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Abstract

Like the automotive industry, the maritime industry is facing a higher demand for au-

tonomous offshore operations. It is therefore in the author’s belief that the marine in-

dustry has to develop and implement new technology for both existing and new products

to meet the increased autonomy demand. This thesis aims at presenting a unified un-

derstanding of the motions and the accompanying load handling issue in ship-to-ship

operations. The ship-to-ship kinematics is modeled and a crane operator assistant is de-

veloped as a possible solution to increase the so-called weather window of ship-to-ship

load transfers. The weather window is today determined by the significant wave height,

and the current limitation of such operations is at 2.5m significant wave height. Propos-

ing new methods capable of assisting the crane operator when transferring the load from

one ship onto another is believed to further relax the weather window criteria, as well as

increasing both the safety and efficiency of the operation itself.

A novel ship-to-ship estimation algorithm using the well known Extended Kalman

Filter (EKF) is developed and experimentally investigated in the Norwegian Motion Lab-

oratory. In addition to the ship-to-ship observer, an observer for measuring the suspended

load motions is developed. These estimators are used to form the novel crane operator as-

sistant presented at the end of this thesis. The presented assistant consists of a wire-length

assistant and an anti-swing assistant, which both aim at assisting the crane operator in

ship-to-ship load transfers by adjusting the crane operator inputs slightly in real-time.

The expected outcome is increased repeatability and efficiency, as well as reduced risk in

general.

The developed methods are described using a common and consistent mathematical

notation for both the observers and the kinematic control systems. The appended papers

at the end of this thesis have experimentally investigated and validated the proposed

methods using several experiments which have been carried out in the Norwegian Motion

Laboratory.
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Chapter 1

Introduction

1.1 Motivation and Problem Statement

Ship-to-Ship load transfers have been carried out for several decades, and have played

a major role in the transportation of typical cargo like bulk cargo, containers, liquefied

gas, and crude oil to only mention some. Figure 1.1 illustrates the ship-to-ship operation

where two supply ships are laying alongside each other and a typical container is moved

to the secondary ship using the knuckle boom crane.

Figure 1.1: The ship-to-ship load transferring problem encountered at sea where two

supply ships are laying alongside each other and the load is transferred using the knuckle

boom crane.

Ship-to-ship operations are usually carried out at the open ocean, and obviously, ship-

to-ship transfers reduce the need to reach the nearest port to transfer the cargo which

would involve additional fuel consumption, port fees and in general longer time needed to

transfer the load. Considering these factors, ship-to-ship provide both environmental and

economic benefits since the operation can be carried out at open sea and no specific port is

needed. On the other hand, ship-to-ship involves increased risk due to the operation itself,
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and there is a need for specific personnel which is skilled to accomplish the operation.

The crane operator is usually considered to carry out the most vital task in ship-to-ship

transfers, since the crane has to be operated in such a manner that neither the equipment

nor the personnel are harmed. This task is considered by the offshore industry to be

challenging, and hence restricted to only be carried out when the significant wave height

is below 2.5 meters [3]. The significant wave height is traditionally defined as the mean

wave height of the highest third of the waves. This limitation is known as the weather

window for such operations, and by introducing new technology there exists great potential

in increasing these margins by introducing automatic or autonomous systems which can

assist the crane operator in such a demanding task. As a result, reduced fuel consumption

and waiting time may be achieved by relaxing the weather condition requirement.

These arguments are the main motivation to further investigate the ship-to-ship oper-

ation and hence carry out research towards developing new technology which can increase

the efficiency, repeatability and the safety of such operations. Another motivational fac-

tor is that a higher level of autonomy is expected in future offshore load handling and

shipping activities in general. In [4] it is stated: Autonomous shipping is the future of the

maritime industry. As disruptive as the smartphone, the smart ship will revolutionise the

landscape of ship design and operations. In other words, the offshore industry is today

facing a major technological shift, where an increased autonomy level is expected in ad-

jacent future. Like the automotive industry, the goal of accomplishing fully autonomous

cars e.g. is realized through gradually introducing assisting systems like adaptive cruise

control, adaptive lane assistant, and automatic emergency braking. These systems aim at

assisting the driver to operate the car more efficiently and increase the driving safety. It is

therefore in the author’s belief that the offshore load handling industry should follow the

same path to reach the goal of fully autonomous operations in the future. Hence the crane

should still be operated by a crane operator, but new technology should continuously as-

sist the operator to carry out the task with higher repeatability, efficiency, and reduced

risk. This thesis aims at investigating these matters using experiments and modeling of

the ship-to-ship operation to gain a more scientific understanding of the problem. The

main research questions to be investigated in this thesis are:

1. Are new control algorithms and off-the-shelf sensors capable of increasing both the

efficiency and safety of ship-to-ship operations?

2. Can a payload anti-swing solution for ship-to-ship transfer be developed and demon-

strated using proprietary industrial control systems?

3. Can new technology like a crane operator assisting system contribute to further

increase the weather window of ship-to-ship transfers?

1.2 Thesis Outline

This thesis is divided into three main chapters, which in the end are accompanied by

the appended papers listed in the beginning. The content of each chapter is briefly

summarized in the following:
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Chapter 1. Introduction

Chapter 1 - Introduction

This chapter presents the problem to be investigated and the accompanying re-

search motivation for this project, followed by a brief outline of the thesis (this one)

aimed at giving the reader an outlook of the content to be discussed and presented

throughout the thesis. The current state-of-the-art is briefly summarized, where the

focus lies on the current offshore sensor and motion compensation technologies. In

the end of the introduction, a summary of the appended papers is given, and the

main contributions of this project are summarized.

Chapter 2 - Background Theory and Modeling of Ship-to-Ship Operations

This chapter aims at presenting a unified theory of the work presented throughout

the appended papers. The chapter begins with defining the ship-to-ship problem in

a geometrical sense and hence both the crane and the ship-to-ship kinematics are

modeled. In the end, a crane operator assistant is presented which aims at combining

all the work conducted in the appended papers with an anti-swing system.

Chapter 3 - Concluding Remarks

In the end, the outcome of this project is discussed and some concluding remarks

are given. In addition, further work is briefly discussed, where ideas and possible

improvements are discussed.

Appended Papers

All the previously listed papers are included at the very end of this thesis, and the

reader is encouraged to go through the appended papers to gain more details about

the experiments which have been conducted throughout the project.

1.3 State-of-the-Art

This section presents some of the current state-of-the-art applications which are related

to offshore load handling operations. Most of the current state-of-the-art applications are

obviously found in the offshore load handling industry, and some of the largest companies

delivering offshore load handling equipment are; MacGregor Norway AS, Barge Master,

National Oilwell Varco (NOV), Palfinger and Libherr. This section will briefly elaborate

on the four most relevant technologies related to ship-to-ship motion compensation; the

Active Heave Compensated (AHC) crane, the 3D compensated crane, ship-to-ship load

transfers, and the anti-swing control for cranes.

1.3.1 Active Heave Compensated Crane

The current state-of-the-art within the branch of offshore load handling is the AHC crane.

This technology is featured by all the previously mentioned offshore crane manufacturers.

Figure 1.2 illustrates a typical offshore knuckle boom crane which is usually equipped

with the AHC technology.
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Figure 1.2: An offshore AHC knuckle boom crane manufactured by MacGregor [1].

AHC is used to decouple the ship motion from the suspended load in the heave di-

rection, which makes it much easier to land the cargo on fixed installations or onto the

seabed. The winch is usually utilized to continuously adjust the wire length based on

the measured heave position and velocity of the ship such that the cargo does not move

compared to a stationary surface. The ship motion is determined by one or several Mo-

tion Reference Units (MRUs). An MRU utilizes information from an accelerometer and

a gyroscope to determine the motion of the ship in real-time. Various types of filtering

techniques are implemented in the MRU software to make the output more precise and

reliable. These filters reduce the drift in the position output due to the double integration

of the measured ship acceleration in the gravity direction. The drift is usually caused by

non zero noise in the sensors and hence the topic has gained a lot of interest both in the

academia and the industry. Kongsberg Maritime/SEATEX is considered to deliver the

current state-of-the-art MRU unit which also is considered the de facto standard MRU

unit for AHC cranes. Kongsberg/SEATEX utilize their own adaptive heave filter [5],

while other filtering approaches have been investigated in the academia [6, 7, 8, 9].

In addition to the AHC crane, both passive and hybrid active-passive compensation

systems exist as described in [10]. Furthermore, several publications related to various

methods towards increasing the accuracy and effectiveness of the heave compensation

problem are published in [11, 12, 13, 14, 15].

1.3.2 3D Compensated Cranes

The AHC crane previously mentioned is only capable of compensating for the ship heave

motion using the winch, meaning that changes in the attitude of the ship will cause the

crane tip to move, which again cause the load to swing. This continuously swinging makes

the maneuvering of the crane even more complicated, and hence the offshore industry has

recently made an attempt to solve this problem by introducing a new branch of cranes

capable of also compensating for the roll and pitch angles of the ship. Both MacGregor
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Chapter 1. Introduction

and Barge Master offer such cranes today, and the two types are the MacGregor 3D crane

[16] and the Barge Master T-40 [17]. These cranes can transfer loads in a much more

controlled manner since the tower of the crane is always kept in a vertical position and

hence the load is less prone to swing motion due to reduced crane tip motion. These

products are however not mature and require a complicated actuation system capable of

moving the crane tower in a vertical position at all times using the measured roll and

pitch angles acquired by an MRU. The Barge Master T-40 crane is shown in Figure 1.3.

Figure 1.3: The 3D compensated crane delivered by Barge Master which is capable of

compensating for roll, pitch and heave motions up to 3m significant wave heights [2].

1.3.3 Ship-to-Ship Load Transfer

During the time of working with this project, which is part of the Norwegian SFI Offshore

Mechatronics research center1, both the SFI parters MacGregor and NOV have released

new products related to ship-to-ship load transferring using two MRUs and a wireless link

to actively control the load to follow the ship deck of the second ship in real-time, see

[18] and [19]. These systems are capable of compensating the heave motion of both the

ships using the winch. In these solutions both the roll and pitch motions of the ships are

neglected, which also should be considered when trying to land the load on the second

ship deck. However, it is worth mentioning that both these products were released after

the first publication of this project (Paper A). This paper experimentally investigated the

use of two MRUs combined with a low latency radio link to carry out the ship-to-ship

compensation in real-time.

The ship-to-ship problem has gained increased interest within the offshore industry,

but academic research toward solving this problem is limited, and unfortunately not to be

considered very mature. The only academic papers found which are directly related to the

ship-to-ship operation are [20] and [21]. These papers mainly focus on the hydrodynamic

1Center for Research Based Innovation Offshore Mechatronics https://sfi.mechatronics.no/
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interaction forces occurring in-between the ships during the operation and not the load

transfer problem. However, there exist literature related to best practice and guides

related to ship-to-ship transfers in [22] and [23]. In addition, various ports have defined

regulations related to ship-to-ship transfers like the one given by the port of Gothenburg

in [24]. Finally, patents related to transfer of fluids [25] and a refueling device [26] are

found when searching for ship-to-ship transfer literature.

