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Chapter 1 overviews the nonlinear control problem, nonholonomic systems, underactuated mechanical systems, the factors
that were driven to the research of underactuated system and the necessity of a condition for stabilizability of nonlinear systems.

Chapter 2 introduces fundamental ideas and concept regarding underwater vehicles, their design and control methods. The
major design aspects that need to be considered are identifying hull design, propulsion, submerging and electric power. Another
important things that require consideration for the design process are factors that affect an underwater vehicle such as buoyancy,
hydrodynamic damping, Coriolis and added mass. AUVs present a challenging control problem because most of them are
underactuated, i.e., they have fewer number of inputs than that of DOFs. Such control configurations impose non-integrable
acceleration constraints. Furthermore, AUVs’ kinematic and dynamical models are highly nonlinear and coupled, hydrodynamics of
the vehicle are poorly known and may vary with relative vehicle velocity to fluid motion, and a variety of unmeasurable disturbances
by ocean currents, making control design a difficult task. Therefore, appropriate nonholonomic or underactuated control methods are
applied for this vehicle. ’

Chapter 3 describes the notation and coordinate systems, and introduces an explanation of the kinematic model and the
derivation of a dynamical model of an X4-AUV. These equations are used in later chapters for controlling purpose. X4-AUV is
designed with an ellipsoid body hull shape to minimize the drag forces acting on the hull while the X4-AUV is cruising. It is also
equipped with four thrusters, has 6-DOFs in motion, falls in an underactuated system and also has nonholonomic features. The
dynamic model of an X4-AUV is derived using Lagrange approach, with the assumption of balance between buoyancy and gravity.
The modelling includes the consideration of the effect of added mass and inertia.

Chapter 4 presents a nonholonomic control method for stabilizing an X4-AUV. In this chapter, the x-, y-, and z-positions and
angles of the X4-AUV is stabilized by using control inputs u;, u,, 3, and u4 respectively. PD feedback control law is applied to
control the attitude and positions of the X4-AUV with the direct use of the Lyapunov stability theory. The stability of the system is
ensured by the Lyapunov theorem and LaSalle invariance theorem. By the Lyapunov theorem, simple stability for equilibrium is
ensured, whereas by the LaSalle invariance theorem, we can ensure an asymptotical stability starting from a point in a set around the
equilibrium. In our case, this theorem ensures the global stability of the system. Note that the simulations for stabilizing the X4-AUV
in the x-, y-, and z-positions are implemented independently.

Chapter 5 deals with a discontinuous control law for stabilizing an X4-AUV. The system is written in a control-affine form by
applying a partial linearization technique. A dynamic controller based on Astolfi's discontinuous control is derived to stabilize all
states of the system to the desired equilibrium point exponentially. Two approaches are applied to the system. The first approach does
not necessitate any conversion of the system model into a canonical form while for the second approach, the system is converted into
a chained form. The discontinuous dynamic-model without using a chained form transformation in the first approach assures only a
local stability (or controllability) of the dynamics based control system whereas in the second approach, the discontinuous
dynamic-model using a chained form transformation guarantees a global stability of the system. Assumption made in the
simulation for the first approach is that the value of & and yrangles is very close to zero.

Chapter 6 gives a summary of this study and possible future enhancements concluded in this chapter.
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