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A Study on Vessel Motion Control

Anh-Minh Duc Tran

Department of Control and Mechanical Engineering,
The Graduate School, Pukyong National University

Abstract

In the vessel motion control, ship berthing has been known as one of the
most complicated and challenging procedures. The difficulties for berthing
operation in the harbor could be outlined as the reduction in controllability at
low speed, the effect of changes in hydrodynamic coefficients on ship
handling, the large effect due to environmental disturbances, etc. Usually,
tugboats should be used to assist it by pulling and pushing the vessel.

Another difficult task that vessel motion control had to face is the station
keeping where constant of slowly-varying disturbances such as mean wind
forces, mean currents and tidal currents need to be rejected. This is entirely
handled by the positioning mooring (PM) system. Besides some vessels such
as barges, disabled ships, semi-submersible rigs, drill ships, etc. could not

move by themselves and need to be towed by tugboats.

In any case, rope is used as an indispensable facility, and rope tension
control is the key point. In order to precisely and safely control the vessel’s
motion, the dynamic characteristics of the towing rope should be well

examined.

XV



This dissertation presents further study on modeling dynamics of towing
rope system and applying rope tension control strategy on vessel motion

control.

A control-oriented dynamic model of a towing rope system with variable
length is established. In this simple model, a winch which is driven by a
motor torque uses the towing rope to pull a cart. The rope is modeled as a
straight and massless segment, and mass of rope is lumped partly to the cart
and halfway to the winch. In addition, the changing spring constant and
damping constant of towing rope are considered when the winch winds in.
Finally, a reduced-order observer-based servomechanism controller is

designed, and the overall system is verified by computer simulation.

Next, a rope tension control system is designed and implemented. A
family of dynamic models of towing rope system are identified by changing
the rope length. Among them, a representative model is selected, and the
others are considered as uncertain models. Then, this works designs a u-
synthesis based on two-degree-of-freedom (2DOF) robust control system to
cope with strong uncertainty and nonlinear property included in the real plant.
An experimental comparison is conducted between the proposed control
method and existing proportional—integral (PI) control method. The results
indicate that the proposed method is more efficient and useful than the

conventional one.

The problem of designing a PM system for a barge vessel is addressed. A
model ship and four mooring systems used in this study are designed and
created. The three-degree-of-freedom (3DOF) mathematical model of a
system consisting of a barge ship and mooring systems is derived.

Hydrodynamic coefficients of the low speed model for PM vessel are

XVi



identified by suitable experiments. A PI control scheme is implemented to
achieve PM for the vessel by using rope tension control strategy. Real time
control scheme integrating CompactRIO platform and LabVIEW program
language is developed. The proposed strategy is finally tested on station

keeping, and desired positions of the model vessel are obtained.

XVii



Chapter 1. Introduction

1.1 Background and Motivation

1.1.1 Overview of Vessel Motion Control
1.1.1.1 Ship Berthing

Maneuvering in harbor is recognized as being the most difficult procedure.
Most of collisions and grounding of vessels appears during the maneuvering.
The challenges of berthing vessels at harbor area include as follows:

e The controllability of main propeller reduces since low speed moving.

¢ The hydrodynamic coefficients change and influence on ship handling.

e The environmental disturbances such as wind, wave, current, etc. have

adverse effects on vessel.

Various approaches have been proposed to solve these drawbacks.
Preliminary works in this field primarily were from the 1990s by Japanese
researchers. Kose and Jujuto [1] in 1987 was one of the first to develop a
strategy for computer aided vessel berthing system. After, Kose and Hirao [2]
introduced a procedure for estimating the abilities of tugboats operating with
large ship and indicated that hydrodynamic forces induced by their
interaction motions should be considered. A fully automatic berthing test was
conducted in 1991 by Takai and Ohtsu [3]. In this research, the ship was
maneuvered by using pitch propeller and tunnel thrusters. Shouji and Ohtsu
[4-6] designed an optimal controller for ship berthing by using rudders,
propellers and thrusters. Bui et al. [7] designed an optimal controller based
on the observer for berthing ship by using bow and stern thrusters. In some

cases, tugboats were used to assist ship maneuvering in the harbor as can be



seen in Fig. 1.1. With the purpose of ensuring safe berthing, Bui et al. [8]
introduced a new method using autonomous tugboats.

Fig. 1.1 Tugboat: Sea Tiger, Kamiya, Kasuga assisted the Yang Ming
container ship berthing at C.M.L.T port

Several studies have been performed on ship berthing using intelligent
control theory. Takai and Yoshihisa [9] and Kasabeh et al. [10] used
predictive fuzzy control method to build berthing system. Hasegawa and
Kitera [11] and Hasegawa and Fukutomi [12] implemented neural network
control to design an automatic berthing system. In [13] the authors
introduced a multivariable neural network controller which is independent of
the mathematical vessel model. A neural network controller was designed by
Im and Hasegawa [14] to reduce the effects of disturbances.

1.1.1.2 Dynamic Positioning (DP)

The main purposes of a DP system are to maintain a specified position

and heading as well as to maneuver a predefined track of marine vessel



unaffected by the disturbances acting upon it. The dynamically positioned
vessel keeps its position entirely by means of the vessel’s propulsion system

as illustrated in Fig. 1.2.

Fig. 1.2 A DP system with azimuth thrusters

There is a considerable amount of literature on DP system. Some
preliminary works were carried out in the early 1960s, the first DP systems
were presented to control horizontal-plane vessel motion by using single-
input-single-output PID control strategy and low-pass and/or notch filter.
More breakthrough techniques were introduced in the mid-1970s. Balchen et
al. [15], Balchen et al. [16] and Saelid et al. [17] applied Kalman filter theory
to avoid the time delay in estimation linear quadratic optimal in control
design. Furthermore, the extended Kalman filtering techniques and stochastic
optimal control theory were introduced in Grimble et al. [18-19], Fung and
Grimble [20], Grimble and Johnson [21] and Fossen [22]. In a major advance
in 1999, Fossen and Strand [23] and Strand and Fossen [24] developed the
nonlinear passive observer. This observer reduced significantly the observer
gain matrix because the state space equations of the nonlinear observer were



depended on the nonlinear vessel’s dynamics. Katebi and co-workers [25]
designed a DP system with robust controller. Model-based nonlinear control
design for DP system was proposed by Sorensen et al. [26]. Experiments on
DP system with sliding mode control were carried out in 2010 by Tannuri et
al. [27]. Sorensen [28] studied passive nonlinear observer based PID
controller for operating up to extreme seas. More recent evidence [29-30]
revealed a supervisory-switched controller for DP system for calm, moderate,

high and extreme seas and for station keeping and maneuvering operations.

1.1.1.3 Positioning Mooring (PM)

Fig. 1.3 A PM system with 6 mooring lines

However, compared to dynamic positioned vessels, moored vessel with
thruster assistance is wide considered to be the most profitable and
achievable solution. Due to the fact that the PM vyields efficiently passive
control at the intermediate water levels and the thrusters can produce active
control to assist the mooring system when necessary in rough environmental
conditions. The two main functions of PM are keeping the vessel in a desired

position and heading and avoiding rope breakages by preserving the rope



tensions within a limited range. Fig. 1.3 shows a PM system of a
semisubmersible drilling rig.

Many studies have been published on PM systems. In their seminal paper
of 1998, Strand et al. [31] focused on the modelling and proposed a control
strategy for thruster assisted PM system to meet the main function of
maintain the vessel in a desired position. Afterward, Aamo and Fossen [32]
studied about controlling the line tension in PM to guarantee the functions.
Berntsen [33] proposed another control strategy by applying structural
reliability measures for mooring ropes to keep the position of vessel. A set
point chasing controller for thruster assisted PM vessel was proposed by

Nguyen and Sorensen [34].