1.3.4 Crane Anti-Swing Control

Anti-swing control is supposed to dampen out the swinging motion of a suspended load,

and hence increase the operational efficiency, repeatability, and safety in moving the trans-

ported load. A listing of the current available commercial anti-swing systems for overhead

industrial cranes is found in [27]. The sliding mode control approach for dampening the

suspended load swing motion has been investigated for overhead cranes in [28] and [29].

Offshore crane related studies are given in [30] and [31] where numerical time-domain

simulations were used to verify the effectiveness of the proposed control algorithms. Par-

tial feedback linearization for an overhead crane was experimentally investigated using a

small scale test setup in [32] and finally an energy based controller was derived using the

Lyapunov technique in [33].

The research mentioned so far in relation to the anti-swing control problem is con-

sidered to be dominated by modern control theory, where the problem is solved by using

accurate mathematical models of the plant, and hence the control input relies on observ-

ing the plant with high accuracy. However, the results published in [34] represent a more

realistic approach to solve the problem where an offshore crane is considered instead of

the industrial overhead cranes. Based on the recent research the author believes that

future research toward anti-swing controllers applied to industrial knuckle boom cranes is

needed to meet the future demands of autonomy in offshore operations, especially where

the crane base is moving due to the ocean waves and wind influencing the ship.

1.4 The Norwegian Motion Laboratory

The experiments in this project are carried out in the Norwegian Motion Laboratory

located at the University of Agder, Campus Grimstad. This section aims at giving the

reader a brief overview of the lab setup and the accompanying development phases carried

out throughout this project. For a more detailed description related to the lab setup, the

reader is referred to Paper F which discusses the lab setup more thoroughly. The lab

consists of several machines and sensors, and to gain an overview of the lab, Figure 1.4

illustrates the lab setup found in the Norwegian Motion Laboratory.
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Figure 1.4: Schematic overview of the Norwegian Motion Laboratory, where the coordi-

nates of both the machinery and sensory equipment are named according to Table 1.1.

Figure 1.4 illustrates the lab setup and the coordinate systems of both the sensory

and the robotic machines used throughout the project. {·} is used to denote a coordi-

nate system, and Table 1.1 defines each of the coordinate systems and their respective

representation.

Table 1.1: The coordinate systems used to describe the geometry of the machines and

sensors found in the lab setup.

Symbol Description

{n1} Neutral pose of EM8000.

{n2} Neutral pose of EM1500.

{b1} Body coordinate of EM8000.

{b2} Body coordinate of EM1500.

{m1} Motion Reference Unit (MRU) mounted on EM8000.

{m2} MRU mounted on EM1500.

{c} Comau robot base coordinate system.

{v} Coordinate system of the Leica AT960 laser tracker.

{m} Leica T-Mac TMC30 tracking probe placed on EM1500.
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In addition to the coordinate systems, the wire exit at the tool point is named pt

and the hook connecting the wire and the suspended load is named ph. The Qualisys

motion capture system is not represented with a separate coordinate system {q} since it

is calibrated to measure relative to coordinate {v} i.e.

{q} = {v}. (1.1)

A common control interface had to be developed in order to control and monitor

all the equipment found in the lab. Each of the machines and sensors have their own

proprietary interface, and a central control unit was used to interface each of them. The

central control unit is manufactured by Beckhoff and the specific unit is named CX2040.

The reason for using this embedded PC is motivated from the several capabilities and

flexibility of interfacing various types of machines and sensors. In addition, Beckhoff has

their own servo drives which are used to realize the winch on top of the robot. Figure

1.5 illustrates the communication layout used to interface the central control unit with

all the equipment.
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Figure 1.5: The communication interface inherited from Paper F which is used to illustrate

all the connections used to monitor and operate the Norwegian Motion Laboratory in real-

time.

As the figure illustrates, extensive work is carried out to develop the laboratory into

its current state. A Gantt chart is used to show the various development phases in

comparison to the publication date of the appended papers.
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2015 2016 2017 2018

EM8000

EM1500

Robot

CX2040

MRUs

Paper A

Paper B

Paper C

Leica

Paper D

HMI
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Qualisys

Paper E

Paper F

Thesis

Figure 1.6: Lab development phases in comparison to the date of publication of the

appended papers.

1.4.1 Control Limitations

Industrial machines like the ones found in the lab are usually equipped with a proprietary

controller and an accompanying software interface, which implies that the inner control

control loops are already developed and only some parameters can be adjusted by the

user. Integrating such machines in a system setup like the one found in the Norwegian

Motion Laboratory introduces some challenges due to the lack of full control of the inputs

to the machines, where some of the main challenges are:

• The machines are meant to be operated on a point-to-point basis, meaning that the

user commands the machines to move from A to B and the software will interpolate

the motion and execute the motion according to some predefined settings for the

maximum velocity and acceleration.

• Continuous operation of the machine will require the user to generate a trajectory for

the position, velocity and acceleration which do not violate the maximum allowable

deviations. This often implies that no step inputs are allowed, which may be required

to identify the system dynamics.
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• The user can not operate the machine using torque/force inputs which is often the

input to be controlled when analyzing the control problem using classical control

theory methods.

• The system dynamics can be hard to describe or identify due to the unknown control

structure and parametrization already implemented in the control software.

On the other hand such machines offer the following benefits compared to designing the

whole control system from scratch:

• Easier operation for non-control experts is achieved by using the already imple-

mented software which only accepts certain types of inputs.

• The software will ensure that the machine is not overloaded and destroyed due to

wrong use of the machine.

• The machine is implemented by a software interface only, meaning that a full dy-

namic analyses and control system development is not required to have a functional

machine.

These considerations have to be considered when designing state estimation and con-

trol algorithms for the system integration task, and hence the focus throughout the thesis

has heavily relied on the kinematic study and not detailed dynamic modeling of the con-

trol task. This means that a mathematical framework describing the kinematics is mainly

used to generate correct reference inputs for the already existing proprietary control sys-

tems using the available sensor data. Such and approach is known as kinematic control

where the task is typically defined to design a high level controller to achieve the desired

robot motion.

1.4.2 GitHub Repository

A major part of this project has been devoted to programming in different languages in-

cluding Python, Structured Text, Matlab/SIMULINK, and C/C++. Instead of append-

ing all the code as a textual appendix, a GitHub library containing all the code which is

used to build the common control interface, the Human Machine Interface (HMI), and

the accompanying algorithms are made available online. The Motion Laboratory GitHub

repository is found at https://github.com/sondre1988/motion-lab and is open for

everyone to use according to the license stated inside the repository. The easiest way to

clone the repository is to download and install Git for your specific OS and then execute

the following command:

git clone https :// github.com/sondre1988/motion -lab

1.5 Summary of Papers

Paper A - Testing of Wireless Sensor Performance in Vessel-to-Vessel Motion

Compensation
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Summary: This paper presents two physical experimental setups aimed at verifying

the possibility of using a wireless communication link in combination with a second MRU

to measure the heave motion of the second ship in real-time. The main experiment was

carried out in the Norwegian Motion Laboratory using both Stewart platforms to simulate

two offshore vessels/ships laying alongside each other, and the industrial robot was used

to simulate the load handling crane used to compensate for the relative heave motion. A

high precision laser tracker was used to measure the overall compensation performance

when two MRU sensors were used to measure the motion of the two Stewart platforms

while the second MRU data was transmitted wirelessly. In addition to the indoor exper-

iment, an outdoor experiment was conducted to determine the typical time delay when

the wireless transmitters were placed at a distance of 70 m away from each other. For

a test duration of 24h, 6,813,448 data packages were continuously transmitted, and the

time delay for each package was measured and logged to a histogram. The typical time

delay was found to be 8ms, which in the end led to the conclusion that this delay would

not affect the overall performance due to the slow ship motions.

Contributions: Wirelessly transmitted MRU signals applied to the ship-to-ship problem

were experimentally investigated using two experimental setups. The resulting transmis-

sion delay was found to be typically 8ms and hence proved to be a possible solution to

the problem of measuring the relative ship heave motion using two MRUs. At the time

of conducting these experiments, the proposed idea was considered novel, and it is worth

mentioning that the industry has published products using this technology after the ac-

ceptance of this paper.

Published as: S. S. Tørdal, P. O. Løvsland, and G. Hovland. Testing of wireless sen-

sor performance in Vessel-to-Vessel Motion Compensation. In Proceedings of the IECON

2016 - 42nd Annual Conference of the IEEE Industrial Electronics Society, Florence,

Italy, 2016. doi: 10.1109/IECON.2016.7793951.

Paper B - Inverse Kinematic Control of an Industrial Robot used in Vessel-

to-Vessel Motion Compensation

Summary: The work presented in this paper should be seen as an extension of the

work presented in Paper A where the motion compensation algorithm was extended to

also compensate for the roll and pitch motions of both the Stewart platforms representing

the two ships. The relative kinematics between the two ships have been modeled using

homogeneous transformation matrices which are used to calculate the required kinematic

motion of the industrial robot due to the asynchronous motions simulated by the two

Stewart platforms. The resulting accuracy was measured by the high precision internal

feedback sensors of the robotic equipment featured by the Motion Laboratory which is

calibrated using a high precision laser tracker according to Paper H. In addition to the

experimental work, the need for a third sensor capable of a measuring/calibrating the off-
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set parameters between the two inertial coordinate systems of the two MRUs was stated.

Contributions: The maximum compensation error was measured to be 42 mm, which

again proved the possibility of using an MRU combined with a wireless MRU as a possible

solution to the ship-to-ship/vessel-to-vessel problem. However, the paper claims the need

for a third sensor to measure/calibrate the inertial offset between the two MRUs, which

has led to further investigation of this matter in the next papers.

Published as: S. S. Tørdal, and G. Hovland. Inverse Kinematic Control of an Industrial

Robot used in Vessel-to-Vessel Motion Compensation. In Proceedings of the IEEE 25th

Mediterranean Conference on Control and Automation (MED), Valletta, Malta, 2017.

doi: 10.1109/MED.2017.7984313.

Paper C - Relative Vessel Motion Tracking using Sensor Fusion, Aruco Mark-

ers, and MRU Sensors

Summary: This paper presents a possible solution to the issue of measuring the in-

ertial offset between the two MRUs. Paper A and B demonstrated that the MRUs are

accurate enough to be used in ship-to-ship load handling, but a third sensor is needed to

measure or calibrate the inertial offset between the MRUs in real-time. A sensor fusion

algorithm incorporating the use of several visual fiducial markers and two MRUs was ex-

perimentally investigated, where a vision system was used to measure the inertial offset.

The second MRU was placed inside a cube where five Aruco markers were placed on each

of the cube sides to enable for the visual tracking application to measure the cube motion

relative to the main Stewart platform. The acquired sensor measurements were fused

together to estimate the relative Stewart platform motions in real-time. The cube was

placed onto several locations on the second Stewart platform, and the proposed system

proved to be self-calibrating, meaning that no manual work had to be carried out when

the cube was placed in several arbitrary locations.

Contributions: A novel approach to fuse two MRUs and visual tracking of multiple

Aruco markers placed on a cube was used to develop a self-calibrating system which

intends to measure the relative ship motions in real-time. The system proved to be self-

calibrating, and the standard deviation of the motion compensation task was found to be

31 mm.

