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Summary

This dissertation presents new results on the design of output feedback control

systems for Autonomous Underwater Vehicles (AUVs) operating in very shallow

water/surface zone (V8W/8Z) areas. The V8W and 8Z areas are defined as water

depths of 40 feet to 10 feet and 10 feet to water surface, respectively.

The AUVs operating in shallow water environments are exposed to continuous

time-varying environmental disturbances due to shallow water waves. There are

various missions for the AUVs in shallow water which requires different corre­

sponding control strategies, such as station keeping (8K) which has precise control

requirement, dynamic positioning (DP) and trajectory tracking which concern en­

ergy efficiency problems. The unmeasurable wave velocities or wave displacements

are estimated by nonlinear observer which will be used to accomplish these var­

ious control objectives. This thesis will investigate the nonlinear observer and

corresponding controller designs for various control objectives.

The main contributions of this thesis include:

• Nonlinear observer designs: A nonlinear observer is firstly designed for track­

ing control of an AUV in shallow water area with known wave parameters.

The low frequency (LF) positions and velocities of the vehicle, along with

the wave frequency (WF) positions in the earth-fixed frame are well esti­

mated. The global exponential stability (GE8) of the observer is proved. An

adaptive observer is then designed for tracking control of an AUV in shallow

water area concerning unknown constant wave parameters. rrhe adaptive
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Summary

observer is proved to be globally asymptotically stable (GAS). Simulations

are conducted to demonstrate the performance of proposed observers. With

these observer designs, we can derive different output feedback controller for

various mission requirements.

• Station keeping controller designs: The mission of station keeping is to main­

tain the position of an AUV at a fixed point in shallow water environments

by counteracting external wave disturbances. Based on some separation prin­

ciple and observer backstepping techniques, two output feedback controllers

are developed, respectively. The nonlinear output feedback controllers are

shown to maintain the AUV at a fixed position by effectively counteracting

high frequency wave disturbance. The stability of the proposed observers

are proven by using Lyapunov stability analysis. Simulation results of a rep­

resentable AUV show that the output feedback controller indeed performs

well with good stability and robustness properties. With these designed ap­

proaches, AUVs can be used for Mine Countermeasures (MCM) for force

protection and counter-terrorism with precision requirement.

iii

• Dynamic positioning controller design: An energy efficient control strategy

for AUVs operating at low speed motion in shallow water environment is

formulated and an observer backstepping controller is designed to maintain

AUVs at a position without counteracting the wave disturbances. Also using

the Lyapunov stability analysis, the GES of the whole observer-controller

system is proven. Case study and simulation results are presented to show

the performance of the output feedback controller.

• Trajectory tracking controller design: An output feedback controller for tra­

jectory tracking for high speed AUVs in shallow water area concerning the en­

ergy efficiency problem is developed. The global exponential stability (GES)

of the observer-controller system is proved by Lyapunov stability theory.

Simulation results are also presented to demonstrate the performance of the

proposed controller.
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Chapter 1

Introduction

1.1 Motivation

Autonomous underwater vehicles (AUVs) are unmanned, untethered, self-contained

systems designed for applications in marine environment. The technologies in con­

nection with the development of AUVs, due primarily to the continual improve­

ment in computer technology, have advanced to the point where such vehicles now

provide a promising solution for ocean science and engineering applications.

Unlike remotely operated vehicles (ROVs), which are manipulated by operators

on the mother ships through a power and communications umbilical cable, AUVs

are free-swimming vehicles which carry their own on-board power and sensors and

automatically interact with the environment through the intelligent control algo­

rithms stored in the on-board computers. The lack of an umbilical cable allows

AUVs to operate at ranges unreachable by ROVs, such as missions of over a 1000

kilometers distance in areas fully covered by ice [26]. The potential applications of

AUVs include military (mine warfare, mine countermeasures, tactical information

gathering, smart weapons, harbor protection, etc) [16, 42, 53], scientific (oceanog­

raphy, geophysics, geology, etc) [6, 77, 96], environmental (sub-ice monitoring,

1
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1.1 Motivation

waste disposal monitoring, wetland surveillance, etc) [26, 35, 39, 57], commercial

(cable inspection, oil and gas, etc) [7, 43].

Recently, AUVs have also become a critical cornerstone for many countries's naval

warfare strategy. With increased amphibious operations in littoral environments

and an increased need for force protection of ports, it is critical to be able to

characterize the undersea battlefield and an enemy's coastal defenses. The under­

sea battlefield has undergone considerable changes with the advent of improved

mines, submarine quieting, and other littoral threats from enemy nations and ter­

rorists. The U.S. naval strategic commanders accorded the highest priority to Mine

Countermeasures (MCM) for force protection and counter-terrorism [8]. Given the

inherent danger in dealing with the naval mine threat coupled with low public tol­

erance for casualties and overall initiatives to replace manpower with technology,

AUVs have assumed an increasingly important role in the MCM missions.

The totally submersible Autonomous Underwater Vehicle (AUV) is an alternative

option for MCM missions because of the harsh environment in very shallow water

(VSW) and surface zone (SZ) domains. AUVs not only provide safety to military

forces by removing the human swimmer from the hostile minefield environment,

but they also provide a more maneuverable asset in the random and turbulent

water of the shallow water environments.

Due to the highly nonlinearity in motion dynamics and significant environment

disturbances, it is a great challenge to design control systems for AUVs operating

in very shallow water/surface zone (VSW/SZ) domains. This thesis focuses on

output feedback controller designs of AUVs operating in shallow water environment

for different mission objectives.

2
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1.2 Literature Review and Research Formulation

1.2 Literature Review and Research Formulation

In this section we will summarize available results in the control aspects of AUVs.

Since the first modern use of unmanned underwater vehicles (UUVs) in the early

70's, unmanned underwater vehicle technology has almost attained maturity.

From being a vehicle mainly used by scientists for research purposes, AUVshave

become increasingly popular due to various mission requirements, such as military

operations, environmental monitoring, inspections of cables and sub sea installa­

tions. These have fuelled demands on the motion capabilities of the AUVs for

station keeping, dynamic positioning, way-point tracking, path following and high

speed manoeuvering. In particular the requirements on the control system have

increased correspondingly. To design the control systems, the dynamic models of

underwater vehicles are required, and models of underwater vehicles have been

investigated by many authors [3, 27, 45, 79, 112]. The autopilot controller designs

for AUVs present several difficulties due to:

(1) the fundamentally nonlinear dynamics of the vehicle.

(2) the external disturbances such as underwater currents and wave disturbances

The essential features of AUVs are more advanced and more sophisticated than sur­

face ships due to their nonlinear dynamics and challenging mission requirements.

Due to their operating environments and their inherent nonlinear behaviors, sig­

nificant challenges present in the autopilot controller designs of AUVs. Various

kinds of autopilot controllers have been investigated for underwater vehicle control

systems, such as LQG/LTR control [75, 104] sliding control [45, 111] , nonlin­

ear control [76], adaptive control [13, 37, 60, 81, 103, 112, 115], neural network

control [47, 70, 106, 113, 114]' fuzzy control [18, 52, 97], and combination of them

[32,41,61, 109]. Various control architectures for autonomous underwater vehicles

were also discussed in [31,41, 61, 105].

3

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



1.2 Literature Review and Research Formulation

Naeem et al. proposed an integrated guidance and control approach using a hy­

brid guidance law and an LQG/LTR controller [75]. The LQR/LTR controller is

synthesized in discrete-time and a hybrid guidance law is proposed which uses dif­

ferent vehicle speeds in different phases of the mission. Triantafyllou and Grosen­

baugh applied a multi input-multi output (MIMO) self-tuning controller to the

difficult problem of automatic guidance of an AUV with time delays by manipu­

lating thruster outputs to produce the desired translational and yaw velocities in

[104].

Yoerger and Slotine [111] designed a sliding mode controller for an underwater ve­

hicle to track trajectory. They investigated the effects of uncertainty in the hydro­

dynamic coefficients and negligence of cross-coupling terms. Healey and Lienard

used similar approach to independently control the speed, yaw and depth channels

of an AUV based on linearized model in [45]. This work was then extended to

develop a combined channel autopilot for the AUVs at high speed. Results show

robust performance in each of the individually controlled channel at low speed,

and robust control in the combined autopilot for acceleration up to the chosen

operational speed.

Nakamura and Savant [76] proposed a nonlinear tracking control of a 4 DOF (surge,

roll, pitch and yaw) AUV considering kinematic motion. They made use of the

nonholonomic nature of the system without considering the dynamics of the sys­

tem.

Goheen and Jefferys [37] proposed a multivariable self-tuning controller as an au­

topilot for underwater vehicles to overcome model uncertainties while performing

positioning and station keeping missions. Yuh [112] described the functional forms

of vehicle dynamic equations of motion, the nature of loadings and the use of

adaptive control via on line parameter identification. Tabaii et al. [103] designed a

hybrid adaptive control systems in which plant system is simulated in the contin­

uous dornain while control and identification functions are performed in discrete

4
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1.2 Literature Review and Research Formulation

time. Choi and Yuh [13, 81, 115] developed and implemented a new multiple

input multiple output (MIMO) adaptive controller using bound estimation for un­

derwater robotic systems and experimented with the control system on an AUV

named Omni Directional Intelligent Navigator (ODIN). Li and Lee [60] presented

an adaptive nonlinear controller for diving control of an AUV without any re­

stricting condition on the vehicle's pitch angle in the diving plane based on the

backstepping method.

Yuh proposed a neural network control system using a recursive adaptation al­

gorithm with a critic function (reinforced learning approach) in [113, 114]. The

special feature of this controller is that the system adjusts itself directly and on­

line without an explicit model of vehicle dynamics. In this approach, a feedforward

neural network architecture with three layers of interconnection strengths is used.

The experimental results to demonstrate the method in [113, 114] were presented

by Lorenz and Yuh in [70]. Ishii et al. [47] proposed a neural network based control

system called Self-Organizing Neural-Net-Controller System (SONCS), which ex­

ecuted identification of robot dynamics and controller adaptation in parallel with

robot control. It examined its effectiveness through application to the heading

control of an AUV.

DeBitetto [18] investigated a 14-rule fuzzy logic controller for the depth control

of an AUV. Kato reported the implementation of a fuzzy algorithm to manage

the guidance and control of an AUV for both attitude control and cable tracking

[52]. Smith et al. [97] proposed a fuzzy logic controller for controlling and guiding

a low-speed torpedo shaped vehicle. Heading, pitch, and depth are controlled

simultaneously via three single-axis fuzzy logic controllers.

Wang and Lee presented a self-adaptive recurrent neuro-fuzzy controller as a feed­

forward controller and a proportional-derivative (PD) controller as a feedback con­

troller for controlling an AUV in an unstructured environment in [109]. Guo et

al. [41] proposed a sliding mode fuzzy controller to an AUV in shallow water in

5
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1.2 Literature Review and Research Formulation

order to perform line-of-sight guidance in the horizontal plane. Li and Lee [61]

presented a semi-globally stable neural network adaptive control scheme for diving

control of an AUV, where the unstructured uncertainties in pitch motion of the

vehicle are assumed to be unbounded, although they still satisfy certain growth

conditions characterized by bounding functions. Adaptation laws for the unknown

but bounded uncertainties are derived from Lyapunov-based method as well as the

update laws of the networks weights values. Fossen and Sagatun [32] derived a

hybrid adaptive and sliding control scheme which compensates for the uncertainty

in the input matrix by adding a discontinuous term to the existing adaptive control

law. The hybrid controller is demonstrated in the horizontal motion control of the

Norwegian Experimental Remotely Operated Vehicle (NEROV).

From previous literature review, we can see that divers control strategies have been

developed for the AUV control problem for various applications. But the control

problem of AUVs with wave disturbance has been studied by only a few authors.

Riedel [91] showed that the knowledge of the wave disturbances can be used to

improve the performance of controller for station keeping. Some states, which

cannot be directly obtained such as fluid velocity, are related to the measurements

which can be obtained directly. Riedel designed an Extended Kalman Filter for

states and disturbances estimation using ground reference velocities measured by

a Doppler Velocity Log (DVL) and relative velocities obtained by an Acoustic

Doppler Velocimeter (ADV). Based on sliding mode control (SMC) technique, the

station keeping controller for surge direction was designed with disturbance feed­

forward compensation. This work was later extended to heave, pitch, yaw and

sway motion in [21].

For the AUVs operating in shallow water, AUVs must be able to solve various

complicated operational tasks where the control objectives differ depending on

the particular kind of operation and outside circumstances. For instance, station

keeping control is important for Mine Countermeasures (MCM) mission which

concern precise control requirement. Due to the limited battery, we also need the

6
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1.3 Main Contributions

energy efficient control strategies for dynamic positioning and tracking missions.

The goals of this research include the need to show that task assignments can

be performed well if the characteristics of the operating environment are known.

This is particularly important because of the need to operate in environmentally

energetic areas and because of the unpredictable nature of the VSW/SZ region.

The expensive ADV sensor is not economical for the low cost AUVs to obtain the

wave disturbances information. Nonlinear observer is an alternative solution for

this problem.

In this thesis the question of observer designs for AUVs operating shallow water

is addressed. With this observer technique, we can filter out the wave frequency

motions from the noisy measurements to avoid introducing the wave frequency

motion into control loop for energy efficiency concern or estimated the wave ve­

locities for station keeping control for precise control requirement. Based on the

observers, output feedback controllers are derived to complete the various oper­

ation tasks and the stability proofs for the combination of observers and output

feedback controllers are also investigated for various mission requirement of AUVs

considering wave disturbances. Because wave disturbance is the main disturbance

for AUVs in shallow water area, we assume that the dynamic model of AUV itself

is known and won't consider the uncertainty of the dynamic model of AUV within

this thesis.

1.3 Main Contributions

The objectives for my doctoral research have been the analysis of the different

mission requirements and the controller designs for AUVs operating in shallow

water environrnent with wave disturbances. rrhe main contributions are as follows:

• Nonlinear observer designs for estimating wave disturbances

7
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7 1.3 Main Contributions

• Dynamic positioning control of AUVs with wave disturbance

• Station keeping control of AUVs in shallow water

• Output feedback controller design for high speed manoeuvering in shallow

water environment

These contributions are elaborated in more details as follows.

1.3.1 Nonlinear Observer Designs

The goal of the present research is to develop nonlinear observers for AUVs to

provide states and wave estimation in shallow water areas. Compared with tradi­

tional Kalman filter-based observer design, where the dynamic model of the vehicle

is linearized around a set of operation points, the proposed nonlinear observer can

guarantee the global convergence of the estimation. The observers are designed

for AUVs manoeuvering in shallow water environment. Hence the coupled Coriolis

and centripetal terms cannot be ignored in the model. To deal with the technical

difficulty due to the Coriolis and centripetal terms, a coordinate transformation is

introduced to remove these terms. Based on the transformed model, a nonlinear

observer is firstly designed for tracking control of an AUV in shallow water area

with known wave parameters. The low frequency (LF) positions and velocities

of the vehicle, along with the wave frequency (WF) positions in the earth-fixed

frame are well estimated. The global exponential stability (GES) of the observer

is proved. An adaptive observer is then designed for tracking control of an AUV

in shallow water area when the wave parameters are unknown. These estimation

errors of the adaptive observer are globally asymptotically stable (GAS). Com­

pared to the linear Kalman filter, the number of tuning parameters is significantly

reduced. The main results have been published in [64, 66, 69].

8
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1.3 Main Contributions

1.3.2 Station Keeping Control Design

Station keeping requires the vehicle to be maintained at a desired pose relative

to a world frame by counteracting external disturbances with its own thrusters or

actuators. With new emphasis on naval mine countermeasure and reconnaissance

in shallow water environment, station keeping capability becomes critical. Since

small AUVs are sensitive to wave disturbance, AUVs operating in very shallow

waters can perform better if wave information is available. By using our results in

observer design, two output feedback control design strategies for station keeping

of AUVs are proposed. The controllers are based on recently developed separation

principle and observer backstepping technique. The results have been published

in [65] and are being reviewed for journal publication. [58}.

1.3.3 Dynamic Positioning Controller Design

Unlike the station keeping problem, dynamic positioning is concerned with mini­

mizing the energy consumption by actuator. To the best of our knowledge, there

has not been any work on DP for small AUVs in shallow water environment and

existing results are obtained only for surface vessels. In most current implemen­

tation, wave perturbations are not measured. In order to avoid wear and tear on

the actuators, it is necessary to filter out wave disturbances so as to reduce the

action of actuators to counteract this wave motion. A control design strategy for

dynamic positioning of AUVs is presented to solve this problem by using our de­

veloped observer results. The designed observer will provide the estimated states

and filter out the wave frequency (WF) motion. Using the estimated signals from

the observer, an observer backstepping controller is designed to maintain the AUV

at a position without counteracting the wave disturbances.

9
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1.4 Thesis Organization

1.3.4 Output Feedback Controller Design

10

Here we design an energy efficient output feedback controller for trajectory track­

ing mission of AUVs in shallow water. Based on our previously proposed observer,

an observer backstepping controller is developed for tracking control of AUVs.

To overcome the technical difficulties in stability proof due to coupling and non­

linearity effects, a coordinate transformation is introduced for the observer and

controller designs. The nonlinear output feedback controller is developed to track

the desired LF position in the earth-fixed frame without introducing WF distur­

bance into the feedback control loop. The complete system is proven to be globally

exponentially stable (GES) by using Lyapunov stability analysis. The results have

been published in [67, 69].

1.4 Thesis Organization

This thesis is organized as follows:

Chapter 2 derives the complete nonlinear equations of motion for a small underwa­

ter vehicle subject to shallow water waves. Kinematics, Newton's laws of angular

and linear momentum, general hydrodynamics and external force modelling are

discussed in detail.

Chapter 3 develops a nonlinear observer for general AUV model with known wave

parameters and an adaptive observer for situations when the wave coefficients are

unknown.

Chapter 4 proposes two strategies to design station keeping controllers by using

separation principle and observer backstepping technique.

Chapter 5 discusses the dynamic positioning control of AUVs using the observer

backstepping technique.
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1.4 Thesis Organization 11

Chapter 6 presents a nonlinear output feedback tracking controller of AUVs by

removing wave frequency disturbances.

Chapter 7 summarizes this thesis and provides recommendations for future research

in this area.
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1

Chapter 2

Mathematical Modelling of

Underwater Vehicles

Control design of an underwater vehicle requires a mathematical model. In [22,

28, 45, 112], several models have been developed in various complexity and fidelity,

but each model has vehicle specific simplifications and this makes it worthwhile to

revisit a more generic and comprehensive model. To the best of our knowledge,

there is not a single model that combines all aspects, such as external disturbances

and their effects, into a generalized model for shallow water missions of small

AUVs.

In this chapter, a generalized nonlinear dynamic model of AUVs without consid­

ering wave disturbance is first presented. Kinematics, Newton's law of linear and

angular momentum, general hydrodynamics and external force modelling are dis­

cussed in details. By using linear wave theory, a generalized six-degree of freedom

(6DOF) dynamic equations of motion for sInall underwater vehicles operating in

shallow water is developed.

12
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2.1 Coordinate Frame and Kinematics

2.1 Coordinate Frame and Kinematics

281.1 Coordinate Frame

13

It is necessary to describe the positions/orientations and velocity/rotation rates

of the vehicle by six independent coordinates or degrees of freedom (6 DOF) for

underwater vehicles operating in three dimensional (3D) space. These coordinates

are usually chosen corresponding to the position and orientation of vehicle and their

time differentiation with respect to some set of mutually orthogonal coordinate

axes fixed to an arbitrary origin which defines a coordinate frame. Hence, the

forces/moments acting on or produced by actuators of underwater vehicles can be

referenced to a set of coordinate axes. In this thesis, standard notation [83] is

adopted to describe aforementioned 6 DOF quantities and is summarized in Table

2.1. This notation is also detailed in [28, 29].

To analyze the motion of AUVs in 6DOF, it is convenient to define 2 coordinate

frames as indicated in Figure 2.1. The earth-fixed coordinate frame OXEYEZE

usually can be considered to be inertial. The moving coordinate frame OXeYeZe

is fixed to the vehicle which is described relative to the earth-fixed frame.

DOF Motions forces and Linear and Positions
moments Angular and Euler

Velocities Angles
1 Surge X u x
2 Sway y v y
3 Heave Z w z
4 Roll K p ¢
5 Pitch M q e
6 Yaw N r 'l/J

Table 2.1: Notation of the 6DOF of AUVs

Based on this notation, the general motion of underwater vehicles in 6 DOF can

be described by the following vectors:
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2.1 Coordinate Frame and Kinematics 14

7] = [ 7][, r 7]1 = [ x, y, z r; fl2 = [ ¢,B,'lj; rT .
1]2 '

r VI = [ u, 'U, W ] T ; V2 = [p,q,r ]TV = [ V
T T .
1 , V 2 '

r 71 = [ X, Y, Zr; 72 = [ K, M, N r7 = [ 7
T T .
1 , 7 2 '

Here 1]1 and 1]2 describe respectively the global positions and Euler angles vectors

of vehicle in the earth-fixed frame, VI and V2 denote respectively the linear and

angular velocity vectors of vehicle in the body-fixed frame, 71 and 72 are the forces

and moments vectors due to actuator action on the vehicle in the body-fixed frame.
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Figure 2.1: Earth-fixed frame and body-fixed frame
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2.1 Coordinate Frame and Kinematics

2.1.2 Kinematics

15

Kinematics deals with the relationships of motion quantities regardless of the forces

induced by their prescribed motions.

The connection between translational velocity vector and the rate of change of

translational position vector, ill == [x, y, z]T, the linear components of the body­

fixed velocity vector, VI == [u, V, W]T, is described as follows [28, 91]

u

(2.1)

where

z w

cos rljJ cos f) cos rljJ sin f) sin ¢ - sin rt/J cos ¢ cos rljJ sin f) cos ¢ + sin rljJ sin ¢

J1 (TJ) == sin rljJ cos f) sin rljJ sin esin <1> + cos rljJ cos <1> sin rljJ sin f) cos ¢ - cos rljJ sin ¢

- sin f) cos f) sin ¢ cos f) cos ¢

with <1>, f) and rljJ being the Euler angles of the vehicle in roll, pitch and yaw,

respectively.

It is noted that J1 (TJ) is orthogonal:

(2.3)

The body-fixed angular velocity vector V2 == [P, q, r]T and the Euler rate vector

il2 == [¢, iJ, ¢]T are related through a transformation matrix J2(TJ) according to:

r
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2.2 Vehicle Rigid-Body Dynamics

where

1 sin ¢ tan e cos ¢ tan e

16

J2 (ry) = I 0 cos¢ -sin¢ (2.5)

o sin ¢/ cos () cos ¢/ cos 0

Note that J2 (ry) has a singularity at pitch angle 0 = ±90°. In normal operations,

this singularity is not a concern because the pitch angle is kept within 101 < 90°.

