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Abstract

:

To make an Autonomous Underwater Vehicle (AUV) chase a moving target ship that generates wake, wake-responsive guidance can be used. This scenario is applicable to making an underwater torpedo pursue a moving target ship until hitting the target. The objective of our research is to make an AUV pursue a target ship assisted by passive sonar sensors as well as wake sensors. To track a maneuvering target without losing the target, the AUV applies both passive sonar sensors and two wake sensors. Two wake sensors are utilized to decide the turn direction of the AUV in zig-zag maneuvers. In practice, sharp maneuvers of the target can cause the AUV to exit the target’s wake abruptly. As the target ship’s wake is not detected by wake sensors and the AUV needs to search for the target ship, the AUV’s passive sonar measures the direction of sound generated from the target ship. Thereafter, the AUV chases the target ship until the target’s wake is detected again. As far as we know, our paper is novel in addressing wake-responsive AUV guidance assisted by passive sonar sensors. The effectiveness of the proposed guidance is verified using computer simulations.
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1. Introduction


Torpedoes have been developed to attack a surface target ship [1,2,3,4,5]. A torpedo can be considered a fast autonomous underwater vehicle (AUV) heading towards the target ship. Therefore, control of an AUV [6,7,8,9,10] can be applied to the control of a torpedo.



To make an AUV chase a moving target ship that generates wake, wake-responsive guidance can be used. This scenario is applicable in making an underwater torpedo pursue a moving target ship until hitting the target.



The authors of [4] addressed the initial concept of wake-responsive AUVs. The wake of a moving target ship generally generates a source of spurious information and disturbing signals, interfering with the operation of active marine torpedo-guiding systems [4]. Torpedoes equipped with active homing systems can be misdirected due to various disturbances as they pass through the target ship’s wake. Therefore, Ref. [4] introduced a torpedo-guiding system that not only does not suffer from this defect but actually utilizes the wakes disturbance as a means of guidance.



In [4], a zig-zag pursuit maneuver was developed to make a wake-responsive AUV follow the target ship’s wake until contact. However, this zig-zag guidance proposed in [4] is not suitable for chasing a maneuvering target ship. As the target ship maneuvers sharply, the AUV may exit the target ship’s wake, followed by losing track of the target ship.



The objective of our research is to make the AUV pursue a target ship assisted by passive sonar sensors as well as wake sensors. To track a maneuvering target ship without losing the target track, our article makes the AUV use both passive sonar sensors and two wake sensors. In our paper, the AUV has a wake sensor on either side in order to detect the wake of the target ship. Each wake sensor detects only the presence of the wake; the direction and intensity of ship wake are not detected [11]. Using two wake sensor measurements, the AUV determines whether it will turn left or right in zig-zag maneuvers.



In practice, sharp maneuvers of the target can cause the AUV exit the target’s wake abruptly. As the wake is not detected by wake sensors and the AUV needs to search for the target ship, the AUV’s passive sonar measures the direction of sound generated from the target ship. Thereafter, the AUV chases the target ship until the target ship’s wake is detected again.



To the best of our knowledge, there are only a few papers on the control of wake-responsive AUVs. The authors of [12] introduced an evaluation model for multiple wake-responsive AUVs. In [12], the launch angle with the highest probability of hitting the target ship was computed. The authors of [1] addressed guiding methods for a wire-guided, wake-homing AUV. In [1], wire guidance was used until the AUV detected the wake of the target ship. However, Ref. [1] did not consider the case where the AUV loses the wake of the target ship due an abrupt maneuver of the target. In [11], a virtual wake boundary trajectory was generated using the wake boundary points passed by the AUV. This virtual wake boundary was used in the AUV guidance method described in [11]. However, as the target ship maneuvers sharply, this virtual wake boundary diverges from true target trajectory. Therefore, a virtual wake boundary cannot be used to track a target ship that maneuvers sharply. As far as we know, our paper is novel in using passive sonar sensors to compensate for the case where the target ship’s wake is not detected by two wake sensors.



In our paper, passive sonar sensors compensate for the case where the target ship’s wake is not detected by two wake sensors. Even in the case where the target ship’s wake is not detected, the AUV’s passive sonar measures the direction of sound generated from the target ship. Thereafter, the AUV chases the target ship until the target’s wake is detected again.



