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Abstract
Real-Time Hybrid Model testing is an extension to classical hydrodynamic model
scale testing, where a marine system under consideration is partitioned into physical and numerical substructures that are interconnected in real-time through a
control system. The method is a possible solution for mitigating scaling challenges
in hydrodynamic model scale testing of systems where infrastructure limitations
or multi-physical phenomena render classical model scaling methods infeasible.
In this thesis, a general method for designing real-time hybrid model testing
with ocean structures is proposed. A case study based on a moored floating cylinder
buoy where model scale testing is constrained by the spatial extent of the mooring
system is used to demonstrate the method. Proposed methods for system identification, substructuring and testing are first applied to the case study, leading up to
a substructuring scheme with a physical representation of the cylinder buoy and a
numerical representation of the mooring system.
A control system for interconnecting the physical cylinder with the numerically
simulated slender mooring lines are developed and implemented on a physical realtime hardware. The entire system is subsequently installed and tested in a still
water basin.
Verification studies demonstrates that it is possible to connect the 2D horizontal mooring loads from a nonlinear Finite Element simulation of a mooring system
to a scaled model representation of the floating structure. However, it is found that
complex numerical models such as FE-models might not be feasible for running
faster than real-time simulations on standard PC hardware for dynamic systems
such as the case study. The feasibility of using lower complexity numerical models for numerical substructure simulation is therefore evaluated through studies
performed with three different numerical models.
A physical comparison study is performed by constructing a fully physical system with simplified and idealized mooring systems, and an equivalent hybrid test
setup where the mooring was simulated numerically. Outputs obtained from these
setups are compared to evaluate the performance of the hybrid system against that
of the physical system. However, a full validation of the hybrid setup is difficult
due to the challenge in constructing the physical idealized mooring system. The
hybrid system is able to reproduce the dynamics of the physical system with acceptable accuracy, although errors introduced to the system due to artefacts such
as time delays, actuation dynamics and measurement errors do have an impact on
the results.
In summary, the proposed method proves to be a useful tool for systematii

Abstract
cally approaching the challenges of setting up and performing real-time hybrid
model testing on marine systems. The case study presented in this thesis identifies
artefacts and errors that are important to account for when using hybrid testing
methods, and demonstrates how such methods may be used to replace the traditional passive truncation methods used in physical model scale testing of slender
marine systems.
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Chapter 1

Introduction
Real-Time Hybrid Model testing is an extension to classical hydrodynamic model
scale testing, where a marine system under consideration is partitioned into physical and numerical substructures that are interconnected in real-time through a
control system. The method is a possible solution for mitigating scaling challenges
in hydrodynamic model scale testing of systems where infrastructure limitations
or multi-physical phenomena render classical model scaling methods infeasible. In
this thesis, a method for performing Real-Time Hybrid Model testing with ocean
structures is proposed and demonstrated through a case study on slender marine
systems.
Organisation of this Chapter: The chapter is organised as follows: The motivation and background for developing ReaTHM testing for ocean structures
is presented in Section 1.1. The research objectives of the thesis and the main
research methods used in the study are stated in Section 1.2, while a list of
the scientific publications that have emerged from the thesis work is presented
in Section 1.3. Finally, an outline of the thesis and its scientific contributions
are presented in Section 1.4.

1.1

Motivation and Background

Since the dawn of human civilisation, the ocean has been an important source for
food and a pathway for transportation. In modern history the oceans have also
become an important source of energy both through the extraction of consumable
energy carriers by the offshore oil and gas industry and more recently through
industries aimed at renewable energy production such as wind power, tidal power
and wave power. In total, the ocean industries accounted for more than 1.5 trillion
USD added value in 2010, a number that is expected to grow to 3 trillion USD
in 2030 [2]. This prognosis is based on that the utilisation of ocean resources will
be a key element in serving the increasing demands for food and energy that will
accompany the present growth in the world population.

3
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Figure 1.1: Deep sea exploration, oil and gas, exposed aquaculture and offshore
wind operating in a shared ocean space utilization. (Copyright: Bjarne Stensberg,
NTNU AMOS)

It is expected that a more sustainable and efficient future utilization of the
ocean space depends on a greater symbiosis between the industries, enabling competing activities (e.g. fisheries, aquaculture, energy and maritime usage) to exploit
the same space in a greater extent (Figure 1.1). This will require technological
development and innovation to solve the many challenges faced in ocean space
utilization.
Three of the most important industrial segments contributing to the oceanbased economy are based on establishing (semi-) permanent structures, and as
such share some challenges:
Sea-based aquaculture has been proposed as one of the potential solutions to
meet the increasing demand for food. In contrast with wild fish resources that
are generally considered fully exploited or overexploited, aquaculture production is expected to increase in the coming decades and has been projected to
constitute 62% of the total seafood production in 2030 [3]. The Norwegian
aquaculture industry is currently a major contributor to the global marine
aquaculture finfish production, with a production in 2016 of 1.3 million tonnes
of fish with a net value of 7.6 billion USD [4], and is expected to experience
a continuing growth towards 2050 [5]. Norwegian aquaculture fish production is primarily conducted in floating gravity based and flexible net cages,
4
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typically located in sheltered near shore locations. Due to the recent growth
of the industry and area conflicts with other industries, the availability of
sheltered locations suitable for further expansion is limited. The industry
therefore looks towards utilizing more exposed and even offshore deep water
locations, which will entail that fish farm structures are subjected to increased
environmental loading from waves, wind and current [6].
Offshore oil and gas exhibit similar trends where the depletion of more easily
accessible resources close to shore has led to explorations being performed at
increasing water depths. Recent examples of this are the confirmed findings by
Equinor and ExxonMobil of gas resources on water depths exceeding 2500m
off the coast of Tanzania [7], and deep water oil explorations off the coast of
Brazil [8]. Floating structures such as semi subs and vessels have been and
are still used in the exploration and development of these fields, and are faced
with challenges in station keeping due to the wave and current conditions at
these sites.
The offshore wind power is an expanding industry, with 3000 MW installed in
2017 and a total capacity of 16000 MW in Europe alone [9]. This expansion
is also reflected in the recent development in the scale of individual parks:
while the largest installed park in 2000 was placed at 5-8 m water depth and
delivered 40 MW [10], wind farms installed at 40-50 m depth and delivering
600-1000 MW are currently being planned [9]. Similarly to aquaculture and oil
and gas, this industry is presently moving towards deep water applications, as
lucrative shallow water locations with good wind conditions available for wind
farms are limited, primarily due to competing claims from other industries
such as tourism.
Designing ocean structures for use in deeper-water, harsher environments and
more exposed locations than before leads to increased engineering challenges in
guaranteeing safety, and optimizing the cost/performance of these increasingly
larger and more complex systems. Hydrodynamic model scale testing, where physical down-scaled models are tested in laboratory facilities, have for decades been
used in hydrodynamic analysis, and remain the preferred method for de-risking
the ocean structure designs. The geometry of the system under interest is then
scaled with a chosen scale ratio, while the dynamics are scaled accordingly using
similitude laws such as Froude scaling for gravity dominated regimes and Reynolds
scaling for viscous dominated regimes. This method is especially well suited for
studying complex hydrodynamic effects such as slamming, wave-current interaction and green-water on deck, and for verifying the global structural performance
and long term statistics (Figure 1.2). However, with increasing installation depth
and system complexity, hydrodynamic model scale testing will eventually encounter
challenges and limitations. A prominent example of this is Scaling law incompatibilities that may arise when planning to scale systems that are simultaneously
affected by several physical phenomena that are founded in different physical laws.
This can e.g. occur when studying offshore wind turbines, as gravity dominated
waves can induce motions on the rotor-blades that disturb the viscous dominated
wind flow through aeroelastic effects. Correct representation of both the Froude
5
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Figure 1.2: Hydrodynamic model scale testing of floating platform with plunging
wave impact. [Source: SINTEF Ocean]

scaled wave field and the Reynolds scaled wind field is then not possible in model
scale tests.
Model scale representations of floating structures can also be restrained by
infrastructure limitations, when the considered system does not fit in existing laboratory basins if using typical scaling ratios for ocean structures (Figure 1.3a).
If this is countered by further increasing scaling ratios, ill-conditioning of certain
properties could arise for physical phenomena or structural components with very
large differences in spatial or temporal resolutions (Figure 1.3b).
Although numerical simulation methods and the hardware for running such simulations have improved drastically over the past decades, most simulation models
are still insufficient in describing the complex free surface hydrodynamics. Common
solvers based on potential flow theory fail to capture viscous flow effects such as
skin friction, flow separation and parasitic effects. Computational Fluid Dynamics
(CFD) solvers are becoming increasingly popular for flow simulations and operate by numerically solving the Navier-Stokes equations which fully captures the
viscous, gravitational and inertia effects of the flow. However, CFD simulations
are complex to set up, and associated with very high computational costs, rendering this approach impractical for obtaining long term statistics, given the present
technological limitations. Besides, any software code including parametrisation in
terms of coefficients need to be verified, where model scale testing is again heavily
used.
These challenges have led to the proposal of using real-time hybrid test methods
in the design validation of ocean structures. The denomination Real-Time Hybrid
Model Testing (ReaTHM testing 1 ) is used to specify the use of hybrid testing
1 ReaTHM R is
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Figure 1.4: The physical and numerical substructures are coupled in real-time
through a control system, to simulate the coupled dynamics of the emulated system.

within the hydrodynamic model scale testing field. In ReaTHM testing, the system
under consideration (emulated system) is partitioned into physical and numerical
substructures. The partitioning or substructuring is performed such that complex
components or phenomena that are difficult to model mathematically are kept in
the physical sub-domain, while other components e.g. with a large spatial extent,
are treated in the numerical sub-domain. The physical and numerical substructures
are then interconnected in real-time using a control system interface (Figure 1.4).
Hybrid test methods were originally developed within the field of civil engineering, particularly for earthquake design analysis of buildings and other structures.
First developments were realised as pseudo-dynamic testing setups, where physical
and numerical models are interconnected in a non real-time environment [11], while
Real-Time Hybrid Testing (RTHT) was developed as an extension to this [12–14].
The method was developed to analyse systems consisting of physical models of
highly nonlinear and rate dependent components connected to linear structural
Finite Element (FE) analyses, and has been extensively studied and applied to
specific studies within the seismic civil engineering community [15]. Fundamental questions such as stability, interface connection and numerical substructuring
have been addressed [16, 17], as has the effect of and compensation for time delays
[18–20]. Parallel developments have been made in the Aerospace and Automotive
engineering communities through Hardware-in-the-Loop (HiL) testing of control
systems on physical hardware and Model-in-the-Loop (MiL) testing of structural
components [21].
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ReaTHM testing of ocean structures was first suggested as a tool for overcoming
ocean basin infrastructure limitations when testing deep water applications [22–
24]. The part of the mooring system that could not be represented physically, and
hence had to be truncated (i.e. geometrically divided into substructures), would
then be modelled numerically and attached to the physical system through sensors
and actuators. However, these studies were only realised as desktop experiments,
as the technology was not sufficiently mature for full implementation due to e.g.
limited computational power and actuator technology.
More recent applications of hybrid testing in marine environments have continued the work on applications related to mooring systems [25], but also include using
such methods in experiments on offshore wind turbines [26–29]. One of the main
challenges for model scale tests of offshore wind turbines is a disparity in scaling
regimes, as wave-related loads and responses should be Froude scaled, while windrelated responses should be scaled using Reynolds scaling. With ReaTHM testing
it is possible to mitigate this challenge by computing the wind loads numerically
[30], and actuate them onto the physical system by using the measured platform
motions and and rotor dynamics. This has been studied in 5 Degree Of Freedom
(DOF) [27, 28] and in 1 DOF [31, 32].