If the vehicle has to operate at this singular configuration, we can use an alternate

kinematic representation such as unit quaternions or Euler parameters [46] to avoid

the singularity of Euler angles [29].

Equations (2.1) and (2.4) lead to the following compact form

b

D

[
~1 ] = [ J

1 (ry) 0 ] [1/1
]

ry2 . 0 J2 (ry) V2

(2.6)

The development so far has led to the kinematic relationships between translational

and rotational velocities,as seen in the body-fixed frarne, and the rates of change

of global positions and Euler angles in earth-fixed frame.

2.2 Vehicle Rigid-Body Dynamics

The dynamic equations of underwater vehicles have been considered by many au­

thors [22, 28, 44]. In this study, we briefly present a nonlinear six degrees of

freedom (6 DOF) model based on Fossen [28]. The rigid body dynamic model of

underwater vehicle in the body-fixed reference frame can be represented as

MRBV + CRB(V)V = TRB

NANYANG TECHNOLOGICAL UNIVERSITY
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2.2 Vehicle Rigid-Body Dynamics 17

TRB == T MAil - CA(v)v D(v)v
"-v-" \,

v
~ "-v-"

thruster hydrodynamic hydrodynamic

force added mass damping and lift

g(1]) (2.8)
"-v-"

restoring

forces

where

• MRB~ Rigid body mass matrix including translational and rotational in­

ertial elements;

• CRB(V)- State dependent matrix including rigid body Coriolis and cen­

tripetal elements;

• TRB--Generalized vector of external forces and moments;

• MAil + CA(v)v~Total added mass forces and moments due to interaction

of fluid particles surrounding submerged body;

• D(v)v-Hydrodynamic damping forces and moments;

• g(1])-Restoring forces and moments or hydrostatic forces and moments

(weight and buoyancy);

Equation (2.7) is the rnost general form of Newton's laws for rigid body motion

used today. Equation (2.8) express the external forces and moments resulting from

hydrostatics, hydrodynamic lift and drag, added mass, and the control inputs of

the vehicle propellers and fins. These forces are all defined in tern1S of vehicle

coefficients.

In basic hydrodynaruics, it is common to assume that the hydrodynaruic forces

and moments on a rigid body are obtained by linearly superposing [25]:

(1) Radiation-Induced Forces- Forces on the body when the body is forced

to oscillate with the wave excitation frequency and there are no incidental

waves.
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17 2.2 Vehicle Rigid-Body Dynamics 18

~) (2) Froude-Kriloff and Diffraction Forces~-- Forces on the body when the body

is restrained from oscillating and there are incidental waves.

Radiation-induced forces and moments can be identified as the sum of added mass

MAv + CA(v)v, radiation-induced potential damping Dp(v) and restoring forces

g(T/).

Froude-Kriloff and diffraction forces will be treated separately in the next section

where environmental forces are discussed in the context of waves. A more general

discussion on marine hydrodynamics is found in Newman [79].

When an underwater vehicle is moving through a fluid, there is a certain amount

of fluid which moves with it. The inertia and Coriolis matrices are related to

the linear and angular accelerations and velocities of the rigid-body and to the

force exerted on vehicles. In the same way, the added-mass and added-Coriolis

matrices are related to the linear and angular accelerations and velocities due to

the hydrodynamic force exerted by this amount of fluid.

Hydrodynamic damping for ocean vehicles is mainly caused by:

• Dp (v}--- Radiation-induced potential damping due to forced body oscilla­

tions.

• Ds(v)- Linear skin friction due to laminar boundary layers and quadratic

skin friction due to turbulent boundary layers.

• Dw(v)--Wave drift damping.

• DM(v)- Damping due to vortex shedding (Morison's equation).

Consequently, the total hydrodynamic damping matrix can be written as a sum of

these components, that is:

D(v) = Dp(v) + Ds(v) + Dw(v) + DM(v)

NANYANG TECHNOLOGICAL UNIVERSITY
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2.2 Vehicle Rigid-Body Dynamics 19

In general, the damping matrix of underwater vehicles moving in 6 DOF at high

speed will be highly nonlinear and coupled. Nevertheless, a rough approximation

could be made by assuming that vehicle is performing a non-coupled motion, has

three planes of symmetry and that terms higher than second order are negligible.

Fossen [28] states that two main hydrodynamic damping forces have to be taken

into account when dealing with underwater vehicles: (1) the quadratic drag and lift

forces and (2) the linear skin friction. This suggests a diagonal structure of D(v)

with only linear and quadratic damping terms on the diagonal. So the equation

can be expressed in the following form:

D(v) diag{Xu, Yv , Zw, Kp , Mq , Nr }

diag{Xuluilul, Yvlvllvl, Zwlwdwl, Kplpilpl, Mqlq1lql, NrlTilrl} (2.10)

The quadratic damping term can be neglected during station keeping or dynamic

positioning but cannot be ignored in high speed maneuvering situations.

The vehicle experiences hydrostatic forces and moments as a result of the combined

effects of the vehicle weight and buoyancy. The weight, W, and buoyant, B, forces

that act at the centers of gravity and buoyancy must be defined from static analysis.

For submerged bodies, the weight and buoyancy force vectors do not change with

vehicle attitude. Since the weight and buoyancy terms in the applied forces act

in the global vertical direction, they must be transformed into components in the

body-fixed frame before they can be added into the dynamic equations of motion.

Therefore, the net vertical force components can be expressed as

(W - B) sinO

91 (77) = -(W - B) cos 0 sin ¢

-(W - B)cosOcos¢
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2.2 Vehicle Rigid-Body Dynamics 20

The weight portion of the vertical force acts at the center of gravity of the vehicle,

while the buoyancy portion of the vertical force acts at the center of buoyancy.

Because these forces act in locations away from the body center, they create a

moment about the body center given by,

-(YeW - yBB) cosOc¢ + (zcW - zBB) cosOsin¢

92(TJ) = I (zeW - zBB) sinO + (xeW - xBB) cosOc¢ I (2.12)

-(xeW - xBB) cosOsin¢ - (YeW - yBB) sinO

where W is the submerged weight of AUV, B is the buoyancy force of AUV,

rc == [xc, Yc, zC]T is the distance between the center of gravity of AUV and the

origin of the body-fixed frame of AUV and rB == [XB' YB, ZB]T is the distance

between the center of buoyancy of AUV and the origin of the body-fixed frame of

AUV.

So the total vertical hydrostatics force vector can be written as

g(rJ) == [91 (rJ) ].
g2(rJ)

(2.13)

By rearranging Equations (2.7) and (2.8), we get the following nonlinear model

equation

MRBV + MAv == T - CRB(U)U - CA(v)v - D(v)u - g(rJ)

which can be rewritten as an equivalent form

Mv == T - C(v)v - D(v)v - g(rJ)
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2.2 Vehicle Rigid-Body Dynamics 21

We should note that the dynamics equations of motion are not mathematically

expressed in earth-fixed frame but in body-fixed frame. It means that interactions

between a vehicle and the ocean environment are defined from the perspective of

the vehicle, i.e. within the body coordinate system. This is because all actions

and reactions between vehicle and environment are dependent on the orientation,

shape, velocity and acceleration of the vehicle body, with the sole exceptions of

gravity, waves and current. Also, moment of inertia terms in the mass matrix

M can only be constant in a body-fixed frame, further making the body frame

attractive for dynamics calculations. The following properties can be observed for

the body coordinates vector representation [28]:

Property 1 For a rigid body, the inertia matrix is strictly positive if and only if

M A > O. That is:

(2.16)

If in addition we require that the body is at rest or low speed, under the assurnption

of an ideal fluid, the inertia matrix will also be symmetrical and positive definite.

That is

(2.17)

Property 2 For a rigid body moving through an ideal fluid, the Coriolis and cen­

tripetal matrix C(v) can always be parameterized such that C(v) is skew-symmetrical,

that is:

C(v) = -CT(v) 'V v E ]R6 (2.18)

Property 3 For a rigid body moving through an ideal fluid the hydrodynamic

damping matrix will be real, non-symmetric and strictly positive:

D(v) > 0 'V v E ]R6
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2.3 Wave Theory and Hydrodynamics 22

The dynamic model equation in earth-fixed frame can also be obtained by using

following kinematic transformations:

'iJ == J(71)V -¢=:=? v == J-l(71)'iJ

il == j(71)v + J(71)v ~ v == J- 1 (71) [il - j(71)J-l(71)'iJ] (2.20)

to eliminate v and v in (2.15). Hence we can get the following earth-fixed vector

expression of dynamic model:

Mry(71)il + Cry (v, 71)riJ + Dry (v, 71)'iJ + gry(71) == Try

where

(2.21 )

Mry(71)

Cry (V, 71)

D,ry(v, 71)

gry(71)

Try

J-T(71)M J-1(71)

]-T(71)[C(V) - MJ-l(71)iJ]J-l(71)

J-T (71 )D(v)J-1(71)

J-T(71)g(71)

J-T(71)T

(2.22)

2.3 Wave Theory and Hydrodynalllics

For AUVs to operate with a high degree of reliability, disturbances and their effects

on the AUVs must be modelled mathematically with an adequate degree of accu­

racy. The main source of the dynamic disturbances encountered by underwater

vehicles or submerged vessels are wave and current. These disturbance forces arise

from buoyant and inertial effects due to ocean wave kinematics. The effects of in­

cident waves on a submerged body can be divided up into several categories. The
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2.3 Wave Theory and Hydrodynamics 23

largest part, first order forces act at the incident wave frequency. These forces move

the vehicle, but usually result in oscillations about a mean state. Another part,

second order forces which are the result of wave diffraction and wave interaction,

have several different frequency components.

Wave diffraction of a single frequency wave results in a steady force and a varying

force at twice the wave frequency. The double frequency force may be neglected,

as the inertia of the underwater vehicle effectively filters it. Interaction of waves

at different frequencies also results in forces. These forces consist of a component

acting at the sum of the wave frequencies and a component acting at the difference

of the wave frequencies. The force caused by the summation of the wave frequen­

cies, again, may be neglected, as it is also filtered by the vehicle's inertia. The

difference frequency component results in a slowly varying force on the AUVs. To

best assess the performance of a vehicle in shallow water, it is necessary to gener­

ate a dynamic model comprising wave induced water velocity and acceleration to

properly model the wave disturbance forces [28J.

2.3.1 Linear Wave Theory

The information in this subsection is not new, except for the application to which

this method is applied. The reader is referred to [12, 17, 55, 100J for more detailed

descriptions of the mathematical formulations presented in this section.

As shown in Figure 2.2, the simplest free surface wave formation is plane progres­

sive wave system where the water column is modelled as an inviscid, irrotational

fluid in earth-fixed frame. From Figure 2.2, the motion of the wave is two dimen­

sional, (x, z), sinusoidal in time with angular frequency w, and propagates with a

phase velocity cp such that to an observer moving with this speed the wave appears

to be stationary. A Cartesian coordinate system is adopted, see Figure 2.2, the

plane of undisturbed free surface (still water level) as shown and the z-axis positive
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3 2.3 Wave Theory and Hydrodynamics

a Progressive Wave

24
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Figure 2.2: Monochromatic progressive surface gravity wave

upwards. So the vertical elevation of any point on the free surface may be defined

by a function z == 'T/(x, t). With these requirements, the free surface elevation can

be expressed in the following general form

'T/(i, t) == A cos(kx - wt) (2.23)

where the positive x-axis is chosen to coincide with the direction of wave propa­

gation. A is the wave amplitude. k == 21fIL is the wave number, where L is the

distance between successive points on the wave with the same phase. w == 21fIT
is the angular frequency. The.unit for k is rad/m and for wis radls. cp == wlk is

called the phase velocity.

The waves on the surface set the rest of the water into motion. and at each point,

(x,z), the fluid has a velocity

v(x, z, t) == u(x, z, t)i + w(x, z, t)k (2.24)

where z denotes the vertical coordinate measured upwards from the mean water

level. We have now introduced unit vectors i and k pointing along the x-axis and

the z-axis, respectively.

Because water is hard to compress, we will assume that this is incompressible for

our convenient purpose. In an incompressible fluid, the velocity v == (u, v, w)
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2.3 Wave Theory and Hydrodynamics

at each point will satisfy the equation

8u 8v 8w
-+-+-==0
8x 8y 8z

called the equation of continuity.

25

(2.25)

In our case the y-component of the velocity, v, is assumed to be zero. This means

that we do not assume any variations across the channel. In addition, if the fluid is

considered to be irrotational, the velocity may be expressed in terms of a so-called

velocity potential ep such that

8<ll 8<ll 8<ll
u == ax' v == 8y' w == 8z (2.26)

The concepts of "irrotationality" and" velocity potential" are treated in courses in

fluid mechanics, and also in about every textbook about water waves. Most of the

material stated in here may be found in standard textbooks on the topic, see the

references [17, 12, 55, 100]. From Equations (2.25) and (2.26), We obtain

(2.27)

This equation is a very famous partial differential equation called the Laplace

equation.

The bottom of the channel is not permeable to the water, and therefore the vertical

water velocity at the bottom must be zero at all times:

8cp
w(x, z == -H, t) == 8z (x, z == -H, t) == 0 (2.28)

This constitutes a relation which must hold at the boundary, and it is therefore

called a boundary condition.

The conditions at the water surface are harder to obtain. It has been observed

that the fluid near the surface remains near the surface during the wave motion as
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~5 2.3 Wave Theory and Hydrodynamics 26

long as the motion is smooth. That is, unless the waves break. The first boundary

condition at the free surface consists of stating this property in mathematical

terms. Consider a part of the surface at two neighboring times as indicated in

Figure 2.3

X
1

,11(X ,t )
1 1

,
t
t
I

"

I

•
~,

l1(X, t
2
)

Tl(x, t 1)

Xl x2

Figure 2.3: Motion of a fluid point on free surface

The point at (Xl, TJ(Xl, t l )) moves with velocity v to (X2' TJ( X2, t2)) during the time

interval 6t = t2 - t l - Thus,

T/(X2, t2) = TJ(XI, t l ) + w . (t2 - t l )

X2 = Xl + U . (t2 - t l )

Let us also expand TJ(X2, t2) in a Taylor series:

aTJ
TJ(X2, t2) = TJ(XI, t2) + ax (Xl, t2)(X2 - Xl) + ...

From Equations ( 2.29) and (2.31 ), we obtain

aTJ
TJ(XI, t2) - TJ(XI, t l ) + ax (Xl, t2)(X2 - Xl) = w . (t2 - t l ) + ...

So we can rewrite the upper equation by letting t2 -+ t l

aTJ aTJ
-+u-=w
at ax

NANYANG TECHNOLOGICAL UNIVERSITY
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2.3 Wave Theory and Hydrodynamics 27

This is the mathematical formulation of the physical condition that a fluid particle

at the surface should remain at the surface at all times. It tells you something

about the motion of the surface and is therefore called the kinematic boundary

condition.

The other condition to be satisfied at the surface comes from the fact that the

pressure P at the surface must be equal to the atmospheric pressure, which we

assume is constant. This condition may be derived from Bernoulli's Equation

which is also treated in basic courses on Fluid Mechanics. The equation states

that for irrotational flow

P 8q> 1
-+-8 +_(U2+W2)+gz==C(t)
p t 2

(2.34)

The function C(t) is not important and may be set to an arbitrary convenient

constant. If we let C(t) == PatmlP == 0, Bernoulli's equation gives for the free

surface:

(Has to hold at the surface z == ry(x, t))(2.35)

This condition, dealing with the force on the surface, is usually called the dynamic

boundary condition.

All together, we have now formulated the mathematical problems which must be

solved in order to find the motion of the surface:

(1) Within the fluid, Laplace's equation must be satisfied

(2) At the closed bottom, equation of continuity must be satisfied

8q>
w(x,z = -H,t) = 8z (x,z == -H,t) = a
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27 2.3 Wave Theory and Hydrodynamics

(3) The surface is always made up of the same fluid particles:

28

arj arj
-+u-=wat ax

(Has to hold at the surface z = rj(x, t))

(4) The pressure in the fluid at the free surface is equal to the atmospheric

pressure:

·a<I> 1
at + 2(u2 + w

2
) + 977 = 0 (Has to hold at the surface z = rj(x, t))

The mathematical problems stated in (1) to (4) are very difficult to solve. No

complete solution is known, although we know a lot about special cases. one of

the cases is that the magnitude of rj(x, t) is very small compared to the variations in

the x-direction (For a wave we would say that the amplitude is small compared to

the wavelength). So if we solve the above four Equations, we can get the velocity

potential and then obtain the fluid particle velocity.

From the requirements of the problem, it is clear that the velocity potential <])

must be sinusoidal in the same sense as Equation ( 2.23); therefore a solution of

the form

<])(x, z, t) = sin(kx - wt)F(z) (2.36)

Substituting Equation (2.36) into Equation (2.27),F(z) must satisfy the ordinary

differential equation

d
2
F _ k 2 F = 0

dt2
(2.37)

throughout the domain of fluid. The solution to Equation (2.37 ) satisfying the

bottom boundary condition Equation (2.28) is

F = 0 1 cosh(k(z + H))

NANYANG TECHNOLOGICAL UNIVERSITY
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2.3 Wave Theory and Hydrodynamics 29

Equation (2.35) can be simplified to the next equation because the magnitude of

u 2 and w2 is very small when compared to the magnitude of the other two terms.

8iP(x, 7], t)
at + g7] == 0

By using the similar method, Equation (2.33) can be simplified as

Or] a <I>
----wat - az -

We can expand w in Taylor series as

w(x, TI, t) = w(x, 0, t) + ~: (x, z = 0, t) . "I + 0("12
)

(2.39)

(2.40)

(2.41 )

In accordance with the approximations we have already done, we may neglect the

term aw/aZ7], and simply use the Equation (2.41)

ar]at == w(x, 0, t)

A similar argument also linearizes the dynamic condition:

aiP(x, 0, t) _ _ ( )
at - gr] x, t

Combining Equations (2.40) and (2.43) we obtain

(2.42)

(2.43)

(2.44)

Substituting Equations (2.36) and (2.38) into the surface boundary condition,

Equation (2.44) yields an important relationship between the wavenumber k and

the frequency w

w2 == gk tanh(kH)

NANYANG TECHNOLOGICAL UNIVERSITY
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2.3 Wave Theory and Hydrodynamics 30

which is called the dispersion relationship. The dispersion relationship tells us

how the frequency and the wavenumber are connected. By solving Equation (2.39)

and (2.23),We can get the parameter C1

W
-C1 cosh(kh) == A
g

(2.46)

Substitution of Equations (2.38) and (2.46) into the velocity potential function,

Equation (2.36), yields

<I>(x, z, t) = Ag cosh(k(z + H)) .
W L IL Tn sln(kx - wt) (2.47)

By using the Equations (2.26), (2.34) and (2.47), we can get the expression of the

fluid particle velocity and pressure fields:

u(x, z, t)

w(x, z, t)

p(x, z, t)

gk cosh(k(z + H)) cos(kx _ wt)
A-:; cosh(kH)

gk sinh(k(z + H)) sin(kx _ wt)
A-:; cosh(kH)

cosh(k(z + H)) cos(kx _ wt) - pgz +PatmpgA 1 /1 TT\

(2.48)

There are several simplifications that mey be made to the above-derived expression

for the case of shallow and deep water. The shallow and deep water ranges corre­

spond to H / L < 1/20 and H / L > 1/2 respectively. It can be seen from Equation

(2.48) that the trajectories of the fluid particles are elliptical as shown in Figure

(2.4), and the fluid particle velocity is related to the wave number k, angle fre­

quency wand the depth of the water H. The left illustration in Figure (2.4) is for

shallow water, and the right one is for deep water. We can see that shallow water

waves are non-dispersive, Le., the vertical component of wave particle velocity is

linear in depth. The horizontal velocity at the bottom for shallow water wave is

non-zero, but for deep water is zero.
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Hydrodynamic forces and moments are the result of interactions between body

and fluid. The forces and moments on the body arise from the modification to the

pressure distribution summed around surface area of the body. This modification

to the pressure field can only arise frorn relative velocity and acceleration between

the body and fluid. Therefore, it is necessary to redefine the body-fixed velocity

vector v in terms of a relative velocity vector of the AUV to the wave in the

body-fixed frame, Vr == v - Uj, where Vr == [ur , Vr , WnP, q, r]T and Uj is defined

as the body-fixed fluid velocity. Also at this time it is also convenient to define

an earth-fixed fluid velocity vector U j, where U j == [Uj, Vj, Wj, 0, 0, O]T. Since it

is assulned that the fluid velocity is irrotational, no changes to the angular rate

terms are necessary in the earth-fixed fluid velocity vector, and no angular rates

are present in the body-fixed fluid velocity vector. The body-fixed fluid velocity

31

Figure 2.4: Water particle displacement for shallow and deep water wave

2.3.2 Hydrodynamics

2.3 Wave Theory and Hydrodynamics

can be expressed as

(2.49)
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1 2.3 Wave Theory and Hydrodynamics 32

Using the linear wave theory [28], we propose a wave model for the first-order wave

induced motion vector, U f, in this thesis. The state-space expression of the wave

model in three degrees of freedom is:

e= [ ~: ] = [n:1 n~2] [~:] + [ ;1 ]n1

== [0 I] [~1] == r~
Uf

0 0 6

(2.50)

(2.51 )

where ~1, ~2 E R 3 are water particle position and velocity vectors. 0 21 == -diag

{W~I' W~2' W~3}' 0 22 == -diag{2(IWol, 2(2Wo2, 2(3Wo3} , woi(i == 1,2,3) are the dom­

inant wave frequencies and (i(i == 1,2,3) are the damping ratios of the wave in

surge, sway and heave direction respectively. WI == diag{O"l' 0"2, 0"3} is a constant

matrix with O"i(i == 1,2,3) as parameters related to wave intensity. Because we

assume that the wave is irrotational, the velocity of the wave in the earth-fixed

frame is denoted by U f = [Uf Vf Wf 0 0 0 r. n1 in (2.50) is the zero­

mean Gaussian white noise vector that excites the wave model.