Published as: S. S. Tørdal, and G. Hovland. Relative Vessel Motion Tracking using

Sensor Fusion, Aruco Markers, and MRU Sensors. Journal of Modeling, Identification

and Control, 38(2):79-93, 2017. doi: 10.4173/mic.2017.2.3.

Paper D - Real-time 6-DOF Vessel-to-Vessel Motion Compensation Using

Laser Tracker
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Summary: The previous paper relied on the use of MRU sensors to measure the relative

ship motions in combination with a third sensor. This paper aims at investigating the

use of only one state-of-the-art laser tracker and compare the results with the previously

published papers of this project. The laser tracker was manufactured by Leica, and the

specific model is the AT960 which is capable of tracking 6 degrees-of-freedom in real-time

using the accompanying T-Mac TMC30 tracking probe. The hand-eye calibration prob-

lem often encountered in robotics proved to be useful in the sense of calibrating the lab

setup, and the calibration errors were discussed accordingly. The resulting ship-to-ship

motion tracking proved to be superior in comparison with previously published results,

but the method suffers from less reliability due to lack of redundancy and the need for

visual sight at all times.

Contributions: A state-of-the-art tracking accuracy in ship-to-ship pose estimation was

achieved using a high precision laser tracker manufactured by Leica. However, the pro-

posed method lacks redundancy and hence is less suitable for harsh offshore environments

where sea spray, obstacles and fog may interrupt the visual sight of the laser tracker dur-

ing operation.

Published as: S. S. Tørdal, W. Pawlus and G. Hovland, Real-time 6-DOF Vessel-

to-Vessel Motion Compensation Using Laser Tracker. In Proceedings of the OCEANS

MTS/IEEE Conference, Aberdeen, Scotland, 2017.

doi: 10.1109/OCEANSE.2017.8084756.

Paper E - Ship-to-Ship State Observer using Sensor Fusion and the Extended

Kalman Filter

Summary: This paper aims at presenting a unified theory for estimating the relative mo-

tion between two ships lying alongside each other using the EKF to combine both visual

and inertial sensors in real-time. The ship-to-ship estimation problem is modeled using a

pure kinematic model, meaning that no physical ship parameters were included. Adding

the physical ship parameters would most likely increase the estimation performance but

was left out since it was assumed that these parameters are hard to achieve or estimate.

Measurement models used to fuse the measurements of two MRUs and the laser tracker

presented in Paper D were derived. The Motion Laboratory was utilized to experimen-

tally investigate the estimation performance using the developed EKF algorithm. The

developed EKF algorithm is also capable of handling interrupted visual sight for small

time periods, meaning that estimation redundancy was introduced to the solution by us-

ing only the two MRUs for smaller time periods. The tracking performance was reduced

when the laser tracker lost sight, but not to such an extent that the ship-to-ship transfer

would be impossible.

Contributions: A redundant sensor fusion algorithm aimed at estimating the relative
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motions between two ships at sea was developed and experimentally tested to verify the

estimation effectiveness and accuracy. The sensor fusion algorithm was developed using

the EKF and used to combine two MRUs, and a laser tracker in real-time. The redun-

dancy was proved to be functional due to the possibility of losing the visual sight of the

laser tracker for a time duration of 50s in the middle of the test sequence.

Published as: S. S. Tørdal, and G. Hovland. Ship-to-Ship State Observer using Sensor

Fusion and the Extended Kalman Filter. ASME Journal of Offshore Mechanics and Arc-

tic Engineering, 2018. doi: 10.1115/1.4041643.

Paper F - The Norwegian Motion-Laboratory

Summary: Throughout all the appended papers of this thesis, the Norwegian Motion

Laboratory has played a major role in realizing all the experiments used to validate the

developed methods for the ship-to-ship load transfer problem. At the time of starting

this project, the lab facility consisted of mainly two Stewart platforms, and the industrial

robot without any common control interface. Extensive further development of this lab

was therefore needed to conduct the required experiments presented in this thesis. This

paper aims at presenting and documenting the lab facility in terms of; the common con-

trol interface, the open-source PyQt HMI interface, the calibration of the lab setup, the

kinematics and geometrical descriptions of the equipment, summary of all the sensors and

limitations of the lab equipment in general, and finally list a brief summary of previous

research activities carried out in the lab to date.

Contributions: Extensive development of a common control interface capable of in-

terfacing all the sensors and operate all the robotic equipment from a single main control

unit in real-time. A GitHub library containing all the developed code is made publicly

available for further development of the lab, or for others to gain insight and possible

reuse code for their own projects in the future.

Published as: S. S. Tørdal, J. T. Olsen, and G. Hovland. The Norwegian Motion-

Laboratory. Journal of Modeling, Identification and Control, 39(3):191-208, 2018.

doi: 10.4173/mic.2018.3.5.

1.6 Contributions

The goal of the work presented in this thesis has been to develop and implement new

ideas, methods, algorithms and software which could potentially be used in industrial

practice in nearby future. A list of the main contributions is given below:

• Investigation of wireless MRU data transfer for offshore use.
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• Development and study of the system kinematics related to the ship-to-ship mo-

tions, the motion of the crane, and the suspended load motion during ship-to-ship

transfers.

• Experimental investigation of combining inertial and visual sensors in ship-to-ship

state estimation utilizing the well established EKF algorithm.

• Development and experimental testing of an anti-swing system for a crane with

a moving base using a Linear Quadratic Regulator (LQR) state feedback. The

proposed method is supposed to be modular in the sense that it can be integrated

with an already existing proprietary crane controller.

• Modeling and real-time kinematic control of a suspended load transferred from one

ship onto another using an offshore crane and the accompanying winch.

• Extensive further development of the experimental lab setup known as the Norwe-

gian Motion Laboratory.
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Chapter 2

Background Theory and Modeling of

Ship-to-Ship Operations

2.1 Geometric Definitions

Throughout this project, extensive investigation of the kinematics of the crane, ship-to-

ship body postures and the motion of the transferred load are investigated in order to

gain a more scientific understanding of the problem. Figure 2.1 presents an overview of

the ship-to-ship operation which will be modeled and discussed throughout this chapter.

Figure 2.1: The different coordinate systems involved during ship-to-ship operations.

The figure illustrates the two ships laying alongside each other at sea, and hence the

offshore load handling crane is used to transfer the load from the main ship onto the
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secondary ship. The coordinate systems are denoted using the bracket notation {·} where

the name of the specific coordinate system is ·. This naming will be frequently used

in forming the kinematic equations describing the spatial body motions throughout the

whole chapter. Section 2.2 will discuss the notation more carefully, and hence the reader

is encouraged to read this section. Table 2.1 summarizes the annotations seen in Figure

2.1 and presents a brief description of each of the symbols.

Table 2.1: Table describing the kinematic definitions presented in Figure 2.1.

Symbol Description

{n1} Heading coordinate system 1.

{n2} Heading coordinate system 2.

{b1} Coordinate system at Center of Gravity (CG) of ship 1.

{b2} CG of ship 2.

{m1} Motion Reference Unit (MRU) mounted on ship body 1.

{m2} MRU mounted on ship body 2.

{c} Crane base coordinate system.

{v} Coordinate system of the visual sensor placed on ship 1.

{m} Coordinate system of the visual marker placed on ship 2.

L1 Length of crane cylinder actuating the main boom.

L2 Length of second cylinder actuating the crane jib.

Lw Wire length between points pt and ph.

pt The crane tip point where the Wire Exit Point (WEP) is located.

ph The point where the hook is connected to the transferred load.

nw The unit vector following the wire connecting the crane and the load.

nd Normal vector defining the plane representing the cargo deck of ship 2.

To understand the ship motions of a vessel at sea, Section 2.3 presents a simplified

simulation model of a rigid body ship at sea. The offshore crane placed on top of the main

ship is discussed in Section 2.4 and hence the accompanying kinematics and dynamics of

the crane are modeled. Section 2.5 presents the process model and measurement models

needed to observe the ship-to-ship body motions using multiple sensors placed on the two

ships. Finally, a multi-sensor crane assisting system is presented in Section 2.6, which is

aimed at increasing both the safety and efficiency of future marine ship-to-ship operations.

2.2 Rigid-Body Kinematics and Mathematical Nota-

tion

In this section, the fundamental notation used to describe the geometric relationships

between vectors, coordinate systems and bodies are discussed. Both the notation and

kinematic formulations are inherited by the one presented in [35] by Thor I. Fossen.

However, the notation used in the thesis itself is not necessarily similar to the one presented
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in the appended papers. This is due to the fact that the notation and the kinematic

modeling technique has evolved during the time of working with this project.

Instead of repeating all the details describing the notation, which anyway can be found

in [35], a simple example of a rigid body moving relative to an inertial coordinate system

is used to demonstrate the notation used throughout this thesis.

Figure 2.2: Illustration of a point p located on a rigid-body represented by coordinate

system {b} which is moving relative to the inertial ground given by {g}.

Figure 2.2 illustrates a point p located on the rigid body {b} which can move relative

to ground {g}. The position between the body coordinate {b}, and the inertial ground

coordinate {g} are defined using vector rb/g, and the orientation of {b} relative to {g} is

given by a rotation matrix R
g
b . The subscript of vector rb/g defines the direction of the

vector, hence rb/g = −rg/b. In addition to the vector subscript describing the direction

of the vector, a superscript is used to define which coordinate the vector is given in. If

the vector is given in {b}, the following superscript is used rb
b/g, and r

g
b/g if it was to be

represented in {g}. To further illustrate the idea, the rotation matrix R
g
b is used to relate

the two different vector representations:

r
g
b/g = R

g
br

b
b/g = R

g
b(−r

b
g/b), R

g
b ∈ SO(3) (2.1)

where SO(3) defines the special orthogonal group which the rotation matrix Rb
g belongs

to. Hence the inverse of the rotation matrix is found by simply transposing the rotation

matrix as:

Rb
g = (Rg

b)
−1 = (Rg

b)
T . (2.2)

The position, velocity and acceleration of point p relative to ground {g} are defined by:

r
g
p/g = r

g
b/g +R

g
br

b
p/b (2.3)

ṙ
g
p/g = ṙ

g
b/g + Ṙ

g
br

b
p/b (2.4)

r̈
g
p/g = r̈

g
b/g + R̈

g
br

b
p/b (2.5)
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which implies that the point p is fixed to the rigid-body {b} i.e. ṙb
p/b = 0. The two time

derivatives of the rotation matrix R
g
b are:

Ṙ
g
b = R

g
bS(ω

b
b/g) (2.6)

R̈
g
b = Ṙ

g
bS(ω

b
b/g) +R

g
bS(ω̇

b
b/g) (2.7)

= R
g
bS(ω

b
b/g)S(ω

b
b/g) +R

g
bS(ω̇

b
b/g) (2.8)

where the matrix time derivatives introduce the skew symmetric matrix S(·) and the

body fixed velocity ωb
b/g and acceleration ω̇b

b/g of body {b} relative to ground {g} given

in the body coordinates {b}. The skew symmetric matrix is defined as:

S(ω) =





0 −ωz ωy

ωz 0 −ωx

−ωy ωx 0



 , ω =





ωx

ωy

ωz



 (2.9)

where ωx, ωy and ωz represent the body fixed velocity of the rigid body given in the rigid

body’s coordinate system around the x-, y-, and z-axis respectively.