1.2

Research Questions and Methods

The scope of this thesis is the design and development of ReaTHM testing for studying large scale slender marine systems. In doing so, a general method for designing
ReaTHM test setups for ocean structures is proposed. The research questions of
the thesis may then be formulated as:
1. Can the design process for ReaTHM testing of ocean structures be formalized
through a general design method?
2. How do state-of-the-art numerical models of slender marine systems perform
under the real-time constraints of ReaTHM testing experiments?
3. How does the performance and results of ReaTHM testing compare to those
of conventional hydrodynamic model scale testing?
The research methods used in this thesis spans over several fields as the field
of hybrid testing is inherently interdisciplinary. Numerical simulation techniques
are used to develop the numerical substructures, using state-of-the-art solvers for
simulating slender marine systems. Physical substructures are realised through
experimental model scale testing performed in laboratory facilities at SINTEF
Ocean and in the Marine Cybernetics Laboratory (MC Lab) at NTNU. Finally,
key principles and methods from control engineering, including feedback control,
kinematic observers and prediction were important tools when designing the control
system interconnecting the two subsystems.
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1.4

Thesis Organisation and Scientific Contributions

This thesis consists of two parts featuring a total of eight chapters presenting
the primary work and contribution, and four appendices containing relevant background information and additional results from the work. Part one gives a general
introduction to ReaTHM testing and proposes a general method for designing
ReaTHM test setups for ocean structures. Part two applies the proposed method
to a case study implementation towards slender marine systems. The outline and
individual scientific contributions of the thesis chapters are as follows:

Part I - Fundamental Theory and Real-Time Hybrid Model
Testing
Chapter 1 - Introduction
Topic: This chapter presents the motivation and background for developing ReaTHM
testing. The research questions of the thesis, and the methods used to address these, are presented along with the organization and contributions of
the thesis.
Chapter 2 - Preliminary Foundation for Real-Time Hybrid Model
Testing
Topic: This chapter sets the scene for understanding the methods used in developing ReaTHM testing, and thus includes the most relevant background
material and theory for these. The modelling and representation of ocean
structures is presented first, followed by a discussion on the general scaling
theorems and state-of-the-art in hydrodynamic model scale testing. Finally,
the general aspects of hybrid test methods are discussed.
Chapter 3 - Method for Real-Time Hybrid Model Testing of Ocean
Structures
Topic: In this chapter, background theories and experience from experimental
testing are used to propose a general method for performing Real-Time Hybrid Model testing of ocean structures. The method proposes seven design
steps intended as a guide for how system identification, susbstructuring, and
control system design and verification may be done such that the risk of errors
and cost of implementation is minimised.
Contributions: The scientific contribution of this chapter is the general method
for performing ReaTHM testing of ocean structures.

Part II - Case Study on Slender Marine System
Chapter 4 - System Specification: A Moored Floating System
Topic: In this chapter, a case study is defined for implementation and evaluation
of the method proposed in Chapter 3. The emulated system, a cylinder buoy
11
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moored with long slender mooring lines, is presented along with its main
physical parameters and characteristics.
Chapter 5 - System Identification and Substructuring
Topic: This chapter presents the application of steps 1-5 of the general design
method from Chapter 3 to the case study presented in Chapter 4. System
identification is performed on the emulated system to find the most important dynamic characteristics and identify eventual ill-conditioning that would
arise in a purely physical model scale representation. A substructuring and
control strategy is defined for coupling the two systems in real-time, along
with system requirements to ensure the desired fidelity in ReaTHM testing.
Contributions: The scientific contribution of this chapter is the demonstration
of how steps 1-5 of the proposed design method may be applied to a specific
case study.
Chapter 6 - Control System Design and Experimental Implementation
Topic: In this chapter, step six from the design method is applied to the case
study. The design and implementation of the control system, and the design process of deriving the individual control system components is presented, along with the implementation procedure for the full coupled physicalnumerical system.
Contributions: The scientific contribution of this chapter is the first ever design
and implementation of a real-time control system for coupling a physical hydrodynamic model scale test with a full nonlinear numerical FEM simulation
of a slender marine system.
Chapter 7 - Verification Tests and Experimental Results
Topic: In this chapter, step seven from the design method is applied to the case
study, including experimental test results and verification tests.
Contributions: The scientific contribution of this chapter is the demonstration
and verification results from the implementation of the ReaTHM testing setup
to model slender marine systems in model scale experiments.
Chapter 8 - Conclusions and Further Work
This chapter presents discussions and concluding remarks on the findings in the
research study, in addition to suggestions for further work within research on
ReaTHM testing.
Appendix A - Control System Design
Details on the control system components and implementation are presented.
12
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Appendix B - Numerical Models
Input parameters and background on the numerical models used in the study.
Appendix C - Experimental Setup
Experimental implementations of the ReaTHM test setup are presented for three
experimental studies performed at different laboratory facilities.
Appendix D - Experimental Results
Results from experimental studies with different keel geometries on the physical
substructure and additional results from the physical comparison study.
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Chapter 2

Preliminary Foundation for
Real-Time Hybrid Model Testing
In this chapter, the fundamental theory and background used in the development
of ReaTHM testing for ocean structures is presented. ReaTHM testing serves as a
fusion between hydrodynamic model scale testing and numerical simulations. As
this method has only been tested practically in a limited set of studies, relevant
background theory in the literature is sparse. The preliminaries for this thesis are
therefore based on fundamental hydrodynamic considerations and classification of
marine structures, general scaling methods in hydrodynamic model scale testing,
essential mathematical modelling of marine structures and relevant background
theory from real-time hybrid testing within other engineering fields.
Organisation of this Chapter: The chapter is organised as follows: The main
hydrodynamic loading and damping mechanisms of ocean structures are presented in Section 2.1. General scaling methods and limitations in hydrodynamic model-scale testing are presented in Section 2.2. Methods and mathematical modelling of marine structures used in this thesis are presented in
Section 2.3. Finally, the domain decomposition methods and general control
systems theory used in the development of ReaTHM testing is presented in
Section 2.4.

2.1

Hydrodynamic Classification and Loading of Ocean
Structures

Marine hydrodynamic loading of ocean structures is strongly related to fluid and
structure interactions. This interaction depends on features such as the shape,
size, surface roughness and flexibility of the structure. As such, it is therefore convenient to perform a hydrodynamic classification of the structure under consideration to determine hydrodynamic loading patterns, damping mechanisms and the
main physical principles governing the system response [37, Ch. 7]. This classification determines which hydrodynamic responses and loadings affect the structure,
and how motions/oscillations of different frequencies and amplitudes will influence
the development of the flow patterns around the structure. When considering wave
15
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Figure 2.1: Parameter dependence of mass, diffraction and viscous forces. ([38, Ch.
1])

and current loading, a structure may be classified as either a slender structure or
a bluff body large volume structure.
Slender structures subjected to oscillatory and wave induced flow are characterized by vortex shedding and turbulent flow, with little observable change
in the incident flow due to the structure.
Large volume structures are characterized by that incident hydrodynamic flow
is diffracted from the structure (i.e. the wave field in the vicinity of the structure is changed by the presence of the structure). Motions of large volume
structures generate waves radiating outwards from the structure.
A system is categorised as a slender or large volume structure based on the
ratio between the wave length of incident waves affecting the structure and the
diameter of the structure. Further, the relative influence of the inertia forces and
the diffraction forces is determined from the ratio between the wave height and the
diameter (Figure 2.1).
Hydrodynamic loads on ocean structures are generally classified as either inertia loads proportional to the accelerations of fluid and structure, or as damping
mechanisms proportional to the velocity [39]. The most dominant inertia forces relevant for ocean structures are related to mass, wave diffraction, and added mass,
while the most important damping mechanisms arise due to wave radiation, wave
drift damping, and drag and friction forces.
For large volume structures, the hydrodynamic forces from added mass, wave
diffraction and wave radiation can be described by potential flow theory. For more
complex flow regimes, e.g. when viscous effects play an important role, it is often
necessary to perform model scale testing of this kind of structures to confidently
16
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determine the loading.
The hydrodynamic forces on slender structures can be described by the semiempirical Morison equation that includes drag and inertia forces, but neglects wave
diffraction under the assumption that the diameter of the structure is much smaller
than the wave length [40]. The inertia forces on slender structures include FroudeKrylov forces, which are pressure forces arising due the acceleration of the fluid
relative to the structure. Since Froude-Krylov forces are based on the assumption
that the structure does not disturb the surrounding water, inertia forces also include
a correcting term that accounts for the added mass and limited diffraction caused by
the effects of the structure on the flow. These effects are handled by the empirically
determined mass coefficient Cm . The Morison equation then states the force F as
inertia forces plus viscous drag forces:
1
F = ρCm V u̇ + ρνw |u|uCd
2

(2.1)

Where νw is the kinematic viscosity of water and ρ is the density of water. The
latter term in the equation is the drag force quadratic with respect to velocity the
u, and described by the empirically determined drag coefficient Cd . Quadratic drag
is typically caused by flow separation.
Depending on the nature of the flow, linear drag formed as non-separated laminar flow along the body (skin friction drag), can also be relevant to consider. This
is known as Stokes 2nd problem [41, Ch. 6], and can be described by:
τw = ρνw

∂u
∂y

(2.2)
y=0

Where τw is the wall skin friction force. The transition between the linear and
quadratic flow regimes is typically described by considering the drag coefficient as
a function the Reynolds number (Re = νUwl , where U is the velocity and l is the
length of the boundary layer) or the Keulegan-Carpenter (KC) number (KC = UDT ,
where T is the period of the oscillating flow and D is the diameter of the structure).

2.2

Hydrodynamic Model Scale Testing

In this section, the fundamental theory of hydrodynamic model scale testing methods is presented together with an evaluation of the limitations in traditional scaling
methods.
Hydrodynamic model scale testing is a vast field that features many challenges
related to model scaling effects, measurements, reproduction of environmental conditions and uncertainty analysis, as well as other limitations. To make hydrodynamic model scale tests as realistic as possible it is important to create scaled
physical models as accurately as possible. Three similarity conditions must then
be fulfilled. The geometric similarity requirement, means that all geometric parts
must be scaled with the same scaling ratio λ. This gives a linear scaling of length,
quadratic scaling of area and cubic scaling of volume. To correctly scale the system
dynamics, there must further be kinematic similarity between velocities in full scale
17
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and model scale, meaning that the time rate of change of the scaled model must be
similar to those in the emulated full-scale system. Finally, there should be dynamic
similarity between full scale and model scale forces [42], which ideally requires that
all different force contributions are scaled correctly. As identified above, the main
force contributions on hydrodynamic systems are from inertia/mass forces and viscous forces. However, it is often important to also achieve similarity in gravitational
forces, especially for tests involving gravity driven surface waves. The mathematical expressions for the three main force contributions are as follows:
Inertia Forces
Fi ∝ ρ

dU 3
L ∝ ρU 2 L2
dt

(2.3)

Gravitational Forces
Fg ∝ ρgL3

(2.4)

Viscous forces
Fν ∝ ρνw

dU 2
L ∝ µU L
dx

(2.5)

Where Fi is the inertia force, U is the velocity, L is the structural length, Fg is the
gravitational force, g is the gravitational acceleration, Fν is the viscous force.
These force contributions have different relative magnitudes for different applications. The ratio between gravity and inertia forces is often held constant by
introducing the dimensionless Froude number:
U
Fn = √
gL

(2.6)

By ensuring that the Froude number is the same in both full scale and model scale,
the ratio between inertia and gravitational forces is also kept constant. Similarly,
the ratio between the viscous and inertia forces is often kept constant through the
Reynolds number:
Re =

UL
ν

(2.7)

To ensure full dynamic similarity in model scaling, both the Froude and Reynolds
numbers should be kept constant. However, as it appears from Equations (2.3)–
(2.5), changing e.g the length scale by a factor of 2 will impact the inertial, gravitational and viscous forces by a factor of 22 , 23 and 2, respectively [42]. The ratio
between the force contributions is therefore not kept constant when scaling length
alone.
It follows that when reducing the the length scale (e.g. model scaling), one
either needs to increase the gravitational acceleration or the kinematic viscosity.
Since neither of these are viable or practical options when performing model scale
testing, it is not possible to perform model scaling with correct representations of
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both viscous and gravitational forces.
In model scale testing it is therefore common to choose a scaling method based
on the force expected to dominate the specific test, i.e. Froude scaling for tests
where wave forces are of particular interest, and Reynolds scaling where viscous
flow is more interesting to evaluate. Another typical measure is to change the scaling
ratio for certain structural components to accommodate the scaling requirements of
the rest of the system, e.g. by changing the diameter of the mooring lines attached
to a large volume structure to obtain a suitable Reynolds number in model scale.
For instance, in towing tests with ship models where wave resistance is of particular
importance, there might be scaling problems when considering viscous flow regimes
along the hull, where a transition from turbulent to laminar flow might occur. In
this region, the Reynolds number in model scale might not be the same as the
Reynolds number in full scale (due to Froude scaling), and the transition might
not occur at the same velocities. The separation point and viscous flow along the
hull is then typically sought modelled by installing flow trips to keep the flow
separated and turbulent at lower Reynolds numbers [43, Ch. 2].