This model (2.50) and (2.51) can be rewritten as (for the wave velocities in surge,

sway and heave directions, respectively ):

. Uj (Ji
S (i = 1, 2, 3)

h:V(s) = ni (s) = S2 + 2(iW oi S + W~i (2.52)

Referring to Equations (2.7), (2.8) and (2.14), it can be seen that the only parts

related to the hydrodynamics are total added mass forces and moments and hy­

drodynamic damping. When we discuss the hydrodynamics in previous section,

we assume that the vehicle is operated in the ideal fluid. But in reality, the vehicle

must be operated in real fluid environment with incident wave. So we must con­

sider the Froude-Kriloff forces and moments term into the hydrodynamics model

for underwater vehicles operating in shallow water environment. Using potential

,....
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2.4 Nonlinear Model of AUVs Operating in Shallow Water Environment 33

flow theory [1 7, 79], the Froude-Kriloff forces and moments vector can be expressed

as

(2.53)

where u! is the fluid particle acceleration in body-fixed frame, which can be mea­

sured by Acoustic Doppler Velocimeter (ADV) such as SonTek's ADVOcean and

Nortek Vector Velocimeter, and MpK is the Froude-Kriloff mass matrix. The ex­

pression of this mass matrix for a small volume completely submerged body is

m a 0 0 mZB -mYB

a m 0 -mZB 0 mXB

a 0 m mYB -mXB 0
MpK = (2.54)

0 -mzB mYB lxx lxy lxzl mZB
0 -mXB lyx I yy I yz

-mYB mXB 0 lzx lzy lzz

2.4 Nonlinear Model of AUVs Operating in Shal-

low Water Environment

Recent developments in AUV technology have mainly focused on the electronics,

sensors and navigation aspects which render the vehicle autonomous, and some­

what less on the classical aspects such as vehicle dynamics and hydrodynamics [88].

The preciously developed hydrodynamic models used in the AUVs are mainly used

for underwater vehicles operating in deep oceans and empirical methods. Aided

by sophisticated controllers and with application mainly focused on deep waters,

the hydrodynamic models have performed satisfactorily. The need of accurate

NANYANG TECHNOLOGICAL UNIVER,SITY SINGAPORE
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2.4 Nonlinear Model of AUVs Operating in Shallow Water Environment 34

hydrodynamics models for shallow-water or near-surface missions is becoming in­

creasingly important for mine countermeasure and surveillance missions in coastal

or littoral water.

There was no suitable onboard sensors for small AUVs to measure the shape of sea

surface until 1999. Since then, only a few researches have been conducted on the

small AUVs by using this technology. By using an ADV Ocean (Acoustic Doppler

Velocimeter Ocean) probe, Riedel [91] proposed a method to measure the spectrum

and direction of shallow water wave, which is related to the magnitude of force

acting on the vehicles. Riedel then designed a sliding model control (SMC) for

station keeping control [92]. But he only considered the kinematic and dynamic

part of models in surge direction.

2.4.1 Dynamic Model for Station Keeping

Station keeping requires maintaining the vehicle in a fixed position or pose in the

earth-fixed frame. To achieve mission, an AUV needs to counteract all external

disturbances. Hence, it is convenient to express the wave disturbances in the

dynamic model of AUVs.

When the fluid motion is present, Froude-Kriloff forces and moments vector (2.53)

must be added in (2.14). Then Equation (2.14) can be modified to:

MRBV + MAvr = T - CRB(V)V - CA(vr)vr - D(vr)vr - g(TJ) + MpKUf(2.55)

This equation is a mixture of various coordinate frame variables; body-fixed, body­

fixed relative, earth-fixed and fluid. To solve this system of equations, the equations

must be expressed in variables that can be related to each other. Since the vehicle

is considered to be in an unsteady fluid referenced to the earth-fixed frame, logical

choice for variables is body-fixed relative Vr and earth-fixed frame.
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2.4 Nonlinear Model of AUVs Operating in Shallow Water Environment 35

So Equation (2.55) can be modified as

(2.56)

From Equation (2.56) and recalling that the fluid is defined as irrotational, we can

conclude that the CRB (uf) term on the right hand side of Equation (2.56) is zero.

The Froude-Kriloff excitation forces and moments are functions of the weight and

buoyancy mismatch (W - B), the fluid velocities and fluid accelerations expressed

in body-fixed frame. So Equation (2.56) can be simplified as

(2.57)

When the vehicle is neutrally buoyant, from the definition of M RB and M FK , we

can see that M RB is equal to MFK . So Equation (2.57) can be simplified as

(2.58)

So at this point the 6DOF equation of motion of underwater vehicles has been

modified to Equation (2.57) to account for a moving fluid by representing the

body-fixed velocities in relative terms.

However, because the system of Equation (2.6) is for the case of no fluid motion,

it must be augmented to provide the necessary link between the global and body­

fixed velocities. In order to account for the fluid motion, either wave induced or
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35 2.4 Nonlinear Model of AUVs Operating in Shallow Water Environment

steady current, Equation (2.6) must be modified to

X I Ur Uf

~ I= J1(rJ)(¢, B, 7j;) 'Or + Vi

Wr Wf

36

(2.59)

1 sin ¢ tan t9 cos cP tan t9

o sin ¢I cos () cos cPI cos ()

cP

iJ

7/J

o cos cP - sin cP

p

q I = J2 (rJ) 1I2

r

(2.60)

Equations (2.59) and (2.60) can be combined as

1] == J(TJ)vr + U f (2.61 )

Based on Equations (2.50), (2.51), (2.58) and (2.61), a compact form of the non­

linear model of underwater vehicles in shallow water environment can be expressed

as

[ ~:] = [n~l ~2] [~:] + [ :1 ]nl
UI = [~ ~] [~:] = r~

i; == J(TJ)vr + U f

Y == TJ

MVr == T - C(vr)vr - D(vr)vr - g(TJ)

(2.62)

Although the precious compact form of nonlinear model of underwater vehicles

describe the complete model considering the wave disturbance, Equation (2.62) is
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2.4 Nonlinear Model of AUVs Operating in Shallow Water Environrnent 37

suitable for controller design in station keeping mission, which is fulfilled by coun­

teracting all external disturbances through actuators. For other missions requiring

actuator energy efficiency, such as dynamic positioning and output tracking, Equa­

tion (2.62) is not the appropriate choice.

2.4.2 Model for Dynamic Positioning and Output Tracking

When considering the actuator energy efficiency, only the slow varying disturbances

should be counteracted by propulsion systenl, whereas the oscillatory motion due

to the waves (first-order wave disturbances) should not enter the feedback control

loop [33]. It has been shown that linear treatment of wave disturbance is effective

for control system design in marine vehicle motions with waves during course

keeping [23, 36, 89). The controller design is based on the so-called wave filtering

techniques, which separate the position and heading measurements into a low­

frequency (LF) and wave frequency (WF) position and heading estimate [29].

In mathematical modelling of the AUVs dynamics in shallow water area for actu­

ator energy efficiency, it is common to separate AUV model into a low-frequency

(LF) model and a wave-frequency (WF) model. Hence the total AUV motion is a

superposition of the corresponding LF and the WF components as shown in Figure

2.5.

Similar to Equations (2.50) and (2.51), the wave motion can be expressed in the

following form.
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Figure 2.5: Superposition of low-frequency (LF) vessel position and wave frequency
(WF) position. Only the total position is measurable

where ~2 E R,3 is the irrotational wave-induced WF position component in earth­

fixed frame, [221 == -diag{w~1,w~2'W~3}' [222 == -diag {2(lWo1, 2(2Wo2, 2(3Wo3}, here

(i (i==1,2,3) are the damping ratios sand Wail (i==1,2,3) are the dominant frequencies

of the wave-induced WF motion component in surge, sway and heave direction

respectively. \]I1==diag{0"1, 0"2, 0"3} is a constant matrix related to the wave intensity.

We assume that the wave is irrotational, so the wave particle in the earth-fixed

frame is denoted by TIt = [Xf Yt Zt 0 0 0 f· 71-1 in (2.63) is the zero-mean

Gaussian white noise vector that excites the second-order wave model [33]. Here

we assume that the WF disturbance on rotational motion of AUVs is very small

and will be ignored in the following analysis [29]. However, the performance of the

closed-loop system will be verified with WF disturbance in the rotational motion

in simulations.

The kinematic model of an AUV in shallow water still is described by the following
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2.5 Conclusion

equations:

The position and orientation measurements of AUV can be written as:

Y=='T/+r/f+d

39

(2.65)

(2.66)

where d E R,6 is the zero mean Gaussian white measurement noise and unmod-

eled disturbance vector. This disturbance term is negligible compared to the WF

motion component. However, it will be shown through simulation that this mea­

surement noise has no significant effect on the performance of the observer.

So the compact nonlinear model of underwater vehicles for the energy efficiency

consideration can be written as the following forms:

(2.67)

Y J(TJ)v + T/j == T) + 'T/f

Mv T - C(v)v - D(v)v - g('T/)

2.5 Conelusion

The structure and properties of nonlinear dynamic model of AUVs are very impor­

tant to take into consideration when we designing control systems for AUVs oper­

ating shallow water environment for various tasks. In this chapter, the kinematic
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39 2. 5 Conclusion 40

and dynamic relationships are presented for a small AUV operating in shallow wa­

ter areas. We discussed the inertia of ambient water-vehicle system, Coriolis and

centripetal forces and damping are formulated in a vectorial form with emphasis on

the matrix properties of the model. Based on linear wave theory, we obtained the

model of shallow water wave and then identified the hydrodynamic forces arising

from wave disturbances. Subsequently, a generalized six-degree of freedom (6DOF)

equations of motion for small AUVs operating in shallow water is developed. The

wave disturbance is introduced into the dynarnic model as wave velocities and rel­

ative velocities. We can design a control strategy for station keepfng control by

contracting the wave forces through actuators.

A simplified model for energy efficiency purpose is presented based on the linear

treatrnent of wave disturbances. The wave disturbances are only introduced into

the kinematic model of AUVs. The results presented are useful for control engi­

neer who want to design energy efficient control systems for AUVs exploiting the

structural properties of the AUV model in the stability analysis.
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Chapter 3

Nonlinear Observer Designs

3.1 Introduction

In marine vehicle systems, linear translational velocities such as surge, sway and

heave velocities usually are difficult to be derived from available position measure­

ments. These typical sensors include Doppler Velocity Log (DVL), Ultra-Short

Baseline (USBL), Inertia Navigation System (INS) and Global Positioning Sys­

tem'(GPS) which yield only absolute vehicular position and velocity [48, 73]. The

typical approach is to use GPS to calibrate the dead-reckoning sensors and DVL

prior to the AUV's initial dive and then used only dead reckoning throughout the

mission. As GPS signals cannot travel through water, AUVs need to surface at

periodic interval to obtain precise position to perform sensor calibrations, and then

dive back down to continue its missions using the position fix in subsequent real­

time navigation [38, 58]. As the position measurements are usually corrupted by

noise, numerical differentiation of position measurements to obtain relative veloc­

ity is not advantageous due to severe noise [33]. So estimation of the translational

velocities must be determined from noisy measurements by using the state 0 b­

servers with a wave model. These estimated signals will be used for the controller
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3.1 Introduction 42

design. In this chapter, we design a nonlinear adaptive observer for high speed

tracking control of an AUV with wave filtering in shallow water environments.

When the mission purpose is considering energy efficiency, it is not desirable to

counteract the high frequency oscillatory movement due to wave. So it is critical

to design the controller to avoid wear and tear on thrusters and to save energy.

This is achieved by using wave filtering method, which separates the position and

heading measurements into low-frequency (LF) and wave frequency (WF) position

and heading estimates. These techniques are mostly used in dynamic positioning

(DP) and position mooring (PM) systems for ships operating in horizontal plan.

In the traditional DP systems, the wave filtering and state estimation problems

are solved by using linear Kalman filters. When the Kalman filter is used in the

observer design, the ship kinematics and dynamics model are linearized about

a set of pre-defined constant yaw angles, typically 36 operation points in steps

of 10 degrees, to cover the whole heading envelope between 0 and 360 degrees

[9, 93, 34, 98]. This problem is also solved by using Hoo technique by Katebi et

al. [51, 90]. The liberalization of kinematic equations will degrade the perfor­

mance, moreover, the global stability of the whole system cannot be guaranteed

when the observer is used in conjunction with a linear controller. However, if the

nonlinearities of the systems satisfy a global Lipschitz condition, a modification of

the extended Kalman filter can ensure global exponential stability [90]. Another

approach with comparable performance is to utilize the model structure and let

the observer "linearize" itself about the measured compass heading. Compared to

traditional extended Kalman-filters, the on-line explicit linearization is avoided,

and global stability properties are more easily established since the nonlinear kine­

matics can be treated as a known time-varying block. The number of tuning

parameters is significantly reduced and the tuning parameters are coupled more

directly to the physics of the system. Examples of this method are the passivation

designs [33, 102], further extensions to higher order monotonic damping terms [1],

incorporation of position, velocity and partial acceleration feedback [63] and using
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3.2 Model Description

of contraction theory [50].

43

New methods in nonlinear system theory have also been applied not only to the

control problem, but also to the observer design problem. Slotine et al. [95, 110],

Canudas de Wit and Slotine [110] present a sliding mode observer using the similar

concept to the sliding mode control. Passivity and observer designs for mechanical

systems are treated in Ortega et at. [84]. An overview of some different methods

on nonlinear observer design can be found in [82].

For tracking control problem, the velocities of the marine vehicle cannot be as­

sumed to be near zero. Hence, Coriolis and centripetal forces and moments must

be included into the vehicle model, as opposed to dynamic positioning or position

mooring systems. To facility stability proof of our observer design, a coordinate

transformation is firstly made to remove the Coriolis and centripetal terms. The

observer design is carried out using the transformed model by assuming the con­

stant known wave model. The global exponential stability (GES) of the closed

observer system is proved by Lyapunov stability theory. When considering the

unknown wave model, we design an adaptive observer by using the augment ob­

server technique [24]. Based on the Lasalle's lemma, the global asymptotic stability

(GAS) of the system can be guaranteed.

3.2 Model Description

The mathematical model of an AUV with 6DOF under the influence of wave dis­

turbances, Equation (2.67), can be rewritten as [29], [20]
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(3.1)

(3.2)

(3.3)

SINGAPORE

~
~•..

------------ i.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



le

J,

,r

LI

s

43 3.2 Model Description

M 2V2 == -C1 (1/1)1/1 - C2 (1/2)V2 - D 2 (1/2)1/2 - 92(T)2) + 72

~ = [ ;: ] = [n~1 ~2] [~:] + [ :1 ]nl

y = [ ~: ] + [ ~ ] = [ ~: ] + [~ 1
3
;3 ] [~:] = ~ + r~

44

(3.4)

(3.5)

(3.6)

where ~I = [x y z] T denotes the LF motion position vector in the earth-fixed

frame, ~2 = [¢ () 'IjJ ] T is the heading angle vector in the earth-fixed frame,

VI = [u v w] T is the vehicle's LF velocity vector in surge, sway and heave

directions in the body-fixed frame, V2 = [p q r ] T is the vector of vehicle's roll,

pitch and yaw velocities expressed in the body-fixed frame. ~2 E R} is the high

frequency wave-induced WF motion component to AUVs in the earth-fixed frame.

f221 ==-diag{w;l, W;2, W;3}' f2 22 ==-diag{2(lwol, 2(2Wo2, 2(3Wo3}, here (i (i==1,2,3) is the

relative damping ratio and woi(i==1,2,3) is the dominant frequency of the wave­

induced AUVs motion in surge, sway and heave direction, respectively. WI is a

constant matrix related to the wave intensity. nl is the zero mean white noise vector

to drive the wave model. The WF motion component 'flw = 6 = [xw Yw zw] T

is added to T)1, the low-frequency position components of the AUV.

The inertia matrices of AUV are given as follows:

where T.njj (0 :::; j :::; 6) denote the positive constant inertia terms including added

mass in surge, sway, heave, roll, pitch and yaw, respectively.

M1 == diag(T.nll, T.n22, T.n33) , A12 == diag(r.n44,T.nss,T.n66)

NANYANG TECHNOLOGICAL UNIVERSITY

(3.7)

SINGAPORE

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



3.2 Model Description

The Coriolis and centripetal matrices are given by

45

a m33W -m22v

CI (VI) = -m33w a mIIU

m22v -ml1U a

a m66r -m55q

C2 (V2) = -m66r 0 m44P (3.8)

m55q -m44P 0

The damping matrices are

333

diag{du, dv, dw} + diag{L dui\ul i
-

1
, L dvilvl i- 1

, L dwi\'wl i- 1
)}

i=2 i=2 i=2
(3.9)

333

diag{dp, dq, dr} + diag{L dpilpl i
-

1
, L dqilqli-l, L drilrl i- 1

)} .

i=2 i=2 i=2

where the positive constant terms du, dv, dw, dp,dq dr' dui , dvi , dwi , dpi , dqi and dri

(i = 1,2,3) denote the hydrodynamic damping in surge, sway, heave, roll, pitch

and yaw. The damping matrices can be viewed as sum of a constant term, D1 or

D2 , and a quadratic damping term, D1q(Vl) or D2q (V2).

The restoring force vectors 91(1]2) and 92(1]2) are given by Equations (2.11) and

(2.12). 11 = [IU, lV, Iwl and 12 == [Ip, Iq, Irl are the control forces and moments

vectors.
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45 3.3 Observer Design With Constant Wave Model 46
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3.3 Observer Design With Constant Wave Model

As irrotational wave disturbances affect only the translational motion of AUVs in

surge, sway and heave directions, the main objectives of the observer design are

to estimate the vehicle's low-frequency (LF) velocities in surge, sway and heave

directions and to filter out the wave frequency (WF) motion components from

positioning measurements to avoid wear and tear on thrusters and excessive energy

depletion. The proposed approach to design an observer for AUVs is to construct

an auxiliary dynamic system that reconstructs the estimation of the vehicle's LF

velocities and WF motion components from input-output measurements. Fossen

and Strand [33] proposed a nonlinear observer that was proven to be passive and

globally exponentially stable (GES) for dynamic positioning control of surface

ships. This work was extended to six degrees of freedom for station keeping of

AUVs in shallow water by Liu et ai. [64]. But these two papers used only simplified

models for low speed condition which do not include the Coriolis ~nd centripetal

forces and moments.

In this study, the nonlinear observers proposed in [33, 64] are extended to tracking

control of AUVs which encompasses the Coriolis and centripetal forces and mo­

ments. Here we first introduce a coordinate transformation to solve the observer

design problem due to the presence of the Coriolis and centripetal terms. A nonlin­

ear observer design is then designed and shown to be globally exponentially stable

(GES) based on the transformed model.

E NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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3.3 Observer Design With Constant Wave Model

3.3.1 Coordinate Transformation

47

To facilities stability proof of the observer design, we introduce the following co­

ordinate transformation

(3.10)

where Q(1]2) E R 3x3 is a non-singular matrix to be determined. A similar coordi­

nate transformation has been introduced by Do and Jiang in [19,49]. But there are

significant differences in dimensions and kinematic transformation matrix proper­

ties between the coordinate transformation designed in here and in [19, 49]. Using

Equations (3.1) and (3.3), we get the differentiation of (aI, (2) as follows:

J1 (1]2)Q-1 (1]2)a 2

Q(1]2)Vl + Q(1]2)VI

[Q(1]2)Vl - Q(1]2)M11C1(Vl)V2]

+Q(1]2)M11(-D1(Vl)Vl - 91(1]2) + T1)

(3.11 )

(3.12)

Notice that the differential Equation (2.2), the Jacobin transformation matrix,

leads to:
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47 3.3 Observer Design With Constant Wave Model

where

o -r q

5(T/2) = I r 0 -p

-q p 0

Hence, choosing Q(T/2) = J1(T/2)M1 leads to:

Q(T/2)V1 - Q(T/2)M1-
1C1(V1)V2

. 1
J1(T/2)M1V1 - J1(T/2)M1M1 C1 (V1)V2

J1(T/2)S(T/2)M1V1 - J1 (T/2)C1(Vl)V2

o

48

(3.14)

(3.15)

Using the coordinate transformation Equation (3.10) and results in Equation (3.14),

Equations (3.11) and (3.12) can be reduced to:

a1 = J1 (T/2 )M1-1 J11(T/2) 0:2

a2 = J1 (T/2)( -D1(Vl)Vl - 91(T/2) + 71)

where 0:1 = T/1 and 0:2 = J1(T/2)M1V1.

So the complete model of the vehicle system can be expressed as follows

a1 = J1 ( T/2) M11 J11 (T/2) 0:2

r,2 = J2 ( T/2 )V2

(3.16)

(3.17)

(3.18)

(3.19)

E

. [0 I]~- ~
[221 [222
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3.3 Observer Design With Constant Wave Model

[
Y1 ] [ 1]1 ] + [ 1]w ] = 1] + r~ = [ 0:1 ] + r~
~ ~ 0 ~

The compact forms are for translational motion

Y1 = C01]o

and for rotational motion

Y2 = 1]2

49

(3.21 )

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

o I 0 o
[ T T TJT Awhere 1]0 = ~1' ~2 , 0:1 , 0 = r221 r221 0 ,Eo = 0 ,Co = [0 I I].

a a a I

Here we already get the transformed dynamic model of the AUV system. By

using coordinate transformation, the Coriolis and centripetal term in Equation

(3.3) is cancelled as shown in Equation (3.25). This will bring great convenience

for stability proof of the following observer design.
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49 3.3 Observer Design With Constant Wave Model 50

~1 ) 3.3.2 Observer Structure

'2)

3)

.)

As the wave disturbances only affect translational motions of the vehicle and the

heading angles and rotational velocities can be measured accurately by using the

gyro compass and IMU [10, 80], the objective of the observer design is to generate

the LF position estimations, estimations of LF translational velocities and to filter

out the WF motion from the position measurements. The observer has the property

of a notch filter in the frequency range of the wave disturbances when the dominant

wave frequency is known. Here the observer structure design is motivated by the

work of Strand and Fossen [33]. We have extended their work in two areas: (i) We

introduce a coordinate transformation to prove the GES in the presence of Coriolis

and centripetal forces. (ii) The wave disturbances affect the motion of the vehicle

in surge, sway and heave directions in 3D space.

The observer for dynamics Equations (3.24)-(3.26) is proposed as

Position error dynamics can be obtained by subtracting (3.24)-(3.26) from (3.30)­

(3.32), respectively.

where Yl == Yl - fil is the estimation error of position and K == [Ki, Kf, K[] T

with KI, K 2 , K 3 and K 4 E n3x3 are the observer gain matrices to be determined

later. Tio = [tf, tr, iifr comprises the WF position estimate t2 and LF position

estimate &1. &2 is the LF velocity estimation.