It is also worth mentioning that almost all the vectors and variables throughout the

whole thesis are time-dependent. To save space and avoiding equations to span more than

one line it has been chosen to not write the time dependency for each variable i.e.

x(t)→ x. (2.10)

However, where the vector is not time dependent it has been clarified in the text that the

vector or parameter is non-time dependent and that the corresponding time derivative is

zero.

2.3 Hydrodynamic Ship Disturbance Model

To understand the type of forces, and hence also the motions which an offshore ship is

experiencing during offshore operations, one could consider using logged data from a real

vessel. However, in this section a simplified simulation model of a rigid ship is used to

simulate the ship body motions as a result of stochastic wave forces generated using the

methods and techniques presented in [35]. The simulation model used to simulate the

ship motions are given by:

η̇ = J(η)v (2.11)

[MRB +MA] v̇ +Dv +Gη = τDP + τwave (2.12)

where the ship attitude is defined by η, the ship velocity is v and hence also the acceler-

ation is given by v̇. The position, velocity and acceleration are described in more details

using:

η =

[

rn
b/n

Θnb

]

, v =

[

ṙn
b/n

ωb
b/n

]

, v̇ =

[

r̈n
b/n

ω̇b
b/n

]

(2.13)
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where rn
b/n = [x, y, z]T is the ship body {b} position relative to the inertial coordinate

system {n}, andΘnb = [φ, θ, ψ]T are the Euler angles describing the body attitude relative

to the inertial coordinate. The model matrices are inherited from the Marine Systems

Simulator (MSS) which is documented in [36], [37] and [38]. The model matrices describing

the rigid ship body mass MRB, the added hydrodynamic mass MA, the viscous damping

forces D, and finally the restoring forces G represent a supply vessel which is found in the

MSS toolbox available at http://www.marinecontrol.org/. The transforming Jacobian

J(η) found in Eq. (2.11) relates the two ship velocity representations η̇ and v as:

J(η) =

[
I 0

0 TΘ(Θnb)

]

(2.14)

where the transformation matrix TΘ(Θnb) is defined by:

TΘ(Θnb) =
1

cos(θ)





cos(θ) sin(φ) sin(θ) cos(φ) sin(θ)

0 cos(φ) cos(θ) − sin(φ) cos(θ)

0 sin(φ) cos(φ)



 , cos(θ) 6= 0 (2.15)

given that rotation matrix Rn
b (Θnb) describing the ship attitude is following the ZYX-

angle sequence as:

Rn
b (Θnb) = Rz(ψ)Ry(θ)Rx(φ) (2.16)

where Rx, Ry and Rz are the well known rotation matrices used to rotate about the x-,

y-, and z-axis respectively. If the angle sequence differs from the ZYX-angle sequence

described here, the transforming Jacobian must use another TΘ(Θnb) which reflects the

angle sequence used to describe the rotation matrix Rn
b (Θnb).

2.3.1 Stochastic Wave Forces

In Eq. (2.12), there are two generalized force vectors representing the dynamic positioning

system τDP , and the wave disturbance forces τwave. In reality, there exist plenty of other

disturbances such as ocean currents and wind forces only to mention some. However, it is

desired to stick with the simplified model, since the most important task of the simulation

model is to generate suitable stochastic ship motions in all six degrees of freedom. The

stochastic wave force for each degree of freedom is modeled as:

τdofwave ≈ Kdofh(s)wdof(s), dof ∈ [1 · · · 6] (2.17)

where h(s) and wdof(s) are given in the Laplace domain, and τdofwave is given in the time

domain. From a pure mathematical point of view, combining both the time and Laplace

domain in a single equation is wrong, but is only written in this way to illustrate that the

stochastic wave forces are generated using a transfer function which has its input driven

by a zero-mean white noise process wdof(s). The transfer function used to simulate the

wave force magnitude is given by:

h(s) =
2λω0σs

s2 + 2λω0s+ ω2
o

(2.18)
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where ω0 describes the wave peak frequency, λ is the wave damping ratio, and σ defines

the wave intensity. The transfer function is unchanged for each degree of freedom, whereas

the zero-mean white noise processes wdof(s) and the tunable gain Kdof are individual for

each degree of freedom. Since the goal of the transfer function is to relate the stochastic

wave forces to a specific wave spectrum S(ω), the transfer function coefficients are derived

from solving the following minimization problem:

minimize
λ,ω0,σ

[
|h(jω)|2 − S(ω)

]T [
|h(jω)|2 − S(ω)

]
(2.19)

where the resulting magnitude of the transfer function |h(jω)|2 can be compared with the

chosen wave spectrum S(ω) as illustrated in Figure. 2.3.

0.05 0.1 0.15 0.2 0.25 0.3
0

2

4

6

8

10

12

S( )

|h(j )|
2

Figure 2.3: Linearized wave energy spectrum as illustrated in Paper E which compares

the Pierson-Moskowitz wave spectrum against the linear appropriation.

The magnitude of the linear transfer function |h(ω)|2 represents an acceptable approx-

imation of the wave spectrum, which in our example was represented using the Pierson-

Moskowitz wave spectrum [39] with a significant wave height Hs = 8m and a typical wave

period of Tp = 12.0s. Other wave spectra such as the JONSWAP spectrum [40] could

also be used in the same manner without the need for another transfer function, only

updating the corresponding coefficients.

2.3.2 Simplified DP-System

The stochastic wave forces described in the previous section will cause the ship do drift

away in all three directions representing the surge, sway and yaw directions i.e. x, y,

and ψ. In most ship-to-ship scenarios, the ships are usually controlled by some kind

of Dynamic Positioning system, hereby named DP-system. This system is used to keep

the surge, sway and yaw motions to desired values, hence meaning that the DP-control
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problem is defined by:

lim
t→∞

eDP =





xd − x

yd − y

ψd − ψ



→ 0 (2.20)

where eDP is the DP error signal to be minimized using a suitable control system con-

trolling the ship thrusters and rudders. Both the industry and the academia have been

researching this topic for many years and a lot of proposed methods to solve this problem

is presented in [41], [42] and [43] to only mention some. However, as the motivation of

this simulation model is to have a simple simulation model capable of being deployed

onto a real-time target, a simplified controller representing the DP-System is formed by

a PD-controller:

τDP = KpeDP +KdėDP (2.21)

where each of the controller gains are found from pole placement where the system dy-

namics were identified through a step response and hence modeled using a 1st order

transfer function for the surge, sway and yaw directions. The controller gains Kp and

Kd were then found from comparing the coefficients of the characteristic polynomial of

the closed-loop system p(s) = f(τ,KSS, Kp, Kd) and the desired characteristic polynomial

pd(s) = (s − d)2, where d is the desired pole placement. The time constant τ and the

steady state gain KSS are found from the previously mentioned step response.

2.3.3 Simulink Implementation

Simulink was used to realize the time domain simulation and hence the resulting Simulink

block diagram is depicted in 2.4.
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Figure 2.4: Implementation of the ship motion simulation model which also is deployed

in the Norwegian Motion Laboratory with the use of Beckhoff’s TwinCAT Simulink code

generation tool.
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The goal of the simulation is to generate a suitable disturbance motion which can be

used to move the two Stewart platforms in the motion laboratory. To accomplish this,

a real-time implementation of the block diagram has been used to deploy the simulation

model to the embedded PC (Beckhoff CX2040). The real-time code generation is car-

ried out using the Beckhoff’s TwinCAT Simulink coder functionality which compiles the

Simulink model into a TcCOM object (C++ based). This TcCOM object is downloaded

and executed on the embedded PC in real-time, where the exported TcCOM object is

depicted in Figure 2.5. The two simulated outputs em8000.control and em1500.control

are used to move the two Stewart platforms with stochastic motions simulating two sup-

ply ships laying alongside each other at sea. The linearized wave spectrum parameters

are calculated by the HMI and used to define the TcCOM inputs w0, lambda and sigma.

Figure 2.5: The resulting TcCOM block diagram in Microsoft Visual Studio after deploy-

ment to the CX2040 where the Simulink model depicted in Figure 2.4 has been reused to

simulate the stochastic ship motions controlling the two Stewart platforms in real-time.

2.4 Crane Modeling

This section will present the general equations describing the forward and the inverse

kinematics of the offshore crane depicted in Figure 2.6. Since no physical parameters of

the crane are considered throughout this chapter, only the methods needed to form the

required equations will be discussed to gain a fundamental understanding of the crane

kinematics. A short discussion on the crane dynamics and the accompanying control

system will be elaborated briefly at the end of this section, but the closed loop dynamics

of the crane is later considered as a black box and hence not used in the design of the

multi-sensor crane operator assistant presented in Section 2.6.
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Figure 2.6: Crane kinematics illustrating the accompanying DH-parameters and joint

coordinate systems {ji}.

2.4.1 Forward Kinematics

Figure 2.6 illustrates the coordinate systems and the lengths of the rigid links forming

the kinematic structure of the offshore crane. Three new coordinate systems {j1}, {j2}

and {j3} are introduced in addition to the one presented in Figure 2.1. These coordinate

systems represent the revolute joints of the crane, where the positive rotation angle θi of

each revolute joint i is defined to be around the z-axis (blue). It should also be noted

that the coordinate system {c} and {j1} are assumed to be equal to each other, hence the

respective homogeneous transformation is Hc
j1
= I.

The forward kinematics describes the position, velocity and acceleration of the crane

tip pt relative to crane base coordinate system ({c} = {j1}). Usually the forward kine-

matics is formulated using the Denavit-Hartenberg [44, 45] convention also known as DH-

table of the rigid-body link mechanism. The DH-table describes the relative homogeneous

transformation from one joint i − 1 to the next joint i using the following homogeneous

transformation:

H i−1
i (θi, di, ai, αi) = Rz(θi)Tz(di)Tx(ai)Rx(αi) (2.22)

where the accompanying DH-table defining θi, di, ai, and αi are given in Table 2.2.
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Table 2.2: DH-table for the crane seen in Figure 2.6.

Transformation θi di ai αi

H
j1
j2

θ1 = θslew d1 a1 90◦

H
j2
j3

θ2 = fC1(L1) 0 a2 0◦

H
j3
t θ3 = fC2(L2) 0 a3 0◦

The joint angles θ1, θ2 and θ3 describe the revolute joint space θ = [θ1, θ2, θ3]
T , and

are related to the controllable joints, either linearly as seen for the slew angle θslew, or

non-linearly for θ2 and θ3 which are a function of the cylinder stroke lengths L1 and L2

respectively. Using the DH-table, the homogeneous transformation from the crane base

{c} to the crane tip {t} is derived:

Hc
t = Hc

j1
H

j1
j2
H

j2
j3
H

j3
jt

=

[

Rc
t rc

t/c

0 1

]

(2.23)

where the crane tip position is used to define the forward kinematics of the crane i.e.

rc
t/c = fFK(q) (2.24)

where

q = [θslew, L1, L2]
T = f(θ) (2.25)

is defined as the controllable joint space which is non-linearly dependent on the revolute

joint space θ. The forward kinematics in Eq. (2.24) is used to derive both the velocity

and acceleration of the crane tip:

ṙc
t/c = Jq(q)q̇ (2.26)

r̈c
t/c = J̇q(q)q̇ + Jq(q)q̈ (2.27)

where the Jacobian matrix Jq(q) is:

Jq(q) =
∂fFK

∂q
(2.28)

where the partial derivatives of the forward kinematics are used to form the Jacobian

matrix. The forward kinematic study is therefore fundamental both to understand the

forward kinematics of the crane, but also to form the Jacobian matrix which will be used

again in the next section when deriving the inverse kinematics.