2.3

Mathematical Modelling of Marine Structures

In this section, the fundamental considerations and methods used for modelling
marine structures in this thesis are presented.

2.3.1

Reference Frames

When considering the motions of a body (e.g. the position and velocity of an offshore platform), the motions must be defined with respect to a frame of reference.
Since all bodies are in motion and velocities are relative, the reference frame should
be chosen to give the most meaningful representation. When observing the motion
of the Earth, considering the sun as the centre of reference gives a good physical and
intuitive understanding, while this reference frame would lead to added complexity and most probably misunderstandings and errors when considering e.g. ship
navigation. When considering the position, orientation and velocity of an ocean
structure, it is common to use a global earth-centred reference frame to define
navigation/positioning, while velocities are described in a body-fixed frame of reference. Since this thesis focuses on laboratory studies that have relatively small
geographic excursions, a global earth-centred frame of reference will probably lead
to inaccuracies. Hence, a local earth fixed reference frame is used to define positions
and orientations, while a a body-fixed reference frame is used to define velocities:
NED: North-East-Down (NED) is a local earth-fixed frame, which considers a
local flat-plane section and neglects the curvature of the surface of the earth.
The North-East axis forms a tangent plane to the surface, such that the
Down axis points towards the centre of the earth, while the North axis points
towards the north-pole.
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BODY: Body-fixed non-inertial reference frame with its centre axes located at
the centre of mass of the body, and the axes aligned along the primary axes
in the heave, surge and sway directions.
Position and attitude defined in the NED reference frame is as follows:
pn =[N E D]> ∈ R3
>

Θn =[φ θ ψ] R
n

3

(2.9)

>

n

η =[p Θn ]

τN ED =[τN τE τD ]

(2.8)
(2.10)

>

(2.11)

Where pn is the global position vector, Θn is the attitude vector given in Euler
angles, η n is the 6 DOF position and attitude vector, and τN ED is a global load
vector given in North-East-Down components.
Similarly, body velocity and rotation rates in the body-fixed reference frame
are as follows:
v b =[u v w]> ∈ R3
>

b

ω =[p q r] R
b

b

(2.12)

3

(2.13)

b >

ν =[v ω ]

(2.14)
(2.15)

Where v b is the linear body-fixed velocity vector, ω b is the body-fixed rotation
rates, and ν b is the 6 DOF body-fixed velocity vector. Linear translational forces
specified as acting on the body in the earth-fixed frame might result in forces
and moments best handled in the body-fixed frame. The transformation of linear
velocities from the body-fixed to the NED reference system is done by using a
rotation matrix, with the local attitude (Euler angles) as input.

Rbn (Θn ) = 

cψcθ
sψcθ
−sθ


−sψcθ + cψsθsφ sψsφ + cψcφsθ
cψcθ + sφsθsψ −cψsφ + sθsψcφ
cθsφ
cθcφ
ν n = Rbn Θn ν b

(2.16)

(2.17)

Correspondingly, body-fixed angular velocities (ω b ) are transferred to local Euler rates (Θ˙n ) using the transformation matrix

T (Θn ) = 

1
0
0

sφtθ
cφ
sφ/cθ


cφtθ
−sφ 
cφcθ

(2.18)

such that
Θ̇n = TΘn (Θn )ω b
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η̇ n = [ν n Θ̇n ]>

(2.20)

Using Euler angle representation requires that the pitch angle θ 6= 0, to avoid
singularities in equation 2.18.

2.3.2

Modelling of Rigid Body Motions

The 6 DOF motions of an ocean structure can be described using the vectorial
form of the Newton-Euler equations [44].
M ν̇ + C(ν)ν + D(ν)ν + G(η) = τmoor + τenv

(2.21)

Where M = MRB + MA ∈ R6×6 is the rigid body mass and added mass matrix,
C(ν) ∈ R6×6 is the Coriolis matrix, D(ν) ∈ R6×6 is the nonlinear damping matrix,
G(η) ∈ R6 is the restoring matrix, τmoor ∈ R6 is the load vector from the mooring
system, and τenv is the environmental load vector.

2.3.3

Modelling of Slender Marine Systems

Modelling of the structural dynamics of slender marine systems such as mooring
lines and risers is typically done using FE models, with varying complexity in the
representation of the stiffness matrix [45, 46]. Hydrodynamic loads on the slender
structures are often modelled using the Morison equation in stripwise estimation
along the lines. Alternative methods designed for performing fast FEM simulations
with the intent of being used for control system updates for marine riser systems
[47], and for fast real-time simulation of slender systems using interconnected rigid
bar models have been proposed [48].

2.4

Real Time Hybrid Model Testing

As presented in Chapter 1, RTHT has been developed primarily for earthquake
analysis of structural components by the civil engineering community, while ReaTHM
testing is the adaptation of this method to hydrodynamic model scale testing. Typical applications in earthquake analysis include cyclic loading of beam struts with
non-linear behaviour and tests of individual structural frames. Analyses of marine
systems will entail applications that differ from these, and it is therefore evident
that new challenges will arise when going from RTHT to ReaTHM testing. One
of the main differences is the presence of non-deterministic loading caused by the
physical environment through hydrodynamic effects, and the importance of not
disturbing the fluid-structure interaction of interest, both of which would not apply when testing structural components in air with RTHT.
The majority of RTHT tests have been conducted using displacement control
(i.e. forces are measured and input to the numerical substructure while resulting
displacements are actuated onto the physical substructure). This is partly because
of the tradition of FE methods using force as input and displacement as output,
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and due to the difficulties and potential hazards in using force control for such
systems (positions are measured while resulting forces are calculated and actuated
onto the physical substructure) [14]. Furthermore, for the piston-type hydraulic
actuators typically in use in RTHT, it is not possible to apply suffuciently accurate
velocities and accelerations to use force control [49].
The effects of time delays in RTHT have been studied and show that time delays
may result in the injection of negative damping to the system, meaning that energy
is added on the interface, thereby disturbing the interface similarities [18, 19]. Effort
have been made to compensate for the added delay, the most common method being
to use forward extrapolation based on polynomial fitting [13, 16].

2.5

Chapter Summary

In this chapter a brief overview was given for the fundamental hydrodynamic considerations in loading of marine structures. An outline was given for the typical
scaling methods used to represent these in hydrodynamic model scale testing. The
general mathematical modelling of ocean structures relevant for this thesis were
presented, and the considerations from RTHT relevant for the development of
ReaTHM testing were evaluated. In the following chapter, a generalized design
method is proposed, based on the identified theoretical background and from experiences gained through implementation efforts.
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Method for Real-Time Hybrid
Model Testing of Ocean Structures
In this chapter, a general method for designing a Real-Time Hybrid Model test
(ReaTHM test) of an ocean structure is proposed. The concept of ReaTHM testing
is to partition dynamic systems considered for model testing into physical and
numerical substructures which are interconnected through a control system. Based
on the approaches used when designing traditional hydrodynamic model-scale tests
and experiences gained from designing ReaTHM test setups, a generalized stepwise procedure for the planning, preparation and execution of a hybrid model test
is proposed.
Contributions of this Chapter: The scientific contribution of this chapter is
the formulation of a formal method for designing and performing ReaTHM
testing of ocean structures.
Organisation of this Chapter: The chapter is organised as follows: The design
method and flow chart are initially presented. The seven design steps are
presented in Sections 3.1–3.7.
Publications: The material in this chapter is based on [33].
The engineering tools required to cope with the challenges of designing a ReaTHM
test setup go beyond the scope of typical marine/structural engineering applications in including methods from other fields such as control engineering. Tasks
such as identification of critical system components and design of the interface
control system will therefore not be straight-forward for the typical user/designer,
implying a need for design procedures or guidelines that provide the necessary information to set up ReaTHM tests. Application specific design procedures have
been presented for e.g. ReaTHM testing of floating offshore wind turbines [28]. In
addition, brief guidelines and performance requirements for ReaTHM testing of
moored floating structures have been suggested by the International Towing Tank
Conference (ITTC) [50]. However, this guide is limited by a general absence of
practical implementations and thereby inadequate knowledge of the challenges in
the development of such systems. The present study proposes a generalized de23
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sign procedure for ReaTHM testing of ocean structures that is based on learning
outcome from previous ReaTHM testing implementations.
The intended outcome from defining a generalized step-wise method, is to make
the setup of ReaTHM testing more cost effective in ensuring that challenges such
as problem solving and trouble shooting are handled in the planning phase and
through numerical simulation instead of during laboratory experiments. The considerations and studies required in the initial stages of designing a ReaTHM test
setup are similar to those typically done for traditional hydrodynamic model-scale
testing, i.e. identifying the dynamic system, physical phenomena, scaling regimes
and quantities of interest. These are then followed by additional steps that pertain
to the specifics of hybrid model testing.
By generalizing the design steps presented by [28], it is possible to develop
a general design and execution method for ReaTHM testing of ocean structures.
Seven design steps are thus proposed:
1. Identify the dynamic system and governing physical laws
2. Identify the quantities, and temporal/spatial domains of interest
3. Identify ill-conditioning and other constraints in model testing
4. Choose a substructuring- and control strategy
5. Perform a fidelity analysis given physical constraints and substructuring
6. Design and tune the control system
7. Perform verification tests

In the following, the seven design steps are described in detail. A chart of the
design procedure is presented in Figure 3.1, where the steps are categorized into an
initial planning phase, an analysis phase using numerical simulations, and a design
and test phase where physical hardware is included.

3.1

Step 1: Identification of the Dynamic System

For ReaTHM testing, a wide span of different applications are possible, and the
properties of the system under consideration are essential in determining the physical quantities of interest. Relevant systems may include offshore wind turbines,
liquid sloshing in tanks, moored offshore oil & gas and aquaculture structures,
tension leg platforms and other slender structures such as pipelines and risers.
General characteristics of each structure and system may vary between different
applications and sites of operation, exemplified by the slender/large volume structure considerations described in Section 2.1. The physical quantities of importance
will also depend on which physical laws are governing the system dynamics. Examples of such laws include the symmetry laws of conservation and continuity,
laws of motion such as gravitational laws or general Newtonian mechanics, and
thermodynamic laws.
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Identification and planning
Step 2 - Identification of QoI's

Step 1 - System Identification

- Physical quantities

- Governing physical laws

- Temporal domain

- Physical effects and
phenomena
- Mathematical description
of the system

- Spatial domain

Numerical simulation

Step 5 - Fidelity Analysis

- Fidelity of hybrid system,
resemblance with desired
output
- Sensitivity to artefacts (e.g.
time delays and sensor noise)
- Sensitivity to limited
actuation (order reduction)

Model Scaling

Step 3 - Ill-conditioning and Constraints

- Does incompatibilities arise in scaling
of the system dynamics
- Is the scaling of system components
limited by ill-conditioning or constraints
on laboratory infrastructure?