NANYANG TECHNOLOGICAL UNIVERSITY
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(3.30)

(3.31 )

(3.32)
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(Ao - KCo)fto + BOJI (f]2)M1l J1l (T}2)ii2

Aof}o + BOJl (T}2)M11J1l (T}2)&2 + KYI

J1 (T}2) (-Dl(Vl)Vl - 91 (f]2) + 71 + MIl J1l (T}2)K4Y1)

Cof}o

iJo

fil

f}o

&2

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



3.3 Observer Design With Constant Wave Model 51

Figure 3.1: Dynamics of the LF position and velocity estimation errors.

Y1

(3.34)

(3.35)

In Equation (3.34), we use D1 (V1)V1 and D1(V1)V1 instead of the form of 0:2 and

&2 for notational clarity in stability proof in the next section. The position error

dynamics is illustrated using block diagram in Figure 4.1 where two new error

terms, Cz = -J1(TJ2)M11J11(T)2)i and Cv = -J1(TJ2)M11J11 (TJ2)ii2, are defined.

The observer error dynamic model can be rewritten as

TJa Aila + B J1 (TJ2) MIl J11 (TJ2)ii2

Gila

J1 (TJ2) (-D1(Vl)Vl + D1(Vl)Vl) - J1(TJ2)M11J11(TJ2)i

(3.36)

(3.37)

(3.38)
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3.3 Observer Design With Constant Wave Model

k41 0 0 1 0 0r-..J ~(s) II CVz

~K4 = 0 k42 0 !CiHO (S) = 0 2 0ho(s)

0 0 k43 0 0 h3
~

Figure 3.2: Decoupled transfer functions of LF position observer error dynamics.

0 1 -K1 -K1 I I 0

where z= Kiih, A = (Ao - KCo) = I f2 21 0 22 - K 2 - K2 1,B=Bo=1
0

0 -K3 -K3 1
L

and C = K 4CO = [0 K4 K4 ].

3.3.3 Pole-Placement Algorithm

52

The gain matrices in the observer Equations (3.30) and (3.31) are chosen with the

following structures:

For the observer error dynamics, the mapping Cv 1-+ Z in Figure 4.1 can be described

by three decoupled transfer functions z(s) == H(s)cv == K4Ho(s)CVl with Ho(s) ==

Co(s1 - Ao+ KCO)-l Bo.

The diagonal structure of H (s) is shown in Figure 3.2 and the three decoupled

~E NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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3.3 Observer Design With Constant Wave Model

transfer functions hi (8) (i==I,2,3) of H(8) are

Z
-(8)
Cv

53

(3.40)

Next, we will find the observer gain matrices to obtain the desired notch effect and

low-pass effect (wave filtering) of the observer error dynamics Equation (3.40).

The desired h6d(8) (for i==I,2,3) are specified as

(3.41)

where Wei > Woi is the filter cut-off frequency and (ni > (i determines the notch

effect. Comparing Equations (3.40) and (3.41) yields the following formulas for

1
-2Wei((ni - (i)-

Woi

2Woi ((ni - (i) (3.42)

We can notice that the filter gains can be calculated with respect to the dominant

wave frequencies Woi if desired. The parameters for the observer gain matrix K 4

only affects the magnitude of transfer function of hi (s). So hi (s) have the same

phase plots with h6d(8) and parameters for the observer gain matrix K 4 is not

strictly constrained.

For illustration, one set of h6(S) (for i==I,2,3) is chosen as

h i () s2+2xO.lxO.7s+0.72

o S == (82 + 2 x 1.1 x 0.78 + 0.72) (8 + 1.5)
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3.3 Observer Design With Constant Wave Model 54

~
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Figure 3.3: Bode plots of the transfer function Chi (S), ht(s), hi(s), k(s) and ili(s)
Yl Yl nl

(i==1,2,3)

where the dominant frequency of wave is Woi == 0.7, the damping ratio of the wave is

(i == 0.1, the cut-off frequency is chosen as Wei == 1.5 and the notch effect parameters

is chosen as (ni == 1.1. In Figure 3.3, the functions hi(s) == hk(s)ht(s) (i==1,2,3)

are illustrated for a set of filter gains for the three decoupled transfer functions

showing that all have phase greater than -900
, if the observer gain matrices are

chosen as (3.42). In the Bode plots diagram, the transfer function of ht(s) is also

illustrated.

Remark 1 Here we briefly analyze the property of observer dynamics. The ob­

server Equations (3.30)-(3.32) can be rewritten as the following state-space model:

~l j ln;l
1- K 1

-K
1 jl~l

~2 == 0 22 - K 2 -K2 ~2

&1 -K3 -K3 &1
..J
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o

I
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(3.44)

From Equation (3.44), the transfer functions from measurements, Yl, to the LF

positions, ali (i==1,2,3), of the AUV is expressed as:

The Equation (3.45) has the property of notch filer, , as shown in Equation (3.41).

Hence it can filter out the WF position component and estimate the LF position

of the AUV from the output measurements.

We also can identify the transfer function of the estimated WF motion as here:

which estimate the WF disturbance in surge, sway and heave direction. From

Figure 3.3, we can see the Bode plot of transfer function of ~ (s ), and the Bode
Yl

plot of original wave model ~: (s) which is driven by the white noise nl.

Remark 2 Equations (3.45) and (3.40) are similar in the structure except for

the gains in (3.40). But the physical meaning of these two equations are totally

different. Equation (3.45) describes the observer transfer function of the estimated

states ali which is LF positions component. Equation (3.40) is the error dynamic

transfer function ofz(s) with input of the error term Cl/. Only the Equation (3.40),

which will be used for the stability proof of the observer error dynamic system.
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55 3.3 Observer Design With Constant Wave Model

3.3.4 Stability Analysis

56

4)

IF

Lemma 3.1 (Kalman-Yakubovich-Popov(KYP) lemma) [54] Let Z(s) == C(sI ­

A)-IB be a n x n transfer function matrix, where A is Hurwitz, (A, B) is control­

lable, and (A, C) is observable. Then, Z (s) is strictly positive real (SPR) if and

only if there exist positive-definite matrices P == pT and Q = QT such that

45)

).

PA+ATp == -Q,

BTp == C

(3.47)

(3.48)

n

6)

Proposition 3.1 (SPR of velocity estimation error). If the gain matrices in the

observer Equations (3.30)- (3.32) are chosen with the structures as (3.39) then we

can choose appropriate values of K I , K 2 and K 3 such that the triple (A, B, C) in

Equations (3.36) and (3.37) is strictly positive real (SPR).

Proof From Figure 3.3, we can see that all three decoupled transfer functions have

phase greater then -900
• Base on the SPR properties [54], the SPR requirement

is satisfied.

Theorem 3.1 (Globally exponentially stable nonlinear observer) For the A UV

translational dynamic model described by Equations (3.24)- (3.26), the nonlinear

observer Equations (3.30)-(3.32) is globally exponentially stable if K I , K 2 , K 3 and

K 4 are chosen such that the triple (A, B, C) in (3.36) and (3.37) is strictly positive

real (SPR).

Proof We propose the following Lyapunov function candidate:

E

TT -T - -Tp-
v obs = 0:2 0:2 + rJo rJo
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3.3 Observer Design With Constant Wave Model 57

Differentiation of V along the trajectories of a2 and ila in Equations (3.36) and

(3.38) yields

Vobs 2aI'(J1(rJ2)(-D1(V1)V1 + D1(Vl)V1) - J1(rJ2)MI1Jl1(rJ2)z)

+r,5(PA + ATP)ilo

+2a2J1 (rJ2)M11J11(rJ2)BTPr,a (3.50)

2CiI' J1(r72) (-D1(V1)Vl + D1(V1)V1) - 2CifJ1(rJ2)M11J11(rJ2)Cr,o

-il6Qila + 2a2J1 (rJ2) MIl J11 (rJ2)BTPila

Based on the definitions BTP == C and Equation (3.37), we have BT Pilo == Gilo =

Z. Since Q2 = J l (rJ2)Ml Vl and J11(rJ2) = J[(rJ2) , we will get

~bs 2vrM[J[(rJ2)J1(rJ2)( -D1(Vl)Vl + D1(Vl)Vl) - il5Qilo

2vfM[ (-D1(Vl)Vl + D1 (Vl),)l) - il6Qilo

< 2-TMTD - -TQ-- VI 1 1Vl-rJa rJa

Here we use the property that D(Vl)Vl is a nondecreasing function.

(3.51)

(3.52)

So ii2 and iio = [[[, [f, iiir converge exponentially to zero. As J 1 (TJ2) IS a

nonsingular transformation matrix, VI = MIl J11(rJ2)a2 will also converge to zero

exponentially.
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nd 3.4 Adaptive Observer Design

In the previous section, we assume the wave frequency and damping ratio of wave

disturbance are measurable and known. Here we address the problem when the

wave disturbance frequency is unknown.

To solve this problem, we use the adaptive observer technique through augmented

observer technique.

3.4.1 Observer Structure

Since the wave models are assumed to be decoupled, 0 21 and 0 22 in 0 are diagonal

matrices, and we have:

(3.53)

where {)w = [{)~1' e~2]T, and ()wl, ()w2 E R} contain the unknown wave model pa­

rameters to be estimated. Here we assume that these unknown parameters are

slowly varying and are treated as constants in the analysis, such that

(3.54)

Here is the complete dynamic model of the AUV after the coordinate transforma-

tion.

NANYANG TECHNOLOGICAL UNIVERSITY

(3.55)

(3.56)

(3.57)
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3.4 Adaptive Observer Design 59

(3.58)

(3.59)

(3.60)

To design the adaptive observer, we firstly introduce the following additional states

as augmented states.

(3.61)

(3.62)

where xf, Yf E R 3 are the low-pass and high pass filtered innovation signals re­

spectively. Moreover,

X~f(S) = Tf ; yHs) (i = 1,2,3)
1 + Tfis

yj(s) = Tf;s y~(s) (i = 1,2,3)
1 + Tfis

(3.63)

(3.64)

The cutoff frequency in the filters should be below the frequencies of the domi­

nant waves in the wave model (3.5). yL x} and Y} (i=1,2,3) are the respective

components of vectors Yl, x f and fj f .

The augmented observer is formulated as:

NANYANG TECHNOLOGICAL UNIVERSITY

(3.65)

(3.66)
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The observer estimation errors are defined as ~ = ~ -~, iiI = (};1 ~ 01 and ii2 =

(};2 - 0:2 . So the observer error dynamics of wave model is

[0] T A [0 0] - [OWl] - "where Bwo = , lW (~) = A " and Ow = _ . Ow = Ow - Ow denotes
I ~1 ~2 ()w2

the estimation error.

where D1(VI )V1 instead of the form of 0:2 for notational clarity in stability proof

in the next section, Ow is the estimated wave model parameters which will be

determined through adaptive law, Yf is the high pass filtered innovation signals

and K a = [Kia"KJ:,]T with KIa, K 2a , K 3a and K 4a E n3x3 are the adaptive

observer gain matrices to be determined later.

60

(3.72)

(3.71)

(3.68)

(3.70)

(3.69)

(3.67)

SINGAPORE

- KaYf

- T A - - 1
n~ + Bwolw(~)Ow - Ka(~2 + al - Tj Xf)

n~ - n(ew)~ - KaYf

- [0] [0 0] [OWl ]
!1~ + I ~1 ~2 B

W2

Ct2 = J1 (T/2) (- Dl (Vl)Vl + D1(Vl)V1 - MIl J11(T/2)K4aYf)

al = Jl (''l2)M11J11 (7]2)0:2 - K 3aYf

Xa = Aaxa + BaJl(7]2)MI1Jl1 (7]2)0:2 + BW1~(~)ew

a2 = J1(7]2)(-D1 (Vl)V1 + D1(Vl)Vl - MllJll(7]2)CaXa)

~

C~2 = J1 (T/2)(-D1(Vl)Vl - gl(T/2) +71 + M11J11(T/2)K4aYf)

NANYANG TECHNOLOGICAL UNIVERSITY

So the compact form of the error dynamics can be written as:

The other observer error dynamics are:
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where xa = [tr ~f iif x}] and

61

(3.73)

0 I - KIa -KIa KlaTi l 0 0

0 21 0 22 - K 2a -K2a K2aTil 0 1
Aa , Ba , Bw , Ga

0 -K3a -K3a K 3aTi
l 1 0

0 I I _T- 1 0 0f

[ a K 4a K 4a -K4aTj l ] and Cw = [ a I I -Tt ].

We also can make the following definition

A=Aa, B = [ Ba Bw ] and C = [ ~: ]
(3.74)

Next, we will derive the observer gain matrices and the adaptive law for the ob-

server.

3.4.2 Pole-Placement Algorithm

The gain matrices in the observer (3.65)- (3.67) are chosen with the following

structures:

(3.75)

We can obtain the transfer function of the observer error dynamics. Here we define

Jl(TJ2)Ml1Jl1(TJ2)0:2 and Gaia as Eva and za respectively. Here the mapping from

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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3.4 Adaptive Observer Design 62

eva -+ za can be described by three decoupled transfer functions Za ( s) == H a ( s)eva'

The transfer functions h~(s) (i == 1,2,3) of Ha(s) are:

hi ( ) = (S2 + 2(iW oi S + w;;)k4ai S (3.76)
a S (S2 + (Tj/ + k 3ai )S) (S2 + 2(iW oi S + W~i) + k 2ai s3 - klaiW;iS2

The transfer functions of the mapping from ,;(€)Ow -+ fjf can be described by the

following three decoupled transfer functions Hw (s) == h~ (s) (i == 1, 2, 3)

. s3

h:n(s) = I 2 (T-1 k ))( 2 2( 2) k 3 k 2 0 (3.77)
s + fi + 3ai S S + iWoi S + woi + 2ai S - laiWo'i s

To get the desired transfer function specified in (3.41), we choose the observer

gains as here,

1
k 1ai == -2Wei((ni - (i)-,

Woi

k 2ai == 2Woi((ni - (i)

k 3ai = Wei - Tj/

k4ai == Wei - Tjil

(3.78)

(3.79)

(3.80)

(3.81 )

These observer gain can guarantee that all the decoupled transfer functions, Ha (s)

and Hw (s ), all have phase greater than -900
, if the observer gain matricies are

chosen as (3.78)-(3.81).
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3.4.3 Stability Analysis

63

Proposition 3.2 (SPR velocity estimation error). If the gain matrices in the

observer Equations (3.65)- (3.67) are chosen with the structures as Equation (3.75)

then we can choose appropriate values of KIa, K 2a , K 3a , and K4a such that the

triple (A, B, C) in (3.71)-(3.73) satisfies the KYP lemma.

Proof From Figure 3.3, we can see that all three decoupled transfer functions have

phase greater then -900
• Base on the SPR properties [54], the SPR requirement

and thus the KYP lemma are satisfied.

Theorem 3.2 (Globally asymptotically stable nonlinear observer) Considering the

AUV motion described by (3.55)- (3.60), The nonlinear observer (3.65)-(3.67) is

globally asymptotically stable.

Proof Consider the following Lyapunov function candidate:

(3.82)

Differentiation of V along the trajectories of xa and &2 in (3.71) and (3.72) yields

+X~(PaAa+ A~Pa)xa+ 20:2J1 (1]2) MIl JIl(1]2)B~Paxa
-T A T -T 1 :.,

+20wrw(~)BwPaxa + 20wr~ Ow

(3.83)

In the adaptive case, we want the wave-frequency adaptive law to be updated by

the high-pass filtered innovations signals. Hence, it is required that:

NANYANG TECHNOLOGICAL UNIVERSITY

(3.84)
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3.4 Adaptive Observer Design

B~Pa == Ca

B;Pa == Cw

Here Cw = [0 II-Til] and Cwxa = ih·

64

(3.85)

(3.86)

By using the frequency theorem, we can guarantee the existence of Pa with P == Pa,

A = Aa , U = [c~, ij~'Yw rand B = [Ba Bw ], C = [ C
a

] .
Cw .

Here we choose the adaptive law as:

Ow e,u~o -rwryw(t)Cwxa == -rwryw(~)Yf (3.87)

Based on the definitions BTp == C and (3.71), we have BTpxa == CXa. And

we use the definition of 0:2 == J1(7]2)M1V1 and the property of transfer matrix,

J1
1 (7]2) == J[ (7]2) , we will get

Vaobs == 2iJ[M[ J[(7]2)J1(7]2)(-D1(Vl)V1 + D1(V1)V1) - i;TQi;

2iJ[M[ (-D1 (V1)V1 + D1(V1)V1) - X~QaXa

< 2 -TMTD - -TQ-- VI 1 IVI - X a X a

< 0 VV1, Xa # 0

Here we use the property of D(V1)Vl is a nondecreasing function.

(3.88)

(3.89)

Based on the Lasallw's lemma, the global asymptotic convergence of the estima­

tion error can be guaranteed. So the it2 , iiI and xa = [a, ~r,itT, xJ]T converge

asymptotically to zero.
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3.5 Silllulation Results

To demonstrate the performance of the proposed nonlinear observer and adaptive

observer, simulation study is carried out using the AUV model of the vehicle

KAMBARA [94]. The AUV dynamics is described by Equations (3.3) and (3.4)

with the parameter values given in Appendix A.

Here we propose the adaptive observer simulation results. In the observer design,

the simulation is performed in four phase.

• The wave disturbance is in pure sinusoid form and the observer gain is derived

according to the given wave model from Os to 100s.

• The wave disturbance is in pure sinusoid form and the adaptive observer gain

is derived from the adaptive observer algorism from 100s to 200s.

• The wave disturbance is in white noise driven form and the observer gain is

derived according to the given wave model from 200s to 300s.

• The wave disturbance is in white noise driven form and the adaptive observer

gain is derived from the adaptive observer algorism from 300s to 400s.

In the simulation study, we use three coupled PI controllers to control the ve­

locity of the vehicle in surge, sway and heave direction. The desired velocities

The wave model parameters in Equation (3.5) are chosen as (i == 0.1 and Woi ==

0.6283 (i==1-3) corresponding to a wave period of lOs in surge, sway and heave.

The desired notch filter parameters are chosen as (ni == 5 and Wei == 5. The

parameter for the filtered innovation vectors is Tf == 0.71I3x3 ' In the observer

design, the given parameters for the wave model are (i == 0.3 and Woi == 0.4 (i==l­

3). From Equations (3.78)-(3.81), we choose the adaptive obsever gain matrices as

KIa == -117.5I3x3 , K 2a == 3.76I3x3 , K 3a == 3.5915I3x3 and K 4a == 3.5915I3x3 ' The

parameter for the adaptive observer law is r w == 0.01I6x6 '
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are settled as UdO == 2m/5, VdO == ami5 is WdO == Om/5 firstly and then are

Udl == 3m/5, Vdl == 2m/5 is Wdl == 0.5m/5. The initial condition of the KAM­

BARA is (Vl,171) == (0.1, 0.1, 0.1, 0, 0, 5). The initial condition of the observer is

(&1, &2) == (0.5,0.5,5.5,0,0,0). The amplitude of the pure sinusoid wave-induced

motion in surge, sway and heave are limited to 1m,lm and 0.2m, respectively.

The amplitude of the wave-induced motion driven by white noise in surge, sway

and heave are limited to 1m,lm and O.lm, respectively. The simulation results

are shown in Figures 3.4-3.10.

We can see that excellent tracking of LF velocities of the AUV in surge, sway and

heave directions is obtained in Figures 3.4, 3.6 and 3.8. In simulation the wave

model is driven by the zero-mean Gaussian white noise although it was assumed

to be zero in the stability analysis. This is to demonstrate the good performance

of the observer in the presence of stochastic noise. The WF position in surge,

sway and heave directions and their estimates are shown in Figures 3.5, 3.7 and

3.9 respectively. From the simulation results for the observed wave error in Figure

3.10, we can see that the adaptive observer in second and fourth phases has better

performances then the ordinate observer in estimating both the pure wave and

white-noise driven wave. In the first 2 phases of simulation, the estimation error

for sinusoid wave cannot converge to zero. This is due to the phase delay of the

observer error dynamic. The lase 2 phased of simulation, the estimation error also

doesn't converge to zero. This is due to the phase delay and random noise which

drive the wave model.
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3.6 Conclusion 66

3.6 Conclusion

In this chapter, we have solved the nonlinear observer design for AUVs operating

shallow water environment concerning energy efficient problems. The LF positions

and velocities of the vehicle, along with the WF positions in the earth-fixed frame

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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3.6 Conclusion 67

are well estimated. The GES of the observer is proved. Compared with tradi­

tionallinear observer designs, such as Kalman filter, the turning method are very

straightforward and coupled more directly with the physics of the system. The

global stability of the observer are guaranteed. The turning parameters are signif­

icant reduced. This will facilitate the implementation of the software algorithm in

the computer.

Based on the augmented observer technique, an adaptive observer is then designed

for tracking control of an AUV in shallow water area concerning unknown wave

parameters. Traditionally wave filtering has been obtained by gain-scheduling

techniques, where the WF model is known or estimated on-line using a wave fre­

quency tracker. Here, the adaptive wave filtering is directly introduced into the

observer design with simplified implementation. These estimation errors of the

adaptive observer are globally asymptotically stable (GAS). Case study and simu­

lation results show that the nonlinear adaptive observer performs better then the

ordinary observer concerning the unknown wave frequency and damping ratio. All

the estimation errors converge asymptotically to zero. Although the proposed ob­

servers in this chapter are for filtering the WF wave disturbances and estimation

LF positions and velocities for energy efficient condition, the observer design tech­

nique also can be used for station keeping control which concerns precise motion

requirement.
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Figure 3.4: The actual LF velocity and its estimate by using the adaptive observer
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Chapter 4

Station Keeping Control Designs

4.1 Introduction

There is a significant meaning for autonomous underwater vehicles(AUVs) to have

the capability of station keeping. Station keeping is the ability to maintain position

and orientation with regard to a fixed point in a 3-dimensional (3D) environment

by counteracting all the external disturbances. This capability is requested by

various vehicles, such as, satellites, ships, remotely operated vehicles (ROVs) and

AUVs. The vehicles use different control algorithms to counteract any motion or

external disturbances by using thruster controls.

Station keeping is typically applied to ROVs and AUVs in a variety of missions,

including inspection and repair of undersea structures, data collection, mine coun­

termeasures, and surveillance. Many recent developments have been reported:

Cunha et at. [15] designed an adaptive position controller for an ROV, based on an

output feedback variable structure model reference adaptive control (VS-MRAC)

algorithm. The performance of the technique is evaluated by initially using simu­

lation models and then full-scale sea trials utilizing an actual ROV. Results show

71
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4.1 Introduction 72

that this technique of position control consistently outperforms the conventional

proportional-proportional integral (P-PI) control technique, by providing more ac­

curate position tracking and parametric uncertainties and remarkable disturbance

rejection. The structure of the P-PI controller for a generic degree of freedom con­

sists of an inner velocity proportional integral control loop and an outer position

proportional control.

