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Abstract

Objects floating on or near the water surface (e.g. vessels, and floating wind-turbines) suffer
from motions induced by waves of varying height, direction, and frequency. This not only
causes unpleasantness for passengers and crew of ships but also it limits the accessibility to
the offshore platforms. Bosch Rexroth with their partner Barge Master have developed the
so-called Motion Compensated Gangway that provides a safe passage for cargo and personnel
to offshore structures.

In order to maintain a motionless connection with the offshore structure, once the tip of the
gangway is pushed against the offshore structure. The gangway system actively compensates
for the sea-induced motion that acts on the vessel.

However, the docking procedure is still manually attained, where accidents may occur due to
human error (i.e. insufficient training, loss of concentration). One way to improve the current
control scheme is to enable an automated docking scheme.

Accordingly, the main of this project focuses on eliminating the human factor from the con-
trol loop, so the overall process is accomplished automatically and more efficiently in terms
of safety and performance.

Inspired by how the operator estimates the relative motion between the Gangway and the tar-
get (i.e. the offshore platform). In this thesis, a measurement system is proposed to measure
this relative motion. This measurement system comprises a vision sensor, force tip measure-
ments, and Motion Reference Unit (MRU). In this thesis, the proposed automated docking
scheme is developed around a nonlinear MPC scheme. For the simulation environment and for
the MPC scheme employs, a nonlinear model of the gangway system is derived. This model
embeds an approximation of the joint-level control loop of the Gangway system. Also, this
model comprises the open-chain kinematic model of the Gangway system and the proposed
measurement system including a perspective projection model of the vision sensor. Due to
modelling the vision sensor as such and the MPC’s capability in handling various constraints,
the proposed control scheme enjoys a singularity-free solution.

The proposed control scheme detects and tracks the target in the 2D image plane. To safe-
guard against visual measurements discontinuity (i.e. cluttering, target outside the field of
view), a linear Kalman filter is designed to predict the target position in the image plane.
To gain higher performance, the disturbance anticipatory property in MPC is enabled by
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forecasting the sea-induced motion. Where a neural network with the NARX topology was
designed and trained to acquire a multi-step-ahead prediction model of the induced motion.
Several numerical experiments were carried to evaluate the performance of the proposed
control scheme for automated docking. Where for the nominal case scenarios all the control
requirements are fulfilled. Also, more extreme scenarios are performed to evaluates the overall
performance under plant model mismatch and against various sea-induced motion conditions.
Evidently, the proposed control scheme is prone to camera calibrations error.

In terms of the efficiency, the proposed automated docking scheme performs the docking in 4
to 10 seconds (based on the initial conditions and sea state). Whereas the time it takes the
operator to perform the docking is up to 3 minutes which depends on his/her experience.
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Chapter 1

Introduction

1-1 Background

According to the World Wind Energy Association, the total capacity of wind energy has
been significantly increased over the last decade, especially, the offshore sector [1], see Figure
1-1. Offshore wind farms are becoming more favourable since it has many advantages over
the onshore wind energy (e.g. less turbulent, more space for larger rotors diameter, higher
capacity due to more sustained wind) [1].

However, the enormous costs of construction and maintenance of offshore wind farms intro-
duce a striking increase to the overall cost. Consequently, implementing innovative solutions
and mechanisms in the affiliated industrial fields will result in reducing the technical risk and
finance costs which will attract more investments.
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Figure 1-1: Global annual installed capacity and operating capacity of offshore wind between
2001-2015. From [1].
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2 Introduction

Former methods of personnel and cargo transfer to offshore structures are generally limited
to; a helicopter lowering personnel to the structure, cranes with a suspended basket, and
a crew transfer boats that push against a landing zone, See Figure 1-2. these methods are
rather inefficient in terms of cost, safety, and the operating window [13].

In 2008, the first motion compensated gangway was introduced to the market by Ampel-
mann [14], which is a gangway attached to the top of a hydraulically actuated Stewart. This
was a game changer in the offshore logistics sector. Accordingly, many companies started de-
veloping their own motion compensated gangway becoming a highly competitive field which
resulted in the lack of related published work in the literature.

Figure 1-2: (a) A crane with a suspended basket. (b) A boat bushing onto a monopile. (C) A
helicopter lowering personnel on a wind turbine. From [2-4].

Waves of varying height, direction and frequency are constantly present, objects floating on
or near the water surface (e.g. ships, vessels, and floating wind-turbines) suffer from motions
induced by these waves, this can cause unpleasantness for passengers and crew of ships but
can also carry serious risks for both people and equipment in any type of offshore operation.
Offshore gangway systems are usually installed on a vessel. The vessel responds to the induced
motions via sea state in six Degrees of Freedom Degree of Freedom (DoF); three translations
(surge, sway, heave) and three rotations (roll, pitch, yaw). Figure 1-3 illustrates the axes
conventions of a vessel.

This type of vessels is supplied with a Dynamic Positioning (DP) system. With the DP sys-
tem, the vessel can stay in place at a short distance from the offshore structure with relatively
small deviations by actively controlling the propellers, rudders and, thrusters. This can only
compensate for the occurred movements in the horizontal plane. The gangway system is
activated only when the vessel’s DP system is enabled.

Consequently, a gangway system has to account mainly for heave motions. However, due to
a possible drift error in the DP system, the gangway system also needs to compensate for
yaw and sway. It is worth mentioning that roll and pitch movements can be neglected due
to the length of and the huge mass of the vessel which can damp out the perturbations on
the aforementioned axes. Therefore, with a predefined operating window, along with the DP
system, it is safe to argue that a three-DoF structure for an offshore gangway is sufficient.
Based on this concept, Bosch Rexroth with their partner Barge Master have developed a
Motion Compensated Gangway Motion Compensated Gangway (MCG) that provides a safe
passage for cargo and personnel transfer to offshore structures, see Figure 1-4. In this thesis,
the configuration and design of Bosch’s gangway system will be used for modelling and control
design.
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1-2 Problem statement 3

4 heave [z]

1 Q_) yaw [i]

surge [x]

roll [¢]

Target: ‘i‘

steady tip

Figure 1-4: The working principle of Bosch’s gangway system. From [6].

The word "Gangway" in sentence case will be used throughout this report to refer to Bosch’s
gangway (Gangway) system.

1-2 Problem statement

At the present time, all existing gangway systems in the market are obliged to employ an
operator in their control loop for legal and safety-related issues [15].

Figure 1-5 depicts the high-level scheme of the control system of Bosch’s gangway system.
The system, through an inertial measurement unit, can automatically counteract the sea-
induced motion in a feedforward fashion. The operator function is limited to steer the motion
compensated tip of the gangway. The control interface in the gangway system is merely based
on three joysticks where each joystick generates the position setpoint for each actuator.
Moreover, the operator’s cabin is attached on top of the Gangway base. This means that

Master of Science Thesis M. A. Ranneh



4 Introduction

he/she perceives the vessel surrounding environment in a non-inertial frame. Because of this,
the operator’s task in docking the Gangway to the offshore platform becomes challenging
and nontrivial. Consequently, the operator must follow excessive training (similar to a crane
operating training) in order to be qualified as an offshore gangway operator [15].

Since the docking procedure is manually attained, accidents may occur due to human error
(i.e. insufficient training, loss of concentration). One way to improve the current control
scheme is to enable an automated docking scheme, which employs range sensing technologies
within its measurement system (e.g. radar, lidar, camera, etc.).

Accordingly, the outcome of this project focuses on eliminating the human factor from the
control loop, so the overall process is accomplished automatically and more efficiently in terms
of safety and performance.

Visual and vestibular
Observations

Inertial Sea-induced
measurement unit motion
Operator Gangway tip
[ ] . ; 3D position
N Joysticks C) Joint-level Gangway'’s N\ P
(Jointlevel commands) _ control actuators -/

Figure 1-5: A high-level scheme of the control system of Bosch gangway.

1-3 Research Objectives

Enabling the automated docking scheme for the Gangway system corresponds to eliminating
the human presence (i.e. the operator) in the control loop.

Thus, the main research objective is to propose a control scheme for docking the Gangway
tip onto the offshore platform autonomously while actively compensating for the sea-induced
motion.

At the beginning of this project, a literature study was conducted, [16], to create a base of
knowledge to assist in the completion of the thesis-project:

"Automated Docking of an Offshore Gangway"
Correspondingly, the research questions were formulated as:

Q1. What is the architecture and characteristics of the current system? What are the control
requirement of the Gangway system?

M. A. Ranneh Master of Science Thesis



1-4 Preliminary assumptions and considerations 5

Q2

Q3.

Q4.
Q5.

Q6.

. How to measure the relative motion between the Gangway and the docking area?

What kind of sensing technologies are to be included in the measurement system for the
automated docking?

How can a vision sensor be incorporated within the control loop for automated docking?

Is there a control scheme that combines vision and force control while handling con-
straints?

Is it possible to forecast the sea-induced motion? Would the proposed control method
benefit from anticipating the external perturbation ahead?

1-4 Preliminary assumptions and considerations

In order to answer the research questions, a set of assumptions and operating constraints are
set for the system modelling and control design. The following assumptions are made:

Actuators dynamics are not considered explicitly but rather implicitly. An approxima-
tion is provided by Bosch to describe the low-level (joint-level) control loop as a second
order system.

For the sake of simplicity; no deformations occur in both the vertical and torsional axes
of the Gangway.

Relative motion hypothesis: The residual motion of the vessel, which is caused by the
sea-induced motion, is slow sinusoidal-based motion. From the operator’s point of view
(with ignoring his vestibular senses) the sea-induced motion that acts on the vessel
causes the target (i.e. offshore platform) to move instead. This assumption is made to
describe the Gangway kinematics and dynamics in an inertial frame. This should result
in a simpler model which is required by the proposed control strategy.

Bosch has defined an operation window for which the Gangway system function within:
— Maximum wind speed: 20 m/sec. The wind speed below this limit does not affect

the overall performance of the Gangway system [6].

— Operating in both daylight and nighttime with sufficient illumination on the gang-
way tip that is defined by DNV-GL standards [15].

— The wave period is between 4 and 12 seconds with H;g (the significant wave height)
is no more than 3.0 m [6].

1-5 Thesis contributions

In Chapter 3, a measurement system is proposed to measure the relative motion between the
Gangway and the offshore platform. This measurement system comprises a vision sensor,
force tip measurements, and Motion Reference Unit (MRU). In Chapter 4, a nonlinear Model
Predictive Control (MPC) is designed to solve the automated docking problem by utilising

Master of Science Thesis M. A. Ranneh



Introduction

the aforementioned measurement system. Hence, the main contributions of this thesis-project
lie in the outcome of Chapter 4. The proposed control scheme enjoys the following:

1-6

Fast docking time (up to 10 seconds) compared to the time it takes the operator to
perform the docking (up to 3 minutes) which is dependent on his/her experience [7].

This control scheme utilises the vision, the induced motion, and tip force measurements
in one control scheme to steer and dock the Gangway tip onto the offshore platform.
Hence, no need for a switching control scheme.

This control scheme detects and tracks the target (i.e. the offshore platform) in the
2D image plane. Therefore, the control scheme is prone to camera calibrations error.
Additionally, in Chapter 3, a linear Kalman filter is designed to predict the target
position in the image plane when if the target leaves the field of view. This can safeguard
against visual measurements discontinuity, which might be problematic from a control
perspective.

The proposed scheme is based on nonlinear MPC. Hence, system constraints and its
physical limitations can naturally be satisfied.

To gain higher performance, the disturbance anticipatory property in MPC is enabled
by forecasting the sea-induced motion. A neural network with the NARX topology
was designed and trained to acquire a multi-step-ahead prediction model of the induced
motion.

Thesis outline

In this chapter, the problem statement and the research objectives of this project are presented
along with preliminary research assumptions and considerations. The remainder of this thesis
structured as follows:

Chapter 2: System Architecture. This chapter address the research questions Q1 by
introducing the Gangway system architecture as designed by Bosch. In terms of its
mechanical structure, actuator, and measurement system. Furthermore, the physical
limitation and control task requirements of the system are presented.

Chapter 3: Relative Motion Measurements. This chapter is concerned with answering
the research questions Q2 and Q3. The chapter presents the proposed measurement
system with a detailed model of the employed vision sensor. Additionally, the processes
of creating synthetic data are outlined.