As far as we know, our article is novel in addressing wake-responsive AUV guidance assisted by passive sonar sensors. The effectiveness of the proposed guidance is verified using computer simulations.



This paper is organized as follows. Section 2 presents the target ship’s wake model and the AUV structure used in this paper. Section 3 presents the proposed AUV controls. Section 4 presents the computer simulations. Section 5 provides the conclusions.




2. Ship Wake Model and AUV Sensors


The characteristics of the ship wake model were studied in [13,14]. The characteristics of ship wake and a bubble distribution model in ship wake were studied in [14]. This study uses the ship wake model described in [14].



According to [14], the initial width of a ship’s wake is about half of the ship’s beam, then spreads out with a constant spreading angle ( α ). The spreading angle is independent of the ship’s moving speed. When the length of the ship wakes expand to   L 0  , which is determined by the ship’s moving speed, the spreading angle changes to  β .



The ship parameters used in our computer simulations are as follows: The ship speed is 5 m/s. The ship length   L s   is 8 m.    H 0  = 1.6   is used as a variable indicating a ship type.    L 0  = 60   m, and the first spreading angle of the ship wake is   α = 40   degrees.   β = 1   degree is used as the second spreading angle of the ship wake.



Figure 1 shows an illustration of target ship’s wake as the ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. This ship wake model is used in MATLAB R2023a simulations (Section 4).



The target ship’s wake to the left of the ship is termed left wake (magenta line segments in Figure 1), and the target ship’s wake to the right of the ship is termed right wake (blue line segments in Figure 1).



Next, we present the sensors of the AUV. Figure 2 shows the top view of the AUV. The two circles in this figure represent the two wake sensors. Note that the AUV has one wake sensor on either side. The left wake sensor exists to the left of the AUV from the top view. The right wake sensor exists to the right of the AUV from the top view.



In addition, the AUV has two flank array sonar (bold red line segments in Figure 2) attached to either side. The flank array sonar is used to detect the bearing angle of target sound. These sonar unites are used as passive sonar sensors for measurement of the target bearing angle.



As an example, Figure 3 illustrates the side view of the AUV. There are flank array sonars on both sides of the AUV. In Figure 3, the rectangle on the AUV’s body illustrates a flank array sonar.



Section 3 presents the motion models used in this paper. Section 3.1 addresses AUV guidance controls by measuring the target ship’s bearing angle through flank array sonars. In addition, Section 3.2 addresses AUV guidance controls based on two wake sensors.




3. Motion Models


Let   d t   represent the sampling interval in discrete-time systems. Let   S  ( k )  ∈  R 2    represent the 2D position of the target ship at sample index k in the inertial reference frame. Let   r  ( k )  ∈  R 2    represent the 2D position of the AUV at sample index k in the inertial reference frame. Let   v  ( k )  ∈  R 2    represent the velocity vector of the AUV at sample index k. We say that the AUV captures the target ship as    ∥ r  ( k )  − S  ( k )  ∥  ≤  R C   , where    R C  > 0   indicates a positive capture range. In MATLAB simulations, this study uses    R C  = 10   m.



The motion dynamics of the AUV (r) are


     r ( k + 1 ) = r ( k ) + v ( k ) × d t .     



(1)







By changing the AUV’s rudder direction, the AUV can change its velocity vector (  v ( k )  ) at sample index k. Let   v = ∥ v ( k ) ∥   represent the AUV speed, which is a constant. Let   θ ( k )   represent the yaw of the AUV with respect to the x-axis in the inertial reference frame. Then, Equation (1) becomes


     r ( k + 1 ) = r ( k ) + v [ cos ( θ ( k ) ) , sin ( θ ( k ) ) ] × d t .     



(2)







In practice, the angular rate of   θ ( k )   is upper-bounded by a constant, such as   w  m a x   . This implies that


      ∥ θ  ( k + 1 )  − θ  ( k )  ∥  ≤  w  m a x   ∗ d t .     



(3)







The maximum deflection of AUV fins can generate the maximum angular rate (  w  m a x   ).



The motion model of the target ship is


     S  ( k + 1 )  = S  ( k )  +  v S   [ cos  (  θ S   ( k )  )  , sin  (  θ S   ( k )  )  ]  × d t .     



(4)







Here,   v S   represents the target ship’s speed, and    θ S   ( k )    represents the yaw of the target ship at sample index k.



