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Abstract : Generally, the underwater flight vehicle (UFV) depth control system operates with the following problems: it is a multi-input multi-output (MIMO) system because the UFV contains both pitch and depth angle variables as well as multiple control planes, it requires robustness because it may encounter uncertainties such as parameter variations and disturbances, it requires a continuous control input because the system that has reduced power consumption and acoustic noise is more practical, and further, it has the speed dependency of controller parameters because the control forces of control planes depend on the operating speed. To solve these problems, an adaptive fuzzy sliding mode controller (AFSMC), which is based on the decomposition method using expert knowledge in the UFV depth control and utilizes a fuzzy basis function expansion (FBFE) and a proportional integral augmented sliding signal, is proposed. To verify the performance of the AFSMC, UFV depth control is performed. Simulation results show that the AFSMC solves all problems experienced in the UFV depth control system online.
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1. Introduction
Among the various types of modern underwater vehicles, the underwater flight vehicle (UFV) has the lowest hydrodynamic drag, although it needs to move forward in order to maneuver because it has a propulsion unit and control planes rather than a multitude of thrusters. However, control of the UFV is well known as a difficult problem because it has a small control force due to the fact that the size of the control planes are much smaller compared to the body. In particular, UFV depth control is more difficult to achieve than other controls such as course control and speed control because it has dynamic behaviors related with the vertically non-symmetric hull force and restoring force.

Generally, the UFV depth control system operates with the following problems: it is a multi-input multi-output (MIMO) system because the UFV contains both pitch and depth angle variables as well as multiple control planes, it requires robustness because it may encounter uncertainties such as parameter variations and disturbances, it requires a continuous control input because the system that has reduced power consumption and acoustic noise is more practical, and further, it has the speed dependency of controller parameters because the control forces of control planes depend on the operating speed.
To solve these problems, various controllers have been suggested. Jalving [1] proposed the controller that has a simplified dynamic equation and a practical PID controller. Castro and Cristi [2, 3] proposed the controller that has a nominal dynamic equation around the operating speed and a robust controller, and Castro proposed the controller that has a gain scheduling method. Although all of these have good performances, the problems mentioned above have not yet been solved completely. Kim proposed the controller that has a fuzzy sliding mode controller and a neural network interpolator [4-6]. Although this did solve the above mentioned problems completely, off-line training of the interpolator was required.

To resolve these problems experienced by the conventional controllers, an adaptive fuzzy sliding mode controller (AFSMC), which is based on the decomposition method using expert knowledge in UFV depth control and utilizes a fuzzy basis function expansion (FBFE) and a proportional integral augmented sliding signal, is proposed.

The design procedure of the AFSMC encompasses the following contents: the practical generation method of the pitch command considering the depth changing rate; the convenient decomposition method using expert knowledge in UFV depth control; and the detailed AFSMC design method utilizing FBFEs and proportional integral augmented sliding signals.
2. Mathematical Model of UFV
Generally, the UFV can be divided into two types: a submarine type UFV having a vertically non-symmetric hull shape and a torpedo type UFV having a vertically symmetric hull shape.

The autonomy level of a submarine type UFV, which is considered in this paper, is shown in Fig. 1.
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Fig. 1 Autonmy Level
According to this description, the dynamic equation based on Gertler's equation is defined as
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where x is state vector.
Table 1 
The Table
	
	A
	B
	C

	(1)
	150 %
	16.3 %
	18.2 %

	(2)
	31.1 %
	33.8 %
	29.8 %

	(3)
	13.3 %
	12.1 %
	11.1 %


The equations should be numbered serially.
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