1.1.2 Overview of Rope Tension Control

With the above literature review, rope is recognized as being an
indispensable facility and rope tension control is the key point. In order to
precisely and safely control the vessel’s motion, the dynamic characteristics

of the towing rope should be well examined.

1.1.2.1 Towing Rope Model

Ship towing systems are widely engaged for towing un-propelled barges
or disabled ships in berthing as well as maneuvering tasks. An improper
towing system may introduce serious towing instability and lead to accidents,
e.g. collisions. The stability of towed vessel will be effected by some factors
such as the size of towed vessel, the environment disturbances and especially
the towing system. Recently, the problems of towing operation, towing

equipment, etc. have been considered.



In the literature, there are many theoretical approaches of modeling
towing rope systems. In their cutting edge paper of 1950, Strandhagen et al.
[35] used a single towline model to study course stability of the towed vessel,
they also assumed constant towline tension. Kijima and Varyani [36]
considered a rigid and straight towline when analyzing the characteristics of
the course stability of a tow and two towed vessels under the wind pressure.
Several studies, for example Bernitsas and Kekridis [37-38], Lee [39] and
Jiang et al. [40] made use of a single elastic tow rope model. The authors
considered the effects of length and material of the towrope on the stability.
However, these researches did not present any controller to attenuate the
effects of nonlinear elastic towline.

Another type of towline model was proposed by Nonaka et al. [41] and
Yukawa et al. [42], in which the towline tension was calculated using
catenary equations. Many attempts have been conducted by Fitriadhy and
Yasukawa [43], Fitriadhy et al. [44] and Fitriadhy et al. [45] in order to
establish a numerical model for course stability of a towed ship coupled to a
tow ship through a towline. The towline motion was obtained by using 2D
lumped mass method. Yoon and co-workers [46] divided the towing rope
into multiple finite element which were connected by springs and dampers.
Different scenarios were set up and simulated to confirm the proposed
multiple finite element model. These towline models were well suited to
analyze course stability, however, they were rather complex and difficult to
obtain controller.

1.1.2.2 Mooring Rope Model

The dynamic characteristics of mooring ropes, chains and multi-

component cables are increasingly becoming a vital factor in designing the



offshore mooring systems. Various approaches have been proposed to solve
this issue.

In their seminal paper of 1997, Strand et al. [47] presented a line
characteristics-base model for the mooring system which is obtained by
solving the catenary equations. Next, a finite element model (FEM) of a
mooring rope suspended in water was established in Aamo and Fossen [48].
Then, the authors [49] constructed a multi-cable mooring system model
which was coupled to a floating vessel model. However, they did not
introduce the controller for the system. In order to maintain the probability of
the mooring system failure below an adequate level of safety in spite of
environmental disturbances, Berntsen et al. [50] presented a controller by
using a structural reliability measure for the mooring ropes. In [51], a
switching control system for a PM system was proposed to integrate heading,
damping, restoring and mean force controllers. The switching mechanism
which automatically chose the needed controllers could increase the
performance and safeness of the vessel under the varying environmental
conditions. In [52], the authors designed a positioning controller for PM
vessel to decrease the riser end angles. Many good results for control design
of the mooring system were obtained, on the other hand, these studies mainly
worked on the dynamics of the floating vessel, and neglected the dynamics of

the mooring ropes.

1.1.3 Motivation of Study

Based on the above analyses, the motivation of this study is to develop a
vessel motion control system by using rope tension control strategy. In this
research, the dynamics of the towing rope system is considered and robust

control algorithm is applied to cope with uncertainty and nonlinear property.



1.2 Objectives of Study

The objectives of this study are to

e Introduce a control-oriented dynamic model of a towing rope system.

e Build up the mathematical model for rope tension control system by
doing experiment with swept sinusoidal signal and develop a robust
control system which can cope with uncertainties.

e Build up the experimental model system to evaluate the efficiency of

the rope tension approach.

1.3 Organization of Thesis

Chapter 1: Introduction

This chapter presents background and motivation of this dissertation.
Objectives and researching methods are demonstrated. The organization of

this thesis is given.

Chapter 2: Control-Oriented Dynamic Model of Towing Rope
System

In this chapter, a control-oriented dynamic model of a system including a
cart pulled by a variable length towing rope and a winch is presented. The
modeling of the towing rope takes into account the varying spring constant
and damping constant due to changing rope length. As well, the rope mass is
lumped partly to the cart and partly to the winch. Since it is considered that
the rope motion is difficult to measure, a reduced-order observer is
introduced. In addition, a servomechanism controller is designed to precisely
control the motion and obtain zero steady-state error in the towing rope

system. The simulation results depict the effectiveness of the proposed



approach.

Chapter 3: System Identification and Control Design of Towing Rope
System

A towing rope system is presented in this chapter. Since system
parameters of the towing rope system depend on rope length, they are non-
linear and difficult to obtain. A family of 3" order transfer functions are used
to represent the system. All parameters of the transfer functions are estimated
based on the experimental data. A u-synthesis based 2DOF robust control is
designed to cope with strong uncertainty and nonlinear property included in
the real plant. The effectiveness of the proposed rope tension controller is
compared to that of PID controller through simulation and experimental

results.

Chapter 4: Vessel Motion Control using Rope Tension Control

Strategy

The rope tension control strategy for vessel motion control is proposed.
The 3DOF mathematical model considering the motion of barge-type vessel
in horizontal plane is proposed. The system inertia matrix and linear damping
matrix of the vessel are obtained via identification process. A Pl controller is
designed to control motion of the vessel. The movement of the vessel is
assisted by 4 mooring systems and tension of each mooring rope is
determined by using control allocation technique. The effectiveness of the

proposed strategy is evaluated through experiment.

Chapter 5: Conclusion and Future Study

The key research findings of this dissertation are summarized and some

ideas for future work are presented.



Chapter 2. Control-Oriented Modeling of
Towing Rope System

2.1 Introduction

Barge

Towing system

(OO OO0 VOO0
X 0000000000000

% Harbor
;

|

(@) Ship berthing system

Towing system

Personal train

Se;

(b) Mine train control system

Fig. 2.1 Applications of cable-actuated system

Cables are attracting widespread interest due to their special
characteristics, including high acceleration maneuvers and higher payload to
weight ratios. Some of the applications that cables are presently being used

for around the world include cable robots, elevators, cranes, mine train
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transport systems, air-bone module-based wind energy units, berthing and
mooring vessels, etc. [53-58]. Fig. 2.1 shows applications of cable-actuated
system.

Unfortunately, it is quite difficult to control the loads and cables because
the cables used in cable-actuated systems are often flexible. In the field of
cable-driven robots, the cable is very light and stiff, and so cable dynamics
can be neglected [59-60]. In spite of that, the mass and flexibility of the
cables are significant and cannot be ignored in large-scale system. Thus, few
studies have been published for modeling cable system by using lumped-
mass method.

Milutinovic and Deur [61] introduced a multi-body approach to obtain
dynamic model of varying tether length. In this paper, the rope model
included a series of straight, massless and elastic segments with rope mass
lumped to segment joints. The numbers of unwound segments were also
changeable. This model accurately described the catenary form of the rope
and analyzed motion of the rope. However, the model was rather complex
and it would be difficult to design the controller.

According to Takeuchi and Liu [62], the elasticity of the long cable in the
mine truck system created vibration which was troublesome and reduced the
efficiency of the convey system. Thus, they constructed a simplified 3-mass
spring model with parameter perturbations. The system was nonlinear and
time-varying because mass and spring constant, and viscous friction depend
on the position of the truck. So as to solve this problem, a time-invariant
velocity controller was basically designed on the rationally scaled H,, control
and simulation results showed good performance.

