) shows the physical diagram of the system. 
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Figure 3. The motion control system of the manta robot consists of two parts: the depth controller and heading controller. The design of both controllers is based on the S-plane. 
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Figure 4. Flow diagram of standard S-plane control algorithm. The algorithm flow contains a total of 6 steps. 
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Figure 5. Block diagram of the course controller.    ψ d    is the final desired heading angle;      ψ i   ′    is the transition heading angle calculated from the heading transition target value function;  ψ  is the current heading angle measured by the inertial measurement unit (IMU);  e  is the heading angle error;   e ˙   is the rate of change of heading angle error;   Δ  k 1    and   Δ  k 2    are the adjusted control parameters of the S-plane controller; A is the amplitude of the pectoral fin;   Δ φ   is the phase difference between the fins of the pectoral fin levels. 
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Figure 6. Membership functions. (a) Membership function for    e /  e ˙    ; (b) membership function for     Δ  k 1   /  Δ  k 2     . 
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Figure 7. Experimental site for manta robot. At the beginning of the experiment, the manta robot was floating stationary in an indoor pool measuring 73.2 cm × 36.6 cm with a depth of 80 cm. The parameters and commands during the experiment were sent by radio from the onshore host computer, and the underwater camera was placed on one side of the pool to capture video of the manta robot swimming in the longitudinal plane. The underwater camera was placed on one side of the pool to capture video of the manta robot swimming in the horizontal plane. 
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Figure 8. Frame diagram and data plot of the depth holding experiment. (I) Swimming frame diagram of the manta robot, where (a)–(i) represents the time order. (II) Pitch angle data graph of the manta robot. (III) Depth data graph of the manta robot. (IV) Data plot of tail fin deflection angle of the manta robot. 
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Figure 9. Frame diagram and data plot of the heading holding experiment. (I) Swimming frame diagram of the manta robot, where (a)–(i) represents the time order. (II) Heading angle data graph of the manta robot. (III) Data plot of pectoral fin motion parameters of the manta robot. 
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Figure 10. Heading switching 90° experiment. (I) Swimming frame diagram of the manta robot, where (a)–(i) represents the time order. (II) Heading angle data graph of the manta robot. (III) Controller parameter change curve graph. (IV) Data plot of pectoral fin motion parameters of the manta robot. 
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Figure 11. Heading switching of 180° and 360° experiments. (I) Swimming frame diagram of the manta robot with heading angle switching 180°, where (a)–(i) represents the time order. (II) Heading angle data graph of the manta robot with heading angle switching 180°. (III) Con-troller parameter change curve graph with heading angle switching 180°. (IV) Data plot of pectoral fin motion parameters of the manta robot with heading angle switching 180°. (V) Swimming frame diagram of the manta robot with heading angle switching 360°, where (a)–(i) represents the time order. (VI) heading angle data graph of the manta robot with heading angle switching 360°. (VII) Controller parameter change curve graph with heading angle switching 360°. (VIII) Data plot of pectoral fin motion parameters of the manta robot with heading angle switching 360°. 
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Table 2. The adjustment rules for k1.
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Table 3. The adjustment rules for k2.
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