2.4.2 Inverse Kinematics

Knowing the forward kinematics presented in the previous section, the inverse kinematics

is needed to calculate q as a function of the crane tip position rc
t/c i.e.

q = fIK(r
c
t/c). (2.29)
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where the inverse kinematics usually are solved analytically or numerically [46]. The

controllable joint velocity q̇ and acceleration q̈ are found from rearranging Eq. (2.26) and

Eq. (2.27) into:

q̇ = J−1
q (q)ṙc

t/c (2.30)

q̈ = J−1
q (q)

(

r̈c
t/c − J̇q(q)q̇

)

(2.31)

which represent the velocity and acceleration of the controllable joints.

The inverse kinematics is fundamental to map the desired crane tip motion to equiv-

alent values for the controllable joint space, which is then used as input to the crane

control system to move the crane in the desired motion, also known as tool point control

in robotics.

2.4.3 General Dynamics and Control

Since the crane control system and hence also the dynamics of the crane are assumed to

be more or less unknown it is only presented using generalized equations to briefly have a

key understating of the crane dynamics and the accompanying control system. The crane

dynamics can be described using the generalized coordinates q which were mentioned in

the two previous sections, which again leads to the generalized equation of motion:

M (q)q̈ +C(q, q̇)q̇ + g(q) = τq + τd, τq = [τslew, fC1, fC2]
T (2.32)

where M (q) is the crane inertia matrix, C(q, q̇) is the Coriolis-centrifugal matrix, q(q)

is the gravity vector, τq is the generalized control force input used to operate the crane,

and τd is the generalized disturbances acting on the crane. However, since most industrial

cranes are highly non-linear due to the closed loop kinematic chains introduced by the

hydraulic cylinders and the hydraulic actuations system itself, the control problem of

operating the offshore crane with high dynamic performance is in general classified as a

challenging task. In this study the crane control system is defined to be a general control

system using a cascaded feedback and a feedforward as illustrated in Figure 2.7.

Figure 2.7: General control structure for an offshore crane with a cascaded feedback

control system and the added model-based feedforward control input.

The two feedback controllers Cv(s) and Cp(s) used to control the velocity and position

are usually based on linear control theory where a linear system dynamics are assumed
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due to the feedforward torque τff which is usually based on the crane model. The work

presented later will only focus on the input control reference generation for the control

system illustrated here, which is assumed to be already fitted with the crane i.e. the

closed-loop dynamics of the crane is seen as a black box system where only the kinematics

are considered for correct crane reference input qr and q̇r.

2.5 Ship-to-Ship State Estimation

This section will discuss the kinematic modeling which forms the fundamental under-

standing of the relative body motions between two ships situated at sea. To move the

crane and the load in a suitable motion for increased safety and efficiency, the observation

of this relative motions is considered a crucial task. The content of this section can be

seen as a result of the research carried out in the previously published Papers C, D and

E.

2.5.1 Kinematics

Figure 2.8: Ship-to-ship kinematics used to form the fundamental equations for both the

process and the measurement models.

The two ships are modeled as two independent rigid bodies without influencing each other.

Both ship bodies {b1} and {b2} have been modeled to operate around their respective

heading coordinates {n1} and {n2}, e.g. they move with zero mean motion in the surge,

sway, heave, roll pitch and yaw directions relative to their respective heading coordinates.

The heading coordinate z-axis (blue) is always pointing downwards along the gravitational

direction. The visual sensor placed on the main ship (Ship body 1) is supposed to measure

the absolute pose between the visual sensor coordinate {v} and the marker {m} placed
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onto the secondary ship body. Both the visual sensor and the marker is assumed to be

fixed to each of the ships i.e.

d

dt
rb1
v/b1

=
d

dt
Θb1v =

d

dt
rb2
m/b2

=
d

dt
Θb2m = 0. (2.33)

Previously in Figure 2.1, there were indicated two MRU sensors mounted onto each

of the two ships, but in this representation, they are not modeled explicitly since it is

assumed that the internal MRU software of each MRU is calibrated to measure the ship

body movement instead of the MRU body movement i.e.

{b1} = {m1} and {b2} = {m2}. (2.34)

2.5.2 Process Model

The relative ship pose has to be estimated in real-time for successful operation of the off-

shore crane in ship-to-ship operations. As for most common real-time estimation tasks, the

use of estimation algorithms such as the Kalman filters, (KF), the Extended Kalman Fil-

ter (EKF), and the Particle Filter (PF), requires both the process and the measurements

to be modeled. These models relate the process and the measurements to a common state

vector xs, which is to be estimated by the algorithm. The state vector used to describe

the ship-to-ship estimation problem is:

xs =










η1

v1

η2

v2

o










(2.35)

where η1 and η2 parameterize the positions of both the ships, v1 and v2 define the two

ship velocities and finally o represents the heading offset. The heading offset is assumed

to be a slowly varying offset between the two heading coordinates {n1} and {n2} i.e. the

heading offset is parameterized o = [xo, yo,Ψo]
T , and is related to Figure 2.8 using:

rn1

n2/n1
=

[
xo yo 0

]T
and Rn1

n2
= Rz(Ψo). (2.36)

The remaining parts of the state vector xs are directly related to the ship-to-ship kine-

matics seen in Figure 2.8 according to:

η1 =

[

rn1

b1/n1

Θn1b1

]

, v1 =

[

ṙn1

b1/n1

ωb1
b1/n1

]

, (2.37)

(2.38)

η2 =

[

rn2

b2/n2

Θn2b2

]

, v2 =

[

ṙn2

b2/n2

ωb2
b2/n2

]

. (2.39)
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By recalling the ship kinematics defined in Section 2.3, the time-continuous process model

of our estimation problem is:

ẋs =










J(η1)v1

0

J(η2)v2

0

0










︸ ︷︷ ︸

f(xs)

+w (2.40)

where the ship body velocity Jacobians J(η1) and J(η2) are defined by Eq. (2.14), and

w is the process noise which is assumed to be additive. It should also be mentioned that

the ship model presented in Section 2.3 is not included in the process model i.e. v̇1 and

v̇2 are modeled as zero. Adding the ship models would most likely increase the estimation

performance further, but on the other hand also the specific models matrices of each of

the ships had to be known.

2.5.3 Measurement Models

The measurements models relate the measurements z to the state vector xs e.g. z =

h(xs), where h(xs) is the measurement model. It is assumed that a suitable low latency

wireless connection is used to transfer sensor data between the two ships in real-time e.g.

as in Paper A. Since the two MRUs were calibrated to measure the ship body motions

directly, the two MRU measurement models are linearly dependent to the state vector as:

zmru1 = hmru1(xs) =

[
η1

v1

]

+ vmru1 and zmru2 = hmru2(xs) =

[
η2

v2

]

+ vmru2 (2.41)

where vmru1 and vmru2 are the sensor noise of the two MRUs. To estimate the heading

offset parameters o, a high precision Global Navigation Satellite System (GNSS) could be

applied to measure both the heading and the position of both the two heading coordinates

directly.

A high precision GNSS implies that recent technologies within Global Positioning

System (GPS) is applied to achieve higher precision than standard GPS solutions. Such

technology exists, and the two main methods are the Real Time Kinematics (RTK) and

the Precise Point Positioning (PPP). The PPP solution does not require a fixed base

GPS station for calibration purpose and may be the most promising technology when

applied to ship-to-ship state estimation. PPP has been experimentally investigated in

[47] and the results state that the horizontal positioning error is less than 10cm. In

addition, [48] states that PPP will improve traditional GPS technology with a factor of

100. The reason that this technology is not standard in all GPS receivers today is that the

PPP algorithm requires the satellite correction data to be transmitted together with the

standard satellite data packet, meaning that you need an external data link to fetch the

correction data on regular basis. It is therefore believed that future GNSS solutions will

be accurate enough for this specific application, and hence be included using the following

measurement model:

zgnss = zgnss2 − zgnss1 = hgnss(xs) = o+ vgnss (2.42)
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which again is found to be linearly dependent to the state vector xs. In offshore applica-

tions in general, redundancy is of high importance. Redundancy could have been achieved

by including more GNSS systems, or by adding a visual sensor capable of tracking the

relative motions between the two ship bodies directly using a camera system as presented

in Paper C or by using a laser tracker as the one presented in Paper D. This measurement

is then supposed to measure the pose of the marker {m} relative to the visual sensor {v},

hence given as the following measurement model:

zvisual = hvisual(xs) =

[

rv
m/v

qv
m

]

+ vvisual (2.43)

where the position of the marker is given by:

rv
m/v = (Rn1

b1
Rb1

v )
T (rn1

m/n1
− rn1

v/n1
) (2.44)

and the accompanying orientation of the marker is:

qv
m = f(Rv

m) (2.45)

where qv
m is the unit quaternion which is a function of the corresponding rotation matrix:

Rv
m = (Rn1

b1
Rb1

v )
T (Rz(Ψo)R

n2

b2
Rb2

m). (2.46)

The measurement model for using the visual sensor is by no means linearly dependent

to the state vector xs. A linearization of the measurement model is therefore needed for

implementation later using the EKF. This is also true for the process model, and hence

this linearization step will be discussed briefly in the next section where the algorithmic

implementation is presented.

2.5.4 EKF Implementation

For the algorithmic implementation of the time continuous process model and the mea-

surement models presented in the previous two sections, a time-discrete process model is

required and hence derived as:

xk = xk−1 + f(xk−1)Ts
︸ ︷︷ ︸

fk(xk−1,Ts)

+wk (2.47)

where the process model is discretized using the first order backward Euler approximation.

Furthermore, the process and the measurement models are linearized using:

Fk =
∂fk

∂x

∣
∣
∣
∣
x̂k−1|k−1

Hs,k =
∂hs

∂x

∣
∣
∣
∣
x̂k|k−1

(2.48)

where k is the k’th time step, hs is the measurement model of sensor s, x̂k−1|k−1 repre-

sents the previous state estimate, and x̂k|k−1 is the current state estimate prediction. By

applying the standard Extended Kalman Filter (EKF) as presented in Algorithm 1, the

process can be estimated in real-time.
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Algorithm 1 Extended Kalman Filter Implementation

k ← 1

x̂k−1|k−1 ← x0

Pk−1|k−1 ← P0

loop

// Predict state and state covariance

x̂k|k−1 ← fk(x̂k−1|k−1, Ts)

Pk|k−1 ← FkPk−1|k−1F
T
k +Qk

// Form Hk,Rk and yk given available measurements

Hk ←

[
Hmru1,k

Hmru2,k

]

Rk ←

[
Rmru1 0

0 Rmru2

]

yk ←

[
zmru1 − hmru1(x̂k|k−1)

zmru2 − hmru2(x̂k|k−1)

]

if Visual sight is possible then

Hk ←

[
Hk

Hvisual,k

]

Rk ←

[
Rk 0

0 Rvisual

]

yk ←

[
yk

zvisual − hvisual(x̂k|k−1)

]

end if

if GNNS available then

Hk ←

[
Hk

Hgnns,k

]

Rk ←

[
Rk 0

0 Rgnns

]

yk ←

[
yk

zgnss − hgnns(x̂k|k−1)

]

end if

// Innovation covariance and near optimal Kalman gain

Sk ←HkPk|k−1H
T
k +Rk

Kk ← Pk|k−1H
T
k S

−1
k

// Update state estimate and state covariance

x̂k|k ← x̂k|k−1 +Kkyk

Pk|k ← (I −KkHk)Pk|k−1

k ← k + 1

end loop

The presented algorithm assumes that both MRUs are available for each EKF iteration

k, and appends the other sensor measurements represented by the GNSS system or the

visual sensor if these measurements are available. This implementation adds a certain

degree of redundancy since the process is modeled in such a manner that the heading offset

is more or less constant. As a result, the estimation can rely only on the inertial MRU

measurements for small time periods, and hence also allow for asynchronous correction

data acquired from both the visual sensor and the GNSS system.