Further, Kang and Sul [63] suppressed the vibration for a lift car caused

by the resonance of elastic ropes while the car was lifted. The rope mass was
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neglected but the changes of spring constant and damping constant of rope
were examined. Extended full-order observer based on acceleration feedback
compensation was derived and verified through the simulations and
experiments. Nevertheless, these researches just focused on velocity and/or
acceleration control.

This chapter introduces a motion control system of a cart driven by a
towing rope system. The important issue includes developing a dynamic
model of a towing rope system in which rope parameters depend on changing
in length of rope. In addition, it is considered that the rope motion is difficult
to measure. Therefore, a reduced-order observer is designed to estimate the
motion states of the towing rope system. Finally, the proposed method is

proved by means of computer simulations.

2.2 System Modeling

2.2.1 Straight-line Towing Rope Model

A straight segment is given as a model of the towing rope. This is shown
in Fig. 2.2 in which a cart is connected to a winch through virtual mechanical
components of a spring and a damper. Here, the spring constant k,. and the
damping constant b,. characterize the rope flexibility and are determined by
change in length of towing rope [,.. According to Moon et al. [64], spring

constant and damping constant can be calculated as Egs. (2.1) and (2.2).

k, = (2.1)

b, = (2.2)
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where E,. is the rope modulus of elasticity, A, is the rope cross section, and

B, is the rope constant damping.

i’ | X | X;i
N

( 3 :.5/:" M1 b,
T b 3

Fig. 2.2 Straight line rope model

The spread rope mass m,. is lumped to two ends of the rope, in order that
half of the rope mass is appended to the winch inertia J,, and the other is
added to the mass of the cart m.. Thus, the total inertia moment on the winch

and total mass on the cart are

l

m=mC+6rEr, (2.3)
lr 2 3 2
]=]W+E6T(rw+zrr>. 2.4)

where &, is the rope mass per meter, and ,, and 7. are the radius of the winch
and rope, respectively.

As illustrated in Fig. 2.2, L, represents the variable length of the rope
which is shortened when the winch winds in and [, is the current (stretched)
rope length which includes the natural (unstretched) rope length I,
introduced above and the rope stretch created by the flexible characteristics
of the rope. Besides, x, is the position of the right end of the unstretched

rope and x,. is the position of the right end of the stretched rope which is also
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the position of the cart. The dynamic system equation can be expressed as
Egs. (2.5) and (2.6).

mi. + bex, + k. (x, —x,) + b (X, —%,) =0

X X
J =4 by =+ 1ok (6 — x0) + by (2 — %) =T, (@5)
rW rW
.k b, . ki b, + b, .
Xe=—X, +—X, —— X, — X
N J m m m m 2.6)
otk mbetby mgke b
X = — X, — X —_— —
k r ] T ] T ] (o] ] C ] w

where T, is the input torque of the winch motor, b,, is the rotational viscous
coefficient caused by wire tension and friction force of the winch spindle and
bearing, and b, is the friction between the cart and the plane.

Finally, the state-space equation for motion of the cart driven by towing

rope system can be derived as Eq. (2.7).

X = [X1 X2 X3 x4]T = [xr xr xc xc]Tv

y — xl’
u="T,
X = Ax + Bu
{y — @7
with
0 1 0 0
12k, 12b, + b, 12k, 12b,
A= Ji Ji Ji Ji ,
0 0 0 1
k, b, k, b, +b,
m m m m



[7“” .
[T 0 0 0]

2.2.2 Simplified Model for Towing Rope System

Table 2.1 Towing rope system parameters [64]

Item Parameter | Value Unit
Winch
Radius i 0.085 m
Width h,, 0.22 m
Density steel Sy 8000 kg/m?®
Inertia moment i, 0.095 kg.m?
Viscous coefficient b,, 50 N.m.s/rad
Wire rope
Cross section area A, 47x10® m?
Elasticity modulus E, 193x10° Pa
Constant of damping B, 5.2x10° Pa.s
Total rope length l 20 m
Radius 7 0.0039 m
Mass per meter 6, 0.2388 kg/m
Cart
Mass m, 300 kg
Viscous friction b, 3000 N.s/m

As the winch winds in to maneuver the cart, the length of rope varies the

values of the total inertia moment of the winch, the total mass on the cart, the
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damping constant and spring constant on the towing rope. These parameters
are analyzed with assumption that the length of rope varies from 2m to 20m,
and using the simulation parameters in S. M. Moon et al. [64] summarized in
Table 2.1.

Fig. 2.3 shows parameter variations of towing rope system as listed in
Table 2.1.

N W A W

—_
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(=)

2 4 6 8 10 12 14 16 18 20
Rope length (m)

(a) Rope length vs. spring stiffness
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Rope length (m)
(b) Rope length vs. damping constant

16



[\ 8}
(=] o
(=] S
T
1

Total mass (kg)
2

0 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20

Rope length (m)
(c) Rope length vs. total mass

=

obo.ls T T T T T T T T
< —J
g 0

E .

Q

g

2005 1
£

Q

k=

'—‘“ 0 1 1 1 1 1 1 1 1

E 2 4 6 8 10 12 14 16 18 20

Rope length (m)
(d) Rope length vs. total inertia moment

Fig. 2.3 Parameter variations of towing rope system

As can be seen in Fig. 2.3, the spring constant and the damping constant
of the rope change a lot when the rope length changes. However, the total
inertia moment on the winch and the total mass on the cart vary a little. Thus,
lumped mass of rope on the winch and the cart can be eliminated, and the
state space equation of the system can be simplified, and it is expressed as Eq.
(2.8).

{x = Ax + Bu 2.8)

y =Cx
with
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0 1 0 0
r2k,  1nib.+b, T2k, 1,2b,
a=| Jw Jw Jw Jw
0 0 0 1 ’
k. b, k, b, +b,
mC mC mC mC
Tw T
B— [0 o 0] ,
Jw

C=[1 0 0 0]

Fig. 2.4 shows the frequency response of the towing rope system with
various lengths.

Ty e —— ——rr —————rr

—-—-Rope length : 2 (m)
— — Rope length : 4 - 18 (m)
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Fig. 2.4 Bode plot for the rope length of parameter-dependent towing rope

system

In addition, an impulse response of open-loop system is implemented to

verify the reduced model of towing rope system. As shown in Fig. 2.5, after
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applying input torque, the winch rotates and winds in rope, and the
unstretched rope length is shortened. However, the length of the stretched
rope differs with the length of the unstretched rope. This mismatch appears

due to the flexible characteristics of the towing rope.

T T T T T

1000 ]
= Torque input
Z to winch
o 500 i
=
=)
3
H

0 L 1 1 L 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

@
E
> 05 Endof 1
g unstretched
CE rope i
= 1 = N — — Cart

0 0.1 0.2 0.3 0.4 0.5 0.6

Time (s)
20 T T T T T ]
End of unstretched rope

g — — Cart
g 199
g
-
S
~ 198

0 0.1 0.2 0.3 0.4 0.5 0.6

Time (s)

Fig. 2.5 Impulse response of towing rope system (open-loop)

2.3 Controller Design and Simulation Results

2.3.1 Observer-based Servomechanism Design
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In order to precisely control the motion and obtain zero steady-state error

in the towing rope system, a servomechanism design methodology [65] is

applied. Furthermore, a reduced-order observer [66] is designed to estimate

the states because it is uneasily considered to measure the rope motion states.

The open-loop towing rope system described in Eqg. (2.8) can be

partitioned as Eq. (2.9).