Step 4 - Substructuring

YES

- Choose substructuring
strategy based on
available numerical model
- Choose control strategy
to ensure kinematic and
dynamic similarity

NO

Step 6 - Control System Design
Design and tune the
control system to satisfy
the equilibrium conditions
on the interfaces

Step 7 - Verification Tests
Verification test should
ensure correct:
- Interface forces

Execute
tests

- Controller action
- Num. model functionality
- Output repeatability

PiL / HiL testing

Figure 3.1: Flowchart of the proposed design method for ReaTHM testing.
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3.2

Step 2: Identification of QoIs Temporal/Spatial DoIs

The Quantities of Interest (QoI) and temporal/spatial domains of a system must
be identified to determine where and how to monitor the system in the physical
model representation. The QoIs are physical quantities of the system which should
be directly or indirectly observed in model testing, and that are either used as input
to the numerical subsystem or as test outputs. Typical examples of QoIs for ocean
structures are motions and mooring forces. The spatial Domain of Interest (DoI)
is the spatial extent and location of the QoIs. Identifying the spatial DoI is important tp establish where to place the truncation between the numerical and physical
systems and thereby the placement of sensors and actuators. Examples of the spatial DoIs are the above the water surface (wind turbines), the water column (deep
water applications), the wave zone and the free surface area. The temporal DoIs
describe the frequency spans and resolutions of the QoIs and physical phenomena
acting on the system, and are thus essential for designing the numerical model,
control and actuation system, and logging system. Temporal DoIs may typically
describe the properties of wave loads (1st order), low frequency disturbances such
as wave drift forces (2nd order), high frequency such as Vortex Induced Vibrations
(VIV) and transient events such as slamming. The QoIs and temporal and spatial
DoIs are possible to derive based on the identified dynamic system and physical
laws important for the system (Section 3.1).

3.3

Step 3: Identification of Ill-conditioning and
Constraints

In a model scale representation of a system, incompatibilities or ill-conditioning of
certain properties in the system may render traditional scaled model testing infeasible, and hence require that hybrid/component testing methods are applied. Any
such incompatibilities or ill-conditioning due to scaling should therefore be identified to assess if ReaTHM testing is needed. Incompatibilities can arise when scaling
system properties founded in different physical phenomena, thereby requiring the
use of different scaling laws. A model scale representation can also be constrained
by physical and geometrical constraints set by the available test materials and
laboratory infrastructure, which can lead to ill-conditioning in the scaled representation of the system. Ill-conditioning is typically associated with large differences
in the eigenvalues or time constants of the system, and may for instance arise when
a sub-system or component exhibits much faster dynamics than the rest of the system, or when scaling components with large discrepancies in geometric extent. An
example of the latter effect may occur in model scale representation of very long
slender structures, where e.g. high quality wave generation becomes difficult due
to very high scaling ratios.

3.4

Step 4: Substructuring- and Control Strategy

In ReaTHM testing, ill-conditioned properties or physical constraints are compensated for by performing substructuring, which is the act of partitioning the system
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Equilibrium (Effort)
Numerical
substructure

Compatibility (Flow)

Physical
substructure

Figure 3.2: Similarity conditions on the interface are defined as kinematic compatibility (Flow) in one direction and dynamic equilibrium (Effort) in the other
direction. Here the flow is measured, while the effort is actuated.

into numerical and physical substructures separating the different physical domains
or phenomena causing discrepancies. The location of the substructuring interface
can be chosen based on various factors. The validity of available numerical models
determines how much of the system it is possible to treat numerically, while dynamics and components too complex to capture in numerical simulations are best
represented in the
√ physical subsystem. Following Froude scaling, time will scale
with a factor of λ, if using a geometric scale ratio of λ (Section 2.2). This essentially increases the computational efficiency requirements for the numerical models,
as the numerical substructure must be designed such that it simulates sufficiently
fast
√ to follow the physical subsystem (i.e. operating with a simulation time that is
λ faster than real time) while still capturing the system dynamics.
When a substructuring strategy is chosen, the most critical and relevant dynamics of the substructures must be transferred across the interface. Fulfilment
of similarity conditions on the interface(s) is crucial to ensure that the dynamics
of the substructures are fully coupled [51]. The interface coupling is illustrated in
Figure 3.2, and is obtained by:
1) Ensuring compatibility of displacements in one interface direction.
2) Ensuring force equilibrium in the other interface direction.
Following Bond Graph terminology [52], the exchange of energy between the
substructures can be described by the product of the flow (e.g. velocity and rotation rates) and effort (e.g. force or torque). Using this definition, the control system
can be designed to use either flow or effort as the controlled parameter. The choice
might be affected by technical limitations and possible external disturbances or
dynamics in the control system. Time delays and actuator dynamics might affect
the controllability (ability to control a state to the desired setpoint) and causality
(forward time dependence of cause and effect) on the interface, meaning that the
control system dynamics could affect the overall dynamics of the coupled system.
Site and location of the actuator and sensor system must therefore be considered
such that they do not introduce physical disturbances that may impair the experimental outcomes beyond given limits.

3.5

Step 5: Fidelity Analysis

The fidelity of a ReaTHM system describes how well the hybrid system represents
the emulated system (see [53] for a general definition of fidelity and [54] for a
27

3. Method for Real-Time Hybrid Model Testing of Ocean Structures
definition specific for marine applications). Sufficiently high fidelity in a test method
is necessary to ensure validity of the test results when testing and designing ocean
structures. For ReaTHM testing, artefacts in the system such as actuation errors
or measurement noise, may affect the overall behaviour of the system. Since high
fidelity is only possible to achieve if the quantities of interest are not affected by
such effects, a sensitivity analysis should be performed to identify which artefacts
or error sources play the largest role in determining the fidelity of a ReaTHM test.
The sensitivity to artefacts may be investigated by developing numerical proxies
of the physical subsystem and the interface and using these to set up a numericalnumerical system emulating the full hybrid test setup [26, 55]. The outcome of
the fidelity analysis should specify limit values for different system properties (e.g.
sensor noise/bias, time delays and numerical model efficiency) required to achieve
the desired fidelity level.

3.6

Step 6: Control System Design

In general, the term ”control system” encompasses everything connecting the physical and numerical substructures, including sensors and actuators. The control system should be designed so that it fulfils the requirements derived in Sections 3.4
and 3.5, and must be equipped with a sensor system able to measure and/or estimate states or outputs in the physical substructure that are needed as inputs to
the numerical model or for the control system in itself. The sensor system should
also provide the states necessary for observing, evaluating or estimating the QoIs
of the physical system, and sampling frequencies should be chosen based on the
identified temporal domain and relevant sampling theorems. Similarly, the control
system should run fast enough to avoid any shortcomings in model and signal reconstructions, and aliasing effects. The sensor system can for instance include both
analogue and digital sensors with different sampling/update frequencies. Continuous time signals can then be properly reproduced for input to the numerical
substructure by using interpolation and extrapolation methods such as Zero-Order
Hold, while the digital sensors are set up with a corresponding update rate. To
fulfil the equilibrium condition, the corresponding force from the numerical model
must in principle be applied at the same instant the measurement is made. This
is not practically possible, due to non-zero time delays from e.g. communication,
numerical computation, and actuator dynamics. Time delays are therefore particularly critical to the system performance as they may induce errors or instability
if they become sufficiently large [19]. The aim is therefore to:
1) Minimize time delays when possible.
2) Identify and compensate for inherent time delays in the system.
An actuation system should ensure that the desired loads/displacements (depending on the selected actuation strategy) from the numerical substructure is
actuated onto the physical substructure. Actuated quantities should be measured
or estimated for traceability and feedback to the controllers. This feedback must
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be fast enough to follow the reference without inducing artefacts in the form of
additional time delays or actuation errors.

3.7

Step 7: Verification Tests

The performance of a ReaTHM test setup must be verified before it can be used
for design validation of ocean structures. However, verification is often a non-trivial
task, as the effects of artefacts on the dynamics of the coupled physical/numerical
system may be difficult to quantify. Verification studies should therefore systematically test the system functionality to identify and quantify any errors that are
induced by artefacts onto the system dynamics. Such test schedules may include:
• Examining the interface connection between the numerical and physical substructures to verify e.g. that interface quantities and coordinate transformations are correctly transferred.
• Verification that Controller actions are sufficiently fast through static and
dynamic tests.
• Verification that the numerical model is sufficiently fast to be used in realtime (with sensor input) by studying quantities such as jitter/time lags, clock
synchronization and output noise.
• Verifying Repeatability of the output and QoIs by performing several tests
using the same experimental setup and test conditions.
• Quantification of the Time delays in the system to verify the compensation
scheme and ensure traceability of the induced delays/errors.
• Verification that all monitored artefacts are within the bounds defined in
Section 3.5.

Further verifications may include testing the robustness of the error handling
and safety measures thereby ensuring that the system will not send erroneous or
unrealistic commands to the actuators that in turn may damage technical equipment.
When it is possible to set up a purely physical laboratory experiment equivalent
to the hybrid system, core functionalities and key parameters such as time delays,
allocation and controller action should be validated. Outputs from the ReaTHM
test setup are then compared with the outputs from the physical experiment. A
hybrid testing setup should undergo at least partial validation before being used to
study specific systems and problems with the intent of producing new knowledge.

3.8

Chapter Summary

In this chapter, a general method for designing and performing ReaTHM testing
of ocean structures was presented. The aim of the method is to mitigate the many
possible time consuming challenges that may arise in the design and testing phases
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of setting up such systems. The method represents a guideline for how to conduct
the identification and description of the considered system, identification of constraints which limit the feasibility of performing conventional model scale testing,
the partitioning into physical and numerical substructures and fidelity analysis of
the designed interface, and finally implementation and verification of the coupled
system.
In part II of this thesis, the application of this method to a case, a case study
will be described, where the aim was to evaluate its feasibility as a general the
design method for ReaTHM testing of ocean structures. This includes applying all
seven design steps to the case study and conducting a full ReaTHM test to further
demonstrate the application of the method.
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Part II

Case Study on Slender Marine
System
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Chapter 4

System Specification: A Moored
Floating System
In this chapter, a case study on an ocean structure used to evaluate the stepwise
method presented in Chapter 3 is presented. The case study is defined as a floating
cylinder buoy with a mooring system consisting of mooring lines that may be considered as long slender bodies. The system geometry and main parameters needed
for model scale testing and numerical simulations are presented .
Publications: The material in this chapter is based on [33, 34].

4.1

Introduction

The design method proposed in Chapter 3 was formulated as a general approach for
designing ReaTHM test setups with ocean structures. However, the specific design
steps from idea to experiment will vary from system to system. In the following,
this process will be demonstrated by applying the approach to a case study based
on slender structures dynamics that features mooring system truncation.
Earlier implementations of ReaTHM testing have primarily focused on the challenges in model testing of offshore wind turbines, where the main hindrances for
pure physical testing are the incompatibilities in scaling regimes for wind and waves,
as mentioned earlier. The choice of a system consisting of slender structures in the
present case study was based on a motivation to develop ReaTHM testing methods
for studying deep water mooring design. In deep water mooring studies, most of the
dynamics occurs in components that are considered slender structures. Unlike for
wind turbines, the most typical factor limiting the ability to study such systems in
physical experiments are spatial limitations in the available laboratory infrastructure, leading to ill-conditioned scaling relationships between different components
and environmental forces. Furthermore, the application towards slender systems is
of particular interest, as activities within oil and gas and aquaculture are moving
further from the coast making the abiliity to test deep-water systems more relevant
for industry. In addition, SINTEF Ocean provides two well-tested and proven numerical solvers for slender marine systems (FhSim[56] and RIFLEX[45, 57]) that
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are well suited for use in numerical substructuring.