The tuning of the process and measurement covariance matrices Q and Rs will not
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be discussed in details here, partly because they are discussed throughout the appended

papers, and because this chapter aims at presenting the theory and not account for sensor-

specific parameters which will vary from sensor to sensor. Anyway, as basic tuning prin-

ciple the following two statements can be used to tune the covariance matrices:

• Q < R → The EKF output tends to follow the process/model more than the

measured signals i.e. the measurements are trusted less than the process.

• Q > R→ The EKF output tends to follow the measurements more than the process

i.e. the measurements are assumed to be more accurate.

2.6 Crane Operator Assistant

This section will finally propose a kinematic controller for the offshore crane in a ship-

to-ship load transfer situation. It is worth mentioning that the content of this section is

currently not published in any of the previous appended papers, and hence will also be

elaborated in more detail in comparison to the previous sections of this chapter. Reusing

the knowledge discussed earlier related to kinematics, dynamics, and state estimation,

a crane operator assistant is developed to reduce the suspended load swing angles and

automatically adjust the wire length so that the hook/load is kept in a fixed distance

above the second ship deck. Still, the crane operator is required to operate the crane,

but the assisting system will continuously assist the operator by slightly manipulating the

operator input in real-time. The expected outcome of such assisting system is reduced

risk, higher repeatability and increased operational efficiency in ship-to-ship operations.

Figure 2.9: Schematic of the two assistant systems which aim at reducing the load swinging

(Anti-Swing Assistant) and keeping the load/hook in a fixed distance above the secondary

ship deck (Wire-Length Assistant).

Figure 2.9 illustrates the implementation of the two crane operator assistants where

the plant represents the ships, the crane, the winch system, and the transferred load. The
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plant has two main inputs; one for the crane uc and one for the winch uw which are:

uc =

[
qr

q̇r

]

, and uw =

[
Lr

L̇r

]

(2.49)

where the subscript r indicates that the two plant inputs are the control reference input to

the already existing closed-loop controllers operating the crane and the winch. This means

that there is no possibility to control the forces of the respective machines, which only

allows for manipulation of the two input trajectories consisting of position and velocity

inputs. The control task of the of the two crane operator assistants are the following:

Wire-Length Assistant: The winch length should automatically be adjusted to keep

the load in a fixed distance above the secondary ship deck, even though both the

ships move independently due to external environmental disturbances such as wind,

and waves. The operator can at any time adjust the extra winch reference re to

increase or decrease the distance between the ship deck and the transferred load.

Anti-Swing Assistant: The swing angles of the suspended load shall be reduced by

continuously generating an additional reference rp which is added on top of the

desired crane reference rc defined by the operator. This system shall; correct the

path when the operator tries to move the crane from A to B so that the movement

does not generate swing in the load, reject or minimize the swing motions caused

by the ship movement, and reduce the swing-motion caused by direct disturbances

to the suspended load, such as wind forces or physical collisions etc.

The two operator inputs rc and re contain the following signals:

rc =

[
qd

q̇d

]

, and re =

[
Le

L̇e

]

(2.50)

where qd and q̇d are the desired crane position and velocity of the controllable degrees-of-

freedom, and Le and L̇e are the extra wire length and velocity used to adjust the distance

between the secondary ship deck and the suspended load. This additional input is also

supposed to account for the physical size of the load e.g. the crane operator will adjust

the re input manually to account for the physical size of the load.

The plant is heavily non-linear caused by means of non-linear kinematics in the crane

structure, and hence also the hydraulic actuation system itself. Reusing the knowledge

about the non-linear kinematics described in Section 2.4 and the ship body kinematics

defined in Section 2.3, a control mapping is used to implement the anti-swing system which

aims at slightly correcting the desired trajectory described by continuously calculating an

additional correction trajectory described as:

rp =

[
p

ṗ

]

=








px
py
ṗx
ṗy








(2.51)

34



Chapter 2. Background Theory and Modeling of Ship-to-Ship Operations

where the additional position p and velocity ṗ are used to adjust the desired crane tra-

jectory slightly in order to reduce the suspended load swing angles in real-time. The

anti-swing correction term rp is supposed to move the crane in the x- and y-direction in

the heading coordinate system {n1} depending of the current situation of the load which

has to be measured using an observer. Both the calculation of the correction term rp and

the modeling of the observer will be discussed in the next subsections.

All the feedback signals of the whole plant are augmented in the generalized feedback

vector y where it assumed that the available sensors are capable of measuring the following

states:

y =
[
ηT
1 vT

1 ηT
2 vT

2 qT q̇T Lw L̇w pT
h

]T
(2.52)

where η and v are the position and velocity of both the ships, q and q̇ represent the crane

feedback position and velocity, Lw and L̇w are the wire length and velocity, and finally

ph is the measured hook position. The next subsections of this section will elaborate on

the implementation of the crane operator assistant, and in the end, a final experimental

validation of the proposed method will be presented using results acquired from the motion

laboratory.

2.6.1 Kinematic Control Mapping

The control mapping function aims at calculating a crane control input uc based on the

generalized feedback signal y, the anti-swing correction term rp and the crane operator

input rc. The calculated crane input uc aims at both stabilizing the suspended load

dynamics while simultaneously trying to meet the desired crane motion prescribed by

the operator as illustrated by Figure 2.9. The resulting non-linear control mapping is

implemented using:

uc =

[
qr

q̇r

]

=

[
fIK(r

c
AC + rc

AS)

J−1
q (qr)(ṙ

c
AC + ṙc

AS)

]

︸ ︷︷ ︸

f(rc,rp,y)

(2.53)

where:

rAC =

[
rc
AC

ṙc
AC

]

, and rAS =

[
rc
AS

ṙc
AS

]

(2.54)

are the attitude corrected crane reference rAC , and rAS is the additional anti-swing cor-

rection reference used to stabilize the load motion. The attitude correction reference aims

at modifying the input crane reference rc such that the roll, pitch and yaw motions of the

ship will not influence the horizontal crane tip motion, hence only the surge and sway will

disturb the suspended load. The attitude corrected crane reference rAC is derived by:

[
rc
AC

ṙc
AC

]

︸ ︷︷ ︸

rAC

=

[
Rc

n1
Rb1

c fFK(qd)

Ṙc
n1
Rb1

c fFK(qd) +Rc
n1
Rb1

c Jq(qd)q̇d

]

=

[
Rc

n1
0

Ṙc
n1

Rc
n1

]

︸ ︷︷ ︸

T c
n1

(y)

[
Rb1

c fFK(qd)

Rb1
c Jq(qd)q̇d

]

︸ ︷︷ ︸

f(rc)

(2.55)
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where T c
n1
(y) is the matrix used to transform f(rc) represented in {n1} back to {c}. The

two matrices Rc
n1

and Ṙc
n1

are calculated using the MRU feedback, and Rb1
c is the already

known crane orientation onto the main ship. The additional anti-swing reference rAS is

derived as:

[
rc
AS

ṙc
AS

]

︸ ︷︷ ︸

rAS

= T c
n1
(y)








p

0

ṗ

0








(2.56)

which allows for the anti-swing input rp to be included and hence also finally manipulate

the controllable joints so that the crane tip will try to dampen out the swinging load

motion.

2.6.2 Wire-Length Assistant

In this section, the required length of the wire between the wire exit point and the hook

is to be calculated as a result of being capable of observing the ship-to-ship motions as

described in section 2.5.

Figure 2.10: Snapshot from Figure 2.9 illustrating the wire length assistant used to calcu-

late the correct length of the wire to keep the hook in a fixed position above the secondary

ship deck during ship-to-ship load transfer.

The goal is to derive the analytical functions which can be used to calculate the

required wire length and velocity as a function of the estimated ship-to-ship state vector

x̂. The wire length and velocity are calculated for the situation when the load is hanging

straight downwards, meaning in the z-direction of the coordinate system {n1}.
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Figure 2.11: Illustration of the wire length calculation between the tool point pt and

projected point pp located on secondary ship deck plane.

To calculate the wire length, the line-plane intersection is used as a fundamental

understanding to form the required equations, and the geometric problem is illustrated

by Figure 2.11. In a line-plane intersection, the line L is either parallel to the plane P ,

or it intersects the plane in one single unique point pp as shown in the figure. The plane

P representing the ship deck is defined by the point pd and the normal vector nd. A

parametrization of the point laying on the line segment L is given by:

p(d) = w + dnz (2.57)

where d is the distance between the crane tip and the point p(d). At the point of line-

plane intersection, the vector r = p(d) − pd is perpendicular to the plane normal vector

nd i.e.

r · nd = w · nd + dnz · nd = 0 (2.58)

where · indicates the vector dot product. Solving this equation for the distance d:

d =
−w · nd

nz · nd

(2.59)

will describe the length between the crane tip pt and the projected point pp in the direction

of nz. Defining a = w ·nd and b = nz ·nd, the wire length L and velocity L̇ are calculated
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using:

L = −
a

b
(2.60)

L̇ =
aḃ

b2
−
ȧ

b
(2.61)

where the time derivatives of a and b are:

ȧ = ẇ · nd +w · ṅd (2.62)

ḃ = nz · ṅd (2.63)

since ṅz = 0. The next step is to define the vectors w, nd, and nz as a function of the

estimated ship-to-ship states x defined in Eq. 2.35 and the crane feedback. The vectors

are calculated using:

w = rn1

t/d = rn1

b1/n1
+Rn1

b1

(

rb1
c/b1

+Rb1
c r

c
t/c

)

︸ ︷︷ ︸

r
n1

t/n1

−
(

rn1

n2/n1
+Rn1

n2

(

rn2

b2/n2
+Rn2

b2
rb2
d/b2

))

︸ ︷︷ ︸

r
n1

d/n1

(2.64)

nd = −z
n1

b2
= −

([
0 0 1

] (
Rn1

n2
Rn2

b2

)T
)T

(2.65)

(2.66)

nz = zn1

n1
=

[
0 0 1

]T
(2.67)

where zn1

b2
is the z-axis of ship body 2 {b2}, and zn1

n1
is the z-axis of heading coordinate

{n1}. The time derivatives of w, nd and nz are found from direct time differentiation of

the equations and will not be elaborated in details.