. Ay A12] [31]
X = x + u
{ Ay Ay B,] ",
y=Cx
with
Ay =0,
Ay = [1 0 0];
2k, k|
Ay = |- —| >
| ]W mC
r2b, + b, 12k, 1.2b,
Jw Jw Jw
Azz = 0 0 1
b, k, o b
mC mC mC
Bl = 0,
r T
B, = [,l 0 0] ,
w

C=[1 0 0 0]

(2.9)

The state vector is separated into two sub-states to make the description of

the reduced-order observer simplifier of Eq. (2.10).
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x =[x, xI] (2.10)

such that
X, =x,=y=0Cx (2.11)

is the measurement vector, and

xb = [xz X3 X4,]T (212)

contains the components of the state vector that cannot be directly measured.

Regarding x, and xj,, the plant dynamics can be written as Eq. (2.13).

Xa - Anxa + Alsz + Blu ) (2.13)

Xb - Aleb + Azsz + Bzu

There is no need to design observer for x, because x,, is directly measured
by Eq. (2.14).

Xg=X3=X1 =Y (2.14)
We define the reduced-order observer for x;, of the remaining sub-state.
X, =Ky+z (2.15)
where z is the state of a system of order 3.

z=A4A%,+ Ly + Hu (2.16)
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Fig. 2.6 shows the block diagram of the reduced-order observer. The
matrices 4, L, H and K are chosen to ensure that the error in the estimation of

the state converges to zero independent of x, y and u.

2 = AZZ - KA12,
L=

Az — KAy, (2.17)
H:BZ_KB]_
Observer ~
y: XaIr__________________________i ‘Xa
—>
i A 4 A 4 :
l L K| i
I v Z VA + b
~ | WO F 01>
l l
' A < :
: A < :
|

Fig. 2.6 A reduced-order observer

The servomechanism reduced-order observer-based compensator is the
form of Eq. (2.18).
x=(A—BF.)x+ BF;x; + BF e,
X;i=r—y, (2.18)
e, = (A, — KAyy)ey
where r is the reference signal, e, = x;, — X, is the error vector in
estimation of x,,, F. = [F.;y F;] is the state feedback gain vector, and F;

is the augmented feedback gain.

These equations can be repackaged as Eq. (2.19).
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x1 [A-BF, BF, BF,, X1 10
[xi -| -c 0 0 x|+ [1]r (2.19)
éb 0 0 AZZ - KA]_Z eb 0

The observer-based servomechanism block diagram is shown in Fig. 2.7.

U [x=Ax+Bu|Y
d e y =CX

\ 4

Pl

F & Observer [

Fig. 2.7 An observer-based servomechanism block diagram

2.3.2 Simulation Results

In this dissertation, pole placement technique is used to determine the
feedback gain matrix and the estimator gain matrix.
Control eigenvalues are chosen as Eq. (2.20).

A.=[-537 —59.1 —644 —69.8 —75.2] (2.20)

, and these values yield the augmented state feedback gain vector of Eq.
(2.21).

[Fc _Fi]

(2.21)
=[-389380 —11086 393590 10584 —82399]

Observer eigenvalues are also chosen as Eqg. (2.22).
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A, =[-805 —-1611 -—2416] (2.22)
, and these values give the observer gain vector of Eq. (2.23).
K =[-5040 -319 12841]" (2.23)

Simulations with spring and damping parameters for various lengths of
rope are performed to evaluate the proposed controller. Fig 2.8 shows
simulation results of proposed reduced-order observer servomechanism

control. All cases show desirable position tracking performance.
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Fig. 2.8 Simulation results of proposed reduced-order observer
servomechanism control
From top to bottom: input torque to winch; velocity of unstretched rope (x,.)

and cart (x.); position of unstretched rope (x,.) and cart (x.)

Another simulation is carried out to check the efficiency of the controller.
Here, the responses of the controlled and uncontrolled cases are compared.
As demonstrated in Fig. 2.9, in controlled case, the velocity of cart changes
smoothly, and the cart can track the reference position. In the uncontrolled

case, velocity of cart alters quickly, an abrupt change appears at 0.08 seconds,
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and the cart cannot follow the reference input. These results show the

desirable performance of the proposed controller.
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Fig. 2.9 Comparison plots of controlled (proposed control method) and

2.4 Summary

uncontrolled cases

This chapter has examined a control-oriented dynamic model of a towing

rope system with various lengths. By looking upon varying spring and
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damping constants of rope, the changing length of the rope was more
accurately modeled. The reduced-order observer-based servomechanism
controller was designed using pole placement technique to track the desired
motion. It was verified through simulations that the proposed model is

effective.
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Chapter 3. System Identification and Control
Design of Towing Rope System

3.1 Introduction

The first step in control system design is to establish an appropriate
mathematical model of the system. In Chapter 2, the state-space
representation of the dynamic towing rope system has been well developed.
The system model is constructed with rope parameters, i.e. the spring
constant k,. and damping constant b,. that depend on changing in length of
rope. However, the problem is that these physical parameters are difficult to
determine by direct measurements.

In order to overcome the drawback noted above, a family of low-order
linear models are estimated from input-output measurements of the towing
rope system plant. Then, a 2DOF robust controller is designed and
implemented based on the identified model. The workflow consists of steps
such as collecting data, estimating linear plant models, designing and
simulating 2DOF u -controller, and implementing the controller on the

towing rope system for validating rope tension control strategy.

3.2 ldentification of Towing Rope System
3.2.1 System Configuration

The structure of the towing rope system is schematically demonstrated in
Fig. 3.1.
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From 1m to 4m
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. \
Winch __, Load cell
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Fig. 3.1 Schematic diagram of towing rope system

The winch system is mounted on the movable frame of the crane system
as illustrated in Fig. 3.2.

Winch system

I
[ W Movable

frame
Rail

Fig. 3.2 Photo of towing rope system

The winch system illustrated in Fig. 3.3 consists of DC motor, driver, gear,
pulley, winch drum, load cell and amplifier.
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Load cell

(b) Maxon DC motor (c) Maxon gearhead (d) Maxon motor driver
(RE 30 @30 mm) (GP 32 A @32 mm) (ESCON 36/2 DC)

(e) Load cell (f) Amplifier
(CASKOREA CSBA-100LS) (CASKOREA LCT-II)

Fig. 3.3 Photos of experimental apparatus
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In this experimental setup, a computer installed with NI LabVIEW
software and an NI USB-6229 data acquisition device are used to
communication and control the DC motor driver as well as load cell

amplifier. Fig. 3.4 shows the data acquisition device USB NI-6229.

@y

Fig. 3.4 Photo of data acquisition device USB NI-6229

3.2.2 Data Acquisition

In this step, the sweep sinusoidal chirp signal with variable frequency
from 1 Hz to 20 Hz in a sweep time of around 10 seconds was sent to the
actuator such that the rope tension was increased and decreased. Control
voltage and tension force measured by load cell were logged. Rope length
was changed from 1m to 4m, and the corresponding data were collected. Fig.
3.5 shows a sample of experimental data for chirp signal responses of towing

rope system.
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Fig. 3.5 Chirp signal responses of towing rope system
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3.2.3 Developed Plant Model

Let’s define a basic model of towing rope system as Eq. (3.1).

bos? + bys + b,

G(s) =
(s) s34+ a;s% + ayst + ag

(3.1)

The linear dynamic models of towing rope system were estimated by
using the motor control voltage as an input signal and tension of rope
measured by load cell as an output signal. The parameters in Eq. (3.1) were
estimated by using MATLAB Identification Toolbox, and summarized in
Table 3.1. It is clear that the parameter values strongly depend on rope length
variation. Then, we took a nominal model using the nominal values
represented in Table 3.1. Based on the nominal values, parameter variations

were considered as uncertainties used in designing robust control system.