Chapter 4: Modelling & Control Design. This chapter is concerned with answering the
research questions Q4, Q5, and Q6. The chapter presents a background over the common
vision-based control approaches, then the proposed control scheme is formulated. with
the mathematical model of the Gangway system. Additionally, the different parameters
of the MPC are discussed. and the design of the employed neural network for disturbance
anticipation is outlined.

. Ranneh Master of Science Thesis



1-6 Thesis outline 7

e Chapter 5: Results. This chapter evaluates the performance of the proposed solution
for automating the docking procedure. The controller is first tested for the nominal
case with multiple scenarios (i.e. with and without disturbance anticipation, different
MPC settings). Then, tests are preformed against the plant model mismatch. Lastly,
the performance is evaluated for a more extreme case in terms of the amplitude of the
sea-induced motion.

e Chapter 6: Conclusions and Recommendations. This chapter discusses the project
outcome and the potential space for enhancement and future work.
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Chapter 2

System Architecture

This chapter introduces the Gangway system architecture as designed by Bosch. In terms
of its mechanical structure, actuator, and measurement system. Furthermore, the physical
limitation and control task requirements of the system are presented. Then, the current
control loop is outlined with the operator function description.

2-1 Reference frames

The vessel, which the Gangway system is attached to, is subject to different disturbances
(e.g., sea state, wind gust). The induced motion via sea state causes undesired motion at the
Gangway tip.

As stated in Chapter 1, the problem of motion compensation can be recast as a relative mo-
tion tracking problem. Hence, instead of describing the Gangway system within a non-inertial
frame, we can assume that the fixed-world frame of reference is attached to the Gangway base.
This means that the offshore platform is moving and the Gangway base is fixed in the 3D
space. Certainly, this hypothesis will simplify the system mathematical model and the control
design.

Accordingly, we need to define a set of reference frames for the various rigid bodies in the
system (i.e. the base, the offshore platform).

Figure 2-1, depicts the different reference frames for the Gangway system. Where U; repre-
sents the reference frame of the docking area on the offshore platform and Wy is the reference
frame of the Gangway base which is attached to the fixed-world coordinates as the aforemen-
tioned assumptions states. The reference frame W, represent the vision sensor coordinates.
Note that the homogeneous transformation is fixed between the vision sensor frame ¥, and
the Gangway tip reference frame Wy, assuming the Gangway is a rigid body and no defor-
mations occur.

Furthermore, three hydraulic actuators facilitate movement between the base reference frame
Uy, and the tip reference frame Wy;,. The actuators form an open-chain kinematic with a
three-DoF'. The slewing and luffing actuators are rotational joints and lead to rotations in the
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Figure 2-1: Definition of the relevant reference frames gangway model.

horizontal and vertical planes around yaw and pitch axes, respectively. The telescoping is a
prismatic joint along the Sway axis, see Figure 1-3 for axes conventions.

This kinematics chain will be utilised within the Gangway mathematical model in the control
design in Chapter 4. Where the joints displacement is represented by the state variable g,
with ¢, = [@stew, Qrugys Qtele]T-

Figure 2-2 depicts the Gangway system workspace. This workspace represents the set of the
reachable points by the Gangway tip in 3D space.

2-2 Mechanical structure

Besides some safety and redundant components, the system structure mainly consists of a
rigid mechanical structure, actuators, and sensors.

For the structural design, the following was taken into account by Bosch during the design
phase of the Gangway system:

e The lowest vertical eigenfrequency of the Gangway is designed to be at least 3Hz to
avoid excitation by walking personnel (human walking excitation frequency is around
2Hz) [17].

e The Gangway is designed to be stiff to contribute to the safe feeling of personnel in
transfer including load (e.g. equipment, cargo, etc). Both bending and torsional stiffness
are considered.

o Hydraulic actuators were considered because of the high rigidity and high torques/forces
these actuators can provide.
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Luffing [g5]

Slewing [g1]

Telescoping [g3]

Figure 2-2: The workspace and Degrees of freedom in which the gangway operates. From [7].

2-3 Actuators

Each actuator is controlled by a specific Programmable Logic Controller (PLC) referred to
as a Hydraulics-capable Numerical Control (HNC) computer. HNCs accept a position and a
velocity setpoint. The HNC controls the voltage signals sent to the actuator valves.
Accordingly, the control on the joint-level control is already designed by Bosch and the High-
level control is the main contribution in this project. In addition, Gangway’s actuators are
configured as follows.

e The slewing drive, to rotate the Gangway.
The slewing actuator consists of two rotational drives working on a large slewing ring,
as shown in Figure 2-3.

Figure 2-3: Two hydraulic rotational motors with gearbox and pinion acting on a slewing ring.
From [7].

e The luffing cylinder, to raise and lower the gangway.
For the luffing cylinder, a double driven cylinder is used. Which means that both
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chambers in the cylinder are pressurised and connected to the valves. With the oil flow
controlled to both chambers, double driven actuators can exert pushing and pulling
forces on the environment. See Figure 2-4.

e The telescoping winch, to extend and retract the moving part of the gangway.
The moving part is driven by a direct drive hydraulic motor. The motor drives a winch
drum which connects to the moving part with a cable. See Figure 2-5 to the left: The
telescope winch. The winch drum translates the rotational motion of the motor to a
linear motion of the cable and the telescope. As shown to the right in Figure 2-5.

Relevant operational constraints are shown in Table 2-1 [5,6].

Figure 2-4: Luffing cylinder. From [7].

Figure 2-5: The telescope winch and the telescope extension using a cable system. From [5].

Table 2-1: The operational limits of the hydraulic actuators

Slewing drive Luffing cylinder Telescoping winch

Work range 0 to 360 deg  -23 to 23 deg 17 to 27 m
Maximum operational speed 8 deg/s 0.13 m/s 1.6 m/s
Maximum operational force/torque 284 kNm 927 kN 27 kKN

M. A. Ranneh Master of Science Thesis



2-4 Disturbances 13

2-4 Disturbances

The primary source of disturbances which the Gangway system is predominately subject to
is the vessel’s induced motion via sea state.

It is stated in Chapter 1, the problem of motion compensation problem can be recast, through
the relative motion hypothesis, as a dynamic target tracking (i.e. the offshore platform). Nev-
ertheless, understanding the nature of the target motion (i.e. the vessel’s induced motion)
is still of great interest for prediction and control design as it will be further discussed in
Chapter 3 and 4.

Regarding the sea state, an accurate approximation can be made by a representation of waves
that consists of a spectrum of harmonic waves. Well-known spectra are the Pierson-Moskowitz
and the JONSWAP spectra [18]. The latter is based on measurements carried out in the North
Sea [19].

When the Dynamic Positioning (DP) system of the vessel is enabled (i.e. prior to docking the
Gangway). The DP system actively controls the propellers, rudders, and thrusters so that
the induced motion is attenuated on the horizontal plane. However, the measurements and
control signals are not perfect. This results in small deviations (0.5 to 2 m), relatively to the
size of the ship, along the surge and sway axes.

The response of the vessel to a wave spectrum is represented by a set of transfer functions
along the principal axes. These transfer functions are known as Response Amplitude Oper-
ators (RAO). The RAOs contain a magnitude and phase response for the wave frequencies
and angles from which the waves hit the vessel. Using the wave spectrum and the RAOs,
vessel motions can be estimated [20]. However, RAOs are highly dependent on the vessel
characteristics (i.e. shape, mass distribution).

This approach required accurate information about the vessel and its DP system characteris-
tics. This is usually not accessible since most of the manufacturers are very conservative over
sharing such information. Therefore, this approach is not considered in this project.
Alternatively, Bosch provided a data set for the vessel residual motion in DP mode while the
Gangway is docked onto the offshore platform. In Chapter 4, this data set is utilised to train
a neural network type NARX to anticipate the incoming disturbances in a multi-step-ahead
fashion. Intuitively, the performance of the proposed control method benefits significantly
from anticipating the external perturbation (the wave-induced motion).

Figure 2-6, depicts the vessel response to the sea state which results in sinusoidal motion on
six axes that have the following characteristics:

e The wave period should not exceed 12 seconds and 4 seconds for the shortest wave
period with a significant wave height H;, no more than 3.0 m [6].

e Motion on roll, pitch and yaw axes deviate between 4 degrees and that is mainly due
to the length and the huge mass of the vessel which can damp out the perturbations on
the aforementioned axes.

o Maximum wind speed: 20 m/sec.

These three points define the operating window which the Gangway system is designed to
function within. Furthermore, other external perturbations (e.g. walking personnel, moving
cargo) have a less significant impact on the Gangway system are therefore out of the scope of
this project.
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Figure 2-6: Ship movements in six degrees of freedom in a time window of three minutes.

2-5 Measurement system

The Gangway system consists of the following set of sensors.

2-5-1 Joint-level sensor

Position and pressure sensors on the joint-level to regulate the position and the hydraulic flow
of the system actuators. These low-level control loops are realised with the HNCs.

2-5-2 Motion Reference Unit

The Gangway system counteracts the induced motion on the vessel by utilising a Motion Ref-
erence Unite (MRU). This sensing unit is capable of detecting the vessel motion in six Degree
of Freedom (DoF). MRU is also referred to as an Inertial Measurement Unit (IMU). Where
it utilises accelerometers and gyroscopes to measure its location and orientation. Usually,
the MRUs manufacturers, employ a set of filtering and signal processing techniques within
to provide good readings [21,22]. However, due to the double integrator that is applied to
the filtered MRU data, A small bias in the acceleration signal can result over time in a large
position error.

Moreover, the Gangway system is employed with three MRUs at the Gangway base for accu-
racy and redundancy. Readings from these MRUs are averaged and considered as one MRU.
Figure 2-1, the reference frame of the MRU is depicted in the base of the system Wy,

2-5-3 Tip force Measurements

When the control task involves the robot interacting with the environment, a pure motion
control scheme becomes insufficient to execute the manipulation task. Alternatively, a control
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Figure 2-7: To the left, the definition of forces in the tip. To the right, the docking interface at
an offshore wind turbine. From [5].

scheme with force/torque sensors can provide adequate haptic feedback to the robot.

In our case, to guarantee a safe connection with the offshore structure, the Gangway should
exert a specific amount of force onto the docking area. Also, to avoid damaging the offshore
platform, this exerted force should be actively regulated so that it does not exceed a certain
limit.

Table 2-2 shows the required force and the force limits that the Gangway system can exert.
In order to measure the forces at a robot tip, force/torque sensors are placed precisely between
the tip of the robot and the tool-point. In the Gangway system, three force sensors are placed
along the principal axes at the end of the telescoping part behind a rubber bumper which
was designed specifically to have a predetermined stiffness [6, 7], see Figure 2-7.

The contact force will be translated to the force sensors through the rubber bumper. When the
bumper is in contact with the structure, the friction force helps to avoid stick-slip motion. The
stiffness of the bumper will be used to model the force sensor in the simulation environment.

Table 2-2: Desired tip forces and acceptable forces along the tip principal axes [6], as depicted

in Figure 2-7.
Wind turbine monoplie [N] Design force [N] MCG Limit [N]
Fy 0 -1000 4000 55000
F, 4000 - 8000 20000 65000
F, 0 -1000 4000 45000

2-6 Control scheme and operator input

The low-level control of the Gangway system is realised via regulating the position and velocity
of each hydraulic actuator separately with the HNCs. Where the operator uses three joysticks
input to influence the velocity and positions setpoints of the actuators. The Gangway system
with the actuators dynamics were considered to behave as three decoupled second-order sys-
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tems with a bandwidth of w,, = 6 Hz and a damping ratio of ( = 0.8. This assumption was
made by Bosch to substitute the plant dynamics with the aforementioned characteristics.
Moreover, as seen in Figure 1-5, the high-level control scheme of the Gangway system employs
an MRU in a feedforward fashion to actively compensate for the induced motion.

The position control of the Gangway tip depends on the joints encoders and the MRUs to
compensate for the induced motion.

In order to maintain the connection between the Gangway tip and the offshore platform, we
cannot depend purely on position control due to the MRU drift error and a force control
scheme becomes vital for maintaining contact with the offshore platform [7].

Accordingly, one-dimension force control loop is on parallel with the position control loop and
the force control is enabled once the contact with offshore structure is initiated.