Lots et at. [72] demonstrated the applicability of the 2D visual servoing to un­

derwater vehicle station keeping in horizontal plane. Zwaan et al. [107] addressed

the use of vision technology for automatic station keeping control of underwater

vehicles relative to some naturally textured environmental region in 3D space. For

a camera moving in 3D space, the observed deformations of the tracked image

region are according to planar projective transformations and reveal information

about the robot relative position and orientation with respect to the landmark.

This information is then used in a visual feedback loop so as to realize station

keeping. By using a direct motion vision algorithm that employs simple moments

of the readily available spatiotemporal derivatives of the image function over se­

lected image regions, Negahdaripour et at. [78] estimated the displacement and

yaw angle relative to the desired station position and orientation and exploited this

information to generate appropriate feedback signals to the thrusters to maintain

station.

Only few research studies have been conducted for the station keeping control of

underwater vehicles in shallow water environment. In [91], Riedel showed that

the knowledge of the wave disturbances can be used to improve the controller's

performance for station keeping. Some states, which cannot be directly obtained

such as fluid velocity, are related to the measurements which can be obtained

directly. Here the relative velocity of the AUV to wave in the body-fixed from

is measured by an Acoustic Doppler Velocimeter Ocean Probe (ADVOcean), the

ground-reference velocity is obtained from Navigator Doppler Velocity Log (DVL).

Riedel used an Extended Kalman Filter for state and disturbance estimation to

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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4.1 Introduction 73

compensate for the wave induced disturbance. The surge controller was a station

keeping controller based on sliding mode control technology with disturbance feed­

forward compensation. The work of Riedel was later extended to more degrees of

freedom; heave, pitch, yaw and sway in [21].

In this chapter, we first present the dynamic model of AUVs for station keeping

(SK) in shallow water environment. Then based on the observer design method in

previous chapter, we design a similar nonlinear observer to estimate the shallow

water wave velocities, relative velocities and noise-free positions and rotation angles

which ar~ used in the output feedback controller. We propose two different kinds

of control methods for station keeping of AUVs in shallow water environment.

Motivated by the output feedback controllers for dynamic positioning of ships

[71], we will present a globally asymptotically stabilizing (GAS) output feedback

controller for station keeping of AUVs operating in shallow water area. First, we

design a state feedback control law assuming full state information are measurable.

Then we modify the control law using estimated states. The stability proof of this

approach for the closed-loop system requires that the nonlinear systern satisfy

the separation principle. The separation principle is based on recent results of

cascaded nonlinear systems and Lyapunov stability theory. The second control

method is based on observer backstepping technique in [56]. Simulation results for

both methods that illustrate the performance of the control laws derived are also

included. Finally, this chapter closes with some concluding remarks.
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4.2 Output Feedback Control via Backstepping Design 74

4.2 Output Feedback Control via Backstepping

Design

4.2.1 Model Description

The model described by Equation (2.62) can be rewritten as follows:

~ = [ ;: ] = [n~l ~2] [;:] + [ ~J 'nl

Uf = [0 I] [;: ] = r~

i}l = J1(r]2)Vlr + U f

i}2 = J2 (r]2)V2

M1Vlr = -C1(VIr )V2 - D1(VIr )Vlr - 91 (r]2) + 71

M 2V2 = -C1(VIr )Vlr - C2 (V2)V2 - D2 (V2)V2 - 92(r]2) + 72

The inertia matrices of AUV are given as follows:

lkf1 = diag(rnll, Tin22, Tin33) , lkf2 = diag(Tin44, Tin55, Tin66)

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

where Tnjj, 1 ::; j ::; 6, denote the positive constant inertia terms including added

mass in surge, sway, heave, roll, pitch and yaw, respectively.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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4.2 Output Feedback Control via Backstepping Design

The Coriolis and centripetal matrices are given by

75

0 m33W r -m22Vr

C1(VIr) -m33Wr 0 mllUr

m22Vr -mnUr 0

0 m66r -mssq

C2(V2) -m66r 0 m44P (4.8)

mssq -m44P 0

The damping matrices are

3 3 3

diag{du , dv, dw} + diag{L dUilurli-l, L dVilvrli-l, L dwilwrli-l)}
i=2 i=2 i=2

(4.9)
333

diag{dp, dq, dr} + diag{L dpilpl i- 1
, L dqilqli-l, L drilrl i- 1

)}

i=2 i=2 i=2

where the positive constant terms du , dv, dw, dp , dq dr' dui , dvi , dwi , dpi , dqi and dri

(i == 2,3) denote the hydrodynamic damping in surge, sway, heave, roll, pitch and

yaw. The damping matrices can be viewed as a sum of a constant term, D 1 or D 2 ,

and a quadratic damping term, D 1q (Vlr) or D2q (V2).

The restoring force vectors 91(1]2) and 92(1]2) are given by

(W - B)sinB

91 (1]2) == - (W - B)cosBsin¢

- (W - B)cosBcos¢

NANYANG TECHNOLOGICAL UNIVERSITY

(4.10)

SINGAPORE

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



75 4.2 Output Feedback Control via Backstepping Design

and

-(YeW - yBB)cos8cos<p + (zeW - zBB)cos8sincjJ

92(7]2) = I (zaW - zBB)sinO + (XaW - xBB)cosOcosq;

-(xeW - xBB)cos8sincjJ - (YeW - yBB)sinO

76

(4.11 )

:.8)

where W is the submerged weight of AUV, B is buoyancy force of AUV, Te ==

[xc, Ye, ze]T is the distance between center of gravity of AUV and origin of the

body-fixed frame of AUV and TB == [XB' YB, ZB]T is the distance between center of

buoyancy of AUV and origin of the body-fixed frame of AUV [91, 29].

The AUV is fully actuated and available control inputs are

T1 == [Tu , Tv, Tw ] , T2 == [Tp , Tq , Tr ] (4.12)

Ii-I)}

(4.9)

where Tu , Tv, Tw , Tp , Tq and Tr are the control forces and torques in surge, sway,

heave, roll, pitch and yaw, respectively.

4.2.2 Nonlinear Observer Design

In real application, not all the states are measurable and thus observers are needed

for control purpose. For station keeping control, we need the information on wave

disturbance. Using measurement obtained from the AUV's Acoustic Doppler Ve­

locimeter (ADV), Doppler and motion package, Riedel [91] designed an Extended

Kalman Filter for states and wave disturbances estimation which is used for station

keeping controller design to compensate the wave induced disturbance. But for low

cost AUV, it is not desirable to use the expensive ADV sensor to derive the wave

disturbance. As irrotational wave disturbances only affect translational motion of

AUVs explicitly in surge, sway and heave directions [91], the main objectives of

the observer design are to estimate the wave velocities and relative velocities of

AUV in Equations (4.2) and (4.5). Fossen and Strand [33] proposed a nonlinear

E NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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4.2 Output Feedback Control via Backstepping Design 77

observer for dynamic positioning control of surface ships, which was proven to be

passive and globally exponentially stable. This work was extended to six degrees

of freedom (DOF) for station keeping of AUVs in shallow water by Liu et at. [64].

But these two papers only used simplified models for low speed condition, which

did not consider the Coriolis and centripetal forces and moments.

Inspired by the previous nonlinear observers in Chapter 3, we will design a non­

linear observer by using available position and attitude measurement for station

keeping control taking into account the Coriolis and centripetal forces and mo­

ments. The main difference is that the precious nonlinear observer in Chapter

3 is used to filter out high frequency wave disturbance and to estimate the low

frequency motion of ships in surge, sway and yaw directions for dynamic position­

ing in horizontal plane to achieve energy efficiency. Here, the nonlinear observer is

used to estimate the wave velocities and relative velocities of AUVs in translational

motion for station keeping control in which AUVs will need to use their actuators

to counteract the high frequency wave disturbances. The models used in these

two situations are also quite different. In our observer design, we first introduce

a coordinate transformation to simplify the observer design problem due to the

presence of the Coriolis and centripetal terms. Based on the transformed model, a

nonlinear observer is then designed and shown to be globally exponentially stable

(GES).

Coordinate transformation

To facilitate stability proof of our observer design, we first introduce the following

coordinate transformation to remove the Coriolis and centripetal term 0 1 (VIr )V2

in (4.5)

NANYANG TECHNOLOGICAL UNIVERSITY

(4.13)

SINGAPORE

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



where Q('r/2) E R 3x3 is a non-singular matrix to be determined. Using Equations

(4.3) and (4.5), we get the differentiation of (a1,a2) as follows:

Using the coordinate transformation in (4.13) and result in (4.18), Equations (4.14)

and (4.15) can be reduced to:

NANYANG TECHNOLOGICAL UNIVERSITY

78

(4.17)

(4.16)

(4.15)

(4.14)

(4.19)

SINGAPORE

. 1
J1('r/2)M1V1r - J1('r/2)M1M1- (71 (VIr )V2

J1('r/2)S('r/2)M1Vlr - J1('r/2) (71 (VIr )(4.18)

o

ill == J1 ('r/2) VIr + U f

Q('r/2)Vlr + Q('r/2)Vlr

[Q('r/2)Vlr - Q('r/2)M11C1(VIr )V2]

+Q('r/2)M11(-D1(VIr )Vl1' - 91 ('r/2) + 71)

o -r q

S(T}2) = I r 0 -p

-q p 0

j 1 ( 7]2) == J1 ( 'r/2) S ('r/2 )

0:1 - J1('r/2)M11J11(7]2)a2 + U f

. 1
Q(7]2)V11' - Q('r/2)M1 (71(V1r)V2

0:2

a1

Hence, choosing Q('r/2) == J1('r/2)M1 leads to:

where

Note that

4.2 Output Feedback Control via Backstepping Design
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4.2 Output Feedback Control via Backstepping Design 79

(4.20)

So the complete model of AUVs in shallow water areas can be expressed in new

coordinate frame as follows

Ql J1(T/2)M11J11(T/2)a2 + U f (4.21 )

~ [n~l ~2] ~ (4.22)

Q2 J1(TJ2) (-D 1(VIr )Vlr - 91 (T/2) + 71) (4.23)

i}2 J2(TJ2)V2 (4.24)

1/2 M;l( -C1(Vlr)Vlr - C2(V2)V2 - D 2(V2)V2 - 92 (TJ2) + 72) (4.25)

Y [~: ] [~: ] (4.26)

The compact forms for translational motion are expressed as:

i}o AoT/o + BOJ1(T/2)M11J11(TJ2)a2 (4.27)

a2 J1(TJ2) (-D1(VIr )V1r - 91 (TJ2) + 71) (4.28)

Yl CoT/o (4.29)

and for rotational motion

J2(TJ2)V2

M;l( -C1(Vlr)Vlr - C2(V2)V2 - D2(V2)V2 - 92(TJ2) + 72)

NANYANG TECHNOLOGICAL UNIVERSITY
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4.2 Output Feedback Control via Backstepping Design 80

Y2 772 (4.32)

where 770 == [~r, ~r, aiJT, A o ==

o I 0

021 021 0

o I 0

, Bo ==

o
o
I

, Co = [0 0 I].

By using the coordinate transformation in (4.13), the Coriolis and centripetal term

in Equation (4.5) has been removed as shown in Equation (4.28). Based on the

transformed dynamic model, a nonlinear observer will be designed in the following

part.

Observer structure

Similar to previous observer design in Chapter 3, we propose the following observer

for translational motion dynamics. The observer for dynamics (4.27)-(4.29) is

proposed as

fIo

a2

Yl

AofIo + BoJ1 (772)M11 J11(772)a2 + KY1

J1(772)( -D1(V1r)V1r - 91(772) + 71 + MIl J1
1(772)K4 ih)

Coi]o

(4.33)

(4.34)

(4.35)

K 1

where ih = Yl - fh is the estimation error vector of position and K = I K 2

K 3
L

with K 1 , K2, K 3 and K 4 E n 3x3 are the observer gain matrices to be determined
A 1

~1

later. ijo = I t2 I comprises the wave velocities estimation t2 and the position

a1
...J

estimation al. VIr == M 1-
1J11 (772 )a2 is the relative velocity estimation.
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4.2 Output Feedback Control via Backstepping Design 81

Position error dynamics can be obtained by subtracting (4.33)-(4.35) from (4.27)­

(4.29), respectively,

(Ao - KCo)ilo + BOJI (712)M11J11(712)ii2

J1(712) (-D1(VIr )V1r + D1(V1r)V1r - MIl J1l (712)K4Y1)

Coilo

(4.36)

(4.37)

(4.38)

In (4.28), (4.34) and (4.37), we use D(V1r)V1r and D(V1r)V1r instead of the form of

(X2 and 0:2 for notational clarity in subsequent stability proof. The observer error

dynamics in (4.36)-(4.38) is illustrated using a block diagram in Figure 4.1 where

two new error terms, Cz == -J1(712)M11 J11(712)K4Y1 and ev == J1(TI2)M1l J1l (712)ii2,

are defined.

Yl

: -_._-€J--- 1t2
:110 __ .... """ _ ~ .... __ ........ """ _loIIo .... ...." ..... \101, .... __ .... _loW ...... ... ... _""" """ _ .... _ .... ........ _lMo """ \IN"''''' __ ............... __ ........... __ -. NoI .... _

Figure 4.1: Dynamics of the position and relative velocity estimation errors.
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4.2 Output Feedback Control via Backstepping Design

The observer error dynamic model can be rewritten as

82

T/o

z
a2

Ailo + Bcv

Gilo

J1(T/2)( -D1(Vlr)Vlr + Dl(fJlr)fJlr) - J1(T/2)M11J11(T/2)z

(4.39)

(4.40)

(4.41 )

where z == K 4Yl,

r
0 I -K1 0

A = (Ao - KCo) = I fh! f2 22 0 -K2 , B == Bo == o I and

0 I -K3 I
L

C = K 4Co = [0 0 Kd·

Using the observer design technique in Chapter 3, the gain matrices in the observer

(4.33) and (4.34) are chosen with the following structures:

K 1 == diag{k l1 , k 12 , k 13 }

K 2 == diag{ k21 , k 22 , k23 }

K 3 == diag{k31 , k32 , k33 }

K 4 == diag{k41 , k42 , k43 }

where

k 1i 2Woi ((ni - (i)

(4.42)

k2i 2Woi((niWci - (i k3i) (4.43)

k3i 2Woi((ni - (i) + Wei

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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4.2 Output Feedback Control via Backstepping Design

Stability analysis

83

Theorem 4.1 (Globally exponentially stable nonlinear observer) For the A UV

translational dynamic model described by (4.27)- (4.29); the nonlinear observer

(4·33)-(4·35) is globally exponentially stable if K 1 ; K 2 and K 3 are chosen according

to the structure in (4.42) with parameters in (4.43) such that the triple (A, B, C)

in (4.39) and (4.40) is strictly positive real (SPR).

Proof With these observer gains, we can guarantee that all three decoupled ob­

server error dynamics transfer functions can be designed to have phase greater

then -900
• And thus the SPR requirement is satisfied. According to the Kalman­

Yakubovich-Popov (KYP) lemma [54], there exist positive-definite matrices P =

pT and Q = QT such that

PA+ATp=-Q,

We propose the following Lyapunov function candidate:

(4.44)

(4.45)

(4.46)

Differentiation of V along the trajectories of &2 and fjo in (4.39) and (4.41) yields

Vobs 2&r(J1 (''72) (- D1(VIr )V1r + D 1 (VIr )Vlr) - J1 (rf}2)M11J1
1(172)i)

+fj6(PA + ATP)fjo

+2&2Jl (172)M11J11(172)BT Pfjo (4.47)

2&r J1 (172)( -D1(V1r)V1r + D 1(Vlr)Vlr) - 2&r J1(172)M1-
1J11(172)Cfjo

-fj~Qfjo + 2&2 J1(172)M11J11(172)BT Pfjo
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4.2 Output Feedback Control via Backstepping Design 84

Based on the definition BT P == G and using (4.40), we have BT Pilo == Gilo == z.

Since a2 == JI(T/2)MIVIr and J11(T/2) == J[(T/2), we get

Vobs - 2DirM[J[(T/2)JI(T/2)( -D1(Vlr)Vlr + DI(f;lr)f;lr) - ilaQilo

2DirM[(- D 1(VIr )VIr + D I (f;lr )VIr) - ilr;Qilo

< 2-TMTD - -TQ-- VIr I IVIr - 170 170

< 0 'v'Vlr , ilo =I 0

Here we use the property that DI (VIr) is a nondecreasing function.

(4.48)

(4.49)

So £i2 and i/o = [tf, t:f, £if]T converge exponentially to zero. As.It (7]2) is a nonsin­

gular transformation matrix, the relative velocity of AUVs, VIr == MIl JI I(T/2)ii2,

will also converge to zero exponentially.

4.2.3 Nonlinear Controller Design

To keep the AUVs at a fixed point, we need counteract the external disturbance

by using the thrusters. By using the nonlinear observer developed in the previous

section, we can estimate the wave velocities and relative velocities of AUVs in

translational motion. Then we can design an output feedback controller to keep the

AUVs at a fixed position by counteracting the high frequency wave disturbance due

to waves. Here we present an output feedback controller for translational motion

of AUVs using observer backstepping technique in [56]. For rotational motion,

we present a backstepping controller by directly using the attitude measurement.

Backstepping makes use of a recursive procedure that breaks down the control

problem of the full system into a sequence of designs for lower order systems

[56, 54]. The observer backstepping method in this section is based on the work of

Aarset et al. [2], which is an extension of the results in Fossen and Gr0vlen [30].
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4.2 Output Feedback Control via Backstepping Design 85

The results in [30, 2] focused on dynamic positioning control of ships to achieve

energy efficiency for actuators. In this section, the backstepping control technique

is used for station keeping of AUVs to meet precision requirement.

Observer backstepping controller design for translational motion

Step 1 Since a1 = TJl is combined with the wave motion and corrupted by the

measurement noise, the tracking error 0:1 - ad is used for observer backstepping

design because the observer guarantees 0:1 converge to al exponentially,.

We first define the error variable Zl as

(4.50)

where K1 > 0 is a diagonal integration gain matrix used to eliminate steady state

errors and ell = 0:1 - ad·

Differentiating (4.50) with respect to tilne and using Equation (4.33) yields

(4.51)

The virtual control vector is chosen as /1 = t2 + J1(TJ2) M1-
1J11(TJ2) 0:2 = Z2 + (31

with a stabilizing function (31 = - (E1 + PI) Zl + ad - K 1(0:1 - ad)' So Equation

(4.51) results in

(4.52)

E 1 is a strictly positive diagonal feedback design matrix expressed as E1 = diag{el, e2, e3}

where ei (i=1,2,3) are positive and PI is a strictly positive diagonal damping matrix
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4.2 Output Feedback Control via Backstepping Design 86

defined as:

r
e1k51 0 0

F1 = I 0 e2k~2 0 I (4.53)

0 a e3k~3

Where k3i (i=1,2,3) are the observer gain elements in K 3 . The damping term

- F1z1 is used to compensate the disturbance like term K 3Y1'

Step 2 From the definition of /1 and Z2, we get Z2 = t2 + J1 (r]2)M;-1 J11(r]2)&2 +
(E1+ F1)ZI - ad + K 1 (&1 - ad)'

Time differentiation of Z2 is:

Z2 = '"Y1 - (31

t2 + J1(r]2)S(r]2)M11J[ (r12)&2 + J1(r]2)M1
1ST (772)J[ (772)&2

+J1(r]2)M11J[ (r]2)J1(r/2) (-D1(VIr )Vlr - 91 (772) + 71 + MIl J11 (r]2)K4 fll)

+(E1+ F1)ZI - ad + K 1 (&1 - ad) (4.54)

n21 t1 + n22 t2 + K2Y1 + J1(r]2)S(r]2)M11 J[(r]2)&2 + J1(r]2)M11ST(r]2)J[(r]2)&2

+J1(r]2)M11 J[ (r]2)J1 (r]2) (-D1(VIr )Vlr - 91 (r]2) + 71 + MIl J1
1(r]2)K4Y1)

+(E1 + F1 )(-(E1+ F1)Zl + Z2 + K 3Yl) - ad

+K1 (t2 + J1 (772)M11 J[(r]2)&2 + K 3Yl - ad)

By defining Al as

~}
Al n21 t1 + n22 t2 + J1(r]2)S(r]2)M11J[(r]2)&2 + J1 (r]2)M11ST (r]2)J[(r]2)&2

+J1 ('12) M 1-
1(-D1 (Vl r)V1r - 91('12) + M 11J11(772)K4Yl) (4.55)

+(E1 + F1)(-(E1+ F1)Zl + Z2) - ad

+K1 (J1 (772) MIl J[ (r]2)&2 - ad)
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4.2 Output Feedback Control via Backstepping Design

Equation (4.54) can be written as

J1(T/2)M11Tl + Al

+(K2 + (E1 + F1)K3 + K 1K 3 )Yl

87

(4.56)

Because all the terms in K 2 + (E1 + F1 )K3 + K 1 K 3 are diagonal matrix, we define

a term 8 = K 2 + (E1 + F1 )K3 + K 1K 3 as

r81 0 0

8 = I 0 ()2 0

l 0 0 83

The following choice of feedback controller is made

(4.57)

(4.58)

E2 is a strictly positive diagonal feedback design matrix expressed as E2 = diag{e3, e4, es}

where ei (i=4,5,6) are positive constants. The F2 is chosen as a strictly positive

diagonal damping matrix. The damping term - F2z2 is used to compensate the

disturbance like term 8Yl. So the resulting Z2-error dynamics is

The strictly positive diagonal damping matrix F2 is defined as

e4()r 0 0

o e5e~ 0

o 0 e6()~

NANYANG TECHNOLOGICAL UNIVERSITY
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4.2 Output Feedback Control via Backstepping Design 88

By combining Equations (4.39)-(4.41) and (4.59), the resulting error dynamics of

the whole system can be written as

z = -(Ez + Fz)z + Ez + Tih

~o == Ailo + BJl (TJ2)M1"1 J1l (TJ2)ii2

a2 = Jl (7]2) (-Dl (VIr )Vlr + D1(VIr )Vlr) - J1(TJ2)M1l J1"l (7]2)Cilo

(4.61)

(4.62)

(4.63)

where z == [z[, zr]T and Ez ==

T= [ :3].
[El 0] [FlO] [0 1]o E

2
·' Fz = 0 F

2
,E = -1 0 '

A Lyapunov function candidate for the control law is

1 T T
~on == "2 z z + elIKIElelI. (4.64)

5}

So the Lyapunov function candidate for the whole observer-controller system is

Vi ~on + ~bs

1 T T -T - -T-
-z Z + e1IKIE1elI + (}:2 (}:2 + TJo PTJo.
2

(4.65)

The time differentiation of Equation (4.65) is

VI - ~on + Vobs

ZTZ + 2eiIKIE l ell + 2virM[ (- D 1 (VIr )Vlr + D l (VIr )V1r) - il6Qilo

TE TF TK --Zl 1Z1 - Zl 1Z1 + Zl 3Yl

TE TD Te--Z2 2Z2 - Z2 r2Z2 + Z2 .... Yl

+2efIK IE l ell + 2v'irM[(-D 1 (VIr )VIr + D l (VIr )Vlr) - illQilo

(4.66)

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



4.2 Output Feedback Control via Backstepping Design

Adding the following zero terms

89

(4.67)

1- 0 0 1- 0 0
el e4

with G l = 0 1- 0 ,G2 = 0 1- 0 , Co = [ 0 0 I ] and Cor;o = iii
e2 e5

0 0 I 0 0 1-
e3 e6

into (4.66), and considering the relation [2]

1
-z{Flzl + z{K3Yl - "4i}'{;ClGlCOi}o:s.; 0

1
-z[F2z2 + Z[SYI - "4i}'{;ClG2COi}0 :::; 0,

Equation (4.66) can be written as

(4.68)

Vi < l' 1 -1' l' -
-zl Elzl + "4 TJo Co G l CoTJo

l' 1 -1' l' -
-Z2 E2z2 + "4"70 Co G2C0"70

C) l' K E . 2-™1'D - -1'Q-+LielI I lelI - VIr I lVl r - "70 "70

< -(ell + KleI)1'E I (ell + KlelI) + 2efIK IE l elI

1'E 2-1' M 1'D --Z2 2Z2 - VIr I IVl r

l' 1 l' 1 l'
-i}o (Q - "4Co GICO - "4 Co G2CO)i}0

< .1' E . l' K1'E K 1'E-ell I ell - ell I 1 Jell - Z2 2Z2

(4.69)

VI can be made negative definite by choosing the positive definite matrix Q >

~C6G I Co +~ClG2CO• So according to Lyapunov stability theory, the AUV system
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4.2 Output Feedback Control via Backstepping Design

with observer (4.33)-(4.35) and controller law (4.58) is GES.