4.2

System Description

A circular cylinder buoy moored with twelve identical mooring lines was chosen
as the emulated system in the case study (see Figure 4.1). The full-scale geometric properties of the buoy were a radius of 43.2m, a draft of 14.4m and a mass of
86500 metric tonnes, as given in Table 4.1, along with the main system parameters.
This system was chosen as a case study because the test campaign should serve
to study the basic principles of the method, while at the same time maturing the
technology by introducing challenges that have not previously been addressed with
respect to ReaTHM testing. The choice of a generic cylindrical shape also gives a
flexibility in testing, as the hydrodynamic properties are isotropic. Furthermore,
the methods developed will be generic in form, and not application specific to
this structure, so that they can can be utilized to test any rigid floating structure,
with roughly similar properties, such as offshore oil and gas or aquaculture systems.
Three variations of the keel geometry of the cylinder were studied, as seen in
Figure 4.2. The baseline case was a cylinder with rounded bottom corners and a
curvature radius equal to half the draft (Figure 4.2a). Variation one included a
protuberant step of square cross section (denoted bilge box), with a side length
equal to one quarter of the draft (Figure 4.2b). Variation two gave the buoy a
square cross section with sharp corners (Figure 4.2c). The system was designed with
two different mooring stiffnesses (153.2 kN/m and 282.6 kN/m.), to evaluate how
changing the stiffness would affect e.g. the performance of the numerical models
and the control system. To keep the studies comparable, the stiffness was varied by
changing the mass and density of the mooring lines, thus keeping the drag of the
lines constant. The mooring lines were formed by 4 different segments: an upper
steel chain segment attached to the buoy, a polyester fiber rope segment leading to
the seabed, a heavy chain segment near the mud-line, and a lighter chain segment
leading to the anchor.
A high scaling ratio was needed to fit the buoy to fit in the basin infrastructure, making the case study a good benchmark test for hybrid model testing of
slender structures that underlines the need for ReaTHM testing for studying marine systems. The high scaling ratio also imposes strict requirements on the update
frequencies and convergence times for the control system and the numerical substructure, respectively.
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Figure 4.1: A representation of the emulated system: An axisymmetric floating
structure and twelve identical mooring lines.

r = 43.2m
h = 14.4m

d = 14.4m

rc = 0.5 d

(a)

0.25 d

(b)

(c)

Figure 4.2: The floating cylinder bouy in three geometric variations: (a) Rounded
keel geometry. (b) Bilge keel geometry. (c) Square keel geometry.
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Table 4.1: Main parameters of the cylinder buoy and mooring system
Cylindrical Buoy

Full-scale parameters

Unit

43.2
14.4
7.44·104
8.62·107
3.81·107

[m]
[m]
[m3 ]
[kg]
[kg]

320
1494.5
1567
12

[m]
[m]
[m]
[No.]

153.2
282.6

[kN/m]
[kN/m]

Radius
Draft
Volume
Mass
Added mass estimate
Mooring System
Depth
Radius from fairled to anchor
Line length
Number of lines
Total horizontal stiffness at equilibrium
Stiffness 1
Stiffness 2

Table 4.2: Mooring line geometric characteristics.
Length [m]

Diameter [m]

Mass [kg/m]

Density [kg/m3 ]

EA [N]

52
300
285
930

0.206
0.132
0.266
0.206

262.5
73.90
436.5
262.4

7.80e3
5.39e3
7.80e3
7.80e3

9.22e8
1.23e9
1.23e9
9.22e8

52
300
285
930

0.206
0.132
0.266
0.206

500
140
800
500

15.0e3
10.2e3
14.5e3
15.0e3

9.22e8
1.23e9
1.23e9
9.22e8

Stiffness 1
Segment
Segment
Segment
Segment

1
2
3
4

Stiffness 2
Segment
Segment
Segment
Segment
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4.3

Chapter Summary

In this chapter a case study structure was presented, consisting of a large volume
floating cylinder platform moored with long slender mooring lines. In the following
chapters, the design method presented in Part I will be applied to perform ReaTHM
testing of the case study structure.
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Chapter 5

System Identification and
Substructuring
In this chapter, step 1-5 of the presented design method is applied to the case study
of a moored cylindrical floater described in Chapter 4. The primary hydrodynamic
effects are identified along with the quantities of interest and temporal and spatial
domains. The partitioning into physical and numerical substructures based on the
identified ill-conditioned properties of the system is presented. Finally, a control
strategy for the experimental implementation is presented along with an evaluation
of the system fidelity.
Contributions of this chapter: The scientific contributions of this chapter is
the demonstration of the proposed design method, through applying the steps
1-5 on the case study presented in Chapter 4.
Organisation of this chapter: The chapter is organised as follows: Section 5.1
presents the identification of the case study system and governing physical
laws. In Section 5.2 the QoIs and DoIs of the system are identified. Section 5.3
presents the identification of the ill-conditioning in model scale representation
of the system. Section 5.4 proposes a substructuring strategy to resolve the
ill-conditioning, while a fidelity analysis is presented in Section 5.5.
Publications: The material in this chapter is based on [33].

5.1

Identification of the Dynamic System

The emulated system presented for the case study in Chapter 4, was a cylindrical
buoy with a mooring system consisting of slender mooring lines. The dominating
physical laws and phenomena acting on the structure are the gravity and viscous
forces on the hull and lines. The equations of motion can be described by the 6
DOF vectorial form derived from Newton-Euler equations for coupled translational
and rotational motions that was presented in Section 2.3:
M (ν̇)ν̇ + D(ν)ν + G(η) = τenv + τmoor

(5.1)

T

(5.2)

η = [x, y, z, φ, θ, ψ]
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where η is the 6 DOF position, given in a local Earth-fixed frame as NED coordinates and Euler angles, and ν is the 6 DOF velocity in the body-fixed frame, given
as linear translational velocities and rotation rates. M , D, and G(η) are the mass,
damping and restoring matrices as presented in Section 2.3, and τenv and τmoor
are the environmental and mooring force vectors and moments acting on the buoy,
respectively.
Following schematics of wave loading from Figure 2.1, and considering typical North Sea conditions, the structure would be most strongly affected by wave
diffraction and mass loads, while it would experience little impact from viscous
wave loads. For free decay testing, where the floating structure is given a forced displacement from the equilibrium position and released to free oscillation. The main
damping mechanisms would be skin friction drag, nonlinear eddy-making drag and
flow separation, viscous drag on mooring lines, friction interaction between mooring lines and seabed, and wave radiation damping. For this type of system, model
testing is needed to identify the viscous drag and eddy making near the surface
of the body, which are challenging to compute numerically. The three variations
of the keel geometry presented in Chapter 4 will result in different dominating
hydrodynamic phenomena. The rounded corner geometry has no sharp edges, and
the hydrodynamic drag/damping might origin from flow separation on the cylinder
surface and from eddy making. For the modified geometries, flow separation might
occur on the sharp edges, which especially for the bilge keel is considered to be the
dominating effect. The restoring forces origin from the hydrostatic stiffness of the
cylindrical floater and from the geometric stiffness of the mooring system.
For decay testing the system response may be considered by only studying 1
DOF motions of the floater in the decay direction (Isotropic parameters). The
matrices (Equation 5.1) then reduce to one equation, with mass and stiffness parameters as given in Table 4.1.

5.2

Identification of QoIs, and Temporal/Spatial DoIs

The QoIs of the moored floating buoy are linked with its dynamic properties, with
quantities related to the complex hydrodynamics of the system such as damping
being of particular interest. It is possible to obtain these QoIs by measuring or
estimating the motions of the floating structure, and then deriving the hydrodynamic properties and responses to external excitations based on these data. The
top tensions of the mooring lines are of particular interest, as these are important
design parameters for mooring systems.
When substructuring is performed, the temporal and spatial DoIs change across
the interface as the system combines the full-scale numerical substructure and
model scale physical substructure. For the case study, the DoIs were identified
for the full scale system, as the necessary scaling operations over the interface
were exclusively handled in the control system. The spatial DoIs for the system
include the water plane area where motions occur, the wetted surface of the floating
structure which is where the hydrodynamics of interest occur, the volume around
the structure where correct representation of e.g. waves and current is important,
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and the extent of the mooring system (Figure 5.1a). For decay testing and drift
motions during wave excitations, a maximum excursion of the floating structure
equal to 1.5 times the cylinder radius was considered (i.e. a water plane area of
approximately 130x130 m in full scale). In still water, the wetted area spanned a
cylinder surface with a radius of 43.2m and a draft of 14.4m. These spatial DoIs
are much smaller than the DoI necessary to capture the mooring system dynamics
(1.5 km radius, area ¿ 7 km2 ). For testing with waves, relevant wave heights were
considered to be in the region 0-20m, while the maximum wave lengths considered
were 200-300m. Representation of the wave kinematics was of interest in the wave
zone, which extends approximately from the free surface to a depth equal to half
the wave length (i.e. 100-150 m based on the chosen maximum values), but with a
particular interest in the free surface effects of the waves.
The temporal DoIs were the natural periods of the system, and the responses to
external excitations from e.g. waves, current and flow induced VIV (Figure 5.1b).
In the present case, the cylinder buoy was kept in position by the mooring stiffness
applied from the numerical substructure. If considering the horizontal stiffness,
kmoor , as isotropic and linear, the natural frequency of the system can be estimated
by:
ωn2 =

kmoor
, ∀kmoor > 0
ρ∆ + ma

(5.3)

Where ∆ is the displaced volume and ma the added mass. Furthermore, the added
mass of a cylinder for horizontal motions can roughly be assumed to be found as
ma = 0.5ρw ∆ based on recommendations from DNV GL [58]. For the mass and
tangential stiffness stated in Table 4.1, the expected natural oscillation periods of
the system were approximately 179 seconds for stiffness 1, and 132 seconds for
stiffness 2. For the wave spectrum of interest, wave periods were approximately
4-20 seconds, while wave impact loads were on a much smaller time scale, e.g. with
wave slamming at about 100 Hz (Figure 5.1b). Variation in ocean currents can
be in time scales in the order of minutes or hours, while the structural response
of slender systems as a function of flow (VIV), could be in the order of seconds,
depending of the depth and stiffness (Figure 5.1b).

5.3

Identification of Ill-conditioning and Other Constraints

As presented above, there was a large discrepancy between the spatial extent of
the mooring system and the domain on the floating structure where hydrodynamic
effects were of interest. Ill-conditioning of the dynamic system would therefore
arise if the entire system was scaled to fit the constraints of the experimental basin
intended for the test. For instance, using a 6m wide and 2m deep basin for model
scale testing, would require a scaling ratio of 1:250, which is too high for observing
the hydrodynamic effects on the floater [24]. Another aspect where physical model
testing would be limited in the representation of the system in the case study is
that soil-structure interaction occurs as mooring lines are lifted and lowered on the
seabed, which is an effect that is difficult to reproduce in physical model testing.
Following the scaling laws presented in Section 2.2, the system was scaled using
Froude scaling as wave forces are expected to be dominant for this design. When
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Figure 5.1: (a) The spatial DoIs of the structure, the water plane area where motions are expected, the wetted surface of the floating structure and the extent of the
mooring system. (b) Temporal DoIs, expected natural frequencies of the structure
and the frequencies of external excitation loads.

considering still water tests at low velocities (i.e. low wave radiation from the body),
viscous hydrodynamic effects are dominating and Reynolds scaling might then be
more relevant. Reynolds scaling would also ensure correct representation of the
viscous drag forces on the mooring lines. However, these arguments would only
hold for still water tests which is a special case, hence Froude scaling was chosen
due to higher versatility.