Bosch defines the control task requirements as:

o To guarantee safe passage and to avoid damaging the offshore platform. The contact
force along the contact perpendicular axis should be within the limits as defined in
Table 2-2.

e The time it takes the operator to perform the docking is 1 to 3 minutes which depends
on his/her experience [7]. Thus, to increase the efficiency of the system, it is expected
from the proposed system a shorter docking time.

e The current setpoint signals of the actuators is delivered via the joysticks in velocity and
position terms. Hence, to match the compatibility with the employed HNC structure,
the proposed control scheme should provide both velocity and position setpoints to the
actuators.

2-7 Conclusion

This chapter outlined the Gangway system design and critical component of the control system
as designed by Bosch. In addition, the current control approach is outlined with the control
task requirements. With that, the first research question in Section 2-4 has been addressed.
Based on that, a kinematic model of the Gangway is derived. Additionally, Bosch provides an
approximation of the joint-level control loop of the Gangway system. This model is employed
in the simulation environment and within the proposed control methods in Chapter 4.
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Chapter 3

Relative Motion Measurements

This chapter is concerned with answering the key research questions:

e How to measure the relative motion between the Gangway and the docking area?

o What kind of sensing technologies are included in the measurement system for the au-
tomated docking?

3-1 The measurement system

Enabling the automated docking of the Gangway system can be translated into eliminating
the human factors from the control loop. This is done by substituting the operator’s function
with a (high-level) control strategy that employs a suitable measurement system.
Correspondingly, as a starting point in this research, the preliminary choice for the proposed
measurement system is based on the fact that the operator uses mainly his/her visual sen-
sory information while steering the Gangway. Moreover, one cannot depend purely on MRU
data for estimating the relative motion. This is mainly due to the drift error.The problem of
mimicking the operator’s perception can be recast as a relative motion estimation problem.
Which is a common problem in robotics and well-studied in literature.

During the literature study phase of this project, various sensing technologies were initially
considered and reviewed as classified in Figure 3-1. To choose a proper measurement system,
the proposed measurement system should not only be able to estimate the relative motion
but also to detect the location docking area on the offshore platform. This is possible by
detecting the features of the target.

Mainly, there are two types of features; geometric (cylindrical, angle, etc.) and textural
(fiducial marker, retroreflective tape, etc.). For example, in the space industry, a spacecraft
docks onto the target, a process referred to as a space rendezvous. The spacecraft acquires
information over the target pose and velocity in order to minimise the impact force. Using
a cutting-edge vision system referred to as 3D Flash LiDAR Camera the relative motion is
estimated by first capturing the geometrical and textural features of the target, [23,24].
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Figure 3-1: Classification of range sensing technologies

Similarly, to achieve the automated docking of the Gangway, the relative motion between
the Gangway and the offshore structure should be estimated and the exact location of the
docking area should be detected. So, it is a matter of tracking a dynamic target (i.e. the
docking area) then docking onto the target. In [25-27], a robotic manipulator is employed to
track and grasp free-flying objects in the 3D space while depending purely on a vision-based
measurement system.

Correspondingly, the automated docking task has a strong point of resemblance to the pro-
cess of grasping a flying object. Together with the aforementioned criteria, a vision-based
measurement system would be a good fit for the application of automated docking.
However, for the force control task (i.e. regulating the contact force), as reported in Chapter
2 that; due to MRU drift error, tip force measurements are essential elements to maintain
continuous contact and to avoid damaging the offshore structure.

3-2 Sensor architecture and sensor placement

In literature, there are various architectures of vision-based measurement systems. The most
common ones namely are a monocular camera, a stereo camera, and multiple monocular
cameras.

To maintain simplicity in system and control design, a monocular camera was chosen.
Mainly, there are two different configurations when it comes to placing a vision sensor within a
robotic manipulator system; eye-in-hand or eye-to-hand. In the first configuration, the vision
sensor(s) attached on the robot end- effector. Whereas in the second, the sensor(s) is fixed in
the 3D space with a field of view focused on the workspace of the control task, see Figure 3-2.
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From a control point of view, it can be classified as a collocated system or a non-collocated
one, respectively. Additionally, for an object-tracking task, eye-in-hand is more appealing to
ensure that the tracked features stay in the field of view [28]. Hence, this configuration is
employed in the proposed control scheme in Chapter 4.

Figure 3-2: (a) eye-in-hand.  (b) eye-to-hand. From [8].

3-3 Camera mathematical model

One advantage of employing a vision sensor in the measurement system is that a mathematical
model can be defined. Hence, this analytic expression of a vision sensor can enable us to design
and testing a vision-based control strategy in a simulation environment. This model is based
on the so-called pin-hole camera model which employs the perspective projection (i.e. 3D to
2D mapping), see Figure 3-3. This model is widely employed in literature [9].

Hence, the function of this model is mapping the target coordinates from the Cartesian space
into the image plane, which allow us to generate synthetic data. For a point P expressed in
the world reference frame in 3D space, this mapping is realised through the following steps

1. Transforming the observed feature point P, represented in euclidean coordinates P =
[Py, Py, P;]T, to homogeneous coordinates P = [Py, Py, P,,\|]T, where A is a scaling
factor with default value A = 1.

2. The homogeneous point P is, then, described in the camera reference frame via the
homogeneous matrix H§, which is the inverse transformation matrix between camera
and the world reference frames H?. This transformation results in the homogeneous
matrix Hj.

3. A 3D-to-2D mapping is, then, applied to the resulted homogeneous matrix HS.

4. The outcome of this process, a projected point p = [, v, w]” represented in homogeneous
coordinates.

5. The projected point can be retrieved to the euclidean image plane as p = [u/w, v/w]" .
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Figure 3-3: Perspective projection in the pin-hole camera model. From [8]

The corresponding mathematical formulation, of the aforementioned steps, is given as

U fz 0 ug 1]}
ol =10 f, w||Hs| || (3-1)
w 0 0 1 N
1
with .
-1 RO O
c __ 0 _ c c 5
HO - |:Hc:| - lolxs 1] ) (3 2)

Here, f, and f, are the focal lengths on the horizontal and vertical axes respectively described
in pixel units. The point ¢ = (ug,vp) is referred to as the principle point and ideally it is
located in the centre of the image plane, Figure 3-3. These parameters are referred to as the
intrinsic parameters.

The homogeneous matrix H? describes the transformation between the fixed-world reference
frame and the camera reference frame. Accordingly, R, represent the rotational and the
translational parts of H?, respectively. This transformation matrix is known as the extrinsic
parameters of the camera. Figure 3-4 depicts the transformation between the camera and the
fixed-world reference frames.

The pin-hole camera model assumes an ideal thin lens, however, this is usually not the case.
Commercial lenses distorts the light array prior reaching the vision sensor. The lens distortion
mainly consists of radial and tangential distortion components and it can be modelled as an
additive change to the projected point (z,y) in the image plane

Ldistorted = L (1 + k‘17"2 + k727“4 + kSTG)

, 3-3
Ydistorted = Y (1 + ]{717"2 + k2T4 + k3r6) ( )
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Figure 3-4: The transformation between target and camera reference frames. (Modified) From [8]

Figure 3-5: An image of a checkerboard captured with an ideal lens, a lens with positive distortion,
and a lens with negative distortion, respectively. From [9].

with

r? =2 + % (3-4)
where k1, ko and ks are the distortion coefficient. Figure 3-5 illustrates the different effect
on the image when distortion exits with positive (ki, k2, ks > 0) or negative (k1, k2, ks < 0)
coefficients. The process of estimating the camera intrinsic and extrinsic parameters and lens
distortion is referred to as camera calibration.

3-4 Camera calibration

In order to simulate the camera model, camera parameters should be estimated. Calibration
requires acquiring a set of images from different angles and various distances of a predefined
planar object (e.g. a checkerboard), see Figure 3-6. Then, the observed features in the images
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Figure 3-6: Captured images for camera calibration

of the checkerboard (i.e. corners and edges) are compared with the ground truth measurement
of this planar object. Afterwards, the calibration problem is recast as a nonlinear least-squares
optimisation problem for estimating the camera’s intrinsic and extrinsic parameters [29, 30].
This procedure can be realised seamlessly in the Camera Calibration Toolbox for MATLAB.
In robotics applications that involve a vision-based control scheme, only calibrating the vision
sensor is often not sufficient. Therefore, additional calibration is required between the robot
and the vision sensor. This is done by estimating the transformation matrices between the
sensor(s) and robot reference frames either within an eye-in-hand or an eye-to-hand scheme
[31].

Fortunately, the proposed control method in Chapter 4 solves the relative motion problem
implicitly in the image plane. Where it has proven to be robust against various calibration
errors and no on-site precise calibrations between the camera and the Gangway tip reference
frames is required but rather a coarse measure will suffice.

3-5 Representing the offshore platform

Instead of detecting the docking area on the offshore platform, a solution is proposed to detect
a fiducial marker the so-called Aruco marker, see Figure 3-7.

Hence, in the simulation environment, this target is considered to be the marker. Whereas, in
reality, it can be attached next to the docking area. Aruco markers can be reliably detected
and localised in both the Cartesian space and the image plane [32]. Therefore, Aruco markers
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are widely employed in robotics and Augmented Reality (AR) as a source for the ground
truth data in localisation applications.

From a critical point of view, One can argue that attaching a marker to each offshore platform
sounds impractical. For example, over time, the marker surface might accumulate some dirt
(i.e. dust, birds faeces), and the invisibility of the marker during the night and other bad
weather conditions. This can cause a potential error in detecting the marker.

Some ideas were proposed during the literature study to tackle the aforementioned problems.
For instance, employing a self-cleaning mechanism onto the marker stand and adding a NIR
(Near Infra Red) illumination layer to the marker with a NIR camera on the Gangway, as
proposed in [33].

On the other hand, the choice for this marker in this project is for the sake of simplicity
and one can argue that, nowadays, many state-of-the-art algorithms are being developed in
the area of object detection and localisation and the need to add visual marker to identify a
specific object is not required anymore [34, 35].

Figure 3-7: Aruco marker

3-6 Synthetic data

As stated above, the outcome of the literature study suggests a vision-based control scheme
for solving the automated docking problem. However, there are no images recorded from the
gangway tip. Therefore, synthetic data were made from the MRU data of a vessel with the
Dynamic Positioning mode switched on. Figure 3-8 depicts the pipeline of generating the
synthesised images.

First, to simulate a moving target, the MRU data is fed to the four dots to move in six-
DoF. These dots represent the marker corners attached to the offshore platform. Then, the
perspective projection model of the camera projects these dots to the image plane. After
that, an image of the marker is wrapped into projected points. This process, also known as
homography [8], is concerned in finding the transformation between two objects in a plane.
Then, additive white Gaussian noise is applied to the generated image to make it more
realistic. Finally, the image is passed to the marker detection script to detect the marker
location in the image plane.

Master of Science Thesis M. A. Ranneh



24 Relative Motion Measurements

Figure 3-9 shows the target motion in 3D (MRU data) observed from the camera reference
frame and the corresponding 2D mapping of this motion in the 2D image plane. Figure 3-10
is the 3D representation of the target relative pose to the camera that is attached at the tip
of the Gangway.

Additionally, this scheme is embedded within the model-based control method in Chapter
4 to make use of the MRU data in predicting the target motion in the image plane in a
multi-step-ahead prediction scheme.

Run script for Wrapping the marker image
Marker detection into the projected points

Figure 3-8: The process of generating the synthesised images

3-7 The motion model of the target

In Chapter 4, the proposed vision-based control method utilises the visual features explicitly
in the control loop as an output to the system. In other words, the corners of the detected
marker are considered to be the output signal of the measurement system.

In many control systems, the output signal is rather contaminated with noise and subject to
disturbances. Likewise, the measurement of the detected location of the marker in the image
plane should be corrected.

In the literature of dynamic object tracking, model-based tracking techniques are quite pop-
ular [31,36-38]. The motion model of the object is not only utilised to estimate and correct
the readily observed measurements, but it can also ensure the continuity of the output signal
in case the object leaves the field of view, this is important to avoid instability in the control
loop.

In [39], a survey is presented over the existing motion models and filtering techniques for
dynamic object tracking. In [40], the so-called constant velocity model is employed with a
linear Kalman filter as a state-observer to track a moving ship assuming the sea-induced ship
motion is relatively slow.
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Figure 3-9: The target (the marker) movement is 3D observed from the camera reference frame
and the corresponding 2D mapping in the image plane.