Table 3.1 Estimated parameter values of towing rope model given in Eg. (3.1)

Length (m) b, b, b, a, a, as
1 -135.3 2470 50730 20.74 785.2 3240
2 -111.7 1908 39800 18.46 552.1 2430
3 -90.76 1619 28780 14.98 424.3 1816
4 -85.37 1520 19820 12.87 304.2 1180
Minimum -135.3 1520 19820 12.87 304.2 1180
Maximum -85.37 2470 50730 20.74 785.2 3240
Nominal -110.3 1995 35275 16.8 544.7 2210
Variation [%] 23 24 44 23 44 47
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3.2.4 Uncertainty Analysis

From the above results, the nominal transfer function of the towing rope

system was taken as third-order model of Eq. (3.2).

_ bos? + bys + b,

G(s) (32)

T a;s? + a,s + as
where parameters are given in Table 3.2.

Table 3.2 Nominal parameter of towing rope transfer function

by

b,

b,

a,

a,

as

-110.3

1995

35275

16.8

544.7

2210

Notice that a parameter with a bar above denotes its nominal value.

It is found that the actual gain coefficients by, by, b,, a;,a, and as are
constants with relative errors of 23%, 24%, 44%, 23%, 44% and 47%,
respectively. The uncertain frequency responses of the towing system are
shown in Fig. 3.6.

In order to account unmodeled dynamics and nonlinear effects, the
uncertainty in the towing rope system was approximated by input
multiplicative uncertainty that gave rise to the perturbed transfer function
[67-68] of Eq. (3.3).

G = G(1+ W,A) (3.3)
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Fig. 3.6 Uncertain frequency responses of the towing rope system

where all uncertainty was concentrated in the unmodeled dynamics A, and
the gain of A was uniformly bounded by 1 at all frequencies with A < 1. The
uncertainty weighting function W, which was used to capture how the

relative amount of uncertainty varies with frequency was chosen as Eq. (3.4).

G(jw) — G(jw)|
GGl

The frequency response of W, was graphically found as shown in Fig. 3.7,

< [Wa(jw) (3.4)

and then approximated by first-order transfer function. As a result, we
obtained Eq. (3.5).

W - 1.172s + 0.5238
A7 0.8s +8.791

(3.5)
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Fig. 3.7 Towing rope system uncertainty approximation

The block diagram of the towing rope system with input multiplicative

uncertainty is shown in Fig. 3.8.

G

_ e — — — —_— —_— — — —

Fig. 3.8 Block diagram of the perturbed towing rope system

3.3 Robust Control Design
3.3.1 Design Specifications

The block diagram of the closed-loop system is depicted in Fig. 3.9. The

towing rope system model, the feedback structure and the controller, as well
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as the elements reflecting the model uncertainty and the performance
objectives are included in this diagram. The plant enclosed by the dashed
rectangle contains the nominal towing rope system model G with the input

multiplicative uncertainty.

W
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|
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= A | -
Ky
Wr

Fig. 3.9 Interconnection structure of the closed-loop system

The system has a reference input r, an input disturbance d, a control
signal u and two output costs z, and z,,. The appropriately chosen weighting
functions W, and W, are used to reflect the relative significance over
different frequency ranges for which the performance is required. The model
W, is an ideal dynamics model to which the designed closed-loop system has
to match.

In order to achieve better performance, we present the design of a 2DOF
controller that ensures robust stability and robust performance of the closed-
loop system. The idea of the 2DOF scheme is to use a feedback controller K,,

to achieve the internal robust stability and disturbance rejection, and to

37



design another controller K, on the feedforward path to meet the tracking
requirement which minimizes the difference between the output of the
overall system and that of the reference model. In the given case, the

controller K consists of K, and K,., and it is represented as K = [K,, —K, ]. It

Is easy to show that

W, (=W, + SGK,.) W,(I +T)

Z. r
[zZ] = l—Wu(l +K,G) K, —W,(I+ Kya)_lxyl [d]' (3.6)

where S =(I+GK,) ' is the sensitivity function, and T = (I+

GKy)_lGKy is the complementary sensitivity function for the towing rope

system model. The performance objectives are to satisfy

H[ W, (=W, + SGK;) W, +T) l
~w,(I +K,6) 'K, —W,(I+K,G) K,

<1 (3.7)
for each uncertain G.

The weighting functions W, and W, are used to reflect the relative
significance of the performance requirement over different frequency ranges.
In the given case, the performance weighting function is a scalar function,

and it is chosen as Eq. (3.8).

0.5s+ 3
W = 3.8
P s40.0003 (38)

The control weighting function W, is chosen simply as the scalar W,, = 6,

and ideal system model are chosen as Eq. (3.9).

1
- - (3.9)
Wr=03s11
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3.3.2 Open-loop and Closed-loop System Interconnections
The internal structure of the four-input, five-output open-loop system is

shown in Fig. 3.10.

perturbation perturbation
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v 2,
+\J to_' Wp
ZU
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Fig. 3.10 Open-loop interconnection structure of the towing rope system

The block diagram used in the simulation of the closed-loop system is
shown in Fig. 3.11.
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Fig. 3.11 Closed-loop interconnection structure of the towing rope system
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3.3.3 u-Synthesis

The block diagram of the closed-loop system used in the u-synthesis is
shown in Fig. 3.9. Let P(s) denotes the transfer function matrix for the open-
loop system with the four inputs and five outputs open-loop system
consisting of the towing rope system model with the weighting functions,
and let the block structure Ap be defined as Eq. (3.10).

AP =

a0 ] (3.10)

0 A

The first block of this matrix corresponds to the uncertainty block A used
in modelling the uncertainty of the towing rope system. The second block Ap
Is a fictitious uncertainty 2 x 2 block introduced to include the performance
objectives in the framework of the u-approach. To meet the design objectives,
a stabilizing controller K is to be found such that at each frequency w €

[0, o] the structured singular value satisfies the condition of Eq. (3.11).

ta, [FL(P.K) ()] < 1 (3.11)
The fulfillment of this condition guarantees robust performance of the
closed-loop system for Eq. (3.12).
W, (-W;, + SGK,) W, (I +T)
[ oCwer W e e
-W,(I +K,G) kK, -W,(I+K,G) K,

o)

The u-synthesis is done by using M-file dkit from the MATLAB Robust
Control Toolbox which automates the procedure by using D-K iterations.

The progress of the D-K iteration is shown in Table 3.3.
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Table 3.3 Results of the u-synthesis

Iteration | Controller order | Maximum value of u
1 7 3.455
2 7 1.239
3 11 0.943

As can be seen from Table 3.3, after the third D-K iteration, an
appropriate controller of order 11 is obtained, and the maximum value of u

is equal to 0.943. The controller frequency responses are shown in Fig. 3.12.
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Fig. 3.12 Frequency responses of the controller

3.3.4 Order Reduction of u-Controller

The order of the u-controller is 11 which makes it difficult to implement.
A reduced-order controller would be usually preferred. In this case study, the
Hankel-norm approximation is used and implemented. First, approximations

of various orders are generated, and then robust performance margin for each
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reduced-order approximation is computed. The robust performance margin
measures how much uncertainty can be sustained without degrading
performance, and a margin of one or more indicates that we can sustain 100%
of the specified uncertainty. Fig. 3.13 shows relation between controller

order and robust performance margin.