3.1. AUV Guidance Control by Measuring the Target Ship’s Bearing Angle through Flank Array Sonars


Suppose that the AUV is outside the target ship’s wake and that the wake sensor cannot be used to detect the target ship’s wake. In this case, the AUV measures the target ship’s bearing angle using passive sonar sensors and heads towards the target ship.



We address AUV guidance controls by measuring the target ship’s bearing angle through flank array sonars. The yaw angle of   S ( k )   with respect to   r ( k )   is


   θ S   ( k )  =  atan 2   ( Sr  [ 2 ]  , Sr  [ 1 ]  )   



(5)




where   Sr = S ( k ) − r ( k )  , and   Sr [ m ]   represents the m-th element in  Sr . In Equation (5),    atan 2  ( y , x )   is the angle of the complex number   x + j  ∗  y  .



At each sample index (k), the yaw of the AUV is controlled so that the AUV’s yaw converges to    θ S   ( k )    as time elapses. Let    e θ  = θ  ( k )  −  θ S   ( k )    indicate the yaw error. The value of   e θ   is changed so that it exists inside the interval [  − π , π  ]. Then, the following equation is applied:


   e  θ 2   =  atan 2   ( sin  (  e θ  )  , cos  (  e θ  )  )  .  



(6)







If    ∥   e  θ 2    ∥ >   w  m a x   ∗ d t  , then the AUV’s yaw is controlled with the maximum yaw rate (  w  m a x   ) as follows.


  θ  ( k + 1 )  = θ  ( k )  + sign  (  e  θ 2   )  ∗  w  m a x   ∗ d t ,  



(7)




where   sign (  e  θ 2   )   represents the sign of   e  θ 2   . Otherwise, the following is applied:


  θ  ( k + 1 )  =  θ S   ( k )  .  



(8)







In this way, the yaw of the AUV converges to    θ S   ( k )    as time elapses.



Until now, we have addressed how to control the yaw of the AUV so that the AUV’s yaw converges to    θ S   ( k )    as time elapses. Considering uncertain AUV motion models or environmental disturbances, one can use various heading controls [15,16,17,18,19] to compute the heading control so that the AUV’s heading converges to    θ S   ( k )   .




3.2. AUV Guidance Controls Using Two Wake Sensors


We address AUV guidance controls using two wake sensors. As the AUV heads towards   S ( k )   using the yaw control in Section 3.1, the AUV’s two wake sensors (one on either side) measure the target ship’s wake. This implies that the AUV enters the target ship’s wake.



This situation is plotted in Figure 4. The AUV speed is set as   v = 6   m/s. In this figure, the target ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the right wake, and magenta line segments represent the left wake. Red circles present the ship’s trajectory every 5 s. Black diamonds plot the AUV’s trajectory every 5 s. The AUV starts from [0,1000] in meters. Since the AUV cannot measure the target ship’s wake at sample index 0, the AUV applies the yaw control described in Section 3.1 initially.



Suppose that the AUV enters the target ship’s wake at sample index n. Once the AUV enters the target ship’s wake, the AUV moves straight while fixing its yaw as   θ ( n )  . As time goes on, the AUV escapes the target ship’s wake. This event can be measured using two wake sensors—one on either side of the AUV. As the two wake sensors cannot measure the target ship’s wake, the AUV escapes the target ship’s wake.



This wake-escape scenario is plotted in Figure 5. In the figure, the target ship moves with a constant velocity ([5,0] in m/s) starting from the origin. The target ship, ship wake, and AUV are plotted at every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements.



Figure 5 shows that the AUV escapes the target ship’s wake by crossing the right wake. The right wake sensor loses track of the ship’s wake first; then, the left wake sensor loses track of the ship’s wake later.



An illustration of the sensor configuration is presented in Figure 2. The figure depicts the moment when the AUV crosses the target ship’s wake. The slanted line shows the border of the ship’s wake. To the left of this slanted line, the target ship’s wake exists. As the AUV moves, the right wake sensor loses track of the ship’s wake first; then, the left wake sensor loses track of the ship’s wake later.



As the AUV escapes the target ship’s wake, the AUV makes a 90 degrees turn so that the AUV enters the ship’s wake again. Section 3.3 presents how to make the AUV turn 90 degrees. Using two wake sensor measurements, the AUV determines whether it will turn left or right in zig-zag maneuvers.