Similarly, in this project, the same approach was followed to track the moving marker. It
consists of using a Kalman filter to estimate the corners and the centre of the marker.

This approach can also estimate, for a short time window, how the marker moves in the image
plane when the detection is a not available anymore (i.e. when the marker leaves the field of
view).

Figure 3-11 shows the real-time tracking data of the Aruco marker in the image plane, the
images were taken from a standard web-cam with an update rate of 30fps. A sinusoidal-based
motion that resembles the sea-induced motion was applied to the marker. Notice, when the
marker leaves the field of view it becomes undetectable (for visualisation purpose the value
filled with -1), Kalman filter still provides an estimate of how the target is moving. This esti-
mation depends merely on the employed model and it is essential to avoid any discontinuity
in the output signal which the tracking control depends on.

The so-called constant velocity model is the first order approximation of Taylor series, for a

point p = (py,py) in a 2D plane it can be given as
x(k) = Aggqx(k — 1), (3-5)

with the state vector z = [pg, py, D, p'y]T is the displacement and the velocity components of
the horizontal and vertical axes respectively, and

1 0 Ts O
01 0 Ts

Adza 00 1 0 (3-6)
0 0 O 1

The marker is tracked by tracking the its centre and the four corners as an interest points.
Hence,the previous model can be trivially extended to five point. The standard linear Kalman
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Figure 3-10: 3D representation of the a Gangway-like structure with the camera attached on
the tip. The offshore platform is represented by the square grey marker.

filter is employed with the mathematical formulation that is given in [41].

3-8 Conclusion

A measurement system that is comprised of a monocular camera, MRU, and force sensors
at the tip is required to enable the automated docking of the Gangway. Where eye-in-hand
configuration (i.e. a camera is attached on the tip) is employed to ensure that the tracked
features stay in the field of view. Next chapter presents the proposed control approach that
accommodates this measurement system. Where, it was learned that vision sensor becomes
insufficient for the force control task. Hence, a monocular camera alone cannot solve the
docking problem and a multi-sensor solution is required.
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Figure 3-11: The process of generating the synthetic data

Master of Science Thesis M. A. Ranneh



28

Relative Motion Measurements

M. A. Ranneh

Master of Science Thesis



Chapter 4

Modelling & Control Design

This chapter is concerned with answering the key research questions:

e How can a vision sensor be incorporated within the control loop for automated docking?

o Is there a control scheme that combines vision and force control while handling con-
straints?

o Is it possible to forecast the sea-induced motion? Would the proposed control method
benefit from anticipating the external perturbation ahead?

Thus, this chapter presents the modelling and control concept of the Gangway system.
Where, first, a brief background over the vision-based control concept in robotics is given.
Then, for the purpose of automated docking, a nonlinear Model Predictive Control (MPC)
method is proposed. MPC is a model-based control approach, thus, a mathematical model of
the Gangway system is derived. Subsequently, the MPC problem is formulated with a discus-
sion over its parameters selection process. To enable the disturbance anticipatory property in
MPC, a neural network with NARX topology is desired to forecast the sea-induced motion.
Lastly, a brief analysis of closed-loop stability for MPC is shown.

4-1 The concept of vision-based control

In Chapter 3, it was concluded that a vision-based measurement system fits best for the
relative motion estimation between the Gangway and the offshore structure. As a result, a
measurement system with a vision sensor (i.e. monocular camera) will be employed in the
control loop.

In robotics, integrating a vision sensor into the control loop is often described in the relevant
literature in two different fashions: either in the open-loop [31,33,42] or closed-loop [43-45].
The former employs the term 'Look-and-move’ which basically means the vision sensor gives
the setpoint to the system each iteration without incorporating the visual feedback within
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30 Modelling & Control Design

the control loop. The latter, also referred to as "Visual Servoing’, employs the vision sensor
into the control loop as a feedback signal [46].

Usually, vision-based measurement systems have a relatively low bandwidth compared to
the joint encoders of a robotic manipulator, and that is mainly due to the latency in image
acquisition and processing [8]. Therefore, when it comes to employing a vision sensor within
a control loop, it is reasonable to consider the control system of a robotic manipulator with a
vision sensor as two cascaded loops; an inner loop for joint velocity control using the encoders
feedback, and an outer loop that incorporates the visual feedback within the high-level control
strategy, where the nature of the reference signal is chosen based on of the employed visual
servoing approach, as seen in Figure 4-1.

msssEnmnn S Ly L Y] .

Visual Servoing

error

ref.

control joint * Robot
law control

|

visual

processing

Figure 4-1: The general control scheme of visual servoing. (Modified) From [10]

Moreover, the mathematical formulation of a classical visual servoing scheme is given as

e(t) = s(t) — s(t)", (4-1)

where s*(t) is the desired setpoint which its nature follows the same as s(¢) and usually is
chosen as a constant [47]. For the sake of simplicity, we choose s*x as constant. s, one the
other hand, can consist of a set of features that are readily available in the image data (image-
based), or it consists of a set of three-DoF or six-DoF parameters, which must be estimated
from image measurements (pose-based). In both cases, s(t) can be related to the six-DoF
velocity twist of the vision sensor by

§= Ls‘/m (4_2)

where V, represents the spatial twist of the camera, and the so-called interaction matrix L,
also known as the image Jacobian matrix, is the matrix which maps the velocity vector of the
feature to the velocity of the camera. The image Jacobian is either an explicit or an implicit
function of the target pose in 3D space depending on the employed VS concept pose-based
or image-based, respectively.
The output of the visual seroving control is basically the desired spatial velocity of the camera.
From the previous relationship

V.= Lls, (4-3)

where the pseudo inverse, denoted by ft, is usually employed here to avoid inverting an ill-
conditioned Jacobian [47]. With a constant reference signal s*, the previous relationship can
be written in terms of é

V. = Lie. (4-4)
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4-1 The concept of vision-based control 31

Since it is desired to have an exponential decrease of the error signal, we write
é = —Me. (4-5)

Then, the final expression becomes
V.= —ALle. (4-6)

In case of a monocular camera attached at end-effector of a robotic manipulator, the desired
special velocity of the camera can be translated into the desired joints velocity of the robot ¢
with the robot Jacobian Jr

G=—\J/Lle. (4-7)

One of the main challenges in visual seroving schemes is acquiring a full rank well-conditioned
interaction matrix. Additionally, there are different schemes of visual servoing to design the
interaction matrix Ly and the nature of the observed feature s. Where Lg can be an explicit
function of the target pose in 3D space with respect to the camera in case of Pose-Based
Visual Seroving (PBVS). Alternatively, Ly can be an implicit function of the target pose
in case of Image-Based Visual Seroving (IBVS). Where it depends on the target measured
features s(t) and the camera intrinsic and extrinsic parameters.

The advantages and drawbacks of the different common schemes of visual servoing are dis-
cussed in the following subsections.

a Position-based visual servo

+ .
Cg* 4@—D PBVS » Joint
G = control controller
encoder feedback
Pose - Feature
C estimation | .f extraction
e,

b Image-based visual servo

IBVS » Joint
= control controller

Figure 4-2: The different visual servoing schemes. (a) PBVS general control scheme the setpoint
signal is the desired relative pose between the tip and the target. (b) IBVS general control scheme

where the setpoint is the desired field of view of the target in the image plane, this solve the pose
estimation problem implicitly when the tracking error converges to zero. From [8].

encoder feedback

Feature
extraction
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4-1-1 Pose-Based Visual Servoing (PBVS)

In the PBVS scheme, the control task is achieved within the 3D Cartesian space. This
is achieved by estimating the relative pose between the target and the vision sensor. The
reference signal here is given in Cartesian space where the error signal holds information
about the current pose of the camera with respect to the target. This is realised using
photogrammetry and sensor fusion techniques [48,49]. Figure 4-2 depicts the general control
scheme where the setpoint signal is the desired relative pose between the tip and the target.
PBVS usually required multiple vision sensors (e.g. stereo camera) with precise calibration.
Also, the relative pose estimation process is highly dependent on the accuracy of the camera’s
intrinsic and extrinsic parameters. This sensitivity might lead to a 'bad’ convergence in the
closed-loop. However, if the pose estimation is flawlessly attained and the camera is well
calibrated then global asymptotic stability of the closed-loop system can be ensured.
Moreover, in the PBVS scheme, the robot end effector might leave the field of view which
might result in a discontinuity in the measurement signal [8,47]. This is considered a major
drawback because this might results in discontinuation in the output signal which might lead
the controller to unstable behaviour.

4-1-2 Image-Based Visual Servoing (IBVS)

Unlike the PBVS scheme, in IBVS, the task function represents the error in the 2D image
space, as seen in Figure 4-2. Basically, the feedback signal here is the readily available location
of the tracked features in the image plane, and the setpoint represents the desired location
for these features in the image plane [8,47]. With this, the relative pose problem is solved
implicitly without the needs for multiple vision sensors nor for an excessive calibration of the
vision sensor(s) parameters.

IBVS relies on basic image processing techniques and requires a minimum of three observed
features to ensure well-condition image jacobian [47]. Therefore, IBVS is more computation-
ally efficient and more immune to calibration error and noise [50]. Furthermore, in IBVS the
observed features are kept in the field of view. However, due to the nature of the feedback
signal, the 3D Cartesian trajectory is not considered. This might lead the robot to a singu-
larity configuration (e.g. joint limits) [47].

Moreover, when it comes to stability analysis, IBVS can only ensure local asymptotic stability
of the closed-loop and it might be attracted to a local minimum when the desired locations
of the observed features are somewhat distant from the current locations [8,47].

4-1-3 Visual Predictive Control (VPC)

IBVS proved to achieve adequate and robust performance against the camera and robot
calibration errors and image measurement errors while assuring local asymptotic stability [51].
Nevertheless, classical IBVS schemes cannot deal with constraints such as joint limits and the
camera field of view.

Visual Predictive Control (VPC) was first reported and formulated in the work of Allibert et
al [11]. This control method considers the so-called Internal Model Control (IMC) structure.
The process block contains the robotic system and the camera, as seen in Figure 4-3. The
input U is the robotic control variable and the output s is the current value of the visual
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features. For IBVS, the reference s* is expressed in the 2D image plane, as the visual features,
and can be static or dynamic [52].

The scheme of VPC offers not only constraints handling but also modelling and calibrations
errors if the utilised internal model in the IMC block is the nominal model of the plant. This
model can be acquired based on the image Jacobean matrix which can suffer from singularity
condition (as it is the case with classical IBVS), [47].

4-2 The proposed control scheme

To enable the automated docking in a hierarchical fashion, the control task, during the design
phase of this project, was categorised into two main parts; tracking the target (i.e. the offshore
platform) and docking into the target.

This method is based on the standard nonlinear Model Predictive Control (MPC). Figure
4-4, depicts a high-level control scheme of the proposed method. This proposed scheme highly
mainly resembles the general control scheme of VPC in the work of Allibert et al [11], see
Figure 4-3. In a sense that, both are MPC-based approaches and in the nature of the reference
(desired field of view) and the output signal of the target (target’s features in the image plane).
Similarly to the VPC scheme, the proposed method can handle the different constraints of
the Gangway system such as workspace constraints, field of view constraints, and contact
force constraints, see Table 2-1 and 2-2. However, the proposed scheme differs from the VPC
scheme in numerous aspects. The following points highlight the main differences between the
proposed scheme and the VPC scheme.

o Different plant model considerations
In the VPC scheme in [11], the plant model is merely a free-flying camera that can
move in six-DoF in the Cartesian space. Each DoF axis is represented by an integrator
which means instant convergence to the setpoint. Clearly, this is highly abstract and
simplified settings for a visual servoing problem. On the other hand, the derived model
of the Gangway system is more concrete in describing realistic settings, more details in

Section 4-3.
s (k) X sa(k) | Utk) s(k)
—{ % }: Optimization »  Process >
A _ - del
Mode!
e (k) Snfl) Su(k)
Controller L | Model -

Figure 4-3: The general control scheme of VPC. This scheme, similarly to IBVS, takes the
desired field of view as a setpoint s*(k). The Model block is the nominal model that is utilised
in the internal model control structure. From [11]
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¢ No need for the IMC structure

In [11], it is stated that the internal model structure in the VPC scheme offers robustness
against parametric uncertainties. The main function of this scheme is basically mea-
suring the difference between the output of the real plant and the nominal plant model
and adjusting the setpoint signal accordingly to compensate for the model mismatch.
However, in reality, the image plane is discretised in pixels unit and the resolution of the
image plane is rather insufficient to for minor setpoint adjustments which are needed in
the case of occurring model mismatch while the target is close to the camera in 3D space
(i.e. when the Gangway tip is in contact with the platform). Accordingly, during the
extermination phase, the proposed control method showed robustness against different
model mismatch cases (e.g. camera calibration, actuators dynamics). Thus, from a
practical point of view, there is no need here for the internal model structure.