Backstepping controller design for rotational motion

The dynamics of the rotational motion is

i]2 == J2(TJ2) V2

V2 == M;l( -C1(Vlr)Vlr - C2(V2)V2 - D2(V2)V2 - 92 (TJ2) + 72)

Y2 == TJ2

90

(4.70)

(4.71)

(4.72)

where J2(TJ2) is the kinematic transformation matrix and both TJ2· and V2 are mea­

surable.

Because we can measure the attitude and Euler angle rate with great accuracy, we

present a backstepping controller by directly using the attitude measurement for

rotational motion.

Step 1 Similar to previous design, we first define the error variable Z3 as

23 = 7/2 - 772d + K 1 it(772 - 772d)dT = e21 + K 1e21 (4.73)

where K 1 > 0 still has the same definition as in the previous section in (4.50) and

e21 == T12 - TJ2d· Based on (6.21), we obtain the following by differentiating (6.24)

2;3 == J2(TJ2)V2 - i]2d + K1(TJ2 - TJ2d) (4.74)

The virtual control vector is chosen as 12 == J2(TJ2)V2 == Z4 + /32 with the stabilizing

function (32 == -E3Z3 + iJ2d - K 1(TJ2 - TJ2d)' So Equation (6.25) becomes

2;3 == -E3Z3 + z4
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4.2 Output Feedback Control via Backstepping Design

where E3 is a strictly positive diagonal feedback design matrix.

Step 2 Differentiating Z4, we get

24 'Y2 - /-32

j2(7]2)V2 + J2(TJ2)V2 + E323 - r;2d + K 1 (T;2 - T;2d)

91

. 1
J2(7]2)V2 + J2(7]2)M:; (72 - C1 (Vl r )Vlr - C2(V2)V2 - D 2(V2)V2 - gf4'f7~~)

+E3(-E3z3 + Z4) - r;2d + K 1(J2(7]2)V2 - i}2d)

By defining A2 as

. 1
J2(7]2)V2 + J2(7]2)M:; (-C2(V2)V2 - D2(V2)V2 - g2(7]2»

+E3( - E3z3 + Z4) - r;2d + K 1(J2(7]2)V2 - r(}2d)

Equation (6.27) can be rewritten as

We can easily choose the following controller

So the resulting Z4 error dynamics is

(4.77)

(4.78)

(4.79)

(4.80)

where F4 is a strictly positive feedback matrix usually chosen to be diagonal form.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



4.2 Output Feedback Control via Backstepping Design

Defining the following Lyapunov function candidate

1 TIT
V2 == -Z3 z3 + -z4 Z4

2 2

So the time differentiation of Equation (6.33) is

92

(4.81 )

V2 == -zIE3z 3 - zTE4z 4 - zTJ2(rI2)M:;1 (C1(Vlr)Vlr - C1(1)lr)Vlr) < 0 (4.82)

Based on the previous GES property of observer design, so the GES of this orien­

tational controller is guaranteed.

4.2.4 Simulation Results

To demonstrate the performance of the proposed observer and controller, simula­

tion study is carried out by using the AUV model of the vehicle KAMBARA [94].

The AUV dynamics is described by (4.5) and (4.6) with the parameter values given

in Appendix A.

The wave model parameters are chosen as (i == 0.1 and Wi == 0.7854 (i==1-3)

corresponding to a wave period of 8s in surge, sway and heave. The amplitude of

wave velocity relative to the earth-fixed frame in surge, sway and heave are limited

to 0.4m/s, 0.4m/s and O.lm/s, respectively. The notch filter parameters are chosen

as (ni == 10 and Wei == 10. From (4.43) , we choose

K 1 == 15.550913x3 , K 2 == 153.066513x3 , K 3 == 25.550913x3 (4.83)

as numerical values for the observer gain matrices. In simulation, the wave model

is driven by the zero mean Gaussian white noise although it was assumed to be

zero in the stability analysis. This is to demonstrate the good performance of the

observer in the presence of stochastic noise.
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4.2 Output Feedback Control via Backstepping Design 93

In the sinlulation study, the initial condition of the KAMBARA is VI == [0,0, OJT
,

V2 == [O,O,o]T, TJI == [1.5,2.5,4]T and TJ2 == [0.3,0.3,0.3]T. The initial condition of

the observer is 0:1 == [1.3,2.3, 3.9]T and 0:2 == [0.1,0.1, O.l]T. The desired position

and orientational angles are TJId == [1,2, 3.5]T, TJ2d == [0,0.1, 0.2]T.

Using (4.53) and (4.60), we select E 1 == E2 == lI3x3 , F I == 0.005Kj == 3.264213x3 ,

F2 == 0.00582 == 90.459813x3 , E3 == 0.613x3 , E4 == 213x3 . To test the robustness

of the observer and controller, we include the position measurement noises in our

simulation.

The simulation results are shown in Figures 4.2-4.16. Figures 4.2, 4.3 and 4.4 show

the desired, actual and estimated position in surge, sway and heave directions.

WAs shown in these figures, AUV can maintain its position with great accuracy

by counteracting the wave disturbances. Figures 4.5, 4.6 and 4.7 show the actual

and desired attitude angles in roll, pitch and yaw. We can see that position and

attitude angle converge to the desired one exponentially. The actual and estimated

relative velocities in surge, sway and heave directions are shown in 4.8, 4.9 and

4.10. The first-order wave velocities in surge, sway and heave directions and their

estimates are shown in 4.11,4.12 and 4.13. The control input forces and rnoments

are shown in 4.14 and 4.15. The exponential convergence of the wave disturbance

estimation errors can be seen from Figure 4.16. It can be recognized that the

stochastic behavior of the wave disturbance is estimated well even though it is

assumed that there is no white noise in the original wave model.
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4.2 Output Feedback Control via Backstepping Design 94
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Figure 4.4: The desired, actual, and estimated position in heave
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4.2 Output Feedback Control via Backstepping Design

Figure 4.5: The desired and actual attitude in roll

Figure 4.6: The desired and actual attitude in pitch
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Figure 4.7: The desired and actual attitude in yaw
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Figure 4.9: The actual relative velocity and its estimate in sway
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Figure 4.10: The actual relative velocity and its estimate in heave

NANYANG TECHNOLOGICAL UNIVERSITY

4.2 Output Feedback Control via Backstepping Design

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



4.2 Output Feedback Control via Backstepping Design
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Figure 4.11: The actual wave velocity and its estimate in surge
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4.2 Output Feedback Control via Backstepping Design
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Figure 4.16: The estimation error of wave velocities in earth-fixed frame in surge,
sway and heave directions
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4.3 Output Feedback Control via Separation Principle 99

4.3 Output Feedback Control via Separation Prin­

ciple

4.3.1 Model Simplification

In station keeping case, the relative speed of the vessel to the water is very small.

As a consequence, the following simplification is valid for the AUV's 6 degree of

freedom model under the assumption of the low relative velocity [101]. The effect

of the Coriolis and centripetal term can be neglected, C(vr )vr ~ O. The linear part

of the damping will be dominating one, whereas high order terms can be neglected,

D(vr )vr ~ DVr i.e., where D is a constant positive definite matrix. The dynamic

model (2.62) can be simplified as

A07]o + BOJ(7]2)Vr

T - DVr - g(7])

Y CorIo

where 7]0 = [~T 7]T ]T, Ao

Eo = [ ~ ] , and Co = [0 I].

(4.84)

4.3.2 Nonlinear Observer Design

In practice situation, not all the states will be available for measurement and thus

observers are needed for state estimation. Here we briefly present the main result

in previous chapter, which will be used in the subsequent development of an output

feedback controller.
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dynamics can be obtained by subtracting (4.85), (4.86) and (4.87) from (4.84).

The estimation error vectors are defined as vr = Vr - Vr , fJo = T/o - rlo, So the error

Here Dr and rlo are the estimates of Vr and T/o, respectively, and Y = Y - fJ is

the output estimation error. K = [::] with K 1 E n6x6
, K 2 E n6X6

, and

K 3 E R 6x6 are the observer gain matrices.

(4.90)

(4.88)

(4.89)

100

(4.87)

(4.86)

(4.85)

SINGAPORE

Mf;r = -Dvr - JT(TJ2)Z

z = Gijo

M Dr = T - DVr - g(T/2) + JT (T}2)K3y

ho = AOrlo + BoJ(T/2)Vr + KY

fJ = GOrlo

710 = AfJo + BJ(T/2)Vr

NANYANG TECHNOLOGICAL UNIVERSITY

where A = [Ao - KGo]' B = Bo, G = K 3Go. Here we define Ez = -JT(TJ2)Z and

Ev = J(T/2)Vr . The estimation error system (4.88)-(4.90) can be regarded as an

interconnection of two passive block HI and H 2 with linear dynamics shown in

Figure 4.17. In [64], this important property is exploited to design the observer

and show the convergence of estimation error. Based on previous observer de­

sign technique in Chapter 3, we choose the following structures for observer gain

Consider the observer as follows:

4.3 Output Feedback Control via Separation Principle
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4.3 Output Feedback Control via Separation Principle 101

Figure 4.17: Dynamics of the position and relative velocity estimation errors.

matrices:

kll a a 0 0 0

a k12 a a 0 a
a a k13 a 0 0

K1

k21 a 0 0 0 0

0 k22 0 0 0 0

0 0 k23 0 0 0

K 2 diag{k31 , k32 , k33 , k41 , k42 , k43 } (4.91)

K 3 diag{kl,k2,k3,k4,ks,k6},

where

k3i 2Woi((ni - (i) + Wei i = 1,2,3

k4i > 0 i = 1,2,3

NANYANG TECHNOLOGICAL UNIVERSITY

(4.92)
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4.3 Output Feedback Control via Separation Principle

ki > 0 i = 1 6

Stability Analysis

To establish the observer convergence, we need to use the following Theorem:

102

Theorem 4.2 (Globally exponentially stable nonlinear observer) Consider the

A UV motion described by (4.85)7 the nonlinear observer (4.85)-(4 .. 87) is globally

exponentially stable if the observer gain matrices are chosen according to the struc­

ture in (4.91) with the parameters in (4.92).

Proof With these observer gains, we can guarantee that all three decoupled ob­

server error dynamics transfer functions can be designed to have phase greater

then -900
• And thus the SPR requirement is satisfied. According to the Kalman­

Yakubovich-Popov (KYP) lemma [54], there exist positive-definite matrices P =

p T and Q = QT such that

PA+ATp=-Q,

BTp=C

Consider the following Lyapunov function candidate:

17 -TM- -Tp-
v obs = l/r Vr + TJo TJo

(4.93)

(4.94)

(4.95)

Differentiation of Vobs along the trajectories of vr and ijo in (4.88), (4.89) and (4.90)

yields

Vobs -2v;DVr + ij'{; (PA + ATP)ijo

+2v;JT(TJ2)BTPijo - 2v;JT(TJ2)i

NANYANG TECHNOLOGICAL UNIVERSITY

(4.96)
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4.3 Output Feedback Control via Separation Principle 103

Based on the definitions C == K 3CO and BTp == C and (4.89), we have BTprJo ==

K 3Coifo == z.

Application of Proposition 1 to (4.96) yields

T> ')-TD- - TQ - 0v obs == -...,Vr VT - 170 170 < (4.97)

Hence, vT and ifo == [[T, i]T]T converge exponentially to zero. This completes the

proof of the Theorem 4.1.

4.3.3 State Feedback Control

In section 4.2, a passive observer was shown which ensures the globally exponential

convergence of the estimation error. In this section we will design an output

feedback controller via separation principle. We first present a state feedback

controller that ensures GAS of the closed-loop system. Then we will use the

estimated state instead of the true one for the state feedback control law. The

stability proof the whole systern is also presented.

In this part we prove that a state feedback controller globally asymptotically sta­

bilizes the AUV system at the origin.

Theorem 4.3 (State Feedback control) Consider the AUV nonlinear model (4.84)

and the control law

g(rI2) - Kd(vr + j-l (rI2)r~)

_jTKp(17 - 17d) - Dj-l(TJ2)r~

- M( j-l (172)r~ + j-l (172)rn~)

(4.98)

where K d , K p are positive definite controller gain matrices, then the closed-loop

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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4.3 Output Feedback Control via Separation Principle

system (4.84) and (4.98) is globally asymptotically stable (GAS).

104

Proof For station keeping in shallow water area, the AUVs must counteract the

wave. We define Dr == Llr - Lldr, fj == rJ - rJd, where Vdr == -J-1(rJ2)r~. The tracking

error dynamics (4.84)-(4.98) is given by

MVr == -(Kd + D)Dr - jT(1]2)Kp fj

~ == j(rJ2)Dr

y==fj

Consider the Lyapounov function candidate.

1
\( == "2 (D;MDr + yTKpY)

(4.99)

(4.100)

(4.101)

(4.102)

which is clearly positive definite since M and K p are positive definite matrices.

Hence \( qualifies as a Lyapunov function candidate for the closed-loop system

(4.84) and (4.98). Furthermore, it is easy to verify that the time derivative of ~

along the trajectories of the closed-loop system is

~ == -D;(Kd + D)Dr (4.103)

The GAS of the origin f) == 0 follows by invoking the LaSalle's invariance principle.

4.3.4 The Separation Principle

Theorem 4.4 (GAS by Output Feedback Controller) The closed-loop system

(4.84) with (4.85)-(4.87) and

T == g(1]2) - Kd(Vr + j-1 (1]2)r€)

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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4.3 Output Feedback Control via Separation Principle

_jTKp(f; - TId) - Dj-l(Tl2)r~

- M( j-l(TJ2)r~+ j-l (r72)rn~)

is GAS under the conditions of Theorem 4.2 and Theorem 4.3.

105

(4.104)

The proof will be shown in 2 steps. Firstly, we prove that a separation principle

holds for the closed-loop systenl, for this we show that the estimation and tracking

error dynamics can be decoupled yielding a cascaded system. Then we invoke a

recent result from [71] on Lyapunov stability of cascaded nonlinear systems, which

is detailed in Appendix B, for the stability proof of the closed-loop system.

At this point, we find it convenient to present the observation error-dynamics

(4.88)-(4.90) in the state-space form

where

Vr Vr

~ = Ao ' ~

TJ TJ

(4.105)

o (4.106)

Define the observation and tracking error as X2 ~ [vr ~ fJ] T and Xl ~ [Dr fJ] T,

respectively, then we write the estimation error (4.88)-(4.90) and the tracking er­

ror dynamics (4.99)-(4.101), respectively, as :£2 ~ Ao(Xl)X2 in (4.105) and Xl ~

Ac(Xl)Xl in (4.107)

NANYANG TECHNOLOGICAL UNIVERSITY
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4.3.5 Completeness of Closed-Loop System

To prove the completeness of system (4.109) and (4.110), consider the Lyapunov

function candidate

Since the rotational angle 'rJ2 is actually from fj == 'rJ - 'rJd, the system (4.84) in the

closed-loop with (4.85)-(4.87) and (4.104) can be rewritten in the form

106

(4.111)

(4.110)

(4.109)

(4.108)

SINGAPORE

I<d(vr + J- 1 ('rJ2)r~)

+JTKpf} + DJ-I('rJ2)r~

+M(j-1('rJ2)r~ + J-1('rJ2)rn~)

L:~ : X2 == Ao(XI)X2

L:~ : Xl == Ac (X1)XI + h(X1)X2

h(XI)X2

1 TIT
V(x) == 2"X1PcXl + 2"X2PoX2

NANYANG TECHNOLOGICAL UNIVERSITY

Notice that the control input (4.104) can be rewritten as T == T* + h(XI)X2 with

which matches the cascaded form (B.1) and (B.2) in the appendix. The dynamics

of L:~ is not decoupled from that of L:~ due to the presence of J ('rJ2) in the matrix

Ao (X1)' To consider systems ~~, ~~ as a cascade we must prove that the system

(4.109) and (4.110) is complete. That means the solutions (XI(t)~X2(t)) can be

continued for all t 2: O. This allows us to consider A o (Xl) as a time-varying matrix

Ao(t) ~ Ao(Xl(t)), that is we regard the AUV-observer system as a time-varying

system dependent on the position error trajectories Xl (t). Notice that Ao (Xl)

depends only on the rotational angle 'rJ2. With an abuse of notation in the sequel

we will write Ao(t) instead of Ao(Xl(t)).

4.3 Output Feedback Control via Separation Principle
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4.3 Output Feedback Control via Separation Principle 107

where Po is positive definite and Pc ~block-diag{ M, K p }. Based on Theorem 4.1

and Theorem 4.2, the derivative of V(x) along the closed-loop system trajectories

IS

(4.112)

where Qo is positive definite and we used (4.103) to define Qc ~block-diag{(D+

Kd),O}. Notice that there exists 0 > 0 such that Ilh(xI)1I :s; 0 for all Xl hence, since

the first two terms on the right-hand side of (4.112) are negative we can write

(4.113)

where PcM < 00 is the largest eigenvalue of Pc. Using the Shwartz inequality we

have that

(4.114)

From this it is clear that there also exists a constant Cl such that 11(x( t)) <

Cl V (x (t) ). It follows using the comparison equations method that there exist

constant CI, C2 such that V(t) :s; CIV(0)e c2t that is, V(t) is bounded for all t and

since V(x) is positive definite we obtain that the solutions x(t) exist and can be

continued for all t 2: O.

4.3.6 Stability Analysis of Closed-Loop System

A key observation to this point is that the observer error dynarnics is globally

exponentially stable, uniformly in the tracking error trajectories Xl (t). That is,

even through system dynamics ~; depends also on Xl (specifically on the rotational

angle T/2) the estimation error trajectories X2 (t) tend to zero exponentially for any

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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Assumption 1: A constant CI that satisfies (B.3) is easily computed noticing

Assumption 2: On the growth rate on the tracking error Xl is satisfied by choos­

ing 01 =:const, and ()2 =0.

which, under the conditions of Theorem 4.2, is GES since Ao(t) is Hurwitz for all

Xl(t), that is for all t 2: o.

108

(4.117)

(4.118)

(4.115)

(4.116)

SINGAPORE

Amax(Kp), then it is easy to see that if ClAmax(M) and KpM

max{mM,Kp/VI}
Cl > . { K}- 'm~n mm, pm

~; : X2 ::::: Ao (Xl ( t ))X2

~; : X2 ::::: Ao (t)X2

II~~ !I IIxl II = max{mM,KpM }llxdI
2

NANYANG TECHNOLOGICAL UNIVERSITY

where m/vI

where mm ::::: Amin(M) and Kpm ::::: Amin(Kp), then the inequality (B.3) holds. Also

from (4.117) it is clear that the inequality (B.4) is satisfied with C2 == max{mM, K pM }J.l.

4.3 Output Feedback Control via Separation Principle

The stability proof is completed by observing that the system (4.109), (4.116) has

a cascaded structure, hence we can invoke the Theorem B.1 in Appendix Band

show that the cascaded closed-loop system (4.109), (4.116) satisfies the conditions

of this theorem under the following assurnptions.

satisfies

or simply

trajectories Xl (t). Second, we have proven that the solutions of the closed-loop

system can be continued for all t 2: 0 thus the system L::~ can be written as
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4.3 Output Feedback Control via Separation Principle 109

Assumption 3: Holds since the observer-error dynamics is globally exponentially

stable, uniformly in the tracking error Xl (t), That is there exist positive constant

)\1 and "\2 which depend on the initial conditions XI(tO), such that Il x2(t)11 <

"\lllx2(to)lle-A2 (t-to) and therefore we can take 1>(lIx2(to)!D == ("\1/"\2)llx2(to)11

Thus, by invoking Theorem B.1, the global asymptotic stability (GAS) of system

(4.84) in the closed-loop with (4.85)-(4.87) and (4.104) follows. This result will

therefore guarantee that the estimation and the position error dynamics can be

analyzed separately and therefore, that the observer and controller can be designed

independently.

4.3.7 Simulation Results

To demonstrate the performance of the proposed observer and controller, simu­

lation study is carried out based on the AUV model of the vehicle KAMBARA

[94]. The AUV dynamics is described by (4.84) with the parameter values given

in Appendix A.