There can be four cases as the AUV escapes the target ship’s wake, as follows. At the moment when the AUV escapes the target ship’s wake, we apply AUV maneuver rules as follows.



	
The first case is as follows: The AUV escapes the target ship’s wake by crossing the right wake. The left wake sensor loses track of the ship’s wake first; then, the right wake sensor loses track of the ship’s wake later. Then, the AUV chases the target ship using passive bearing angle measurements (Section 3.1).



	
The second case is as follows: The AUV escapes the target ship’s wake by crossing the right wake. The right wake sensor loses track of the ship’s wake first; then, the left wake sensor loses track of the ship’s wake later. The AUV makes a 90-degree turn to its left until the AUV enters the right wake again.



	
The third case is as follows: The AUV escapes the target ship’s wake by crossing the left wake. The right wake sensor loses track of the ship’s wake first; then, the left wake sensor loses track of the ship’s wake later. Then, the AUV chases the target ship using passive bearing angle measurements (Section 3.1).



	
The fourth case is as follows: The AUV escapes the target ship’s wake by crossing the left wake. The left wake sensor loses track of the ship’s wake first; then, the right wake sensor loses track of the ship’s wake later. The AUV makes a 90-degree turn to its right until the AUV enters the left wake again.






Figure 5 corresponds to the second case in AUV maneuver rules. In the second case, the AUV makes a 90-degree turn to its left. In this way, the AUV crosses the right wake again, followed by entering the ship’s wake.



Suppose that the AUV enters the target ship’s wake at sample index n. Once the AUV enters the ship’s wake, the AUV moves straight while fixing its yaw as   θ ( n )  . As time goes on, the AUV escapes the ship’s wake. This event can be measured using two wake sensors—one on either side of the AUV. When the two wake sensors cannot measure the ship’s wake, the AUV escapes the ship’s wake.



This wake-escape scenario is plotted in Figure 6. Figure 6 corresponds to the fourth case in AUV maneuver rules. The left wake sensor loses track of the ship’s wake first; then, the right wake sensor loses track of the ship’s wake later. In the fourth case, the AUV makes a 90-degree turn to its right. In this way, the AUV crosses the left wake again, followed by entering the ship’s wake.



Suppose that the AUV enters the ship’s wake at sample index n. Once the AUV enters the ship’s wake, the AUV moves straight while fixing its yaw as   θ ( n )  . As time goes on, the AUV escapes the ship’s wake. This event can be measured using two wake sensors—one on either side of the AUV. When the two wake sensors cannot measure the ship’s wake, the AUV escapes the ship’s wake. This wake-escape scenario is plotted in Figure 7. Figure 7 corresponds to the second case of AUV maneuver rules. The right wake sensor loses track of the ship’s wake first; then, the left wake sensor loses track of the ship’s wake later. In the second case, the AUV makes a 90-degree turn to its left. In this way, the AUV crosses the right wake again, followed by entering the ship’s wake.



So far, we have explained the second case and the fourth case of AUV maneuver rules, which can occur as the AUV escapes the ship’s wake. In these two case, a 90-degree turn can make the AUV enter the ship’s wake again.



However, the first case and the third case of AUV maneuver rules indicate that the AUV is moving against the target ship. In these two cases, the AUV chases the target ship using passive bearing angle measurements of flank array sonars (Section 3.1). Using passive bearing angle measurements, the AUV can move towards the target ship. AUV guidance controls are summarized in Algorithm 1.






	Algorithm 1 AUV guidance controls



	
	1:

	
At sample index 0, the AUV chases the target ship using passive bearing angle measurements of flank array sonars (Section 3.1);




	2:

	
repeat




	3:

	
   if the AUV enters the ship wake then




	4:

	
     Move straight inside the ship wake until getting outside of the target ship’s wake;




	5:

	
   end if




	6:

	
   if the AUV escapes the ship wake then




	7:

	
     The AUV maneuvers according to the AUV maneuver rules;




	8:

	
   end if




	9:

	
until The AUV captures the ship;















3.3. Ninety-Degree Turns of the AUV


In the second and fourth cases of AUV maneuver rules, a 90-degree turn makes the AUV enter the ship’s wake again. This subsection presents how to implement a 90-degree turn in detail.