No need for the image Jacobian

In VPC and other visual seroving schemes, the image Jacobian matrix is employed in the
model. However, the proposed method depends on the pinhole perspective projection
model, as described in (3-1). Generally, it is difficult to ensure a well-conditioned image
Jacobian. This is an inadmissible property, especially, when the camera has restricted
movement, in case the camera is attached to a three-DoF structure (e.g. the Gangway
system) instead of a six-DoF one (e.g. free-flying camera). In addition, the pinhole
model maps the displacement of the target in 3D space to the 2D image plane rather
than mapping the spatial velocity of the target as the image Jacobian do. For the case of
automated docking, this is permissible since the target moves in sinusoidal-based motion
(the sea~-induced motion) with a slow velocity with a period of 4 to 12 sec. Hence, the
proposed control method eliminates this potential source of singularities caused by an
ill-conditioned Jacobian matrix.

Continuity of the measurement signal

In case of a sudden cluttering or invisibility of the target, the proposed can ensure the
continuity of the target visual signal by employing the Kalman filter scheme described
in 3-7. The Kalman filter estimates the target location in the field of view in case of
sudden invisibility.

Different control task objectives

Although, both the proposed scheme and the VPC scheme are concerned with matching
the current field of view with the desired one. However, to enable the automated docking
of the Gangway system, regulating the contact force at the tip is essential to maintain a
motionless contact while tracking the target motion. To effectively keep the contact force
within the allowed limits, the proposed scheme also utilises the MRU measurements,
more details in Section 5-1-2. Thus, from a control point of view, the proposed control
scheme is concerned with a more challenging problem while comprises a more complex
measurement system than the one the VPC scheme in [11].

4-3 Modelling considerations

Normally, standard nonlinear MPC is a model-based method. Hence, for the purpose of
control design and simulation, a mathematical model that describes the Gangway system
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Figure 4-4: High-level control scheme of the proposed method.

with its measurement system should be derived.

4-3-1 Kinematics modelling

As stated in Section 4-1, due to the latency in image acquisition, and processing the visual
servo control scheme is usually designed on a top of a low-level control which is employed
on the joints level. Additionally, in Chapter 2, it is stated that each hydraulic actuator in
the Gangway system is supplied with a position feedback loop, feedforward velocity control,
and pressure feedback control. Based on that, Bosch suggests that the current closed-loop
Gangway system with joint-level control is considered to behave as three decoupled second-
order systems. This assumption was made by Bosch in order to substitute the low-level
control loop dynamics of the Gangway system with the linear system as follows

g(s) 0 0
Gs)=1 0 g(s) 0 |, (4-8)
0 0 g(s)

where ¢(s) is a second-order transfer function which is an approximation of the dynamics
behaviour of the low-level control loop along each actuated joint with a bandwidth of w,, = 6
Hz and a damping ratio of ¢ = 0.8. Hence, g(s) can be written as

w? 1421.29

_ n — . 4-
s2 4+ 2Cwps + w2 s%+60.32s + 1421.29 (4-9)

g9(s)

The nonlinear MPC requires the derived model in a state space representation. Thus, the
state space realisation of the subsystem g(s) can be written as

a(1) = [—6(1].32 —1431.29] o(0) + l1423.29] ()

y(t) = [0 1} z(t)

where z(t) is the state variables vector of the closed-loop actuator dynamics(e.g. slewing).
u(t) is the setpoint signal of the actuator, and y is the corresponding actuator response.

(4-10)
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Correspondingly, the state space realisation of the low-level Gangway system G(s) is denoted
by Gss. Which takes the actuators setpoint as inputs variables and the responses of the
actuators as output variables.

Accordingly, the open-chain kinematics model of the Gangway system was derived in an
inertial reference frame assuming that, as stated in Chapter 1, it is a matter of relative
motion. Hence, the Gangway base is attached to the fixed-world reference frame and the
offshore platform is moving, see Appendix 1 for more details on the kinematics model. Figure
4-5, depicts a 3D visualisation the of open-chain kinematics of a Gangway-like mechanism
(RRP) with two revolute joints (i.e. slewing and luffing joints), and one prismatic joint (i.e.
the telescoping joint).

Figure 4-5: The 3D visualisation of the Gangway kinematic model. (Modified) From [12].
Where 61, 05, and 03 are the Gangway system actuated joints represented by slewing, luffing, and
telescoping actuators, respectively. 1, and v, are the reference frame of the Gangway base and
the tip, respectively. L1, Ly, and L3 are the constant displacements of the corresponding joints.

4-3-2 Incorporating the vision sensor within the model

This derived model should also incorporate a model for the vision sensor that is attached on
the Gangway tip as Chapter 3 concludes. Now, despite the fact that visual servoing schemes
usually employ the image Jacobian as the mapping matrix between the target spatial velocity
and the corresponding velocity vector in the 2D image plane. Instead, the pinhole camera
mathematical model, as described in (3-1), is employed for the following reasons:

e In visual servoing schemes, it is assumed that the vision sensor has six-DoF, whereas,
in our case, the camera attached on the Gangway tip which has only three-DoF.

e Generally, it is difficult to ensure a well-conditioned image Jacobian, especially, with
the restricted movement of the camera (three-DoF instead of six-DoF).
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Spring
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Figure 4-6: The mass-spring analogy of the contact force model.

e The pinhole camera model, reported in Chapter 3, describes the 3D-to-2D mapping in
terms of displacement. This is convenient in the application of automated docking since
the target moves slowly in the image plane with a period between 4 to 12 sec, which is
originally the period of the wave-induced motion, as described in Section 2-4.

4-3-3 Force modelling

The contact force measurement is a vital element for the docking control task, thus, the
derived model should include the contact force model.

Usually, in robotic manipulator systems, force control is combined with motion control [10].
When it comes to any manipulation process (e.g. docking onto a dynamic target), combining
the feedback of vision and force sensors becomes essential in order to fulfil the control task
requirements.

When the Gangway tip is in contact with the offshore platform, the contact force can be
modelled as a mass-spring system as depicted in Figure 4-6 and shown in the expression
below

fc = Kb (ytip - yplatform)- (4'11)

Here, Kj is the stiffness of the bumper at the tip of the Gangway. A few tests were carried out
by Bosch, to identify the bumper stiffness, show that the bumper stiffness behaves linearly
in the operating range [6]. The term (yp — Yplat form) is the difference between the Gangway
tip and the offshore platform along the perpendicular axis respectively.

Ideally, the force feedback is only enabled when the robot is in direct contact with the tar-
get /environment, hence to ensure that f. > 0 in the derived model, the following applies

fe = max(0, Kj (ytip - yplatform))- (4-12)
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4-3-4 The nonlinear state space model

During the design phase of the proposed control method, it was noticed that in order to fulfil
the force control task requirements, the target 3D motion should be incorporated within the
derived model, more details in Section 5-1-2.

Now, considering the aforementioned assumption with the Gangway is fixed and the target
is moving, and given that in the real system the MRU can provide the spatial velocity mea-
surements of Gangway base, the nonlinear model is extended to include the MRU readings
as external perturbations that can be mapped into the target spatial motion.

Consequently, the continuous-time nonlinear state space representation of the Gangway with
the measurement system can be given as follows

(4-13)

Here, the state vector x(t) represents the Gangway joints displacement, and the target posi-
tion in 3D space, respectively. The input vector u(t) is the tip/camera spatial 3D velocity,
and the sea-induced spatial velocity d(t) acts as external perturbations to the system. The
output vector y is the marker readily observed features coordinates in the 2D image plane
(four corners and the centre of the marker), and the contact force response along the perpen-
dicular axis with target, respectively.

Moreover, the nonlinear state transition function f(z,u) is merely the inverse Gangway Jaco-
bian matrix J~!(x) and the mapping matrix Ad gmru between the external perturbation and

target

the target spatial velocity, respectively. Lastly, the output function h(z) is the perspective
3D-to-2D projection pinhole camera model, as described in (3-1). This results in the target’s
detected features p,, (marker’s centre and corners). The second part of h(z) is the contact
force model along the contact perpendicular axis.

A more detailed description of the aforementioned variables and function is given below

x = [4n: 49> Prarger)”; = € X C R
an = [gstews qluff,qltele]T
Qg = Gss n
Prarget =[P, P, P.]"
U = [Tipyet]; w €U CR3

; (4-14)
Tipyer = [Ztip, Ytip, Ztip)
d = [vessely]; d €D CR3
vesselyel = [SUTgeyer, SWaAYyel, hEAVEe]
Y = [image, forcey|T; y €Y CRM
mage =vec(pry); Py € P C N2XP
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with
Gss z(t)
flu,d) = |J 7 (@) ult)

| Adsyno, d) | (4-15)
[Pinhole(x(t))

Jfe(2(t))

Note that, g, here is the joints displacement response of the low-level dynamics G, described
in (4-8) and (4-10), and g, is the joints displacement setpoint for the low-level control loop.
Accordingly, the open-loop block diagram that describes this model is depicted in Figure 4-7.

Y

e y(®
- f’
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x = f(x,u) y:}.l(x)
u(t) = Tipye ]_1 Gn 1 qn 6(s) 4 tip | Pinhole camera | Image Plane
N " Hbase(x) iacti H
N 3D to 2D Projection

d(t) = Vessel velocity

Ptarget

ContactForce(x)

(PR

Induced motion Ad, mru  [—
Htarget

Figure 4-7: A zoomed-in view of the corresponding block diagram of the open-loop Gangway
system as described in (4-13) to (4-14).

4-4 Nonlinear Model Predictive Control (MPC)

With the increase of computational power capabilities, MPC became a very active area of
research, especially, because of its ability of to deal with Multiple-Input Multiple-Output
(MIMO) systems while handling terminal constraints and systems limitations.

MPC problems are solved numerically since the analytical solution is mostly nontrivial. Hence,
MPC requires a discrete-time mathematical model of the plant.

The derived model for the Gangway systems described in (4-14) is a nonlinear continuous-time
model. The forward Euler method, for solving first-order differential equations, is considered
here as the discretisation method, since it is intuitive and computationally efficient. Euler
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method is given as

L alk+ 1T)3_ 2(k) (116)

and the discrete-time state space equations becomes

w(k+1) = z(k) + Ts f(x(k),u(k),d(k)), (4-17)

where k is the sampling time instance and T is the discretisation time step.

In the case of employing a linear dynamic model in an MPC framework, the MPC optimisa-
tion problem can be regarded as a convex problem and global optimum might be acquired.
However, when the plant model is nonlinear, the optimisation problem becomes a nonlinear
non-convex problem. Hence, solving the problem for the global optimum becomes computa-
tionally expensive and the global optimum is not guaranteed.

In case of the absence of constraints in an MPC problem, standard linear MPC. in essence, is
merely a finite-horizon formulation of the Linear Quadratic Regulator (LQR) [53], in a sense
that the control objective is to minimise a quadratic cost function along with a given time
window. The length of the time window, in MPC, is referred to as the prediction horizon
over which MPC predicts the system response upon a set of control input sequence.
Likewise, the nonlinear MPC follows the same logic of linear MPC, however, with nonlinear
system equations and the formulation of the employed nonlinear MPC can be read as

where
Np Nc—1
J(y(k), Au(k)) = D_11Q (y(k+ilk) —r(k)I3+ D IR Au(k+ilk)][3,
=1 =0
w(k+1) =x(k)+Ts fx(k),u(k),d(k)) (4-18)
y(k) = h(z(k))
subject to u(k) = u(k — 1) + Au(k)

The objective here is to find manipulated variables AU that minimises the quadratic cost
function J(k) the most over the prediction horizon N, at each time step. The cost function
J(k) is subject to a set of constraints including the Gangway system equations, boundaries
on the input u(k), the input increment Au(k), state vector z(k), and on the system out-
put y(k). The optimisation manipulated variables AU are the input increment sequence
{Au(k|k), -, Au(k + N. — 1|k)} over the control horizon N.,.