5.4

Substructuring- and Control Strategy

Since the experimental design needed to retain the complex flow regimes near the
floating structure in the physical model representation, the substructuring strategy
should partition the mooring system such that the parts which do not fit within the
infrastructure are simulated numerically. This meant that the primary simulation
task to be solved was to simulate slender structures/mooring lines. The fidelity of
the coupled system was highly depending on the validity of the numerical model for
the numerical substructure. Three different types of numerical models were used
in the case study:
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Linear Isotropic Stiffness
A linear isotropic stiffness model was used as a base case. The model was implemented as a script in the real-time system, effectually reducing communication
time to zero. The stiffness used in this model was an ideal linear elastic stiffness
fitted to the tangent stiffness of the mooring system at the equilibrium position. No
damping model was included, resulting in zero damping being applied to the physical system. Any damping in the complete coupled system should then originate
from hydrodynamic damping affecting the physical body.
RIFLEX
RIFLEX is a non-linear FEM software, developed by SINTEF Ocean for analyzing mooring lines and risers in the oil- and gas industry. The mooring lines are
modeled by bar elements, and the mass-, stiffness- and damping matrices are formulated based on the system geometry. Hydrodynamic loads are determined from
the generalized Morison equation. In the nonlinear analysis, the dynamic equilibrium equations are solved by stepwise numerical integration using the Newmark-β
method. The integration is done with Newton-Raphson iterations of the nonlinear mass-, stiffness- and damping matrices for each time step. The most significant
nonlinear contributions to the system are the geometric stiffness, the hydrodynamic
loading, and the bottom contact. As the iterations will continue until a certain tolerance is reached, the time required for calculation of one time step varies primarily
with the rate of change of the stiffness matrix. That is, if large deformations occur
fast, e.g. due to the physical body having a large velocity, the required calculation
time for each time step will increase [45, 57].
FhSim
FhSim is a time domain simulation software developed by SINTEF Ocean, primarily for simulating structures and operations in the fisheries- and aquaculture
industries [56]. The software serves as a platform for several types of numerical
analyses, including cable models for simulating mooring systems for e.g. aquaculture net cages. The cable model used in the present study was developed specifically
for real-time simulation applications, and is based on interconnected rigid bars [48].
With this modelling method, it is possible to avoid inversion of the stiffness matrix
in each time step, thus reducing the computational time. Hydrodynamic loads are
determined by the generalized Morison equation, while integration is facilitated
using forward Euler integration.

5.4.1

Substructuring

The failed points of the cylinder were chosen as the truncation points, such that
the entire mooring system was modelled numerically. This resulted in a truncation
ratio (i.e. truncated length divided by total length [55]) of 1 (Figure 5.2). The
cylinder buoy was scaled using a scaling ratio of λ = 144, meaning that the model
scale representation of the physical substructure had a radius of 0.3m, draft of
0.1m, and total height of 0.2m.
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Figure 5.2: Substructuring of the emulated system (left) to the physical substructure with actuators (right).

While the Linear Isotropic Stiffness model used as a base case was primarily introduced for development and demonstration purposes, both FhSim and RIFLEX
have been thoroughly documented and validated were considered sufficiently accurate and fast to represent the mooring system. The numerical models were set up
with the input parameters given in Table 4.2 in the case study and Table B.1 in
Appendix B as input. The mooring lines were modelled by 60 elements each, distributed over the four segments, meaning that the full model used in the numerical
substructure contained 720 elements.
Since the effect of the vertical forces on horizontal decay testing is low, this
force component can be neglected in the numerical-physical coupling, essentially
reducing the interface to only include the 2 DOF horizontal force components (i.e.
North and East). However, vertical dynamics may be of importance for other applications such as semi-submersibles, especially when damaged stability is studied.
The high scaling ratio (λ = 144) resulted in a time scale ratio of 1:12, which set a
requirement that all numerical models used in the numerical substructure needed
to run twelve times faster than real-time. The full-scale time step was set to 0.12
seconds, resulting in the models computing at 100 Hz in experimental clock time.

5.4.2

Control Strategy

As the response of the physical system to the hydrodynamic forces was selected as
a QoI, the physical model should be able to interact freely with the hydrodynamic
forces (i.e. ensuring that the hydrodynamic response is not disturbed by the con44
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trol system). Inertia dominated hydrodynamic forces on a cylinder depend on the
relative acceleration, i.e. the difference between the accelerations of the fluid and
the cylinder. If the position and velocity (flow) were to be controlled to achieve
correct forces (effort), the acceleration would need to be correct as well. This is
challenging in the present case study since effects such as measurement errors,
actuator dynamics and time delays may make exact measurements of acceleration
difficult. If force control is applied instead, the restoring forces computed by the numerical substructure based on measured positions and velocities are actuated onto
the system. The interaction between the physical substructure and environmental
forces can then be controlled better by adding a compliant element and actively
compensate for external disturbances (disturbance rejection). In this case, any errors or delays could introduce errors in the mooring load applied to the physical
subsystem, but would not affect the hydrodynamic loads.
Based on these reflections, force control was the chosen strategy for the case
study, as errors in acceleration measurements and actuation times were assessed
to introduce greater errors when using position control than would be the case
when using force control. The control system was therefore designed such that
the measured position and velocities were inputs to the numerical substructure,
while calculated forces were actuated onto the physical substructure. The actuated
DOFs were limited to including the horizontal NE-components of the mooring load
computed by the numerical substructure.

5.5

Fidelity Analysis

Ideally, a numerical study should be performed to systematically identify the sensitivity of the control system towards artefacts [54]. However, the fidelity analysis
was in the present study limited to identifying possible artefacts/errors that might
affect the system. The primary artefacts or error sources in the case study were:
• Time delays.
• Measurement and estimation errors.
• Numerical model errors.
• Allocation and controller errors.
• Reduced order of the interface connection.
• Scaling effects.

Time delays will be inherent in any system and can never be avoided completely.
The present system was particularly sensitive to time delays as the physical substructure was lightly damped, especially the base case with rounded corners and
hence lower hydrodynamic damping. In addition, time delays in the control system
can also induce negative damping which can lead to instability of the control system [19, 59]. Furthermore, the true system dynamics of the system may then be
difficult to observe.
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The physical substructure had no stiffness in the horizontal plane besides that
supplied by the numerical substructure through the control system. This meant
that even small errors in the position and force measurement system, or the force
computed by the numerical model, could affect the overall dynamics. This would
likewise apply to the errors occurring in the allocation scheme and controller outputs responsible for applying the resultant force to the physical substructure. Further, the order reduction of the numerical-physical interface from 6 DOF to 2 DOF
induced errors in the representation of the emulated system, especially in cases
where large roll/pitch motions were considered. However, the total mass of the
mooring system was small compared to the mass of the floating cylinder, meaning
that the force resultants in the horizontal plane were most important in determining the response of the physical subsystem, while the influence of the vertical forces
in most cases can be neglected [38]. Finally, the system had a high scaling ratio,
and was therefore sensitive to scaling errors or dimensional errors, as 1 N error in
force measurement/actuation in model scale result in ca 3 MN error in full scale.

5.6

Chapter Summary

In this chapter steps 1-5 in the generic method proposed in Chapter 3 were applied
to the case study presented in Chapter 4. The system dynamics, QoIs and DoIs
were identified to determine which measurements/estimations would be necessary
to observe the system dynamics. The ill-conditioning that would occur in a full
model scale representation of the system was identified as the discrepancy between
the spatial extent of the topside floater and the mooring system. The system was
therefore partitioned into physical and numerical substructures, which are to be
coupled in real-time, through the interface which was placed at the fairlead point.
The following chapter presents the development of the control system for connecting
the physical and numerical substructures.
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Chapter 6

Control System Design and
Experimental Implementation
In this chapter, step 6 from the design method presented in Chapter 3 is applied to
the case study on a moored floating cylinder presented in Chapter 4. The control
system interconnecting the physical and numerical substructures is designed to
satisfy the similarity conditions stated in Section 3.4, using the control strategy
identified for the case study in Section 5.4. The overall control system architecture
is designed and presented along with the individual control system components.
A stepwise procedure is then used to implement and debug the control system,
initially using purely numerical simulations, and then gradually applying real-time
constraints and physical hardware in the loop until achieving the full system setup.
The model scale physical substructure is then instrumented and placed in a full
experimental setup in a still water basin, with physical measurements from the
system. Error mitigation measures that seek to counteract the effects of time delays,
vibrations and controller dynamics are implemented to achieve a functional system
for verification tests.
Contributions of this chapter: The scientific contribution of this chapter is
the design and implementation of a real-time control system for coupling a
physical model scale test with a numerical simulation model of a slender marine system.
Organisation of this chapter: This chapter is organised as follows: Design of
the overall control system structure and individual components is presented
in Section 6.1. The early stage implementation and tuning of the control
system through numerical simulation and Hardware in the Loop testing is
presented in Section 6.2. Implementation of the full control system with sensors and actuators on a physical model in a test basin is presented in Section
6.3, along with an account of the characterization and tuning of the system.
Finally, a summary of the research presented in the chapter and corresponding conclusions are given in Section 6.4.
Publications: The material in this chapter is based on [1] and [33]
47

6. Control System Design and Experimental Implementation

6.1

Design and Synthesis

In Chapter 5, force control, where position and velocity from the physical substructure are inputs to the numerical substructure and the resulting mooring loads from
the numerical substructure are actuated onto the physical substructure, was chosen
as control strategy for the case study (Figure 6.1). The coupling between the physical and numerical substructures in the case study was facilitated in 2 DOF, with
the translational North and East components of the mooring load being applied to
the physical substructure.

Physical
substructure

Numerical
substructure
Control
system
nxm

NE

n: Nr mooring lines
m: 3 DOF

η,

η,ν

Figure 6.1: Simplified illustration of the control objective of the control system,
where η and ν̇ are the measured position and acceleration of the physical substructure, ν the estimated velocity, τn×m the output forces from the numerical
substructure, and τN E the horizontal forces applied to the physical substructure.
The layout of the physical components in the control system was first derived,
with three equally spaced actuators placed around a test basin to apply the horizontal mooring load through actuation lines attached to the physical substructure, and sensor systems placed onboard the buoy (Figure 6.2a), while the general
architecture of the control loop was designed by distributing the control system
functionality between six blocks (Figure 6.2b). The sensor system was designed for
measuring the interface quantities that may be observed directly, i.e. global rigid
body position and attitude (η), local rigid body accelerations (ν̇), rotation rates
(ω), and actuation line tensions (Tmeas ). An observer was designed to estimate the
states not possible to measure directly, i.e. global and local velocities, η̇ and ν. The
observer outputs, estimated/smoothed rigid body motion (η̂) and estimated velocity (ν̂), were fed into a predictor designed to predict future system states based
on historical data, and thereby mitigate errors associated with time delays in the
control system. Predicted values were used as inputs to the numerical substructure,
which then computed the global mooring loads (τ ). An allocation procedure was
implemented to transform the global mooring loads into desired line tensions for
the three actuation lines (Tref ).
Finally, a set of controllers that used Tref together with the measured tension
(Tmeas ) and the estimated velocity (ν̂) to derive the actuator commands (θcmd )
that would result in the application of the desired tension.
Following Froude scaling, the geometric scaling ratio of 1:144 applied to the
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Figure 6.2: (a) Generic layout of control system with sensors and actuators. (b)
Architecture of the control system.

physical sub-structure, results in a time scale ratio of 1:12. Hence, the expected
natural period of the model scaled system will approximately be 14.9 s(i.e. 132 s /
12) for stiffness 1 and 11 s(i.e. 179 s / 12) for stiffness 2, while the wave spectrum
of interest will be approximately 0.3-1.67 s(i.e. 4-20 s /12).
Since the objective of the present system was to apply a virtual stiffness onto
the physical substructure, and given that the physical stiffness of the control system
(e.g. elastic stiffness of actuators and actuation lines) was much higher than the
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virtual stiffness, any time delays or time lags could induce large errors. The update
frequency of the control system was therefore set at 200Hz, even though the highest
expected excitation frequency was approximately 1 Hz.
The individual components of the control system and their specifications will
be presented in the following sections.