We next present how the AUV makes a 90-degree turn to its left. Suppose that the AUV escapes the ship’s wake at sample index m. We define the goal yaw angle as


   θ G  = θ  ( m )  +  π 2  .  



(9)







At each sample index (k), one controls the yaw of the AUV, so that it converges to   θ G   as time elapses. Let    E θ  = θ  ( k )  −  θ G    indicate the yaw error. We then change   E θ   so that it exists between   − π   and  π . We use


   E  θ 2   =  atan 2   ( sin  (  E θ  )  , cos  (  E θ  )  )  .  



(10)







If    ∥   E  θ 2    ∥ >   w  m a x   ∗ d t  , then one controls the AUV’s yaw with the maximum yaw rate (  w  m a x   ) as follows.


  θ  ( k + 1 )  = θ  ( k )  + sign  (  E  θ 2   )  ∗  w  m a x   ∗ d t .  



(11)







Otherwise, one applies


  θ  ( k + 1 )  =  θ G  .  



(12)







In this way, the yaw of the AUV converges to   θ G   as time elapses.



Next, we present how the AUV makes a 90-degree turn to its right. Instead of (9), we define the goal yaw angle as


   θ G  = θ  ( m )  −  π 2  .  



(13)







Then, Equations (11) and (12) can be applied so that the yaw of the AUV converges to   θ G   as time elapses.



So far, we have addressed how to control the yaw of the AUV so that it converges to    θ G   ( k )    as time elapses. Considering uncertain AUV motion models or environmental disturbances, one can use various heading controls [15,16,17,18,19] so that the AUV’s heading converges to    θ G   ( k )   .





4. MATLAB Simulations


The outperformance of the proposed AUV guidance is verified using MATLAB simulations. As far as we know, our paper is novel in addressing wake-responsive AUV guidance assisted by passive sonar sensors.



The computer simulation environment is as follows. As a sampling interval, this study uses   d t = 1  . As the maximum angular rate, this study uses    w  m a x   = 20   degrees per s. The capture range is set as    R C  = 10   m. The AUV speed is set as   v = 6   m/s. The target ship’s speed (  v S  ) in (4) is 5 m/s.



4.1. Scenario 1


In Scenario 1, the target ship moves with a constant velocity   [ 5 , 0 ]   in m/s. This target velocity is also utilized in figures in previous sections. The computer simulation ends when 1000 s elapse or the target ship is captured by the AUV.



Figure 8 shows the computer simulation result. Once the AUV meets the wake of the target ship, the AUV does not use target bearing angle measurements. Once the AUV meets the wake of the target ship, it applies two wake sensors for tracking of the target ship. Not that the AUV performs zig-zag maneuvers as it applies wake sensors for tracking of the target ship. One can argue that these zig-zag maneuvers may be desirable for avoidance the target ship’s active protection systems, such as anti-torpedo torpedoes.




4.2. Scenario 2


Scenario 2 considers a maneuvering target ship. Initially, the target ship moves with a constant velocity   [ 5 , 0 ]   in m/s. From sample index 500 to 530, the target ship maneuvers with a turn rate of   − 2   degrees per second. This implies that in (4), the target’s yaw angle (   θ S   ( k )   ) is updated as


   θ S   ( k + 1 )  =  θ S   ( k )  − 2 ∗  ( π / 180 )  ∗ d t  



(14)




for 30 s. The computer simulation ends when 1000 s elapse or the target ship is captured by the AUV.



Figure 9 shows the computer simulation result. Once the AUV enters the wake of the target ship, the AUV applies two wake sensors for tracking of the target ship. Not that the AUV performs zig-zag maneuvers as it applies wake sensors for tracking of the target. One can argue that these zig-zag maneuvers may be desirable for avoidance of the target ship’s active protection systems, such as anti-torpedo torpedoes.



As the target ship maneuvers, the AUV’s wake sensor loses contact with the wake of the target ship. Therefore, target bearing angle measurements are briefly used to track the lost target (Section 3.1). Note that without the assistance of bearing angle measurements, the use of wake sensors only can lead to target loss.



Figure 10 shows an enlarged version of Figure 9 for improved visibility. Note that as the target ship maneuvers, the AUV’s wake sensor loses contact with the wake of the target ship. Therefore, target bearing angle measurements are briefly utilized to track the lost target (Section 3.1).