The optimisation runs at each time step k& and tries to find the ’best’ solution AU that min-
imises J(k) the most and it is feasible with respect to constraints. This is achieved recursively
where each generated solution is tested out by MPC. MPC predicts, using the plant model,
the system response {y(k+1|k), - ,u(k+ Np|k)} against the generated admissible set of the
control input sequence {u(k +1),--- ,u(k + N.)} over the prediction horizon N,. Then, the
corresponding cost function’s value for the generated solution is computed.

The weighting matrices @, R, described in (4-17), are the error tracking weights matrix and
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Figure 4-8: To the right, the predicted marker images over the prediction horizon (e.g. N, =
3 for visualisation purposes). To the left, the plant actual response over multiple time steps
{t,t + 1,t + 2} to the left. (Reproduced) From [11].

the input effort weights matrix, respectively. The setpoint signal r(k) is constant vector along
the prediction horizon where it represents the desired location of the marker’s corner within
the desired field of view and the setpoint for the contact force, respectively.

Figure 4-8, depicts the predicted response over the prediction horizon against the actual plant
response over multiple time steps. The system response is represented with which is repre-
sented by the observed marker features(i.e. the red dots) in the image plane. The marker
appears initially in an arbitrary field of view. Then, evolves with MPC control commands to
the desired field of view that corresponds to error-free of the Gangway tip 3D pose with re-
spect to the target. Correspondingly, Figure 4-9 depicts the closed-loop of the MPC proposed
method.

4-5 MPC parameters tuning

The main difficulty in MPC design lies in the number of parameters and settings that should
be tuned to fulfil the control task requirements. Some of these parameters are often found by
trial-and-error approaches some follows a general rule of thumb and others are merely based
on the MPC designer’s intuition.

4-5-1 Reducing the output variables
As it is described in the derived nonlinear model in (4-13), the output variables are the

readily observed marker’s features and the contact force measurements. The marker is the
Aruco marker, given in Figure 3-7, which has its detected features represented by its centre

Master of Science Thesis M. A. Ranneh



42 Modelling & Control Design

Desired View v Image Plane

‘E’ LS MVs (Manipulated Variables) 'u,(k) y(k) —> E
oty d(k)

MPC Marker
. —>( Contact Force
Desired Force

Bosch Gangway
N

Nonlinear

MDs (Measured Disturbances)

induced motion

Figure 4-9: The nonlinear MPC scheme of for the task of automated docking.

and its four corners. During the design phase of MPC, it was noticed that choosing a set of
three non-collinear points of the target would be beneficial in reducing MPC computational
burden while demonstrating the same level of performance in case all target features are
considered. Thus, the MPC-model output is reduced where only, besides the contact force
measurements, the centre of the marker and its lower corners were considered.

4-5-2 Sampling time

Choosing a large time step T might not be enough to capture the system dynamics and having
a very small time step will increase computational power demands in the MPC scheme. To
select a proper time step value h. A general rule of thumb is to have 4 to 10 samples per rise
time of the step response of the discretised system [54].

The approximation of the low-level closed-loop dynamics of the gangway system Ggg, as
described in (4-8) and (4-10), is the slow part of the derived model dynamics in (4-14).
Additionally, having a vision sensor in the control loop imposes an extra limitation of choosing
a small value for Ts. Camera latency for detecting and tracking the target (i.e. the marker)
can be as low as (20 to 30 ms). Therefore, the time step was chosen as Ts = 0.02 sec according
to Table 4-1.

Table 4-1: Selecting a proper time step

Sampling time T (sec) Number of samples per rise time (-)

0.02 6
0.025 4
0.03 3
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4-5-3 Prediction and control horizons

The prediction horizon N, is basically the length of the time window over which MPC predicts
the plant model response. The higher the value for IV, the more computational power needed
to solve the MPC optimisation problem. Also, a high IV, value leads to less aggressive system
response. Because when prediction horizon N, is large, MPC has more observations on
the system response hence the optimisation problem might find a better solution. However,
increasing N, to certain value no improvement in the overall performance was observed.
Correspondingly, low N, value can reduce the required computational effort however, it leads
the system to behave more aggressively.

Furthermore, high value for the control horizon N, determines the length of the manipulated
variables vector AU along the prediction horizon, which implies N, < N,,.

Increasing the control horizon N, can result in less aggressive control input and more relaxed
with respect to the saturation limit. Also, IV, plays a crucial role in increasing the optimisation
problem complexity, thus, increasing the required computational effort drastically. On the
other hand, setting a low value to N, can reduce the computational effort but might lead to
a more aggressive response.

Based on that, via a trial-and-error approach, N, and N, values were tuned accordingly. More
details about the numerical experiments of this tuning process can be found in Chapter 5.

4-5-4 Input and output weights

The weighting matrix @, described in (4-17), is a diagonal matrix where each item corresponds
to how much emphasis MPC should put on one particular output of the system. For instance,
to enable automated docking in a hierarchical fashion, the control task was categorised into
two main parts; tracking the target (i.e. the offshore platform) and docking into the target.
Hence, more emphasis is put on the centre of the marker because, according to the design
objectives, minimising the error in the image plane of between the desired field of view and
the detected marker’s features results in minimising the relative spatial velocity between the
gangway tip and the target.

Correspondingly, when the docking is enabled the contact between the Gangway tip and the
structure is initiated. Since the exerted force by the Gangway should not exceed certain lim-
its to avoid damaging the structure and maintaining the contract with the offshore platform.
The contact force associated weight is the most important one, see the last item in @ in (4-19)
Furthermore, the weighting matrix R is also a diagonal matrix that penalties the input in-
crement vector Au(k). Let us recall, that u(k) is the control input vector to the system
which represents the Gangway tip velocity in 3D space. High associated value to a particular
input will result in a ’sluggish’ response on the output channels that are associated with that
particular input.

However, setting the associated weight of this particular input to a low value will result in
a more sensitivity on the associated output channel which might potentially affect the ro-
bustness. For instance, while the tip is in contact with the platform it is important to keep
tracking the contact force while tracking the target motion (i.e. compensating the sea-induced
motion). This means if the target moves along the sway axis the telescoping joints should
track this motion while assuring that the exerted force at the tip still with permissible limits.
Moreover, the ratio between the output and input weights /R determines the aggressiveness
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and robustness of the controller performance (e.g. in disturbance rejection) [53].
Accordingly, @ and R values were found via a trial-and-error process based on judging the
corresponding performance of the contact force response (in terms of fluctuation).

0 0
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Recall that, the output vector y(k) in the derived model in (4-15) is the corners, the centre of
the marker, and the contact force response, respectively. Where each marker feature has two
coordinates (i.e. location in the image plane). In Section 4-5-1, however, the output vector is
reduced to 7 channels where only the lower concerns, the centre of the maker, and the force
response were considered in the MPC-embedded model. Thus we see, in the last three items
in the principal diagonal of @), that the weight values were selected to be highest since they
are associated the centre of the marker and the force, respectively.

Note that, the second weight in the R matrix is associated with second input to the system,
namely the Gangway tip velocity along y-axis. Which is translated into a velocity command
for the telescoping joint through the inverse Jacobian matrix, as described in (4-14).

4-6 Perturbations anticipation

As described in the derived model (4-13) and depicted accordingly in Figure 4-7, the sea-
induced motion that acts on the vessel is mapped out to the target reference frame and it is
incorporated within the nonlinear model where it can be regarded as external perturbations
that act on the system.

In Figure 4-9, the MPC block takes in these perturbations, denoted by ’induced motion’ block,
as a measured disturbance signal. The formulation of the MPC problem, described in (4-17)
lets the MPC scheme enjoys the anticipatory property in case the measured disturbance signal
is available for more than one-time instance k along the prediction horizon N,,.

Although, in the simulation environment, it might be 'natural’ to feed the MPC block with
multi-step-ahead of the measured target motion (sea-induced motion) with the available data
set. This is not the case however in reality, where MRU is providing a single reading at each
time step.

In Chapter 2, it is stated that predicting the incoming waves is possible using wave spectra and
historical readings. However, when the vessel reaches the offshore platform the vessel’s bridge
turns on the Dynamic Positioning (DP) system which tries to maintain a fixed distance to
the offshore platform while counteracting the sea-induced motion. This motion compensation
system is not perfect and results in residual motion mainly along the horizontal plane. Thus,
the incoming induced motion is distorted because of the DP system and the radial forces
between the vessel and the offshore platform. Thus, forecasting the incoming waves using
wave-spectra techniques is pointless.
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Accordingly, in this thesis, a data driven approach for forecasting the induced motion is
designed. This multi-step-ahead forecasting scheme is based using historical data of the
MRU measurements.

This is achieved, first, by training a neural network with NARX topology (Nonlinear Auto-
regressive model with Exogenous inputs). Then, the trained NARX function is employed
in the control loop. Where it provides the MPC block with a prediction sequence of the
disturbance variable d(k) along the prediction horizon N,,.

NARX is a multi-layer of feedforward neural network with an architecture of Recurrent Neural
Network (RNN). NARX is a popular technique for estimating the dynamics of a nonlinear
system (i.e. black-box identification) [55]. Where it employs tapped delays of the input
variable to resemble a memory of the system dynamics. For a multi-step-ahead prediction
of a time series, it is recommended to feed the previous output of the neural network as an
input channel [55]. NARX can deliver a good performance for multi-step-ahead prediction in
case of univariate forecasting problem. Where for multivariate problem poor performance is
reported [56].

The sea-induced motion affects the system mainly along the translational axes. Hence, three
variables need to be forecasted. To gain higher performance, three NARX neural networks
were trained separately to perform the prediction for each axis of motion. MPC utilises
these prediction to substitute d(k) values along its prediction horizon N,. Therefore, the
prediction horizon for the induced motion N; should not exceed N,. The design of each
neural network along each axis of motion is identical. Where the input for the neural network
is the MRU velocity readings at time instance k. With each neural network is designed
preforms three-step-ahead prediction. Hence, the supplied disturbance sequence to the MPC
block is {d(k|k),--- ,d(k + 3|k)}, which corresponds to Ny = 4.

A data set of the MRU measurements were used to train these neural networks. The data
set were divided into three batches; 70% for training, 15% for cross-validation, and 15%
for testing. This is a common practice in training the neural network to avoid overfitting
regularisation [55]. The training was performed with MATLAB Deep Learning Toolbox.
The performance metric for training and validation is chosen as Root Mean Square Error
(RMSE) which is a gradient defined function (smooth function), RMSE is given in terms of
the prediction error as

RMSE = %2;;1 (6)2 (4-20)

Each neural network preforms three-step-ahead prediction with three output channels (an
output channel for each prediction step). Figure 4-10 is a MATLAB-generated diagram of
the designed NARX neural network topology. Where the hidden layer utilises 30 neurons
with one input variable x(t) (the forecated variable) and the output feedback vector {y(t +
1),y(t+2),y(t + 3)} (three-step-ahead prediction).

High performance (i.e. low RMSE value) is recorded, when the tapped delays of the forcaseted
input variable z(t) are set to; {x(t),z(t — 1),---,z(t — 10)}. For feedback coming from
the prediction output vector y(t) one tapped delay is chosen, which results in shifting the
prediction vector one step back {y(t),y(t +1),y(t + 2)}. Where t refers to the time instance
of the MRU measurements.

Once the neural network showed a proper performance, the designed neural networks were
validated on another data set to avoid confirmation biased. Figure 4-11 shows the neural
network forecasting error of the sea-induced motion (velocity) along the surge, sway, and
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heave axes. With the corresponding RMSE value along each axis, respectively.

RMSE = [0.0030318 0.010249 0.0066153]

After applying this scheme, a noticeable enhancement in the performance in the contact force

task was observed. Chapter 5 discusses more in-depth the effect of the anticipatory action on
the performance.