2.6.3 Anti-Swing Assistant

This section will present a method to dampen out the swing angles of the suspended load

by creating a correction trajectory rp which will try to move the crane in such manner that

the suspended load is stabilized. To carry out this task, the pendulum angles have to be

known, which leads to the use of an observer to estimate the angles based on measurements

of the hook motion. Using the estimated swing-angles, an additional reference input will

be calculated using a state feedback approach where the observed angles and angular

velocities are used to generate the correction trajectory.

2.6.3.1 Load Kinematics

The position of the crane hook ph relative to the crane tip pt is modeled on the basis of

the two swing angles ϕ1 and ϕ2 as shown in Figure 2.12.
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Figure 2.12: Illustration of the suspended load swing angles ϕ1 and ϕ2 during ship-to-ship

operation.

The suspended load is modeled as spherical pendulum, and {n1} is chosen to be

the reference coordinate system since both the movement of the crane and the ship are

affecting the acceleration of the crane tool tip, and hence have to be included in the

description of the crane tip acceleration term. The crane tip acceleration is derived from

taking the time derivative of the crane tip position given by:

rn1

t/n1
= rn1

b1/n1
+Rn1

b1

(

rb1
c/b1

+Rb1
c r

c
t/c

)

(2.68)

where rn1

t/n1
is the crane tip position given in {n1}, r

b1
c/b1

and Rb1
c are the crane position

and orientation onto the main ship, and rc
t/c is the crane tip position given in {c}. The

resulting crane tip velocity is:

ṙn1

t/n1
= ṙn1

b1/n1
+ Ṙn1

b1

(

rb1
c/b1

+Rb1
c r

c
t/c

)

+Rn1

b1
Rb1

c ṙ
c
t/c, (2.69)

where:

Ṙn1

b1
= Rn1

b1
S(ωb1

b1/n1
). (2.70)

It is assumed that the ship is completely rigid, which leads to the time derivatives of

the crane position ṙb1
c/b1

and the orientation Ṙb1
c are both equal to zero. The crane tip

acceleration r̈n1

t/n1
is finally derived by:

r̈n1

t/n1
= r̈n1

b1/n1
+ R̈n1

b1

(

rb1
c/b1

+Rb1
c r

c
t/c

)

+ 2Ṙn1

b1
Rb1

c ṙ
c
t/c +Rn1

b1
Rb1

c r̈
c
t/c, (2.71)
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where:

R̈n1

b1
= Rn1

b1
S(ωb1

b1/n1
)S(ωb1

b1/n1
) +Rn1

b1
S(ω̇b1

b1/n1
). (2.72)

The suspended hook position rn1

h/n1
is also required to model the pendulum dynamics

later on. It is desirable to parametrize the hook movement as a function of the crane

tip movement and the two swing angles ϕ1 and ϕ2. This is motivated from the fact that

a control system could be used to manipulate the crane movement in such a manner

that the swing angles are reduced to zero i.e. the suspended load is hanging straight

downward with zero influence of the gravity causing the load to swing. The hook position

is parametrized as:

rn1

h/n1
= rn1

t/n1
+ Lw





− sin(ϕ1)

cos(ϕ1) sin(ϕ2)

cos(ϕ1) cos(ϕ2)





︸ ︷︷ ︸

n
n1
w

= f(rn1

t/n1
,ϕ, Lw), ϕ = [ϕ1, ϕ2]

T (2.73)

where Lw is the wire length, nn1

w is the unitary directional vector pointing along the wire,

and ϕ is the vector describing the two possible swing angles of the suspended load. The

hook velocity ṙn1

h/n1
is found from directly taking the time derivative of the hook position:

ṙn1

h/n1
= ṙn1

t/n1
+ L̇w





− sin(ϕ1)

cos(ϕ1) sin(ϕ2)

cos(ϕ1) cos(ϕ2)



+ Lw





−ϕ̇1 cos(ϕ1)

−ϕ̇1 sin(ϕ1) sin(ϕ2) + ϕ̇2 cos(ϕ1) cos(ϕ2)

−ϕ̇1 sin(ϕ1) cos(ϕ2)− ϕ̇2 cos(ϕ1) sin(ϕ2)



 .

(2.74)

2.6.3.2 Load Dynamics

The dynamics of the suspended pendulum will be derived using the Euler-Lagrange formu-

lation, and the following assumptions are made to simplify the modeling of the dynamics.

It is assumed that the masses of the ship ms, crane mc, the transported load mL, and the

wire mw are related to each other according to:

ms >> mc >> mL >> mw (2.75)

which will imply that the more heavy component dominates the motion of the less heavy

component, and that the suspended load can be simply modeled as a spherical pendulum

with massless wire and a point mass connected to the hook. The potential energy P and

the kinetic energy K of the suspended load are:

P = mLg(Lw − Lw cos(ϕ1) cos(ϕ2)) (2.76)

K =
1

2
mL

(

ṙn1

h/n1

)T

ṙn1

h/n1
(2.77)

where the method used to describe energy terms are inherited from [49]. By using the

two energy terms given above, the suspended load dynamics is derived from applying the

Euler-Lagrange formulation to the Lagrangian which is defined:

L = K − P . (2.78)
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The differential equation is then found as:

d

dt

∂L

∂ϕ̇
−
∂L

∂ϕ
= −cϕ, ϕ =

[
ϕ1 ϕ2

]T
(2.79)

where cϕ is the damping in the wire exit point. To generate the differential equations, the

Symbolic Toolbox of MATLAB has been used to derive the resulting differential equations:

ϕ̈1 = −cϕ̇1 − (Lw cos(ϕ1) sin(ϕ1)ϕ̇
2
2 + 2L̇wϕ̇1 − ẍn1

t/n1
cos(ϕ1)

+ g cos(ϕ2) sin(ϕ1)− z̈n1

t/n1
cos(ϕ2) sin(ϕ1)− ÿn1

t/n1
sin(ϕ1) sin(ϕ2))/Lw

ϕ̈2 = −cϕ̇2 − (ÿn1

t/n1
cos(ϕ2) + g sin(ϕ2)− z̈n1

t/n1
sin(ϕ2)

+ 2L̇wϕ̇2 cos(ϕ1)− 2Lwϕ̇1ϕ̇2 sin(ϕ1))/(Lw cos(ϕ1))

ϕ̈ =

[
ϕ̈1

ϕ̈2

]

= fload(ϕ, ϕ̇, Lw, L̇w, c, g, r̈
n1

t/n1
), r̈n1

t/n1
=

[

ẍn1

t/n1
ÿn1

t/n1
z̈n1

t/n1

]T

(2.80)

where ϕ is the pendulum angles, ϕ̇ is the angular velocity, ϕ̈ is the angular acceleration,

Lw is the wire length between the crane tip and the load, L̇w is the velocity of the wire,

c is the damping in the wire exit point of the crane tip, g is the gravity constant, and

finally r̈n1

t/n1
is the acceleration of the crane tip given in {n1}.

2.6.3.3 Load Observer

In the previous two sections, both the kinematics and the dynamics of the pendulum

were presented. In this section, these equations will be reused to form the process and

measurement model which will be used to observe suspended load motion in real-time.

The corresponding state vector of the suspended load dynamics to be observed is:

xp =

















rn1

t/n1

ṙn1

t/n1

r̈n1

t/n1

ϕ

ϕ̇

Lw

L̇w

c

















(2.81)

where the different components of the state vector are discussed previously. The accom-

panying process model is modeled as:

ẋp =

















ṙn1

t/n1

r̈n1

t/n1

0

ϕ̇

fload(ϕ, ϕ̇, Lw, L̇w, c, g, r̈
n1

t/n1
)

L̇w

0

0

















︸ ︷︷ ︸

fL(xL)

+wp (2.82)
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where the pendulum differential equation fload(ϕ, ϕ̇, Lw, L̇w, c, g, r̈
n1

t/n1
) is defined by Eq.

(2.80). Furthermore, the corresponding measurement model is given as:

zp = hp(xp) =










rn1

t/n1

ṙn1

t/n1

Lw

L̇w

f(rn1

t/n1
,ϕ, Lw)










+ vp (2.83)

where zp is the measurement vector which augments the crane tip position rn1

t/n1
, crane

tip velocity ṙn1

t/n1
, the wire length Lw, wire velocity L̇w, and finally the hook position

rn1

h/n1
= f(rn1

t/n1
,ϕ, Lw) which is derived in Eq. (2.73). It is hereby assumed that the

measurements are carried out in the heading coordinate {n1}, which may not be realistic

since no sensor can be attached to this coordinate system since it does not represent a

physical body. Anyway, it can be useful to form the measurement function to be a general

function like the one presented here and instead transform the measurement carried out

in another coordinate to yield in the heading coordinate instead. E.g. if the hook were

measured by sensor placed on {b1}, the measurements could be transformed to {n1} using:

rn1

h/n1
= rn1

b1
+Rn1

b1
pb1
h (2.84)

where pb1
h is the measured hook position in {b1}. By reusing the kinematic equations

discussed throughout this chapter, the sensor used to measure the crane hook could now

be placed on any physical body. This body could be the crane tower, main boom or the

jib for instance, and hence the same observer implementation would be valid as long as

the sensor measurement is transformed correctly to yield in the heading coordinate {n1}.

The presented process and measurement model can now be used to observe the pendulum

dynamics and hence realized using different state estimation techniques, but the standard

EKF will most likely be the most computational efficient for real-time implementation

on an industrial control unit like a PLC. Alternatively, other methods to measure the

pendulum angles could be based on vision [50, 51] or a potentiometer instrument [52]

attached directly to the crane tip could be considered instead.
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2.6.3.4 Anti-Swing using LQR State Feedback

Figure 2.13: Snapshot from Figure 2.9 illustrating the anti-swing assistant used to correct

the crane trajectory input reference in case of non-zero swing angles.

The anti-swing assistant which is illustrated in Figure 2.13 is supposed to generate an

additional input trajectory rp, which aims at continuously reducing the swing angles ϕ

as much as possible without the need to model the whole process including the complex

crane dynamics, and hence making the anti-swing system more modular compared to

using traditional control strategies which is heavily dependent to the crane dynamics.

Figure 2.14: Illustration of the bounding box which the anti-swing assistant can use

to dampen out the suspend load motion by using the control input u which again is

integrated twice to form the additional input reference rp.

Figure 2.14 illustrates the control task to be carried out, where the crane tip move-
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ment should be utilized to actively dampen out the swing motion of the suspended load.

The control input u represents the desired acceleration at the crane tip in the heading

coordinate system {n1}. It is also shown in the figure that the crane has a restrained

operational space, meaning that the anti-swing reference rp has to be constrained to be

within this allowable operation space, hence illustrated using the saturation block in both

Figures 2.13 and 2.14. To realize this control task, the generated trajectory is therefore

augmented with the observed swing angles and velocities as:

x =








p

ṗ

ϕ

ϕ̇







=





rp

ϕ

ϕ̇



 (2.85)

which means that a state feedback controller can be used to minimize the following control

task:

lim
t→∞

x→ 0 (2.86)

i.e. the pendulum is hanging straight down and the additional reference input rp is zero.