6.1.1

Sensor System

The objective of the sensor system was to measure the states of the physicalnumerical interface needed as input to the numerical model and for state estimation. The physical substructure was equipped with a sensor system consisting
of:
• Three linear accelerometers for measuring body-fixed surge, sway and heave
accelerations, aimu = [ax ay az ]> .
• A three-component gyro for measuring body-fixed angular velocities in roll,
pitch and yaw, ω b = [p q r]> .
• An optical position measurement system for measuring the local NED position, pn = [N E D]> and attitude, Θ = [φ θ ψ]> of the buoy.
• Load cells on the actuation line for measuring the applied tension, Tmeas =
[T1 T2 T3 ]> .
Analogue sensor data (i.e. acceleration, angular velocities and loads) was sampled at 2000 Hz and downsampled to the 200Hz required by the control system,
using an antialiasing filter. This ensured that aliasing was not a problem in the
analogue to digital conversion, as the downsampled frequency was well below the
Nyquist frequency. A Bessel filter with cutoff frequency at 50 Hz was used to remove the high frequency noise typically associated with electrical disturbances. The
system used to measure position and attitude had a maximum sampling frequency
of 100 Hz, meaning that the signal had to be resampled to 200 Hz using a zero
order hold method.

6.1.2

Kinematic Observer

While the position and attitude of the physical substructure were measured directly,
its linear velocities had to be estimated in real-time. It is possible to estimate linear
velocities by integrating corresponding accelerations, but this will often result in
drift due to sensor bias. This situation can be worsened due to measurement noise
which can lead to errors or instabilities in the numerical substructure and actuation
system as they are integrated when velocity and position are derived. An alternative
method for finding velocity could be to differentiate measured positions. However,
this could lead to added time delay since data smoothing would be required due to
the zero order hold procedure, and since the velocity would then be estimated based
on values in preceding time steps. These factors implied that an observer based
on state estimation principles and with some filtering capabilities was needed. A
nonlinear passive observer for integration of Inertial Measurement Units (IMU)
and Global Navigation Satellite System (GNSS) data[44] was chosen to fulfil this
purpose. The rationale behind this choice was that the present system resembled
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Figure 6.3: Block diagram of the kinematic observer as implemented in the control
system.
a classic navigation system, with the optical position measurement system acting
similarly to a GNSS, and the embedded sensor package providing outputs similar
to an IMU. The implemented observer had the following formulation:
p̂˙n = v̂ n + K1 ỹ1
v̂˙ n = R(Θ)[abimu − b̂bacc ] + g n + K2 y˜1
˙
b̂bacc = K3 R(Θ)> ỹ1
n

ỹ1 = y1 − ŷ1 = p − p̂
b

>

ν̂ = R (Θ)ν̂

n

(6.1)
(6.2)
(6.3)

n

(6.4)
(6.5)

where p̂˙n ∈ R3 is the estimated position vector of the body in the inertial
frame of reference, v̂ n ∈ R3 is the estimated velocity vector in the inertial frame
of reference, bbacc ∈ R3 the acceleration bias vector, ỹ1 ∈ R3 the error between
measured position (pn ) and estimated position (p̂n ), and ν̂ b ∈ R3 the body-fixed
linear translational velocity vector. K1 ∈ R3×3 is the position gain matrix, R(Θ) is
the attitude-dependent rotation matrix allowing to convert body-fixed vector coordinates into coordinates expressed in the inertial frame of reference, while R(Θ)>
converts coordinates from the inertial frame of reference into body-fixed coordinates. abimu is the measured body-fixed acceleration vector, g n the acceleration
due to gravity, K2 ∈ R3×3 is the velocity gain matrix, and K3 ∈ R3×3 is the
bias gain matrix. The 6 DOF position and attitude vector in the inertial frame
(η̂ = [p̂, Θ] ∈ R6 ) that was output from the observer was found from the estimated
position vector (p̂n ) and measured attitude vector (Θ), while the 6 DOF body-fixed
velocity output (ν = [v b , ω b ] ∈ R6 ), was found from estimated linear translational
velocities (v b ) and measured rotation rates (ω b ). The observer gain matrices K1 ,
K2 and K3 can be tuned such that the system error converges exponentially to
zero [44].
Since the angular rates ω b that were used as input to the feed-forward controller
were measured directly, inaccuracies in the gyro measurements could have a dir ect
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impact on the actuator commands. A non-zero bias error in the gyro measurements
could therefore result in a constant feed forward error. To cancel out this potential bias term, a secondary observer that estimated Euler angles by integrating
the measured rotation rates ω b was implemented. The sensor bias was then found
by integrating the error between the estimated Euler angles and the Euler angle
signals measured by the optical positioning system. This method is only locally
stable.

6.1.3

Prediction

Time delays introduced in the control loop due to calculation time in the numerical substructure, data processing, communication time, and by controller/actuator
dynamics can cause instabilities and loss of accuracy [16]. To reduce the risk of
encountering such effects, a scheme presenting the numerical substructure with
predicted future motions rather than the present observed motions was developed.
If the prediction time window is set equal to the delay induced by the control system, the load calculated at a specific time will be based on a predicted value that
is likely to be closer to the actual position of the physical substructure at the time
of actuation, thereby ensuring temporal consistency in the coupling.
Since non-deterministic environmental loads may affect the physical substructure and thus render the motions of the cylinder buoy non-deterministic, it was not
possible to use model-based prediction methods. Position and velocity were therefore estimated using a polynomial prediction procedure. A third order polynomial
approximation was first fitted to each physical quantity (i.e. north, east and down
components of position and velocity), and then used to extrapolate the values of
these forward in time. Polynomial identification was performed using the 50 previous data points (250ms model scale), and the extrapolation was done for N data
points into the future, where N is the actual time step horizon and each datapoint
representing a prediction of 5 ms (one time step). The specifics of the tuning and
performance of the prediction scheme are presented in Section 6.3.4, while details
on the implementation of the predictor are presented in Appendix A.3.

6.1.4

Allocation

The global load vector τref to be applied to the physical substructure was obtained by summing the top tension contributions from all mooring lines simulated
by the numerical substructure. Resulting horizontal load components τref ∈ R2
were applied using three actuation lines as presented in Figure 6.2a. An allocation
procedure was needed to transfer the load from global NE-components to three
individual and statically equivalent line tensions, resulting in the correct global
load being applied to the physical substructure. A simple and efficient allocation
procedure inspired by thrust allocation procedures for dynamic positioning systems
was therefore developed [60]. This procedure included applying a pre-tension (T0 )
to the actuation lines to prevent them from going slack, as this might lead to that
the tension drops to zero during testing, which in turn can result in the occurrence
of snap loads. The individual line tensions (T0 + Ti ) were then found by defining
a configuration matrix A(η), based on the geometry of the actuator placement
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Figure 6.4: Actuator lines (in grey) and studied zone of excursion (in red). The
desired applied net force equal to zero on the left, and to 5 N on the right.
and the present position of the physical substructure. Tensions were then found in
real-time using the pseudo-inverse of the configuration matrix (A† ):
Tref = A† (τref − AT0 )

(6.6)

A useful example for illustrating how the allocation procedure operates is to compare the situation when zero total load is applied load (Figure 6.4a) and when a net
load of 5 N is desired (Figure 6.4b). While the mapping of zero net load is possible
within the chosen frame (Figure 6.5a), mapping a desired total line tension of 5 N
leads to the tension dropping below zero for excursions greater than approximately
0.93 m (Figure 6.5b). This implies that the excursion distance should be limited in
testing, or a higher level of pre-tension should be chosen for this particular case.
In general, the pre-tension level should be chosen based on the expected span of
load variation.
The interface connection facilitated by the allocation and control system was
limited to 2 DOF. However, an unintentional coupling effect was introduced between horizontally applied load components and the rotational DOFs of the physical
substructure. The coupling can be exemplified by that pitch/roll rotation of the
cylinder buoy may cause horizontally applied loads to induce a restoring moment
in heave direction (Figure 6.6). A similar coupling exists for yaw rotations, where
the orientation of the moment arm of each actuation line is changed by the rotation
such that it results in a restoring yaw moment. These effects can be considered as
added rotational stiffness in the system and might affect the motions of the system,
especially when testing in waves. The allocation procedure is described in greater
detail in Appendix A.2.

6.1.5

Actuation System

The objective of the actuation system was to apply the desired line tensions output
from the allocation procedure as motor commands (θc md). This required the com53
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Figure 6.5: Commanded line tensions for each actuator as a function of buoy position with a desired applied net force of zero (a), and 5 N (b), respectively.
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Figure 6.6: Unintentional restoring moment applied by the actuation lines.
bined use of several controllers that are presented in Section 6.1.6. The actuation
system was designed by distributing three actuators in the horizontal plane around
the test basin, as presented in Figure 6.2a. The actuators used in the tests were
brushless Direct Current (DC) servo motors with the following vendor specifications:
• Speed range: 0-3000 RPM with full torque
• Max. angular acc.: 40000 rad/sec2
• Rated torque: 2.38 Nm
The motors were operated in position-mode, with input commands describing
the desired motor angle to which the motor was controlled using a built-in PD
controller. This controller was considered as a black box in the setup, as the man54
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ufacturer did not supply any specifics on the controller parameters, or allow direct
tuning of these parameters. The motors used in this study have previously been
used to apply wind loads onto a model scale test of a floating offshore wind turbine
in a similar study, and were then found able to follow a 75 Hz commanded sine
signal with 3 degree amplitude in position control, while suffering a time delay of
3ms [27]. As such, the motor dynamics is much faster than the expected dynamics
in the present system setup.
A transmission system was needed to transfer the rotational motion of the motor into horizontal translational motion. A pulley wheel was installed, suspended
with low friction bearings. The pulley wheel had windings of dyneema line used as
actuation lines attached directly to the physical substructure. The use of a pulley
wheel and long actuation lines ensured that the physical substructure could be
subjected to large motions without interfering with the actuation system. Furthermore, to control the tension applied through motor commands, a compliant element
was added to the transfer system, to reduce the total stiffness of the actuator, and
thereby reduce the sensitivity to control action. This element was introduced by
inserting a clock spring with a stiffness of 0.35 Nm/rad was directly at the motor shaft such that it transferred motor rotations into torque acting on the pulley
wheel, which in turn applied line tension to the physical substructure (Figure 6.7a).
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Figure 6.7: (a) Conceptual drawing of the actuation system. (b) Simplified block
diagram of the actuation system.