Hidden

Figure 4-10: The designed architecture of the employed NARX neural network.
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Figure 4-11: The neural network forecasting error of the sea-induced motion (velocity).
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4-7 Closed-loop stability analysis

The cost function J(k) in the MPC block, described in (4-17) is a quadratic cost function
which has, by implication, a positive value. In [53,57], M. Lazar et al, provide intuitive proof
for the endpoint convergence in the quadratic MPC closed-loop scheme. By assuming, a
Lyapunov cost function that is equivalent to the MPC’s cost function J(k).

We recall, if a function is positive definite and it is a monotonically decreasing function, then,
the cost function is considered to be a Lyapunov function candidate [58].

In Figure 4-12, one can see that the value of cost function, decreases asymptotically over the
experiment time. This may indicate that the cost function is a Lyapunov function candidate
since it is also positive definite by its nature. Consequently, this would have proved global
stability of the closed-loop system in case of the cost function is not a subject to constraints.
Thus, one cannot conclude the global stability but rather the endpoint convergence of the
closed-loop system.

Cost Function Value
18000 T T T T T T T T TA

T

16000 [ .
14000 [ .
12000 .
10000 .
8000 .
6000 .
4000 [ .

2000 [ X16.92 7
Y 0.9358

1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18
Time (seconds)

Figure 4-12: The cost function value.

4-8 Summary and discussion

In conclusion, this chapter answers the research questions regarding incorporating the vision
sensor in a high-level control scheme to enable the automated docking scheme.

After reviewing the current development and the classical approaches in the literature, a
"high-level’ control scheme was proposed. This control scheme is mainly based on the standard
nonlinear MPC as a control strategy.

The novelty in this work lies in deriving a mathematical model of the Gangway system that

Master of Science Thesis M. A. Ranneh



48 Modelling & Control Design

is suitable for the MPC scheme with fulfilling the control task requirements. Moreover, a
neural network with NARX architecture was designed and trained to perform multi-step-
ahead forecasting of the MRU readings. This can enable the anticipatory property within the
MPC scheme which enhances the contact force response.

Overall, it may be said that this method offers a singularity-free solution for a vision-based
control task (i.e. the automated docking problem) while handling system constraints (e.g. the
workspace) and the control objective constraints (i.e. contact force response). However, the
proposed control method is computationally expensive and further research is required, hence,
for now, this is regarded as a major drawback, especially, from the industry perspective.
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Chapter 5

Results

This chapter evaluates the performance of the proposed MPC solution for automating the
docking procedure of Bosch’s Gangway system. The controller is first tested for the nom-
inal case with multiple scenarios (i.e. with and without disturbance anticipation, different
prediction and control horizons N, and N, values). Then, tests are performed against plant
model mismatch. Lastly, the performance is evaluated for a more extreme case in terms of
the amplitude of the sea-induced motion.

5-1 Nominal Case Scenarios

This section discusses the performance of the employed nonlinear MPC scheme in Chapter 4.
These scenarios are evaluated with the nominal plant model (i.e. no model mismatch).

5-1-1 No disturbances case

First, the nominal case scenario evaluates the proposed control scheme performance in case
no disturbances are applied to the system. This means the amplitude of the sea-induced
motion is set to zero. In the real world scenario, this case does not exist. Nevertheless, this
trial is beneficial since it provides the baseline evaluation of the proposed controller in the
simulation environment.

This test was attained in two trials with different initial conditions (i.e. various relative poses
between the Gangway tip and the target). In this project, it is supposed that the initial
conditions of the Gangway are fixed to certain values. In practice, this holds since the vessel’s
bridge has a communication channel with the Gangway system. Hence, coordination between
the vessel’s Dynamic Positioning (DP) system and the Gangway’s joint-level control system is
possible. In the current system, this coordination happens between the vessel’s bridge and the
Gangway’s operator [7]. Accordingly, in order to enable the automated docking, this project
proposes direct coordination between the Gangway joint-level control loop and the vessel’s
bridge such that the target is within the camera field of view once the automated docking is
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initiated.
Therefore, the initial value of the joint displacement vector g, for all the tests in this Chapter
is fixed to the value gy = [qsiew, @, ;> Gtete] = [90°,90°,17m]. The case of no disturbances (i.e.
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Figure 5-1: Here, the target is stationary with a relative position, to the Gangway base, of
Piarger = [0.5,23,1]T in case of (a) and (b), and Piarger = [4,25,2]7 in case of (c) and (d). (a)
and (c) illustrate time-lapse footage of the target (marker) detected features in the field of view
over 20 seconds. (b) and (d) show the corresponding tracking error of the target features in the
2D image plane.

no induced motion) means that the target is stationary with respect to the Gangway base.
The first set of initial conditions, denoted by g in Figure 5-2, is the target pose Pigrget, as
described in (4-14), in 3D space with respect to the Gangway base reference frame is set to
Piarget = [0.5,23, 1]T. Figure 5-1a, shows time-lapse footage of the target (marker) detected
features in the field of view. We recall that in the proposed control scheme the camera is
placed on the Gangway tip, see Figure 3-10. Consequently, we can see, in Figure 5-1a that
in the initial field of view, the target (red dashed-square) appears in a ’small’ size. This size
corresponds to the distance between the target and the camera optical axis, see Figure 3-3 in
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Contact force along Sway axis
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Figure 5-2: The corresponding contact force response of the first and the second initial conditions
set denoted by xgg and xg1, respectively.

Section 3-3.

In the MPC scheme, higher weight is put on the centre of the marker than the corners
associated weights, as described in Section 4-5. The MPC scheme considers a higher priority
to the task of tracking the marker centre. Hence, MPC aims to align the marker in the
centre of the desired field of view, by manipulating the rotational joints of the Gangway.
Once the marker centre reaches the desired location in the image plane, MPC manipulates
the telescoping joint which has the zoom-in effect on the field of view since the camera is
attached to the tip. Moreover, the desired field of view represents the constant setpoint
signal r(k) and it is chosen such that the 3D displacement error between the tip and the
target is zero (i.e. the case of docking).

The corresponding tracking error of the target features in the image plane is shown in Figure
5-1b.

The second set of initial conditions, denoted by zg; in Figure 5-2, the target pose Pigrget in
3D space with respect to the Gangway base reference frame is set to Pigrger = (2,25, 2]7. In
this case, the initial target location is even more distant than in the first case. Hence, the
marker appears even smaller in the initial field of view, see Figure 5-1c. The corresponding
tracking error of the target features in the image plane is shown in Figure 5-1d.
Correspondingly, the contact force response for both the first and the second set of the initial
conditions is depicted in Figure 5-2. Notice that, in the second set, the target is more distant
to the Gangway tip. Therefore, the automated docking task takes more time than in the first
case. as shown in Table 2-2; to guarantee a connection between the Gangway tip and the
offshore platform, and to avoid damaging the structure, the contact force response should be
between (4000-8000 N). Therefore, the force setpoint is chosen in the middle of the allowed
range as (6000 N) to safeguard against response fluctuations.
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5-1-2 Adding disturbances

After demonstrating the baseline performance of the proposed control, we need to test the
performance in the case of induced motion which better represents the real-world scenario.
As Section 4-3-4 states, it is expected that providing the MPC with the induced motion
measurements as a measured disturbance channel is essential to achieve the control task of
contact force regulation. This is demonstrated and confirmed indeed in this trial, see Figure
5-3.

Figure 5-3a illustrates time-lapse footage of the target (marker) detected features in the field of
view over 25 seconds. Where the target 3D displacement is shown in Figure 5-3d. The target
motion is caused by the sea-induced motion. However, this induced motion was not provided
to MPC. Therefore, the target poorly tracked to the desired field of view and control force
requirements is not fulfilled, as shown in Figure 5-1c. Notice that, in Figure 5-3b, during the
first five seconds the performance of the tracking control is similar to the case of a stationary
target. This is mainly due to the perspective projection effect along the optical axis. Where
the motion of a distant object from the camera results in a much smaller deviation in the
image plane.

Thus, based on the results of the previous test, the induced motion measurements are provided
to MPC as a measured disturbances channel d(k), as described in (4-17) Where every time
instant k£, the MRU readings is provided to MPC. However, MPC predicts the system response
over the prediction horizon window. Thus, the provided value for d(k) is held constant in the
predicted model along the prediction horizon and only updated in the next time step with a
new MRU reading.

Figure 5-4a shows the contact force response when the sea-induced motion is present in the
system and provided accordingly to MPC via MRU readings at each time instance. The force
response is fluctuating, however, within the allowed range. Correspondingly, in Figure 5-4b
the tracking error in the image plane is shown. Hence, by comparing the system responses in
Figure 5-3 and 5-4, we can say that providing the MPC with the MRU readings is crucial to
obtain the control task requirements while tracking the target motion.

5-1-3 Disturbance anticipation

As stated in Chapter 4, enabling the disturbance anticipatory action in the MPC scheme
should enhance the overall preference. Accordingly, a neural network with NARX topology
was designed and trained for the purpose of anticipating ahead the induced motion.

Indeed as expected, by supplying MPC with the induced motion predictions, MPC force
response is improved. Figure 5-5 shows the contact force response in case of no disturbance
anticipation, disturbance anticipation with the induced motion data set provided by Bosch,
and the force response with the trained neural network. Clearly, in case of anticipating ahead
the induced motion, the fluctuation in the force response is attenuated compared to the case
of no anticipation. Moreover, the force response using the neural network is similar to the
force response using the data set. However, these two responses are not identical due to the
prediction error in the neural network as seen in Figure 4-11.
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This set of figures corresponds to the case where the induced motion is present

on the system, however, MPC has no access to these data. Correspondingly, MPC shows poor
performance in tracking the setpoints. Therefore, the target visual information coming for the
camera is not enough and MRU readings are needed. (a) and (b) illustrate time-lapse footage of
the target (marker) detected features in the field of view over 25 seconds and the corresponding

tracking error, respectively.
depicted in (c) and (d), respectively.
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The corresponding contact force response and the target pose is
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This figures corresponds to the case where the induced motion is present on the
system and provided accordingly to MPC at each time step (instant feedback). The contact force
response for this case is shown in (a). The corresponding target’s features tracking error is shown
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Figure 5-5: The contact force response in case of; no disturbance anticipation (nominal case),
disturbance anticipation with the induced motion data set, and disturbance anticipation with the
trained neural network.
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5-2 Selecting prediction & control horizons values

One of the challenging points in implementing an MPC scheme is the degrees of freedom
MPC has in terms of the tuning knobs (e.g. prediction and control horizons, input and
output weights).

In this project, the selection of the MPC parameters is based on an iterative process of trial-
and-error and general guidelines for MPC tuning in [54, 59].

Thus, several trials were performed to evaluate the proposed MPC scheme against different
prediction and control horizons N, and N, respectively. The results of these trials indicate
the impact of increasing/decreasing NN, N, values on the overall performance.

Choosing values for these parameters affects not only the controller performance but also the
computational complexity of the MPC algorithm which solves an online optimisation problem
at each time step.

In the work of Garriga and Soroush [54], a literature review is presented over the techniques
and the general guidelines for tuning MPC parameters. A general rule of thumb is to set the
prediction horizon as (Tset < NpTs). Where Ty is the chosen sampling time, and Tse; is the
settling time of the open-loop step response. Recall that, the low-level plant dynamics G(s),
described in (4-8), is the slow dominant part of the Gangway system dynamics. The settling
time of a second order system can be given as, [60],

4
Toet = — = 0.065
Cwn

Thus, in this set of trials the initial value for

=5 <N,

The control horizon is the set of future admissible control actions leading to this predicted
plant output. Usually, the control horizon is set as N. < N,. Where the rest of the inputs
are held constant along the prediction horizon.

For this set of trials, MPC shows nearly identical performance in tracking the target in the
image plane while differing in the calculation time. However, the impact of choosing different
values for N, N, can be significantly observed in the contact force response.

Figure 5-6, depicts the contact force response for different values of N,,, N.. The corresponding
target pose for this set of trials is depicted in Figure 5-7. Figure 5-6a, evaluates the contact
force response for different N, values and a constant N, value. Note, the scale of the vertical
axis is enlarged compared to the one depicted in Figure 5-6b. When choosing a proper value
N, (i.e. N. = 3) the performance gain of the different N, values is insignificant. Whereas,
N, value has higher impact on the force response, see Figure 5-6b. Setting a small value
for N, (i.e. N, = 1) leads MPC to perform worse against incoming disturbances. Thus, we
see a fluctuation in the force response when N. = 1,2. However, the impact on the force
response of choosing any value of N. > 3 is insignificant and only increases the optimisation
problem complexity. In this set of trials, the disturbance anticipatory property in the MPC
was enabled using the provided data set.
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Figure 5-6: The contact force response for different N,, values (a), and different N, values (b).
Note, the scale of the vertical axis is enlarged in (a) compared to the one depicted in (b).
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Figure 5-7: The corresponding target pose.