—
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I
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—O— Reduced order
—-—- Full order

e
(o))
o

B~
[\S IR N

1 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9 10 11
Controller order

(=)

Robust performance margin

—_

Fig. 3.13 Relation between controller order and robust performance margin

As can be seen from the Fig. 3.13, there is no significant difference in
robust performance margin between the 4" and 11" order controllers.
Therefore, 4" order approximation is chosen to safely replace synthesized

controller using Eq. (3.13).

K = 99.85s3 + 252452 + 54880s + 253200
" s*+1537s3 + 11350052 + 10310005 + 309.2

(3.13)
(. _ _—17545% — 20715 — 6627055 — 253200
¥ T s* + 153753 + 11350052 + 10310005 + 309.2

This simplified controller provides robust control with a balance between

passenger comfort and handling. In Fig. 3.14 we compare the Bode plots of
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the full order with reduced-order controllers. The corresponding plots
practically coincide with each other which implies similar performance of the

closed-loop systems.
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Fig. 3.14 Bode plots of full and reduced-order controllers
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3.3.5 Analysis of Closed-loop System

The upper and lower bounds of the structured singular value u in the case

of robust stability analysis are shown in Fig. 3.15.
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Fig. 3.15 Robust stability for 2DOF controller

The maximum value of wu is 0.27, which means that the stability of the

system is preserved under perturbations that satisfies Eq. (3.14).

1
18l < 555 (314)

The frequency response of u for the case of robust performance analysis is
shown in Fig. 3.16. The closed-loop system achieves robust performance,

and the maximum value of u is equal to 0.951 [67].
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Fig. 3.16 Robust performance for 2DOF controller

3.4 Experimental Results

In this study, two control methods (PID and robust control) were applied
to evaluate the proposed control strategy and its performance. In PID control

scheme, the following PID controller was introduced into Eqg. (3.15).

1 Ky
KPID — KP +K1;+KD—1 (315)
1+ Ky <

with
Kp = 0.0148,
K, = 0.1626,
K, = —0.003,
Ky = 3.0391
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The robust controller was calculated in Eq. (3.13). The simulation results
of transient responses with respect to the step reference input and to the step
disturbance input of the controllers are shown in Fig. 3.17.

Z — — Reference
g —— Robust control |
@ —-—- PID control
&
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(a) Responses to the step reference input

Z — — Disturbance
g Robust control i
g —-—- PID control
e
1.5 2 %S, 3

Time (s)
(b) Responses to the step disturbance input

Fig. 3.17 Transient responses of the robust and PID controller

Based on the above results, we evaluated the proposed method. It is
obvious that both control methods can track the target route and thus to prove
the effectiveness of the proposed identification and control design. However,
we can find out that the control performance of robust control strategy is
better than that of PID control. The root-mean-square error (RMSE) values
were calculated and shown in Table 3.4. From the results we can note that

the robust control system gives smaller error and better control performance
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than PID control’s. Fig. 3.18 shows the control performances of two control
methods at the rope length of 3m.

Table 3.4 Root-mean-square error [N]

Rope length 1m om 3m 4m
Robust control 1.6708 1.8311 2.1523 2.2270
PID control 2.2469 2.7372 2.6811 3.1458

60 - Rope length: 3 m g Robust control -
Z .. —-—= PID control
z N
= 40 . eference
2
wn
5
= 20 4
0 20 40 60 80 100
Time (s)
10 - —— RMSE :2.1523 |
~ —-—- RMSE :2.6811
e |
5 0
=
45]
-10
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Time (s)

Fig. 3.18 Reference tracking and error for rope length of 3m
3.5 Summary

In this chapter, a 2DOF u-synthesis robust controller for towing rope

system was developed to ensure the robustness of closed-loop system under
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the influence of uncertainty, such as the rope length variation and the
unmodeled dynamics of rope model. The simulated and experimental results
showed that the proposed control system is able to control tension of towing
rope system. In addition, as compared to the traditional PID controller, the

proposed controller had better performances.
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Chapter 4. Vessel Motion Control using Rope

Tension Control Strategy

4.1 Introduction

A rope tension control strategy for controlling vessel motion is presented
in this chapter. Assuming that none of the vessel’s actuators is used, and the
vessel is recognized as being an unactuated system. Four mooring systems
are employed to control the movement of the vessel. The mathematical
model of the system consisting of the vessel and four mooring systems is
proposed. Since system parameters of the vessel model are difficult to
measure, many experiments and simulations are carried out to estimate
vessel’s inertia and damping matrices. Then, a Pl controller is designed to
keep or maneuver the vessel to desired position. The effectiveness of the

proposed controller is evaluated through experimental results.

4.2 Mathematical Modelling
4.2.1 Control Strategy

The previous researches have tended to focus on DP and PM systems
assisted by activing propulsion systems. This is due to the fact that the main
winch is large size, long and slow operating response, etc. Therefore, the
main winch and the mooring ropes are only used for keeping station control
without motion control.

In order to solve this problem, it is necessary to apply another control
strategy. In this chapter, a new positioning keeping approach is presented.

Fig. 4.1 demonstrates the main idea.
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Linear motion actuator
<— Main winch (fixed)
Increase tension : j

Fig. 4.1 A vessel motion control strategy by using rope tension control

Considering the restraint that the main winch is not employed for the
control system, an actuator system is presented, and it can be placed between
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the main winch and the rope guide roller. The proposed actuator is actually
smaller and faster than the main winch system to achieve good control
performance. The rope tension is handled by pulling and releasing the rope
without manipulating the main winch in the specified range. The system
configuration for this research will be introduced more accurately in the
Section 4.4.

4.2.2 Vessel Motion

The floating vessel is usually described by low frequency (LF) and wave
frequency (WF) model. The WF model accounts for the motions due to the
first-order wave disturbance, whereas the LF model primarily considers the
effect of second-order mean and slow varying wave, current, and wind load.
However, for anchored vessels, it is assumed that the effect of WF motion is
small and can be ignored [69].

The equations of motion in surge, the sway and yaw for the nonlinear LF

of the floating vessel are generally given by Eq. (4.1).

n=R@)v
Mv + Cpg(V)Vv+ C4,(v,) v, + D(v,)v, + G(n) 4.2)

= Twave2 T Twind t Tmoor + Tthr

where = [x,y,¥]" € R® represents inertial position (x,y) and heading
angle ¥ in the earth-fixed coordinate frame, and v =[u,v,7]" € R3
describes the surge, sway and yaw rate of ship motion in the body-fixed
coordinate frame. The rotation matrix in heading direction R(3) describes

the kinematic of motion by Eq. (4.2).
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cosyp —siny 0
] 4.2)

R(y) = [sinl/) cosyp 0

0 0 1

The relative velocity vector considering the effect of current is defined as
Eq. (4.3).

v, =[u—u,v—uv,7|" (4.3)
and the current components are calculated by Eq. (4.4).

u; = Ve cos(Be. — ¥), v =V sin(B; — ¥) (4.4)

where V. and S, are the velocity and direction angle of the surface current,
respectively. M € R3*3 is inertia matrix of the LF system including the

added mass as described as Eq. (4.5).

m—X, 0 0
0 ~N, I,—N;

where m is the vessel mass, and I, is the inertia moment for the vessel in
fixed z-axis. For control application, the vessel motion is restricted to low
frequency. The wave frequency is assumed to be independent of added
inertia which implies M = 0.

Crz(v) € R3*3 and C4(v,) € R3*3 are the skew-symmetric Coriolis, and
centripetal matrices of the rigid body and the added mass. D(v,.) € R3*3 is
the damping matrix, and it is a function of the relative velocity v, between

the vessel and the current defined as Eq. (4.6).
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Xz 0 0
Dw)=|0 -¥, -V, (4.6)
0 -N; —N,

whereti =u—u.and ¥ = v — v,.

