ABSTRACT – An Obstacle Avoidance System (OAS) of Underwater Vehicle (UV) in diving and steering plane is investigated. The concept of Imaginary Reference Line (IRL), which acts as the seabed in the diving plane, is introduced to apply the diving plane avoidance algorithm to the steering plane algorithm. Furthermore, the distance to the obstacle and the slope information of the obstacle are used for more efficient and safer avoidance. As for the control algorithm, the sliding mode controller is adopted to consider the nonlinearity of the equations of motion and to get the robustness of the designed system. To verify the obstacle avoidance ability of the designed system, numerical simulations are carried out on the cases of some presumed three-dimensional obstacles. The effects of the sonar and the clearance factor used in avoidance algorithm are also investigated. Through these, it is found that the designed avoidance system can successfully cope with various obstacles and the detection range of sonar is proven to be a significant parameter to the performance of the avoidance.

1. INTRODUCTION

When an Underwater Vehicle (UV) operates in unknown environments, the ability of obstacle avoidance is prerequisite to its safety. To an Autonomous Underwater Vehicle (AUV), the necessity of an Obstacle Avoidance System (OAS) is increased since it swims with its own decision. OAS utilizes the information of the obstacles obtained through Doppler sonars. OAS is composed of three algorithms. One is the avoidance algorithm that calculates an adequate target point to avoid the obstacle, another is guidance algorithm that calculates reference inputs to guide the AUV to the target point, and a third is control algorithm that generates control signals to activate control planes with reference commands. The majority of OAS’s have been developed only in the diving plane using a distance from UV to the obstacle. However, it might be insufficient for the UV to consider only the algorithm in the diving plane when it faces with complex situation. Therefore, we developed the steering plane avoidance algorithm and combined it with the diving plane algorithm. Furthermore, the avoidance algorithm is improved to use the slope as well as the distance information about the obstacle for more efficient and safer avoidance. Finally, the effects of the sonar quality and clearance factor on the avoidance algorithm were also investigated.

2. SONAR ARRANGEMENT

For the detection of obstacles, a combination of Doppler sonars is used. Figure 1 shows the arrangement of sonars for the OAS. Three sonars are arranged in the vertical plane and five sonars are arranged in the horizontal plane of AUV. The front sonar is commonly used for horizontal and vertical plane.
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Figure 1 Sonar arrangement

3. AVOIDANCE SYSTEM DESIGN

OAS is mainly divided into three parts, one is the avoidance algorithm part, another is the guidance algorithm part, and a third is the control algorithm part. The Structure of OAS and the role of each part is explained in figure 2.
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Figure 2 Flow chart of avoidance system

3.1 Avoidance Algorithm

The avoidance algorithm calculates a target point in three steps;

Step one  The slope of an obstacle is calculated with the distance information acquired by Doppler sonars. As for diving plane in figure 3, if the distance information detected by sonars 
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, then the slopes along the detected points can be calculated as equation (1).
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Figure 3 Calculation of obstacle slope in the diving plane
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where ( : Pitch angle.

Step two  Avoidance angle is calculated on the basis of the distances and the slopes information. The avoidance angle is assigned as table 1.

Table 1 Decision of avoidance angle

	Sonar information
	Avoidance angle
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Step three  The target point is calculated using the information such as the sonar ping interval, the obstacle slope, the current position and velocity of AUV, and the correction factor ((). In the diving plane, target point 
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In the steering plane, the concept of Imaginary Reference Line (IRL), which acts as the seabed in the diving plane, was applied for the extension of the diving plane algorithm to the steering plane algorithm. The IRL concept is introduced in Figure 4.
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Figure 4 Imaginary reference line in the steering plane

The target point 
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 in the steering plane can be calculated as equation (3).
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3.2 Guidance Algorithm

The target point in the avoidance algorithm is assigned only at the instant of sonar ping. So, in the guidance algorithm, waypoints during the sonar ping interval are assigned to internally divide the line between the target point and the present position of AUV. With the assigned waypoints, reference inputs are calculated using the well-known Line of Sight (LOS) concept. Reference inputs can be calculated as equation (4).
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3.3 Control Algorithm

With the reference inputs calculated by the guidance algorithm, the control algorithm generates control commands to follow the reference inputs. In this paper, a sliding mode controller is adopted to consider the nonlinearity in the equations of motion and to get the robustness of the designed system.

Let us assume a linearized equations of motion as equation (5).
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A sliding surface is defined as linear sum of state errors as equation (6).
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If the linearized system is controllable and 
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 is nonzero, the coefficients of sliding surface are decided to the left eigenvector of the closed loop transparency. Then, control command can be calculated as equation (7). 
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where 
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In this study, surging, diving, and steering motion are considered separately for the convenience of controller design. The control commands of each are as follows;

Speed Control  The control law in terms of the command for propeller rpm is given as equation (8).
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Diving Control  The diving control law in terms of the command for elevator angle results in
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Steering Control  The steering control law in terms of the command for rudder angle results in
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4. SIMULATION RESULTS

In this paper, the NPS AUV II (Healey & Lienard, 1993) model is adopted. Simulation on eight types of obstacles can lead to an understanding of the performance of OAS; by simulation of single mount, double mount, steep hill and cliff obstacle avoidance in the diving and steering plane. Figures 5 and 6 shows that the OAS in this study can successfully avoid such obstacle shapes, keeping lateral position during the avoidance manoeuvr in the diving plane and vertical position during the avoidance manoeuvr in the steering plane.
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Figure 5 Trajectories of UV at the single mount and the double mount ( Sonar range (R) = 100 m, Dt = 0.5 sec, ( = 10 )
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Figure 6 Trajectories of UV at the steep hill and the cliff ( R = 100 m, Dt = 0.5 sec, ( (steep hill) = 10, ((cliff) = 30 )

The effects of the sonar range (R), the sonar ping interval (Dt), and correction factor (() on the avoidance algorithm are investigated. Figures 7, 8, 9 show the effects of each parameters to the OAS performance. These figures illustrate that variation of sonar range causes more serious effects on the performance of OAS than other parameters.
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Figure 7 Effects of sonar range on the trajectories ( Dt = 0.5 sec, 
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Figure 8 Effects of sonar ping interval on the trajectories ( R = 100m, 
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Figure 9 Effects of correction factor ( on the trajectories ( R = 100 m, Dt = 0.5 sec )

5. CONCLUSIONS

In this paper, the OAS for UV is designed, and the system in this study is shown to provide an AUV with the robust performance of obstacle avoidance. This OAS can be elaborated to guide the AUV to a path not constrained in the diving or steering plane. The detection range of the sonar is shown to be the most important parameter to the performance of OAS.
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