4.3. Scenario 3


Scenario 3 considers a maneuvering target ship that changes its course two times. Initially, the target ship moves with a constant velocity   [ 5 , 0 ]   in m/s. From sample index 500 to 530, the target ship maneuvers with a turn rate of   − 2   degrees per second. From sample index 735 to 765, the target ship maneuvers with a turn rate of 2 degrees per second.



The computer simulation ends when 1000 s elapse or the target ship is captured by the AUV. Figure 11 shows the computer simulation result. Once the AUV enters the wake of the target ship, it applies two wake sensors for tracking of the target ship. The AUV performs zig-zag maneuvers as the AUV utilizes wake sensors for tracking of the target. One can argue that these zig-zag maneuvers may be desirable for avoidance of the target ship’s active protection systems, such as anti-torpedo torpedoes.



After the target ship maneuvers, the AUV’s wake sensor loses contact with the wake of the target ship, and target bearing angle measurements are briefly used to track the lost target (Section 3.1). Note that without the assistance of bearing angle measurements, the use of wake sensors only can lead to target loss.



Figure 12 shows an enlarged version of Figure 11 for improved visibility. After the target ship maneuvers, the AUV’s wake sensor occasionally loses contact with the wake of the target ship. Therefore, target bearing angle measurements are briefly utilized to track the lost target (Section 3.1).




4.4. Scenario 4


Scenario 4 considers the tracking of a maneuvering target ship. Initially, the target ship moves with a constant velocity   [ 5 , 0 ]   in m/s. From sample index 500 to 560, the target ship maneuvers with a turn rate of   − 2   degrees per second. From sample-index 735 to 795, the target ship maneuvers with a turn rate of 2 degrees per second.



The computer simulation ends when 1000 s elapse or the target ship is captured by the AUV. Figure 13 shows the computer simulation result. Once the AUV enters the wake of the target ship, it applies two wake sensors for tracking of the target ship. The AUV performs zig-zag maneuvers as it uses wake sensors for tracking of the target. One can argue that these zig-zag maneuvers may be effective for avoiding the target ship’s active protection systems, such as anti-torpedo torpedoes.



After the target ship maneuvers, the AUV’s wake sensor loses contact with the wake of the target ship, and target bearing angle measurements are applied to track the lost target (Section 3.1). Without the assistance of bearing angle measurements, the use of wake sensors only can lead to target loss.



Figure 14 shows an enlarged version of Figure 13 for improved visibility. After the target ship maneuvers, the AUV’s wake sensor occasionally loses contact with the wake of the target ship. Therefore, target bearing angle measurements are utilized to track the lost target (Section 3.1).




4.5. Scenario 5


Scenario 5 considers the tracking of a maneuvering target ship. Initially, the target ship moves with a constant velocity   [ 5 , 0 ]   in m/s. From sample-index 500 to 600, the target ship maneuvers with a turn rate of   − 2   degrees per second. From sample index 735 to 835, the target ship maneuvers with a turn rate of 2 degrees per second.



The computer simulation ends when 1000 s elapse or the target ship is captured by the AUV. Figure 15 shows the computer simulation result. Once the AUV enters the wake of the target ship, the AUV applies two wake sensors for tracking of the target ship. The AUV performs zig-zag maneuvers as the AUV applies wake sensors for tracking of the target. One can argue that these zig-zag maneuvers may be effective for avoiding the target ship’s active protection systems, such as anti-torpedo torpedoes.



After the target maneuvers, the AUV’s wake sensor loses contact with the wake of the target, and target bearing angle measurements are used to track the lost target (Section 3.1). Note that without the assistance of bearing angle measurements, the use of wake sensors only can lead to target loss.



Figure 16 shows an enlarged version of Figure 15 for improved visibility. After the target ship maneuvers, the AUV’s wake sensor occasionally loses contact with the wake of the target ship. Therefore, target bearing angle measurements are utilized to track the lost target (Section 3.1).





5. Conclusions


The objective of this study is to make an AUV pursue a target ship assisted by passive sonar sensors as well as wake sensors. This scenario is applicable to making an underwater torpedo pursue a moving target ship until hitting the target.