The generalized restoring vector G(n) € R3 caused by the buoyancy and
gravitation just affected by heave, roll, and pitch motion is neglected in
horizontal motion.

In station keeping application, where the velocity of ship is assumed to be
small, and then Crz(v)v + C,(v,)v, can be ignored, and D(v,.) is assumed
to be constant [32], [55] and rewritten as Eq. (4.7).

-X, 0 0
p=|0 -v, -v, (4.7)
0 =N, —N,

Tywavez» Twind» Tmoor and Ty, are second-order wave disturbance, wind,

mooring, and thruster vectors, respectively.

4.2.3 Multi-rope Mooring System Dynamics

The mooring system includes a number of mooring ropes, each rope is
attached at one end to the vessel via a winch system, and the other end is
fixed to the sea floor by anchor. Normally, the mooring rope is subjected to
three types of excitation such as large amplitude LF motion, medium
amplitude WF motion and small amplitude with very high-frequency vortex-
induced vibration [70]. In the PM system design, it is simplified by
considering the influence due to the LF motion on the mooring ropes and

ignoring the effect caused by high-frequency vortex-induced vibration. Thus,
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the horizontal model for the generalized mooring force is expressed in Eq.
(4.8).

Tmoor = —RT” (lp)gmoor(n) — dpoor(V) (4.8)

where d,,,, € R is the additional damping, and g,,,0 € R3 is the earth-
fixed restoring force due to the mooring system. The earth-fixed restoring
force is a combination of tensions produced from the mooring ropes given by
Eq. (4.9).

Gmoor = T(@)F (4.9)

where T(a) € R**V is the mooring rope configuration matrix, and F € R
is the resultant horizontal force from N mooring ropes. Then, this matrix can
be defined as Eq. (4.10).

COS a1 COS Ay
T(a) = sin a4 sin ay (4.10)
x;Ssina; —y;cosa; ... XySinay — yycCosay

where x;, y; and a; are moment arms and angle between mooring line and x-
axis of vessel as shown in Fig. 4.2.

The force produced at each mooring rope is the function of the horizontal
distance between the attached point and the anchor point of the rope and the
rope length. Using the elastic catenary equations [70] or some marine
software packages, the horizontal rope tension component at end upper end

can be calculated.

54



Mooring /
@ v rope

X

)

‘o3

y Fs

Fig. 4.2 Mooring rope configuration in vessel motion control

4.3 Controller Design

The main object of most mooring systems is to control the slowly varying
LF motions of the vessel encounter with wind, wave and current. In this
research, the mooring system produces a reactive force to compensate for the
mean drift loads of the environment due to environment disturbances, and to
keep the vessel in station. The vessel position is controlled by changing the

rope tension. This is done by winches equipped on the vessel to pull in or let

out the ropes.

To do this, a high-level plant controller which calculates the command

surge, sway forces and yaw moment is needed. In this study, a PI controller
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is introduced to solve this problem. The integral component eliminates the
steady state error between the desired position and current position of the

vessel. The equation of the controller can be described as Eq. (4.11) [69].

7. = R"(¥) (Kp ma—m) + K, f Ma — n)dr> (4.11)
0

where (n; —n) € R is the position error, n,; € R3 is the desired position,
n € R3 is the current position of the vessel, and Kp,K; € R33 is the
proportional and integral gain matrices, respectively. The control strategy is
illustrated in Fig. 4.3.

Sensors
—»| Actuators —»{ Vessel —¢
Control Signal
force processing
Control | Mooring <—|

-«— Controller

force l«—— Desired

motion

allocation

Fig. 4.3 Block diagram of control strategy

In the next step, the generalized control forces T, € R3 in surge, sway and
yaw are distributed to the mooring system. This is the mooring rope
allocation problem. The relationship between the generalized control force
vector and the resultant horizontal forces from N mooring ropes F is given
by Eq. (4.12).

7. = T(a)F (4.12)
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Normally, the mooring system of a vessel includes from 4 to 16 mooring
ropes. Thus, the mooring rope configuration matrix T(a) € R3*N may not be
a square matrix, and computation of F from z. is a model-based optimization
problem. In this study, the command control action provided by the mooring
ropes is calculated by using an explicit method. The solution of this method
to the Least Square Optimization problem using Lagrange Multipliers is
introduced by Fossen [69]. Therefore, the solution horizontal force vector of

N mooring ropes is obtained as Eq. (4.13).

F=T*(a)T, (4.13)

where T*(a) € RN*3 is the pseudo inverse of the mooring rope

configuration matrix.

4.4 Experiment

The experiments were carried out in the Marine Cybernetics Laboratory
located at the Department of Control and Mechanical System Engineering,
Pukyong National University using the model vessel. The vessel has a mass
of 215 kg, length of 2 m and breath of 1 m, and it uses is a 1:50 scaled

model of the barge type vessel.

4.4.1 System ldentification

By running the experiments without currents or exogenous disturbances
and assuming that the vessel has homogeneous mass distribution, xz and yz
plane symmetry as well as center of gravity coincides with center of

geometry, and the vessel model is described as Eq. (4.14).
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Mv+Dv=~<

M= 0 m-Y, 0
0 0 I,—N, (4.14)
X, 0 0
p=|o0o -v, o
0 0 =N,

where the parameters in the system inertia matrix M and the damping matrix
D must be identified, and T = [7,, T,, Ty] is the input vector of forces in
surge, and sway and moment in yaw direction. The mathematical equations

for system identification process are described as Eqg. (4.15).

(m—-Xpu+ (X )u=r1,
(m-Y)v+(hv=r1, (4.15)
(Iz (= NT)T + (_Nr)r =Ty

The vessel was pulled in surge, sway and yaw direction at different
pulling forces, and for each run the force 7,7, and moment z,,, and the
position x, y, ¥ were measured and recorded. In order to measure the pulling
forces, the load cells were installed on the vessel as shown in Fig. 4.4. One

sample data for pulling the vessel in surge direction is presented in Fig 4.5.
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Fig. 4.4 Pulling vessel and measurement set-up for applied forces with load

cells
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Fig. 4.5 Obtained pulling force and vessel position

In surge direction, simulation model was built based on the pure surge
motion equation of (m — Xy)u+ (—X,)u =1, . After that, unknown
parameters {(m — X;), (—X,,)} were estimated by using least square fitting

technique. Fig. 4.6 shows the experiment and simulation data for applying a
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pulling force of 160 (N) in surge direction. The same process was

implemented to estimate unknown parameters in sway and yaw direction of
{m-Y;), (=Y}and {(I; = Ny), (=N}
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E 0 1 1 1 1 1 1 1 1
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E
506
z
= 0.3 1 Experiment
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5 0 1
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0 1 2 3 4 5 6 7 8 9

Time (s)

Fig. 4.6 Position and velocity data fitting results

To obtain reliable and accurate data, experiments of more than 10 times
were performed. The numerical values with a specific range are summarized
in Table 4.1.
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Table 4.1 Obtained data from experiments and simulations

x-direction 348.5 <m — X, <356
(surge) 8< —X, <144

y-direction 294 <m-Y,;, <372
(sway) 10.27 < =Y, < 15.07
z-axis 106.5 < I, — N; < 121.5
(yaw) 462 < —-N,.<12.6

As a result, the system inertia matrix M and damping matrix D were

obtained as shown in Eq. (4.16).

351.2 0 0
M = [ 0 332.4 0 ]
0 0 113.2 (4.16)
11.44 0
D=] 0 1217 0 ]
0 0 7.36

4.4.2 Experimental Results

The experimental set-up including the vessel and mooring ropes is shown
in Fig. 4.7.