The wave model parameters are chosen as (i == 0.1 and Wi == 0.6283 (i==1-3)

corresponding to a wave period of lOs in surge, sway and heave. The amplitude of

wave velocity relative to earth-fixed frame in surge, sway and heave are limited to

0.4m/s, 0.4m/s and O.lm/s, respectively. The notch filter parameters are chosen

as (ni == 20 and Wi == 10. From (4.92), we choose

K I
[25.006hx3 0]

246.921113x3 0

K2
[35.006313X3 0 ] (4.119)

o 13x3

K3 16x6
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4.3 Output Feedback Control via Separation Principle

as numerical values for the observer.

The values for the controller are chosen as

K d == 1000I6x6 , K p == 2000I6x6

110

(4.120)

In the simulation study, we use the output feedback controller to achieve the

station keeping. The initial position is TI == [2,2,5.5,0.15,0.15, 0.15]T and Uf ==

[O.l,O.I,O.l]T. The initial condition for the observer is fj == [1.5,1.5,5.,0.1,0.1, O.l]T

and {;f == [0.2,0.2, 0.05]T. The desired position of the vehicle is TId == [0.5,1,3,0,0, O]T.

The simulation results are shown in Figures 4.18-4.30.

Figures 4.18, 4.19 and 4.20 show the desired, actual and estimated position in

surge, sway and heave directions. We can see that AUV can keep at one position

with great accuracy by counteracting the wave disturbances in these directions.

Figures 4.21, 4.22 and 4.23 show the actual, desired heading angles in roll, pitch

and yaw. We can see that position and heading angle converge to the desired

one exponentially. The actual and estimated relative velocities in surge, sway and

heave directions are shown in 4.24, 4.25 and 4.26. The first-order wave velocities

in surge, sway and heave directions and their estimates are shown in 4.27, 4.28

and 4.29. The exponential convergence of the wave disturbance estimation errors

can be seen from Figure 4.30. We can see that the stochastic behavior of the wave

disturbance is estimated as well even though the original wave model is driven by

the zero mean white noise.
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4.3 Output Feedback Control via Separation Principle

-- Desired position x d
.- - Act~al position x ...

. Estimated position x

Figure 4.18: The desired, actual, and estimated position in surge

Figure 4.19: The desired, actual, and estimated position in sway

Figure 4.20: The desired, actual, and estimated position in heave
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Figure 4.23: The desired, actual and estimated heading angle in yaw

112
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Figure 4.21: The desired, actual and estimated heading angle in roll

Figure 4.22: The desired, actual and estimated heading angle in pitch
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4.3 Output Feedback Control via Separation Principle

-3
0
''''--------'------'----'-------'---'-25-----J..-....-..4-.-----L-----'--------'

Ilme[s]

Figure 4.24: The actual relative velocity and its estimate in surge

Figure 4.25: The actual relative velocity and its estimate in sway

-30'-"-----'---'------'--------'-~25---'---~------L---'-"----'

lime [s]

Figure 4.26: The actual relative velocity and its estimate in heave
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4.3 Output Feedback Control via Separation Principle 114
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Figure 4.27: The actual wave velocity and its estimate in surge
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Figure 4.28: 'The actual wave velocity and its estimate in sway
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Figure 4.29: The actual wave velocity and its estimate in heave
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Figure 4.30: The estimation error of wave velocities in earth-fixed frame in surge,
sway and heave directions

4.4 Conclusion

The nonlinear observer design in previous chapter is extended for station keeping

control. The new observer can estimated the wave velocities and relative velocities

based on the position and attitude measurement. Compared with other techniques,

wave sensors are not needed for wave disturbance estimation. The relative veloc-

ities of AUV and the wave velocities in the earth-fixed frame are well estimated

with exponential convergence. With the given nonlinear observer, backstepping is

applied to a new system, in which the equations of unmeasured states have been

replaced by the corresponding equations of their estimates from the observer. At

each step of the procedure, observation errors are treated as disturbances and ac­

counted for using nonlinear damping. The nonlinear output feedback controller

is shown to maintain the AUV at fixed position by effectively counteracting high

frequency wave disturbance. Convergence of the resulting nonlinear system was

analyzed and simulations were performed to illustrate the behaviour of the pro­

posed control scheme. Simulation results show that the control objectives were

achieved successfully.

With a simplified model where station keeping vehicles hold, we designed another

simple observer. The observer produces noise-free estimates of the position, the

relative velocities and wave velocities which are used in a proportional- derivative
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4.4 Conclusion 116

(PD) controller. The stability proof is based on a separation principle which holds

for this simplified model. This separation principle is theoretically supported by

recent results on cascaded nonlinear systerns and standard Lyapunov theory.
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Chapter 5

Dynamic Positioning Control

Design

5.1 Introduction

Dynamic positioning systems have been designed and used primarily for drilling

vessels and platforms and for support vessels in offshore oil industry since early

1960's. The first DP systems were designed using a notch filter and a conventional

PID control [74). The notch filter was used to remove sea wave components on the

positioning measurements. The essence of the DP systems is to control the average

position of the vessel, but to allow the vessel to move with the oscillatory compo­

nents in the waves [34). It is a compromise method between precise position control

and energy efficiency. The thrust and rudder devices are not usually designed for

counteracting the sea wave forces. If the filtering action is poor the thrusters will

vary their outputs with the wave action and this causes energy wastage and wear

and tear on the thrusters. This phenomenon is called thruster modulation.

Compared with station keeping problem in Chapter 4 which require absolutely

fixed position by counteracting high frequency wave disturbance without concern-

117
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5.1 Introduction 118

ing energy issue, DP uses available control devices (such as rudder, propeller and

vector thrusters) to keep the vessel to the desired position and concerning the

energy efficiency problems by just counteracting the low frequency environmental

forces [33, 34, 9, 98]. The control loops for dynamic positioning vessels include

filters to remove the wave motion signals. The position control must only respond

to the low frequency forces acting on the vessel. The filtering problems is to esti­

mate the low frequency motions and filter out the high frequency motions due to

wave so that the control can be designed. Even though the total position of the

vessel was known exactly there would still be a need to estimate the"low frequency

motion and filter out the wave disturbance.

The second generation DP systems was later implemented using the LQ control

strategy combined with Kalman filters [9]. Adaptive control [36] and robust con­

trol [51] were also introduced to deal with this problems by Grimble et at.. A linear

LQG based controller [98] and a nonlinear PID controller [99] were designed by

S0rensen et by S0rensen et at.. Gr0vlen and Fossen [40] presented a uniform global

asymptotical stability (UGAS) of a DP system (ship model, observer and control

law) was proven by using observer backstepping. The results of this paper was

extended and proved the GES of a DP system in [30] by using vectorial backstep­

ping technique. These papers can be regarded as the first attempt to design a fully

nonlinear DP-control system. Since wave filtering and bias estimation were not

included, an UGES observer with wave filtering capabilities and bias estimation

was designed using passivity by Fossen and Strand [33]. An extension of this ob­

server with adaptive wave filtering was proposed in [102]. By using the separation

principle of Panteley and Loria [85], the same observer in [33] was used with a PD­

type control law and proved to be uniform globall asymptotically stabile (UGAS)

for observer-controller systems for DP application by Loria et al. [71]. More re­

cently, This result has been extended to the case where velocity and acceleration

measurement are available and used for DP system [62].

The dynamic positioning system is mainly used in surface vessels or floating plat-
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5.2 Formulation of Dynarnic Positioning 119

form. There is a rather rare application of DP systems for small AUVs. But it

is actually very useful for mine countermeasure (MCM) application to save the

energy and avoid wear and tear on thrusters.

In this chapter, we first introduce the dynamic model of AUVs for dynamic posi­

tioning (DP) in shallow water environment. Then based on the previous observer

design method, we design a similar nonlinear observer to estimate the LF motion

states and filter out wave disturbances. Similar to previous chapter, we propose an

output feedback controller on observer backstepping technique in [56]. Simulation

results that illustrate the performance of the control laws derived are also included.

Finally, the chapter closes with some concluding remarks.

5.2 Formulation of Dynamic Positioning

The mathematical model of an AUV with 6DOF considering the influence of wave

disturbances, Equation (2.67), has been presented in Chapter 2.

The essence of the DP problem is to control the average position of the vessel, but

allow the vessel to move with the oscillatory cornponents in the waves. In this case,

the speed of the vehicle is very small. As a consequence, the following simplification

is valid for the AUV's 6 degree of freedom model under the assumption of the low

velocity [101]. The effect of the Coriolis and centripetal term can be neglected,

C (v)v ~ O. The linear part of the damping will be dominating one, whereas high

order terms can be neglected, D(v)v ~ Dv i.e., where D is a constant positive

definite matrix.
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5.3 Nonlinear Observer Design

ryf = [~ ~] [~:] = r~
y == J(1])v+rlJ==1]+1]J

M v == T - Dv - g(1])

120

(5.1)

where 1]0 == [~T 1]T]T, Ao == [n 0], n== [0 I] , Bo == [0], and
o 0 n21 0 22 I

co==[r I].

In this chapter, we will design an output feedback controller T == T(V, fj) without

counteracting the wave disturbance to avoid the wear and tear on the actuators,

where (v, fj) is the estimate of the true states (v,1]), such that

lim 1](t) == 1]d
t-HXJ

where 1]d is the desired position and orientation vector.

5.3 Nonlinear Observer Design

(5.2)

Based on the results in Chapter 3, we briefly present the main result in previous

chapter to estimate the unmeasurable states and filter out the wave frequency

motion, which will be used in the subsequent development of an output feedback

controller.

Consider the observer as follows:

fjo == Aofjo + BoJ(1]2)V + K iJ

f) == Coryo

NANYANG TECHNOLOGICAL UNIVERSITY
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5.3 Nonlinear Observer Design 121

(5.5)

Here f) and fio are the estimates of v and T]o, respectively, and fj = y-fJ is the output

estimation error. K = [ :: ] with K1 E n6X6
, K 2 E n6x6

, and K3 E n6x6 are

the observer gain matrices.

The estimation error vectors are defined as v = v - f), rryo = TJo - fJo. So the error

dynamics can be obtained by subtracting (5.3), (5.4) and (5.5) from (5.1).

z= GTJo

(5.6)

(5.7)

(5.8)

ku 0 0 0 0 0

0 k12 0 0 0 0

0 0 k13 0 0 0
K 1

k21 0 0 0 0 0

0 k22 0 0 0 0

0 0 k23 0 0 0

NANYANG TECHNOLOGICAL UNIVERSITY

where A = [Ao - KCo], B = Bo, C = K 3Co. Here we define Cz = -JT (TJ2)Z

and Cv = J(T]2)V. The estimation error system (5.6)-(5.8) can be regarded as an

interconnection of two passive block 111 and 112 with linear dynamics shown in

Figure 5.1. In [64], this important property is exploited to design the observer and

show the convergence of estimation error.

Proposition 5.1 (SPR velocity estimation error) If the gain matrices in the ob­

server (5.3)) (5.4) and (5.5) are chosen with the following structures as follows:

SINGAPORE ,I
i!
PI

III_________________L.
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(5.9)

(5.10)

SINGAPORE

H2

diag{ k31 , k32 , k 33 , k41 , k42 , k43 }

1
-2Wei((ni - (i) Woi

2Woi((ni - (i)k2i

k3i Wei

k1i

K 2

K 3 == diag{kl, k2 , k3 , k4 , ks , k6 },

(ni > (i; Wei> Woi; K 3 , k4i > 0 (i == 1,2,3)

Figure 5.1: Dynamics of the LF position and velocity estimation errors.

then the mapping c", ~ i in Figure 5.1 is strictly passive, that is its dynamics

satisfies the Kalman- Yakubovich-Popov lemma [54}.

NANYANG TECHNOLOGICAL UNIVERSITY

with

Theorem 5.1 (Globally exponentially stable nonlinear observer) Consider the

A UV motion described by (5.1), the nonlinear observer (5.3)- (5.5) is globally ex­

ponentially stable in the sense of f) -7 V and fJo -7 T}o as t -7 00.

5.3 Nonlinear Observer Design
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5.4 Output Feedback Control via Backstepping Technique 123

5.4 Output Feedback Control via Backstepping

Technique

Here we present an output feedback controller which makes the overall observer­

controller system stable by using observer backstepping technique in [56]. Back­

stepping makes use of a recursive procedure that breaks down the control problem

for the full system into a sequence of designs for lower order systems [56, 54]. The

observer backstepping method in this section is based on the work of Aarset et ai.

[2], which is an extension of the results in Fossen and Gr0vlen [30]. The results in

[2, 30] focused on dynamic positioning control of ships in horizontal plane which

concerned energy efficiency problem. In this section, the observer backstepping

control technique is used for dynamic positioning of an AUV in 3D space without

counteracting the high frequency wave disturbance.

5.4.1 Observer Backstepping Controller Design

Step 1 Since we can only measure the position and heading angle, we need to

use the estimated states for control purposes. The previous observer design can

guarantee observer error i}, i}f and v converge to zero exponentially. So fj - TId will

be used for observer backstepping design.

Define the error variable Zl as

(5.11 )

where K] > 0 is the diagonal integration gain matrix used to eliminate steady state

errors and e] = fj - TId. Using Equations (5.3) and (5.5) in the observer design, we

obtain the following expression by differentiating (5.11)

NANYANG TECHNOLOGICAL UNIVERSITY
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5.4 Output Feedback Control via Backstepping Technique 124

The virtual control vector is chosen as 11 == J(TJ2)f) == Z2 + 131 with the stabilizing

function 131 == -(E1+ F1)ZI + i)d - ]{I(i] - TJd).

So Equation (5.12) results in

ZI == -(E1 + F1 )ZI + Z2 + K 2y (5.13)

where E1 is a strictly positive diagonal feedback design matrix expressed as E1 ==

diag{el, e2, e3, e4, es, e6} and F1 is a strictly positive diagonal damping matrix de­

fined as:

F1 == diag{elk~1,e2k~2,e3k~3,e4k~4,e5k~5,e6k~6} (5.14)

The damping term -F1z1 is used to compensate the disturbance like term K 2Y.

Step 2 From previous definition, Z2 can be expressed as

Z2 == 11 - 131 == J(TJ2)f) + (E1+ F1)Zl - TJd + K1(i] - TJd)

Time differentiation of Z2 is:

(5.15)

Z2 11 - /31

j (TJ2 ) f) + J (TJ2 )i;

+(E1+ F1 )Z1 - ijd + K1(f) - TJd)

j (TJ2) f) + J (TJ2) M -1 (T - D f) - 9 (TJ2) + JT ('172) K 3y)

-(E1 + F1)2 Z1 + (E1 + F1)Z2 + (E1+ F1)K2y

- ijd + K I ( J (TJ2) f) + K 2Y- i)d)

(5.16)
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5.4 Output Feedback Control via Backstepping Technique

By defining A as

125

A j (772) f) + J (772) M -1 ( - D f) - 9(772) + JT (772)K 3Y)

-(E1 + F1)2 Z1 + (E1 + F1)Z2

-ijd + K 1(J(772)f) - iJd)

(5.17)

Equation (4.54) can be written as

J1(772)M1-1T1 + A

+((E1 + F1)K2 + K1K 2 )fj

(5.18)

Because all the terms in (E1 + F1 )K2 + K 1K 2 is diagonal matrix, we define a term

B == (E1 + F1 )K2 + K 1 K 2 as

(5.19)

The following choice of feedback controller is made

(5.20)

where E2 is a strictly positive feedback design matrix usually chosen to be diagonal

and expressed as E2 == diag{el, e2, e3, e4, e5, e6} . The F2 is a strictly positive

diagonal damping matrix. The damping term - F2z2 is used to compensate the

disturbance like term By.

So the resulting z2-error dynamics is

NANYANG TECHNOLOGICAL UNIVERSITY
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5.4 Output Feedback Control via Backstepping Technique

The strictly positive diagonal damping matrix F2 is defined as

F2~ diag{el8~,e2e~,e30~,e4e~,e5e~,e68~}

126

(5.22)

By combining Equations (5.6)-(5.8), (5.13) and (5.21), the resulting error dynamics

of the whole system can be written as

z~ -(Ez + Fz)z + Ez + Wi}

770 ~ Ai}o + BJ(1]2)iJ

Mv = -DiJ - J(1]2)CfjO

(5.23)

(5.24)

(5.25)

T T T [El 0] [FlO] [0 1]where z = [Zl , Z2 ] and Ez = , Fz = , E = ,
o E2 0 F2 -1 0

w= [ :2]-
5.4.2 Stability Analysis

A Lyapunov function candidate for the control law is

1 T T
~on = 2"z z + e/ K/Ele/.

So the Lyapunov function candidate for the whole system is

(5.26)

v ~on + Vobs

1 T T -T - -T-"2 z Z + e/ K/E1e/ + v Mv + 1]0 P1]o.

(5.27)
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5.4 Output Feedback Control via Backstepping Technique

The time derivation of Equation (5.27) is

127

v
. .
~on + VOb8

T . 2 TK E' 2-TD - -TQ -Z Z + eI I leI - V V - 1]0 1]0

2 T K E . 2 -TD - -TQ -+ ell I 1ell - v v - 1]0 1]0

(5.28)

Adding the following zero terms

~(i]rCl'ClCoila - ilrclc1Coila) = 0

1
4(ijlClGlCOijo - ijlClGlCOijo) = 0 (5.29)

with G l = diag{1.., 1.., 1.., 1.., 1.., 1..}, and Coijo = f) into (5.28) and considering the
el e2 e3 e4 es e6

relation [2]

So the Equation (5.28) can be written as

v;. TE 1 -TC'fTG C -
1 < -Zl lZl + 41]0 0 1 01]0

T 1 -T T -
-Z2 E2z2 + 41]0 Co G l Co1]0

+2efKIEleI - 2iJTDiJ - ijlQijo

< -(eI + KleI)TEl(eI + KleI) + 2efKIEleI

NANYANG TECHNOLOGICAL UNIVERSITY
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5.4 Output Feedback Control via Backstepping Technique

TE 2~TD~-Z2 2Z2 - V v

1
-f}6(Q - "2CrCICO)f}o

< -e/E1e/ - efKTE1K/e/ - zfE2 z2

1
-2vT Dv - i][(Q - "2 CT;G I CO)i]o

< 0 Vi]o =f- 0, VI =f- O.

128

(5.31)

The Vi can be made negative definite by choosing the positive definite matrix

Q > ~C6C I Co. So according to the Lyapunov stability theory, the AUV system

with observer (5.3)-(5.5) and controller law (5.20) is GES.

5.4.3 Simulation Results

To demonstrate the performance of the proposed observer, simulation study is

carried out based on the AUV model of the vehicle KAMBARA [94]. The AUV

dynamics is described by (5.1) with the parameter values given in Appendix A.

The wave model parameters are chosen as (i == 0.1 and Wi == 0.6283 (i==1-3)

corresponding to a wave period of lOs in surge, sway and heave. The amplitude

of WF displacement in the earth-fixed frame in surge, sway and heave are limited

to 0.5m, 0.5m and 0.2m, respectively. The notch filter parameters are chosen as

(ni == 5 and Wi == 5. From (5.10), we choose

[6.1573hx3 03X3]K1 ==
30.013013x3 03x3

[1l.157313X3 03X3] (5.32)K2 ==

03x3 13x3

K 3 16x6
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5.4 Output Feedback Control via Backstepping Technique 129

as numerical values for the observer. In simulation, the wave model is driven by

the zero mean Gaussian white noise although it was assumed to be zero in the

stability analysis. This is to demonstrate the good performance of the observer in

the presence of stochastic noise.

The parameters in controllers are chosen as E 1 == 216x6 , E 2 == 213x3 , F1 =

2 _ [ 1.244913x3 03X3] _ _ 2 _ [ 22.43113x3 03x3 ]0.01K2 - , F2 - 0.018 - .
03x3 O.0113x3 03x3 O.090613x3

In the simulation study, we use the output feedback controller to achieve the

station keeping. The initial position is TI == [2,2,5.5,0.15,0.15, 0.15JT and Uf ==

[O.l,O.l,O.l]T. The initial condition for the observer is fj == [1.5,1.5,5,0.1, 0.1, O.lJT

and {;f == [0.2,0.2, O.05]T. The desired position of the vehicle is TId == [0.5,1,3,0,0, of'.
The simulation results are shown in Figures 5.2-5.14.

Figures 5.2, 5.3 and 5.4 show the desired, actual and estimated LF position in

surge, sway and heave directions. We can see that AUV can keep at one position

with great accuracy by counteracting the wave disturbances in these directions.

Figures 5.5, 5.6 and 5.7 show the actual, desired heading angles in roll, pitch and

yaw. We can see that position and heading angle converge to the desired one

exponentially. The actual and estimated LF velocities in surge, sway and heave

directions are shown in Figures 5.8, 5.9 and 5.10. The WF position in surge, sway

and heave directions and their estimates are shown in Figures 5.11, 5.12 and 5.13.

The exponential convergence of the WF position estimation errors can be seen

from Figure 5.14. We can see that the stochastic behavior of the wave disturbance

is estimated as well even though the original wave model is driven by the zero

mean white noise.
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Figure 5.2: The desired, actual, estimated LF position and measur.ed position in
surge
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Figure 5.3: The desired, actual, estimated LF position and measured position in
sway
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Figure 5.4: The desired, actual, estimated LF position and measured position in
heave
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5.4 Output Feedback Control via Backstepping Technique

Figure 5.5: The desired, actual and estimated roll angle

- Desired heading 0d

- - Actual t1eading 0
.. , Estimated heading a

Figure 5.6: The desired, actual and estirnated pitch angle

Figure 5.7: The desired, actual and estimated yaw angle
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5.4 Output Feedback Control via Backstepping Technique 132
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Figure 5.8: The actual LF velocity and its estimates in surge
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Figure 5.9: The actual LF velocity and its estimates in sway
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Figure 5.10: The actual LF velocity and its estimates in heave
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5.4 Output Feedback Control via Backstepping Technique

Figure 5.11: The actual WF position and its estirnates in surge
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Figure 5.12: The actual WF position and its estimates in sway

Figure 5.13: The actual WF position and its estimates in heave
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5.5 Conclusion
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Figure 5.14: The estimation error of WF position in earth-fixed frame in surge,
sway and heave directions

5.5 Conclusion

A solution was presented to the problem of dynamic positioning of AUVs oper­

ating in shallow water environment considering energy efficiency. Without lose

of generality, we use a simplified model where dynamic positioning AUVs hold.