For the tracking of a maneuvering target ship without losing the target, the AUV applies both passive sonar sensors and two wake sensors. As the wake is not detected by wake sensors and the AUV needs to search for the target ship, the AUV’s passive sonar sensors are used to detect the direction of sound generated from the target ship. To the best of our knowledge, this study is novel in addressing wake-responsive AUV guidance assisted by passive sonar sensors. The effectiveness of the proposed guidance control is verified through computer simulations. In the future, we will conduct experiments using real AUVs in order to verify the outperformance of the proposed guidance control.
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Figure 1. An illustration of the target ship’s wake as the ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. 
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Figure 2. The top view of the AUV. The two circles in this figure represent the two wake sensors. In addition, the AUV has flank array sonar (bold red line segments) attached to either side. The slanted line indicates the boundary of the target ship’s wake. 
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Figure 3. An illustration of the side view of the AUV. There are flank array sonars on both sides of the AUV. In this figure, the rectangle on the AUV’s body illustrates a flank array sonar. 
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Figure 4. An illustration of the target ship’s wake as the ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the right wake, and magenta line segments represent the left wake. Red circles indicate the ship’s trajectory every 5 s. Black diamonds depict the AUV’s trajectory every 5 s. 
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Figure 5. An illustration of the target ship’s wake as the ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. The target ship, ship wake, and AUV are plotted every 5 s. The AUV escapes the target ship’s wake by crossing the right wake. The right wake sensor loses track of ship’s wake first; then, the left wake sensor loses track of the ship’s wake later. 
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Figure 6. An illustration of the ship’s wake as the ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. The target ship, ship wake, and AUV are marked every 5 s. The left wake sensor loses track of the ship’s wake first; then, the right wake sensor loses track of the ship’s wake later. 
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Figure 7. An illustration of the ship’s wake as the ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. The target ship, ship wake, and AUV are plotted every 5 s. The right wake sensor loses track of the ship’s wake first; thereafter, the left wake sensor loses track of the ship’s wake. 
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Figure 8. Scenario 1. The target ship moves with a constant velocity ([5,0] in m/s) starting from the origin. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. The target ship, the wake of the target ship, and the AUV are plotted every 5 s. Black diamonds depict the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks depict the AUV’s trajectory when not using target bearing angle measurements. 
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Figure 9. Scenario 2. The maneuvering target ship, the wake of the target ship, and the AUV are plotted every 5 s. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. As the target ship maneuvers, the AUV’s wake sensor loses contact with the wake of the target ship. Therefore, target bearing angle measurements are briefly utilized to track the lost target (Section 3.1). 
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Figure 10. Scenario 2. Enlarged version of Figure 9 for improved visibility. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. 
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Figure 11. Scenario 3. The maneuvering target ship, the wake of the target ship, and the AUV are plotted every 5 s. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. After the target ship maneuvers, the AUV’s wake sensor sometimes loses contact with the wake of the target ship. Therefore, target bearing angle measurements are briefly utilized to track the lost target (Section 3.1). 
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Figure 12. Scenario 3 . Enlarged version of Figure 11 for improved visibility. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. 
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Figure 13. Scenario 4. The maneuvering target ship, the wake of the target ship, and the AUV are plotted every 5 s. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. After the target ship maneuvers, the AUV’s wake sensor sometimes loses contact with the wake of the target ship. Therefore, target bearing angle measurements are utilized to track the lost target (Section 3.1). 
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Figure 14. Scenario 4. Enlarged version of Figure 13 for improved visibility. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. Red circles indicate the ship’s trajectory every 5 s. 
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Figure 15. Scenario 5. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Red circles indicate the ship’s trajectory every 5 s. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. The maneuvering target ship, the wake of the target ship, and the AUV are plotted every 5 s. After the target ship maneuvers, the AUV’s wake sensor sometimes loses contact with the wake of the target ship. Therefore, target bearing angle measurements are utilized to track the lost target (Section 3.1). 
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Figure 16. Scenario 5. Enlarged version of Figure 15 for improved visibility. Blue line segments represent the target ship’s wake to the ship’s right, and magenta line segments represent the target ship’s wake to the ship’s left. Black diamonds represent the AUV’s trajectory as the AUV applies target bearing angle measurements. Green asterisks show the AUV’s trajectory as the AUV does not use target bearing angle measurements. Red circles indicate the ship’s trajectory every 5 s. 
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