Four ropes were connected to the vessel at four vessel corners to simulate
the effect of the mooring system. Each rope has one end attached to the
actuator equipped in the vessel and the other to the wall of the basin.

The linear motion actuators were used to obtain required rope tensions by
changing the length of ropes. The information of the linear motion actuator

system is shown in Fig. 4.8.
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Fig. 4.7 An overview of components for vessel motion control system
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(b) Festo motor (c) Festo motor controller
EMME-AS CMMP-AS-C2-3A-M0
Fig. 4.8 Photos of linear motion actuator system

In addition, a mass was suspended between these two ends. The rope
tension measurement system consists of a load-cell and an amplifier as
shown in Fig 4.9.

The vessel motions were captured by the CCD camera, and it was
attached on the celling as detailed in Fig. 4.10. The image data obtained by
the CCD camera was transferred to the host computer, and the surge, sway

positions, and yaw angle were measured by using the vector code correlation
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technique in real time [71]. Then the calculated positions and yaw angle were
sent to the control system (NI CompactRio) placed on the vessel.

(a) Load cell (b) Amplifier
(CASKOREA CSBA-100LS) (CASKOREA LCT-II)

Fig. 4.9 Photos of tension measurement system

Fig. 4.10 Photo of ceiling CCD camera system
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The overview of control system (NI CompactRio) placed on the vessel is
shown in Fig. 4.11.

Fig. 4.11 Photo of real-time controller NI cRIO-9024 and modules

Also, all the information including vessel motions and all the sensing
signals were transferred to the monitoring system by the wireless network.

Fig. 4.12 demonstrates the process and technique for experiment.

CCD
—_o—2z-| Vessel Camera
IZI L Motions
[—|
Monitoring
System
-2z
Load Cell ™ Rope
& AMP e
\_ 7 Basin
Balancin
Weightg/ Vessel with Control System
- Barge Ship

- Controller (NI CompactRIO)
- Actuators (winch system)
- Wireless Communication System

Fig. 4.12 Schematic diagram of experimental set-up
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To demonstrate the effectiveness of the controller, first the model was
tested without rope tension control. Fig. 4.13 shows the vessel motions in
surge, sway and yaw angle. Even though the vessel was slightly restricted by
the ropes, it is apparent from this figure that the influence of the wave attack

remains for long time.
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Fig. 4.13 Vessel motions in wave disturbance without control

After that, the rope tension control strategy was applied. The gain matrix
Kp and K, of the PI controller were chosen as Eqgs. (4.17) and (4.18).
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41515 0 0

Kr=| 0 38755 0 ] (4.17)
0 0  13.225
0.166 0 0

K;,=| 0 0155 o] (4.18)
0 0  0.053

From the Fig. 4.14 we can see that the surge, sway positions and yaw
angle return to the initial state in a short time. The result explains that the
proposed vessel motion control strategy with Pl controller can cope with

disturbance.
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Fig. 4.14 Station keeping experimental results in wave disturbance by using

PI1 control
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We also performed other experiments to verify the proposed strategy. For

this, position control experiment for two directions was done.
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Fig. 4.15 Experimental results for a multi-step reference input in surge

direction

In the first case, the vessel has changed location for surge direction in

term of every 60s. From the initial position, the vessel moved toward for
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positive direction by +7.5cm up to +15cm. Then the vessel returned
backward to the initial position by +7.5cm. By changing the moving

direction, the same type of position control experiment was operated.
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Fig. 4.16 Experimental results for a multi-step reference input in sway

direction
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The results can be seen in Fig. 4.15-16. It is verified that the vessel
moves exactly in the defined position. Finally, it is clear that the proposed

control scheme works well and can be used in the real field.

4.5 Summary

This chapter proposed a new strategy for solving the vessel motion control
problem. The dynamic motions of the vessel in surge, sway and yaw
direction were obtained by regulating the tension of ropes connected to the
vessel’s linear motion actuators without using any distinct propelling system.
In addition, the mathematical model of the barge vessel was identified
through the experiment and simulation results.

After that, a Pl controller was designed and implemented to control the
motion of the vessel. The effectiveness of the proposed controller was
evaluated through experimental results. Vessel motions in wave disturbance
under active control and uncontrolled operating conditions were considered.
The experiments showed that without control, the vessel motions were
strongly affected by wave disturbance. However, the surge, sway positions
and yaw angle of the vessel with PI controller were maintained at the initial
position. Further tests on vessel motion control showed that the designed
controller can accurately maneuver the vessel to the desired position. Overall,
the implementation of rope tension control strategy on vessel motion control

was obtained.
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Chapter 5 Conclusion and Future Study

5.1 Conclusion
As stated in the Introduction, the main purpose of this dissertation was to
conduct a new strategy for vessel motion control by controlling rope tension.

The conclusion of this study was summarized as follows:

In chapter 2, the system modeling of a cart driven by a towing rope system
was introduced. Rope characteristics such as spring and damping constant
which depend on changing in rope length were considered. As it is well
known, the rope motion is hard to measure, and so a reduced-order observer
was designed to estimate the motion states of the towing rope system. A
2DOF controller was also derived to make the system track of the desired
motion. The proposed controller was evaluated through simulation and

comprehensive results.

In chapter 3, the structure of the towing rope system consisting of towing
rope and winch system which was mounted on a movable frame was set up.
Due to the model-based design method, it strictly requires a system with all
known parameters. Unfortunately, it is difficult to determine spring constant
and damping constant of towing rope. The system identification technique
was applied to overcome this disadvantage. Low-order linear models of the
towing rope system were estimated from input-output measurement data. In
order to account for unmodeled dynamics and nonlinear effects existed in the
towing rope system, the uncertainty was analyzed and approximated by input
multiplicative uncertainty. In this study, design method based on the

structured singular value u was used to achieve robust stability and robust
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performance. Moreover, a servomechanism design procedure was presented
to obtain good control performance. The proposed control method was
compared to a PID controller. Both of controllers were evaluated through
simulations and experiments. There were no significant differences between
the robust controller and PID controller in simulation. However, RMSE
values of the robust controller were smaller than that of the PID controller in
experiment. This result suggested that the control performance of proposed

control method is better than the PID controller’s.

In chapter 4, a rope tension control strategy for controlling vessel motion
was presented. In the literature, the main winch was not used in vessel
motion control due to its large size and slow operating response. In an effort
to control motion of vessel without using active propulsion systems, a new
control strategy was applied with a smaller and faster actuator placed
between the main winch and the rope guiding roller. Pulling or releasing the
rope with the actuator would change rope tension. The proposed method was
integrated in four mooring systems equipped on an unactuated vessel model.
System parameters of vessel were estimated via experiment data. Based on
identified vessel model, a Pl controller is designed. The effectiveness of the
proposed control strategy was validated through overall experiments. The
result on station keeping of the vessel with the proposed controller was
compared to that of the uncontrolled case. These tests revealed that the
proposed vessel motion control with PI controller can cope with disturbance.
Further experiments on vessel motion control were conducted. The vessel
was maneuvered with multi-step reference input. It was shown that the vessel
exactly moved to the defined position. In general, these results would seem
to suggest that the proposed control scheme can be applied in the industry
field.
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5.2 Future Study

Based on the results summarized above, the following future works are

listed as a necessary destination:

o Further experimental investigations are needed to measure rope
parameters. Thus the control-oriented model of towing rope system
introduced in Chapter 2 can be applied in real world situations.

o The combination between towing rope systems and dampers and
towing rope systems and tugboats should be studied to solve the

berthing problem of vessel in the harbor as illustrated in Fig. 5.1.

Fig. 5.1 Vessel berthing system assisted by damper and towing rope system
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