The state feedback law:

u = −Kx (2.87)

has to be tuned to meet the dynamic performance of the crane. As mentioned before,

the crane dynamics are very complex and assumed to not be known, meaning that an

accurate model of the crane can not be utilized to design the state feedback gain. In

addition, using a simplified model which does not account for the crane dynamics will

make the developed anti-swing assistant more modular and hence easier to retrofit to

various crane types i.e. the plant is simply modeled as:

f(x,u) =








ṗ

u

ϕ̇

fload(ϕ, ϕ̇, Lw,0, L̇w,0, c, g, [ux, uy, 0]
T )








(2.88)

where Lw,0 and L̇w,0 are the wire length and velocity which represent the closest fit to the

expected values during ship-to-ship operation. If theses values change a lot, one could

consider adding a gain scheduling to the controller to solve this issue. The state feedback

gain K is found from applying the LQR tuning principle minimizing the infinite time

horizon LQR cost function:

J =

∫ ∞

0

xTQx+ uTRu dt (2.89)

which finally will determine the optimal state feedback gain K. The cost function has two

weighting matrices, Q and R which have to be designed properly to meet the dynamic

performance of the crane. The tuning principle is based on the idea of knowing some of

the crane capabilities in terms of maximum velocity and acceleration in the crane tip,
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which is assumed to be given by the crane manufacturer. By using these parameters, the

two weighting matrices can be modeled as:

Q =








1
p2max

I2×2 02×2 02×2 02×2

02×2
1

ṗ2max

I2×2 02×2 02×2

02×2 02×2
1

ϕ2
max

I2×2 02×2

02×2 02×2 02×2
1

ϕ̇2
max

I2×2







, and R =

1

u2max

I2×2 (2.90)

where the maximum ”accepted” error in the state vector, and the control input is tuned

to not violate the crane dynamics given by the crane manufacturer. This tuning principle

is motivated from [53], where a similar approach was used to determine the diagonal

weights of the weighting matrices. Using this tuning principle, smaller maximum crane

tip acceleration will make the controller act much less aggressively to dampen out the

load motions, since smaller values for umax will cause higher values in R and hence the

cost contribution of the input u will contribute more to the optimization cost given by

Eq. 2.89.

Given that some suitable values for Q and R are derived, the LQR cost function is to

be minimized and the state feedback gain:

K = R−1BTP (2.91)

is to be calculated, where P is found from solving the algebraic Ricatti equation:

ATP + PA− PBR−1BTP +Q. (2.92)

which is the optimal solution to the LQR cost function given by Eq. 2.89. The algebraic

Ricatti equation implies that the linear model matrices A and B are known for our plant,

hence a linearization of the non-linear state-space model given by Eq. 2.88 is required.

The non-linear plant is linearized according to:

A =
∂f(x,u)

∂x

∣
∣
∣
∣
x0,u0

and B =
∂f(x,u)

∂u

∣
∣
∣
∣
x0,u0

(2.93)

where (x0,u0) is the linearization point which should be as close to the operation point

as possible. Since the pendulum is mostly hanging almost directly downwards, the point

of linearization is chosen to be zero for both the state vector and the input vector.

Another approach to tune the state feedback gain is to model the crane tip dynamics

i.e. a transfer function relating the control input u and the actual acceleration r̈n1

t/n1

using a linear model. This approximate dynamic model could have been found from

experimental system identification methods. However, this has not been investigated in

this project, but it is believed to further improve the control performance compared to

the one presented here.

2.6.3.5 Experimental Results

To verify the effectiveness of applying the crane operator assistant system presented in

Section 2.6, The Norwegian Motion Laboratory has been used as an experimental testbed
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like with all the appended papers. The Qualisys system has been used to measure the

hook motion in real-time since this system was already available and operational in the

lab setup. Other methods to track the hook could have been applied, such as vision or

point cloud detections to mention only some potential candidates. The swing motion was

estimated in real-time using the load EKF presented in Section 2.6.3.3. To observe the

relative motion between the two Stewart platforms, the ship-to-ship EKF described in

Section 2.5 was used.

Various experiments could have been conducted to investigate the effectiveness of the

proposed crane operator assisting system. However, an experiment where the wire length

assistant is activated throughout the whole test sequence, and the anti-swing assistant

was activated after 20s was used to verify the effectiveness of the proposed solution. As

mentioned previously in the introduction, the safety is an important factor when it comes

to landing a load on the ship deck of the second ship. Using energy considerations,

a measure of the reduced risk can be investigated by measuring the relative velocity

between the transferred load and a fixed location on the second ship deck, where the

resulting kinetic energy of the load is calculated as:

Ek =
1

2
mLv

Tv (2.94)

where the relative velocity v is calculated from using the high precision internal feedback

sensors of the lab equipment which have been calibrated in Paper H to yield high preci-

sion. The overall effectiveness and the increased safety due to the reduced energy in the

suspended load are illustrated by Figure 2.15.
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Figure 2.15: Illustration of the load swing velocities and the reduced kinetic energy of the

suspended load due to the activated anti-swing assistant (mL = 10kg).
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The figure clearly indicates that the angular velocities of the suspended load are re-

duced drastically when the anti-swing assistant is activated compared to when deactivated.

As a result, the kinetic energy is reduced accordingly and hence the operation can be seen

as much safer since any collision would be less severe in case of impact. To quantify the

reduced energy illustrated in Figure 2.15, the mean energy before and after t = 20s are

calculated according to:

R̄I =
µ(0, 20)

µ(20, 60)
= 16.2, where µ(a, b) =

1

b− a

∫ b

a

Ek(t)dt (2.95)

where R̄I is the ratio of averaged reduced impact energy due to the activated anti-swing

assisting system. Another important factor is the increased precision of the load handling

itself. Due to the less swinging motion and the automatic adjustment of the wire length

using the winch, the crane operator should be able to place the load with higher precision

than without the assistants active.

The anti-swing assistant presented in Section 2.6.3 utilized the presented LQR state

feedback controller to minimize the swing motion while at the same time also minimizing

its own control input. In other words, the additional control input from the anti-swing

assistant should always try to go back to zero i.e. the desired position described by the

crane operator input is reached. This effect is demonstrated by Figure 2.16 where the

”maximum” values used to design the Q and R weighting matrices are indicated with

the black stapled lines.
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Figure 2.16: The anti-swing control input u and the integrated velocity ṗ and position

p used to create the correcting input needed to dampen out the load swing motion. The

black stapled lines represent the values used to design the LQR weighting matrices Q and

R.
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The experiment demonstrates that the LQR input u and the correction trajectory rp

is more or less kept within the prescribed ”maximum” values used to tune the LQR state

feedback gain. However, this experiment was carried out at the very end of this project and

further investigation of the proposed solution is needed, especially in relation to an offshore

crane featuring slower dynamics compared to the industrial robot used for this experiment.

Two videos showing the experimental results have been published at YouTube, https:

//www.youtube.com/watch?v=cX2pjp69kSQ and https://www.youtube.com/watch?v=

ens4hbkdDMo.
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Chapter 3

Concluding Remarks

3.1 Conclusions

The work presented in this thesis and the appended papers have been devoted to the

investigation of the ship-to-ship load handling scenario, where the goal is to transfer a

load from one ship onto another while situated at sea. This task requires the relative

ship motion to be measured or observed in real-time, and hence a novel ship-to-ship state

estimation algorithm has been developed using the accompanying ship-to-ship kinematics.

The presented EKF algorithm combined inertial, visual, time-of-flight, and/or satellite

navigation sensors to observe the relative ship motions in real-time. Redundancy is often

required in offshore operations, and hence the proposed method is designed in such a

manner that the relative ship motion can be estimated using only the two MRUs for

smaller time periods. Placing an MRU on each ship will imply that the second MRU

data has to be transferred to the main ship using a wireless communication link. This

capability has been experimentally investigated using an off-the-shelf radio link where the

typical time delay was found to be 8ms, which is considered to be more than sufficient

considering the slow ship motions.

A novel kinematic control system aimed at assisting the crane operator while trans-

ferring the load onto the second ship was developed at the end of this project. This crane

operator assistant consists of two separate systems; the wire-length assistant and the anti-

swing assistant. The wire-length assistant makes use of the ship-to-ship EKF algorithm

and the crane kinematics to calculate the wire length which will keep the transferred load

in a fixed distance above the second ship deck. The anti-swing assistant reduced the load

swing motion by manipulating the crane tip based on the observed load motion. The

proposed method was experimentally investigated in the lab setup, where the average im-

pact energy in case of a collision was reduced with a factor of 16.2. The crane dynamics

were not modeled in detail when designing the kinematic controller, which is motivated

by the desire of developing a modular system which can be retrofitted on already existing

cranes with proprietary control systems. An LQR state feedback controller was used to

generate the crane tip trajectory needed to dampen out the load swing motion, where

the maximum acceleration and velocity of the crane tip was used to calculate the state

feedback gain.

Even though the extensive development of the Norwegian Motion Laboratory is not
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considered part of the scientific contribution of this thesis, the lab development has been

an absolute necessity in achieving the experimental results presented in this thesis and the

appended papers. The lab development phases have also given valuable insight in under-

standing the challenges of using real sensors and machines in terms of their limitations.

These limitations are not always evident or considered when working with simulation

models, and hence not considered when designing the state estimators and the control

algorithms. It is therefore in the author’s belief that the developed control and estimation

algorithms are more suitable of being realized in a real ship-to-ship scenario compared to

algorithms designed on the basis of simulation models only.

The experimental study of this project demonstrates the increased potential in terms

of repeatability and safety of future ship-to-ship operations. It is therefore expected that

the weather window could be further increased if the presented methods are retrofitted or

made available with new cranes in the future. The author of this thesis has experienced

an increased interest from several offshore companies in relation to the methods developed

and presented in this thesis. After the submission of this thesis, the author will continue

the development of the methods for implementation on heavy offshore cranes in one of

the partner companies of the SFI Offshore Mechatronics center.

3.2 Future Work

The conclusion mentioned that the dynamic performance of the industrial robot is not

comparable with an offshore crane, especially in terms of speed and repeatability. A study

where the developed anti-swing assistant is implemented on an offshore crane, either using

a simulation or even a real crane should be carried out to validate the proposed method

for use with an offshore crane. In addition, an investigation of controlling the wire length

instead of the crane tip to reduce the swing motion should be investigated using an

energy-based approach where the stability could be proved using Lyapunov methods.

It has also been assumed in this work that the hook motion could be measured, and

hence the suspended load angles are observed for use in the anti-swing system, which is

why a robust sensor capable of measuring the hook motion needs further investigation.

It is believed that a combination of both vision and a time-of-flight sensor could be used

to measure the hook motion in real-time, but this has to be investigated experimentally.

It may also be evident from such a study that this sensor system is found to be accurate

enough to detect the cargo deck of the second ship, and hence may remove the need for

a second MRU and a wireless communication link as presented in this thesis. If this

scenario is true, the presented ship-to-ship kinematics are still valuable information for

future algorithm development using other sensor setups like the one mentioned.

In order to quantitatively assess the potentially increased safety and weather window

for ship-to-ship load transfer operations, further simulation studies are required where

typically heavy offshore cranes are considered instead of an industrial robot. The increase

in weather window depends among other factors on the dynamic performance of the

offshore crane, disturbances from wind forces, the size and the weight of the transferred

load, and industry regulations from contractors and certification agencies.
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