5-3 Model mismatch tests

The previous test scenarios were performed to evaluate the proposed control method in terms
of fulfilling the control task objectives. Likewise, in this section, the robustness of the proposed
MPC scheme is evaluated through a set of trials that involves a model mismatch between the
MPC embedded model and the plant model. In this set of trials, the disturbance anticipatory
property in the MPC was enabled using the provided data set. The prediction horizon was
set to N, = 8, and different control horizon values were test N, = 2, 3.
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5-3-1 Output parameters mismatch

The measurement system of the proposed control scheme employs a monocular camera and
a force sensor at the tip. The output of these sensors might vary compared to the MPC
embedded model. This variation is caused by operating conditions such as vibrations, fatigue,
and sensor misalignment.

e Bumper stiffness mismatch test
The rubber bumper at the tip has a linear stiffness coefficient estimated by Bosch around
the operating window. However, fatigue and other operating conditions may cause a
variation in the stiffness coefficient Kj, introduced in (4-10), of the rubber bumper
which leads to a variation in the contact force response.
Accordingly, a set of trials were run to evaluate the impact of the stiffness coefficient
variation on the contact force response. As part of the iterative tuning processes, these
trials were performed for different control horizon N. values. Figure 5-8 depicts the
corresponding contact force response when the stiffness coefficient K} has a mismatch
of £%5 from the nominal model. This trial was performed for N, = 2,3, as part of the
iterative tuning process of MPC, and beyond these values for N, no gain in performance
was observed.
Clearly, the impact of the stiffness mismatch on the force responses is linear and pro-
portional to the mismatch percentage. When N, = 3 MPC yields better disturbance
rejection. Where the fluctuation in the force response, caused by the target motion, is
attenuated.

e« Camera misalignment test

As Chapter 3 concludes, the camera is attached nearly at the tip of the Gangway. Often,
in vision-based robotic manipulation tasks, a precise calibration between the camera and
the robot end-effector is needed to eliminate the error in the target pose estimation.
However, in the proposed control scheme the target is detected and tracked within the
2D image plane. Thus, the relative pose estimation problem is solved implicitly by
matching the target image with the desired field of view. This concept is enabled in
the scheme of Image-Based Visual Seroving (IBVS), as stated in Section 4-1. As a
consequence, IBVS schemes enjoy robustness properties against the camera calibration
error [8,47]. The proposed control scheme also tracks the target in the 2D image plane.
Hence, correspondingly, the proposed scheme is expected to be pron against camera
calibration error. This is demonstrated and confirmed indeed in this trial, see Figure
5-9.

In this trial, the camera position is misaligned by +10 cm on along the principal axes.
Figure 5-9 shows a time-lapse over 50 seconds of the target in the image plane and
the corresponding features tracking error in 5-9a and 5-9b, respectively. Notice, even
a small misalignment (i.e. £10 cm) in placing the camera at the tip can lead to big
shift for the final marker location in the field of view. This is caused by the perspective
projection in the employed vision sensor.

On the other hand, in this trial, the contact force response followed the force setpoint
without any offset, see Figure 5-9c. This is mainly due to the way the output weights
matrix () was constructed in MPC. As stated in Section 4-5, a higher weight value
is chosen to put more emphasis on the force output channel since it is more vital for
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maintaining the contact with the target. Moreover, the corresponding error along the
principal axes between the Gangway tip and the target is depicted in Figure 5-9d.

Contact force along Sway axis
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Figure 5-8: The corresponding contact force response for different N, values in case of stiffness
coefficient K} mismatch.

5-3-2 Plant dynamics mismatch

In this thesis, the derived model parameters of the Gangway system was provided by Bosch
according to their design (e.g. the Gangway geometrical dimensions). Bosch also provided an
approximation of the closed-loop dynamics of each controlled joint in the Gangway system.
However, this approximation is based on their intuition of their system performance (the
numerical experiments may be carried in future work). Hence, testing the proposed scheme
with this approximation mismatch is an interesting case scenario. The approximation of the
low-level closed-loop equivalent system is a second-order transfer function with a bandwidth
of w, = 6 Hz, as described in (4-9). An interesting test scenario is to evaluate the performance
of the proposed MPC in case of plant dynamics mismatch.

Figure 5-10 depicts the contact force response for different dynamics mismatch cases.

As stated in Section 4-3-4, MPC can incorporate in its scheme the different constraints the
system is subject to. However, setting all the system constraints are set as hard constraints
may lead the optimisation solver to an unfeasible solution. Accordingly, the system input
associated constraints are set as hard constraints (i.e. to avoid introducing instability) and
the output constraint are relaxed into soft constraints by introducing a slack variable € > 0.
Where introducing soft constraints is a common practice in MPC design to avoid unfeasible
solutions [53, 54].

Notice that, in Figure 5-10, the force constraints are violated in the case of the plant dynamics
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Figure 5-9: (a) and (b) illustrate time-lapse footage of the target (marker) detected features
in the field of view over 50 seconds and the corresponding tracking error, respectively. The
corresponding contact force response for different N, values and the error between the tip and
the target is depicted in (c) and (d), respectively.

mismatch. However, the performance in the case of w, = 6.5 is acceptable since it is nearly
within the contact force boundaries (i.e. 4000 to 8000 N).

5-4 Extreme disturbances

Essentially, the target motion is solely the sea-induced motion mapped into the target relative
position to the Gangway. The sea-induced motion is a sinusoidal-based motion that varies
in the period and amplitude. Thus, in order to guarantee the performance consistency of
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Figure 5-10: The contact force response in case of plant dynamics mismatch.

the proposed control scheme in tracking the target motion, this set of trials is performed. In
this set of trials, the disturbance anticipatory property in the MPC was enabled using the
provided data set. The prediction horizon was set to IV, = 8, and different control horizon
values were test N, = 3.

This test is performed for different sea-induced motion conditions, the target pose depicted
in Figure 5-7 is considered the nominal case scenario. The induced motion act as a velocity
source for the target motion. In Figure 5-11, the second and the third trials employ the
same data set of the induced motion amplified by a factor of %150 and %200, receptively.
Additionally, the performance is evaluated for a different batch of the induced motion data
set.

Figure 5-12, depicts the corresponding contact force response of the aforementioned scenarios.
The force response for the nominal case and the fourth case (the different data set case) is
nearly identical. However, for the third case, the upper bound (8000 N) for the force response
in MPC is violated. Note, this is an extreme case scenario and to ensure the feasibility of
the optimisation problem solution the upper bound is this trial was constructed as a soft
constraint which allows a near-boundary solution.

5-5 Summary

The performance of the proposed MPC solution for automating the docking procedure is
evaluated in this chapter. The controller is first tested for the nominal case with multiple sce-
narios. Then, tests are preformed against the plant model mismatch. Lastly, the performance
is evaluated for a more extreme case in terms of the amplitude of the sea-induced motion.
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In Section 2-6, the control task requirements for the automated docking are defined. Based on
the empirical analysis in this chapter, all the control requirements are fulfilled for the nominal
case scenarios and in case of output model mismatch.
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Chapter 6

Conclusions and Recommendations

The research objective of this thesis is to develop an automated docking scheme for the gang-
way system of Bosch. The main purpose is eliminating the operator from the control loop to
enhance the safety and efficiency of the system.

According to Bosch, in the current system, the operator relies on his visual perception and
vestibular senses to steer the Gangway actuators while the motion of the tip is automati-
cally compensated. Inspired by how the operator estimates the relative motion between the
Gangway and the target (i.e. the offshore platform). In Chapter 3, a measurement system
is proposed to measure this relative motion. This measurement system comprises a vision
sensor, force tip measurements, and Motion Reference Unit (MRU).

The automated docking scheme in this thesis is developed around a nonlinear MPC scheme.
The nonlinear MPC employs a nonlinear mathematical model of the Gangway system with
the proposed measurement system. This mathematical model is derived for the purpose of
simulation and control design. This model embeds an approximation, provided by Bosch, of
the joint-level control loop of the Gangway system. Additionally, this model comprises the
open-chain kinematic model of the Gangway system and a perspective projection model of
the vision sensor.

In this thesis, the proposed control scheme detects and tracks the target in the 2D image
plane. Therefore, the control scheme is prone to camera calibrations error. Contrarily to
Image-Based Visual Servoing (IBVS) approaches, this proposed scheme enjoys a singularity-
free solution in terms of the singularities that are based on image mapping and workspace
limitations. Thanks to the employed pinhole camera model and the MPC capability in han-
dling various constraints. Additionally, in Chapter 3, a linear Kalman filter is designed to
predict the target position in the image plane in case of a sudden invisibility of the target
occurs (i.e. cluttering, outside the field of view). This can safeguard against visual measure-
ments discontinuity which might be problematic from a control perspective.

To gain higher performance, the disturbance anticipatory property in MPC is enabled by
forecasting the sea-induced motion. Where a neural network with the NARX topology was
designed and trained to acquire a multi-step-ahead prediction model of the induced motion.
In terms of the efficiency, the proposed automated docking scheme performs the docking in 4
to 10 seconds (based on the initial conditions and sea state). Whereas the time it takes the
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operator to perform the docking is up to 3 minutes which depends on his/her experience [7].
In Section 2-6, the control task requirements for the automated docking are defined. Based
on the empirical analysis in Chapter 5, all the control requirements for the nominal case
scenarios are fulfilled. Also, more extreme scenarios are performed to evaluates the overall
performance under plant model mismatch and against various sea-induced motion conditions.
Overall, in this thesis, the research questions defined in section 1-3, are addressed and an-
swered correspondingly.

Lastly, the work of this thesis is considered as a proof of concept for employing a visions
sensor and an MPC scheme to solve the problem of automated docking.

6-1 Future work

The proposed automated docking scheme shows good performance and fulfils the control
task requirements. However, there is still a room for improvements and further research.
In order to implement the proposed scheme in practice numerous aspects should be further
investigated:

o It was assumed that, for the sake of simplicity; no deformations occur in both the
vertical and torsional axes of the Gangway. However, according to Bosch, deformations
might occur with an observed effect at the tip. One scheme can be proposed is a
multi-camera scheme. Where one camera is attached at the tip and another camera
is attached on top of the Gangway base with both cameras observe the same target.
Similar to the proposed control scheme, the target can be tracked in both camera’s
field of view, to counteract for tip deformations. This scheme refers to in literature as
eye-in-hand /eye-to-hand visual servoing, as presented in [61].

e In Section 1-4, the relative motion hypothesis is made. Where it is assumed that the
sea-induced motion that acts on the vessel causes the target (i.e. offshore platform) to
move instead. This assumption is made so the Gangway kinematics and dynamics are
described in an inertial frame. This hypothesis is yet to be tested by implanting the
proposed control scheme on the real system or on a scaled version.

e The employed nonlinear MPC is computationally demanding. While the real-time im-
plementation requirement is out of scope in this thesis. The calculation time for each
time step of the control loop takes between 0.05 to 0.3 seconds. This time depends
on the optimisation problem complexity (i.e. length of N, and N., sampling time 7).
With a sampling time of Ty = 0.02 seconds, the proposed MPC scheme becomes unfea-
sible to be implemented on the real system. One solution may be proposed is the fast
nonlinear MPC scheme in the work of Schindele and Ascheman in [62].
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List of Acronyms

Gangway Bosch’s gangway

DoF Degree of Freedom

MCG Motion Compensated Gangway
PLC Programmable Logic Controller
HNC Hydraulics-capable Numerical Control
RAO Response Amplitude Operators
DP Dynamic Positioning

MPC Model Predictive Control
MRU Motion Reference Unite

IMU Inertial Measurement Unit
PBVS Pose-Based Visual Seroving
IBVS Image-Based Visual Seroving
VPC Visual Predictive Control

IMC Internal Model Control

LQR Linear Quadratic Regulator
RNN Recurrent Neural Network

RMSE Root Mean Square Error
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