Based on the observer technique, a nonlinear observer is briefly presented. The

observer provide estimations of LF velocities of AUV and to filter out WF mo­

tion. An output feedback controller is then designed using observer backstepping

technique. Also using the Lyapunov stability analysis, convergence of the resulting

nonlinear system was analyzed and simulations were performed to illustrate the

behavior of the proposed control scheme. Simulation results show that the control

objectives were achieved successfully. Future research will address the application

of the new control strategy developed for more general AUV model concerning

energy efficiency in the next chapter.
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Chapter 6

Nonlinear '!racking Control

Design

6.1 Introduction

This chapter addresses the problem of nonlinear tracking control of AUVs in shal­

low water environment. Most usual control system designs for AUVs usually con­

sider only constant disturbances, such as low frequency current disturbances or

parameter uncertainties. Significant oscillation disturbances due to wave motion

will be introduced into the position movement of the AUV operating in shallow

water environment. When considering energy efficiency of a specified mission, it is

not desirable to counteract the high frequency oscillatory movement due to wave.

It is critical to design the controller to avoid wear and tear on thrusters.

Numerous studies have been done for the tracking control problems of marine

vehicles. An overview of some different methods on controller design can be found

in [29, 14]. But the control problems of marine vehicles considering the wave

disturbance explicitly have been studied by only a few authors.
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ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



6.2 Nonlinear Observer Based Backstepping Control Design 136

Paulsen presented an output feedback controller with a wave filter for yaw an­

gle regulation of nonlinear marine vehicles in [86]. In this paper, the controller

incorporated a wave filter without using velocity feedback. Vik [108] developed

an observer-controller structure design for yaw angle regulation of nonlinear dy­

namics of marine vehicles and proved the semi-global exponential stability based

on the ideas in [11]. Both of these work in [86, 108] considered a one-degree

of freedom nonlinear model with wave disturbance. Using the idea of [11], an

observer-controller structure design for tracking control of ships with a 3 degrees

of freedom nonlinear model without wave disturbance is presented in [87].

In this chapter, we will design a nonlinear output feedback controller by using

observer backstepping technology. The observer designed in Chapter 3 will be

used in this output feedback controller.

6.2 Nonlinear Observer Based Backstepping Con-

trol Design

For translational motion control, the control objective is to make the AUV's LF

motion to track the desired trajectory Tid = [Tid, i]d, rjd] T in the earth-fixed

frame without counteracting the high frequency disturbance due to wave. Using

the estimated LF motion, here we present an output feedback controller to solve

this task by using observer backstepping technique [56].

For rotational motion, there is no need to use the observer backstepping controller

because we can directly measure the orientation angle and rotational rate with

great accuracy by using gyro compass. We use a separate general backstepping

control technique for the orientation angle control.

Backstepping makes use of a recursive procedure that breaks down the control

problem for the full system into a sequence of designs for lower order systems
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6.2 Nonlinear Observer Based Backstepping Control Design 137

T

[56, 54]. The observer backstepping method in this section is based on the work of

Aarset et at. [2], which is an extension of the results in Fossen and Gr0vlen [30].

The results in [2, 30] are applicable for dynamic positioning control of ships using

a simplified model. In this chapter, the backstepping control technique is used for

the tracking control of an AUV with general 6 DOF model taking into account

disturbance due to wave.

6.2.1 Controller Design for Translational Motion

Step 1 Since al == 1]1 is combined with the wave motion and cannot be measured

directly, the tracking error al - ad is rewritten in terms of estimation of ell. Since

the observer guarantees &1 ---+ aI, the tracking error &1 - ad is used for observer

backstepping design.

Define the error variable ZI as

(6.1 )

where K I > 0 is the diagonal integration gain matrix used to eliminate steady

state errors and ell = &1 - ad. Using Equations (3.30) in the observer design, we

obtain the following by differentiating (6.1)

(6.2)

The virtual control vector is chosen as [I == J1(1]2)M1-1Jl1(T}2)&2 == Z2 + (31 with

the st.abilizing function

So Equation (6.2) results in

NANYANG TECHNOLOGICAL UNIVERSITY
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6.2 Nonlinear Observer Based Backstepping Control Design 138

where E 1 is a strictly positive diagonal feedback design matrix expressed as E 1 =

diag{e1, e2, e3} and F1 is a strictly positive diagonal damping matrix defined as:

e1k~1 0 0

F1 = I 0 e2 k~2 0

o 0 e3k~3

(6.4)

The damping term -F1z1 is used to compensate the disturbance like term K 3Y.

Step 2 Time differentiation of Z2 is:

Z2 = it1 - /31

J1(rr;2)S(r/2)M11JT (T]2)0:2 + J1(T]2)M11ST (T]2)JT (T]2) 0:2

+J1(T]2)M11JT (T]2)J1(T]2) (-D1 (V1)V1 - 91 (T]2) + 71 + M 1-
1J11K 4 (T]2)Yl)

+(E1+ F1)Zl - ad + K](&1 - ad)

J1(7]2)S(7]2)M11J[(7]2)0:2 + J1(T]2)M11ST (7]2)J[(7]2)0:2 (6.5)

+J1(7]2)M1
1JT(T]2)J1 (T]2)( -D1 (V1)Vl - 91(7]2) + 71 + MIl J1

1K4 (T]2)Yl)

+(E1 + F1 )(-(E1 + F1 )ZI + Z2 + K 3Yl) - ad

+K1 (J1(7]2)M11 J[(T]2)0:2 + K 3Yl - ad)

By defining Al as

Al J1 (7]2) S (7]2) M1-1 JT (T]2) 0:2 + J1(T]2) M11 ST (7]2) J[ (T]2) 0:2

+J1(T]2)M1-
1(- D1(Vl)Vl - 91 (7]2) + MIl J11K4 (T]2)Yl)

+(E1 + F1 )(-(E1 + F1 )ZI + Z2) - ad

+K1 (J1(7]2)M1-
1JT (T]2)&2 - ad)

(6.6)
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6.2 Nonlinear Observer Based Backstepping Control Design

Equation (6.5) can be written as

J1(TJ2) M11Tl + Al

+((E1 + F1)K3 + K]K3 )ih

139

(6.7)

Because all the terms in (E1 + F1)K3 +K]K3 is diagonal matrix, we define a term

8 = (E1 + F1)K3 + K]K3 as

e1 0 0

8 = 0 ()2 0

o 0 ()3

The following choice of feedback controller is made

(6.8)

(6.9)

where E2 is a strictly positive diagonal feedback design matrix expressed as E2 =

diag{e3, e4, es}. The F2 is a strictly positive diagonal damping matrix. The damp­

ing term - F2z2 is used to compensate the disturbance like term 8Yl.

So the resulting Z2-error dynamics is

The strictly positive diagonal damping matrix F2 is defined as

e4()r 0 0

F2 = 0 es()~ 0

o 0 e6e~
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6.2 Nonlinear Observer Based Backstepping Control Design 140

By combining Equations (3.36)-(3.38) and (6.10), the resulting error dynamics of

the whole system can be written as

i = -(Ez + Fz)z + Ez + Wih

770 = Ai]o + B J1(7]2) M11J11
(7]2)a2

Q2 = J1 (7]2)( -D1 (V1)V1 + D1(Vl)Vl) - J1(7]2)M11 J11(7]2)Ci]0

(6.12)

(6.13)

(6.14)

T T T [E1 0] [FlO] [0 1]where z = [Zl , z2 ] and E z = , Fz = , E = ,
o E2 0 F2 -1 0

W=[:3]-
A Lyapunov function candidate for the control law is

1 T T
~on = "2 z z + e1IKIE1e1I.

So the Lyapunov function candidate for the whole system is

(6.15)

111 ~on + Vobs

1 T T -T - -T-"2 z z + elIKIE1elI + 0:2 0:2 + 7]0 P7]o.

(6.16)

The time derivation of Equation (6.16) is

1Ii ~on + ~bs

ZTZ + 2eiIK1E1e11 + 2i;'[M[( -D1(V1)Vl + D 1(Vl)Vl) - i]'[;Qi]o

TE TF TK --Z1 1Z1 - Z1 1Z 1 + Zl 3Y1

TE Tv Te--Z2 2Z2 - Z2 £2Z2 + Z2 - Yl

+2efIK / E le11 + 2i;'[M[( -D1(Vl)Vl + D1(Vl)V1) - i]6Qi]o

(6.17)
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6.2 Nonlinear Observer Based Backstepping Control Design

Adding the following zero terms

~(i/6C;G1Cyi/o - illC;G1Cyi/o) = 0

~(i/6C;G2Cyi/o - i/lC;G2Cyilo) = 0

141

(6.18)

...L 0 0 ...L 0 0
el e4

with G l = 0 ...L 0 ,G2 = 0 1- 0 , Cy = [ 0 I I ] and Cyi/o = f)
ez e5

0 0 .l 0 0 .l
e3 e6

into (6.17), and considering the relation [2]

So the Equation (6.17) can be written as

T 1 -T T -
-Zl Elzl + ·~rl]o Cy G l Cy 770

T 1 -T T -
-z2 E 2z 2 + 4770 Cy G2Cy 770

2 TK E· 2-™TD - -TQ-+ ell I lelI - VI I IVI - 770 770
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6.2 Nonlinear Observer Based Backstepping Control Design 142

The Vi can be made negative definite by choosing the positive definite matrix

Q > ±C'{;C1Cy + ±C'{;C2Cy . So according to the Lyapunov stability theory, the

AUV system with observer (3.30)-(3.32) and controller law (6.9) is GES.

6.2.2 Controller Design for Rotational Motion

Because we can measure the orientation angle and rotational rate with great accu­

racy by using the gyro compass, there is no need to use the observer backstepping

controller. We use the general backstepping control technique for the orientation

angle control.

Consider the dynamics of the orientational model.

TJ2 == J2 ( TJ2 )V2

V2 == M 2-
1(-C1(V1)V1 - C2(V2)V2 - D2(V2)V2 - 92(TJ2) + 72)

Y2 == TJ2

(6.21)

(6.22)

(6.23)

where J2(TJ2) is the kinematic transformation matrix and both TJ2 and V2 are as­

sumed measured.

Step 1 Similar with previous design, we first define the error variable Z3 as

Z3 = "12 - "I2d + K 1 it("12 - Tl2d)dr = e2/ + K 1e 21 (6.24)

where K 1 > 0 still has the same definition as previous and (:21 == TJ2 - TJ2d. Based

on (6.21), we get the following by differentiating (6.24)

2'3 == J2(TJ2)V2 - TJ2d + K 1 (TJ2 - TJ2d)

NANYANG TECHNOLOGICAL UNIVERSITY
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6.2 Nonlinear Observer Based Backstepping Control Design 143

The virtual control vector is chosen as /2 == J2(1]2)V2 == 24 + P2 with the stabilizing

function

So Equation (6.25) results in

(6.26)

where E3 is a strictly positive diagonal feedback design matrix.

Step 2 By differentiate 24, we get

24 12 - P2

j2(rI2)v2 + J2(1]2)V2 + E3z3 - r;2d + K1(i;2 - 1]2d)

. 1
J2(1]2)V2 + J2(1]2)M2- (/2 - C1(Vl)Vl - C2(V2)V2 - D 2(V2)V2 - 9~~~1)

+E3(-E3z3 + 24) - r;2d + K1(J2(1]2)V2 - r;2d)

By defining A2 as

. 1
J2(1]2)V2 + J2(1]2)M:; (-C2(V2)V2 - D2(V2)V2 - 92(1]2))

+E3(-E323 + 24) - r;2d + K1(J2(1]2)V2 - i;2d)

Equation (6.27) can be rewritten as

We can easily choose the following controller

NANYANG TECHNOLOGICAL UNIVERSITY
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6.2 Nonlinear Observer Based Backstepping Control Design

So the resulting Z4 error dynamics is

Z4 == - E4z4 - Z3 - J2(rJ2)M;;1 (C1(Vl)Vl - C1(Vl)V1)

144

(6.31)

where F4 is a strictly positive feedback matrix usually chosen to be diagonal form.

Defining the following Lyapunov function candidate

1 TIT
112 == -z3 z3 + -Z4 Z4

2 2

So the time derivation of Equation (6.33) is

(6.32)

112 == -Z[E3Z3-zTE4Z4-Z4J2(rJ2)M;1(C1(Vl)Vl-Cl(Vl)Vl) < 0 VZ3 I: 0, Z4 i= 0(6.33)

Based on the previous GES property of observer design, so the GES is guaranteed.

6.2.3 Simulation Results

To demonstrate the performance of the proposed observer and controller design,

simulation study is carried out using the AUV model of the vehicle KAMBARA

[94]. The parameter values of the AUV dynamics described by (3.3) and (3.4) are

shown in Appendix A.

The wave model parameters in (3.5) are chosen as (i == 0.1 and Woi == 0.7854 (i==l­

3) corresponding to a wave period of 8s in surge, sway and heave. The desired

notch filter parameters are chosen as (ni == 5 and Wei == 5. From (4.43), we select

K 1 == -62.388613x3 , K 2 == 7.696913x3 , K 3 == 513x3 andK4 == O.113x3 ·

The controller parameters are chosen as E 1 == 0.213x3 , F1 == 0.2Kj

E 2 == 0.213x3 , F2 == 0.282 == 192.213x3 , E 3 == 0.613x3 and E 4 == 213x3 '

513x3 ,
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6.2 Nonlinear Observer Based Backstepping Control Design

For illustration, the desired trajectory is

Xd == 20sin(0.05t)

Yd == 20(1 - cos(0.05t))

Zd == 5 - O.04t (t <== 50s)

Zd == 3 (t > 50s).

Accordingly, ad == [Xd' Yd, Zd]T, while ad and ad are derived numerically.

145

(6.34)

1,

The initial condition of the KAMBARA is VI == [0,0, o]T, V2 == [0.1,0.1, O.l]T,

7]1 == [0,0.5, 5.5]T and 7]2 == [0.3,0.3, 0.3]T. The initial condition of the observer

is &1 == [0.5, -1, 5.8]T and &2 == [0.1,0.1, O.l]T. The desired orientational angles

are TJ2d == [0,0.1, 0.2]T. In simulation the wave model is driven by the zero-mean

Gaussian white noise although it is assumed to be zero in the previous stability

analysis. This is to demonstrate the good performance of the observer in the

presence of random noise. The amplitude of the WF displacement in surge, sway

and heave are limited to 1m, 1m and 0.2m, respectively. In addition, to test the

robustness of our design, we introduce WF disturbances on AUV rotational motion

with limit of 1deg, 1deg, 1deg in roll, pitch and yaw respectively. The simulation

results are shown in Figures 6.1-6.13.

Figure 6.1 show the actual and desired trajectory and the measured trajectory.

The desired trajectory is in the counter clockwise direction. We can see that

the LF position estimates X, fj and the actual LF position x, Y converge to the

desired trajectory, despite the presence of position measurement noises and the

wave disturbances. Figures 6.2, 6.3 and 6.4 show the desired, actual and estirnated

LF position and measured positions in surge, sway and heave. We can see that the

estimated LF position converges to the actual LF position and follow the desired

LF position. We can see that there is a small error between the estimated and
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6.2 Nonlinear Observer Based Backstepping Control Design 146

desired position due to the observer dynamic response to the time varying desired

trajectory. Figures 6.5, 6.6 and 6.7 show the actual and desired heading angles in

roll, pitch and yaw. We can see that excellent tracking of heading angle is obtained.

The corresponding actuator forces and moments are shown in Figures 6.8 and 6.9.

The WF motions in surge, sway and heave directions and their estimations are

shown in Figures 6.10, 6.11 and 6.12. We can see the random effect of white

noise which drive the wave model from Figs 6.10, 6.11 and 6.12. The exponential

convergence of the wave disturbance estimation errors can be verified from Figure

6.13. We can see that the stochastic behavior of the wave disturbance is estimated

well even though the white noise was assumed to be zero in the original wave model

in the stability analysis.
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6.3 Conclusion

153

In this chapter, an output feedback controller is designed for tracking control of

an AUV in shallow water area concerning energy efficiency. Based on the previous

results in Chapter 3 where the LF positions and velocities of the vehicle, along

with the WF positions in the earth-fixed frame are estimated with exponential

convergence. An output feedback controller is subsequently designed using the

observer backstepping technique for translational motion control, where the un­

available state information is replaced with estimates from the nonlinear observer.

The nonlinear output feedback controller is shown to track the desired LF position

in the earth-fixed frame without introducing WF disturbance into the feedback

control loop. The total system is proven to be GES through Lyapunov stability

analysis. A general backstepping controlled is designed for rotational motion of

AUVs. Simulation results of a representative AUV show that the output feedback

controller indeed performs well with stability and robustness. We also should note

that this control strategy can be automatically reduced for dynamic positioning

when the desired position is fixed point.
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Chapter 7

Conclusion and Recommendations

This chapter concludes the main results in this research work and it also suggests

some open questions for future work.

7.1 Conclusion

Autonomous underwater vehicles (AUVs) face a lot of challenges in shallow water

environment. There are different mission requirements when the AUVs are oper­

ating in shallow water environment, such as station keeping, dynamic positioning

and tracking. AUVs usually lack the capability to measure the external distur­

bances directly. In addition, due to limited power onboard AUVs, we also need to

consider energy efficiency actuator control for dynamic positioning and tracking

mission. In some tasks when the station keeping mission is required, we need to

ensure precise control at a fixed location despite the presence of wave disturbance.

To complete these missions, external wave disturbance information should be ob­

tained with good accuracy_ For low cost AUVs, nonlinear observer is an alternative

option to replace the expensive ADV sensor which is used in station keeping (SK)

application in [92]. The observers can be used to estimate the wave velocities and
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7.2 Recommendations for Further Research 155

relative velocities for SK to meet precise control requirement or to filter out the

wave-frequency (WF) positions from position measurements for dynamic position­

ing (DP) and trajectory tracking applications with energy efficiency requirernent.

To facilitate the stability proof of the observer design, we introduced a coordi­

nate transformation to remove the Coriolis and centripetal terms in the dynamic

model. Based on the transformed model, we designed a nonlinear observer for

tracking control assuming known wave model and an adaptive observer for un­

known constant wave parameters. This technique can be utilized to estimate wave

velocities for SK application or filter out WF positions for DP and tracking ap­

plications. The stability issue of these observers are proved and demonstrated by

simulation results. Based on the observer design, we can design various output

feedback controller to meet different application requirements. The observer back­

stepping technique allowed us to design various output feedback controller with

GES stability to meet different mission requirement. The major contributions in

this work have been published at international conferences and the most recent

results are under review for publication in several journals.

Collectively, these results demonstrate that we have made useful advances to solve

problem of AUVs operating in shallow water environments.

7.2 Recommendations for Further Research

A few further research topics are suggested as follows:

• Although the disturbances considered in this thesis are shallow water wave

disturbances, we should also consider more about the effect of general wave

disturbances, such as unknown time varying wave model and current forces.

One topic for further research is to extend these results for AUVs considering

shallow wave and slowly time varying current together. The system identifi-
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7.2 Recommendations for Further Research 156

cation of the 6DOF models for AUVs in shallow water area with field data is

recommended. This is particularly important to validate the fidelity of the

AUV and wave disturbance models.

• Sea trial and validation of the proposed control methods should be conducted

to test the performance. For station keeping, the test results should also be

benchmarked against Riedel's work [91] in which the expensive ADVOcean

sensor was used. For dynamic positioning, the AUVs can move to the surface

to completer DP mission. We can compare the results with other surface ship

DP applications [33,74].

• Throughout the thesis, it was assumed that the AUVs are fully actuated via

the thrust force and torque. Although there are many published research

results on underactuated underwater vehicles [4, 5, 20], the tracking con­

trol and station keeping control of underactuated AUVs in shallow water

environment remain an open problems.

• As demonstrated by the adaptive observer simulations, estimation results of

the adaptive observer can be more accurate than fixed nonlinear observer

for unknown wave model. One topic for further research is to identify other

model parameters that vary with the environmental conditions and to extend

the use of adaptive techniques in the observer and controller designs. Another

topic is there exists the possibility of parameter drift instability when the

time-varying unknown parameter is considered [59]. Further study should

be conducted for this issue.
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Appendix A

A.I ParaITleter Used in SiITlulation

To demonstrate the performance of the proposed observer and controller design in

this thesis, the parameters of KAMBARA [94] in Australian National University

is used for the all the simulations. The AUV dynamics is described by (3.3) and

(3.4) with the parameter values given as follows.

M 1 = diag{175.4, 140.8, 140.8}

M 2 = diag{14.08, 12.98, 16.07}

C1(VI) =

o
-140.8w

140.8v

140.8w

o
-175.4u

-140.8v

175.4u

o
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Appendix A

o 16.07r -12.98q

C2(V2) == -16.07r 0 14.08p

12.98q -14.08p 0

D1(VI) == diag(120 + 901ul, 90 + 90/vl, 150 + 120lwl)

D2(V2) == diag(15 + 101pl, 15 + 12\ql, 18 + 151rl)

(W - B)sin()

91 (772) == - (W - B)cos()sin¢

-(W - B)cos()cos¢

I -zbBcos8sin¢

92(772) == l-ZbBsin8 - xbBcos8cos¢

XbBcos()sin¢

173

where W == 1148N and B == 1108N are the gravity force and buoyancy force of

KAMBARA, respectively. rB == [-0.017 0 - O.115]T is the distance of the center

of buoyancy relative to the gravity center of the vehicle rc == [0 0 O]T.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



Appendix B

B.l Separation Principle

Consider the time varying system

~~ : Xl == II (t, Xl) + g(t, X)X2

1:; :X2 == I2(t, X2)

(B.1)

(B.2)

where Xl E nn, X2 E nm , X ~col[xl,x2]' The function Il(t, Xl) is continuously

differentiable in (t, Xl) and I2(t, X2), g(t, x) are continuous in their arguments, and

locally Lipschitz.

Theorem B.l If the following assumptions 1-3 below are satisfied, the cascaded

system (B.1), (B.2) is globally uniforrnly asymptotically stable. [71]

(1) The system Xl == II (t, Xl) is globally uniformly asymptotically stable with a

Lyapunov function V (t, Xl), V : n 2:: 0 x nn -+ n 2:: 0 positive definite (that

is V(t,O) == 0 and V(t, Xl) > 0 for all Xl i= 0) and proper (that is, radially

undounded) which satisfies

II ~~ IllIxlll :S ClV(t, Xl) Vllxlil 2:: f-l
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(B.3)

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



Appendix B 175

where CI, jJ > O. We also assume that (8V/8xI)(t, Xl) is bounded uniformly

in t for all IlxI11 :s; jJ, that is, there exists a constant C2 > 0 such that for all

t 2: to 2: 0

(B.4)

(2) The function g(t, x) satisfies

(B.5)

where (jl, (j2 : n 2: 0 ~ n 2: 0 are continuous.

(3) Equation X2 == f2(t, X2) is globally uniformly asymptotically stable for all

to 2: 0,

roc' Ilx2(t, to, x2(to))lldt :<:: ¢(llx2(to)11)ito (B.6)

where function ¢(.) is a class JC function.
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