6.1.6

Controllers

The objective of the controllers was to convert the reference tension Tref ∈ R3
provided by the allocation procedure into corresponding motor commands that
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may be given to the actuators. The first step of this process was to convert reference
line tension into an angular motor command. This was done using an open loop
Reference Feed Forward (RFF) controller that used a quasistatic mathematical
model of the clock spring, actuation wheel and actuation line (Figure 6.7b) to
estimate the motor command (θRF F ) that would be necessary to apply Tref to
the physical substructure. The inertia of the pulley wheel was neglected in the
RFF-controller.
Motions of the physical substructure may induce tension/relaxation of the actuation lines, which in turn will excite the clock springs attached to the actuators.
This will result in that forces related to the stiffnesses of the clock springs and the
actuation line, and not to the simulated stiffnesse of the numerical substructure,
are applied to the physical substructure. To prevent this effect from compromising the experimental outcomes, it was necessary to perform disturbance rejection
[27]. This was realised through a Velocity Feed Forward (VFF) controller, whose
primary control objective was to prevent the motions of the physical substructure
from causing direct changes in the actuated load. Based on the system geometry
and the estimated velocity of the physical substructure, the VFF calculated elongation velocities (δ̇) for each individual actuation line. These were then integrated
to find the motor commands (θV F F ) required to compensate for the movement of
the physical substructure such that applied tensions may be kept at their intended
setpoints.
Finally, an Integral Feedback (IFB) controller was used to counteract any drift,
bias or errors not treated by the feed forward controllers. The IFB operated by
integrating the error between the commanded (Tref ) and measured (Tmeas ) line
tensions and using the resulting value as a control term (θIF B ) that was added to
the outputs from the RFF and VFF controllers, yielding the total motor command
(θcmd ) that was finally conveyed to the actuator:
θcmd = θRF F + θV F F + θIF B
−r
θRF F = (Tref − T0 )
k
Z t
θV F F = r
δ̇(t0 )dt0
0
Z t
θIF B = Ki
(Tmeas (t0 ) − Tref (t0 ))dt0

(6.7)
(6.8)
(6.9)
(6.10)

0

T0 is the pre-tension in the actuation lines, r is the radius of the actuation wheel,
k is the stiffness of the clock spring, δ̇ is the elongation velocity of the actuation
line and Ki is the integral controller gain..
A separate set of controllers were implemented independently for each motor,
such that no ”knowledge” was transferred between the actuation system. For the
present system, where the inertia and damping in the physical substructure effectually inhibits the system from responding to high-frequency excitations, this
approach will be sufficient. However, for systems with less damping and inertia
(e.g. flexible fish farm systems), the controllers in the different actuators could
start counteracting each other and cause resonance.
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6.2

Implementation

To obtain a proper hybrid model testing setup, the control loop structure (Figure
6.2b) and the individual control components had to be implemented on a specific
hardware configuration designed for interaction with physical laboratory setups
that was built around a National Instruments compact PC (cRIO), and was implemented as four separate units:
Numerical Substructure: The numerical substructure was run on an external
simulation PC dedicated to running the numerical models.
DAQ: Sensor data was sampled by a data acquisition system (DAQ), and filtered
using the filters described in Section 6.1.1. The DAQ sent the sensor data
to the Sensor/Actuator interface using an EtherCat bus and to an external
logging PC (LOG) using Firewire.
External Controller: The kinematic observer, prediction, allocation procedure
and controllers were implemented in a Simulink R model denoted as External Controller and compiled to run on the cRIO. The External Controller
also included the communication interface for the numerical substructure
that employed a User Datagram Protocol (UDP) connection over a Local
Area Network (LAN). The controller commands generated from the numerical model output were sent to the Sensor/Actuator interface, along with all
control system parameters going to the logging system.
Sensor/Actuator interface: The Sensor/Actuator interface was a Labview R
code compiled onto the cRIO using Labview Real-Time that was designed to
handle all input-output communication with the physical system. Sensor data
from the DAQ and the external optical position measurement system were
sent to the External Controller via an internal UDP connection internally in
the cRIO, while the low-level motor commands were sent to the actuators
via CANbus connection. The Sensor/Actuator interface was also responsible
for ensuring the real-time performance of the control system and that all
components were synced to the wall-clock time in the cRIO by issuing the
proper control signals to the other units in the system.

Simulation
PC

cRIO

LOG

Experimental setup
DAQ

Numerical
substructure

External
controller

Sensors
Physical
substructure

Sensor/Actuator
interface
Actuators

Figure 6.8: Outline architecture of the control system implementation.
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The implementation of the system was realised through several stages, beginning
with a purely virtual setup where numerical models were used to simulate both
numerical and physical substructures. System complexity, real-time requirements
and physical hardware were then gradually introduced until the full hybrid model
testing setup was achieved in the end. This was done to successively remove potential functionality errors or programming bugs from the system at as low complexity
levels as possible to prevent them from damaging hardware system components.

6.2.1

MiL-Testing

Model-in-the-Loop (MiL) testing was used for the preliminary development and
implementation of the control system design. A simulation model (Control plant
model [60]) that emulated the physical substructure in model scale was implemented in a Simulink R model together with the observer, allocation, and controllers presented in the previous section. Simulated sensor outputs from accelerometers, gyro, the positioning system and force measurements were generated as outputs from the simulation model, and a realistic level of artificial signal noise was
added to these. The objective of the MiL testing was to design and verify the communication interfaces and the functionality and implementation of control system
components such as rotation matrices.
The kinematic observer was fully implemented using the simulation model outputs as state inputs. Since the full kinematic and dynamic response of the physical
substructure was simulated, the observer outputs could then be verified against
simulation outputs. The observer outputs matched the simulation well for both
the estimated position (Figure 6.9a) and estimated velocity (Figure 6.9b). The
prediction and allocation procedures were similarly implemented and verified in
this phase. Although, the controllers and a model of the transfer system could also
have been implemented and tested at this stage, this was done in later implementation phases.

(a)

(b)

Figure 6.9: (a) Simulated and estimated position in MiL testing (b) Simulated and
estimated velocity in MiL testing
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6.2.2

SiL-Testing

In Software-in-the-Loop (SiL) testing, the Simulink model of the physical subsystem developed in MiL testing was set to run in real-time on a stand-alone PC, and
a UDP communication interface was implemented between this PC and a different
PC running the numerical substructure. The numerical substructure simulated in
full scale was then connected in real-time to the simulated physical substructure
in model scale, with all control system components and up/down scaling functions
implemented in the communication interface. From SiL testing is was verified that
the numerical models could communicate with the simulated external controller,
and were able to run in real-time when using simulated sensor input. The stability
of the UDP connection was improved in this phase by setting the UDP buffer size
equal to the data package size used in the system, such that no partial packages
would be read or buffered. Further, SiL-testing was used to establish a common
input-output format for the numerical models, such that e.g. the mooring line
tension components were read/written in the correct order on both sides of the
communication link.

6.2.3

PiL-Testing

In Processor-in-the-loop (PiL) testing, the Simulink model (external controller) was
converted to c-code, and then compiled and executed in real-time on the cRIO. The
objective of the PiL testing was to demonstrate that the code containing the control
system could be executed in real-time on the physical hardware that was to be used
in the hybrid model testing. It was here proven that the system could could execute
at 200 Hz on the cRIO. Further, the PiL tests were also used to verify that the
protocols used to communicate with the simulation PC would still execute properly
when both hardware and operating system (OS) was changed (the cRIO runs a
Linux OS).

6.2.4

HiL-Testing

The final step in the preliminary design phase was to expand the PiL test to
Hardware-in-the-Loop (HiL) testing, by replacing the control plant model with the
actual sensor inputs and controller outputs used in the Sensor/Actuator interface.
Physical sensors (accelerometers, gyro and reflective markers) were then installed
on a ”dummy” body in a controlled lab environment (Figure 6.10). The sensor
data was sampled by the DAQ and sent to the Sensor/Actuator interface. One
of the main aims of the HiL tests was to verify that physical sensor data was
sampled with correct sampling rates and that sensor noise was at a level feasible
for using these data as inputs to the numerical substructure. The controllers were
also implemented and activated to act on outputs from the numerical substructure,
allocation procedure and kinematic observer, and an actuator was installed in open
loop. This was done to verify that open loop and feed forward controller commands
could be sent from the control system to the actuator, and that the actuator would
respond accordingly to the command. Further, the real sensor data containing
disturbances such as actual measurement noise and gravitational acceleration was
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Figure 6.10: Physical sensor system mounted on ”dummy” body.

used to tune the performance of the kinematic observer, thereby reducing the
workload during actual testing using a physical substructure.
This HiL testing was the first ever open loop implementation of ReaTHM testing for slender structures, where forced motions of the physical substructure were
inputs to a full nonlinear simulation of a mooring system that generated resulting
mooring loads. This constituted a considerable breakthrough in the technological
development of this method. As such, several unforeseen challenges that had to be
solved before full implementation of ReaTHM testing were identified during the
HiL implementation and testing. One such challenge was the need for sensor redundancy and error handling in ReaTHM testing. Similar methods as those used
in dynamic positioning systems, e.g. weighting, filtering and dead-reckoning procedures, were then implemented to mitigate the risk of damaging equipment during
testing [60].

6.3

Experimental Implementation and Tuning

Following the HiL tests and development, the full ReaTHM test setup was installed
in a still-water basin with the intent of finalising and tuning the control system
for testing with full 2D coupling between a physical substructure and a numerical
mooring system.

6.3.1

Physical Model

The physical model scale (1:144, main parameters in Table 6.1) representation
of the cylinder buoy was constructed as a hollow wooden cylinder (Figure 6.11a)
to allow internal placement of instrumentation, power supplies and communication systems. The keel was designed with a detachable section with the ability to
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(a)

(b)

Figure 6.11: (a) Balasting the empty buoy with led weights placed in the hull. (b)
In-air balancing test with the buoy fully equipped.

mount three different appendages representing the three keel geometry variations
presented in Chapter 4. Twelve connector pins that where used as attachment
points for actuation lines and for applying external excitation, were placed with 15
degrees spacing around the hull 0.05m above the water line.
Table 6.1: Main parameters of the physical system.
Cylinder Buoy
Radius [m]
Draft [m]
Height [m]
Volume [m3 ]
Mass [kg]

Full scale

Model scale

43.2
14.4
28.8
7.44·104
8.62·107

0.30
0.10
0.20
2.49 ·10−2
28.2

The model was ballasted using lead weights to achieve the correct displacement
and trim (Figure 6.11a). Most of the weights were placed along the edge of the
floor of the space within the buoy, to get a lower Centre of Gravity (COG), while
the sensor package and extra weights to adjust trim were mounted on the deck
on top of the buoy. Three reflective spheric markers for object detection using the
optical measurement system were mounted at different heights on the deck. The
three accelerometers in the sensor package were oriented such that they measured
the surge, heave and sway accelerations in body-fixed coordinates. The accelerometers were centred around the geometric centre point of the buoy, while the threecomponent gyro was placed at a convenient position on deck, since rotation rates
are independent of measurement location for rigid bodies.
While the geometries of the physical substructure were given by the case study
definition, the hydrostatic properties of the cylinder buoy had to be determined by
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in-air balancing tests of the physical model (Figure 6.11b). All hydrostatic parameters such as COG, metacentric heights (KM), moments of inertia and gyration
radii were thus first determined in model scale and transformed to full scale (Table
6.2) .
Cylinder parameters
Centre of gravity-heave
Metacentric height-Roll
Metacentric height-Pitch
Moment of Inertia
Moment of Inertia
Gyration radius
Gyration radius

COGz [m]
KM-Roll [m]
KM-Pitch [m]
Ixx [kg m2 ]
Iyy [kg m2 ]
rxx [m]
ryy [m]

Full-scale

Model-scale

14.8
15.4
15.3
4.66·1010
4.36·1010
23.5
22.8

0.103
0.107
0.106
0.75
0.71
1.63 ·10−1
1.58 ·10−1

Table 6.2: Parameters of physical substructure determined from model scale testing.

6.3.2

Deployment in the Still Water Basin

During installation in the still water basin, the actuators were placed on land with
equal line distances to the centre point of the physical substructure (Figure 6.12).
The sensor system onboard the physical substructure was connected to the control
system through an umbilical cable containing DC power supply and an optical
fiber wire for data transfer. The cable was suspended free hanging from a rod,
to minimise its potential disturbances on the stiffness and damping of the test
setup. An excitation line with a load cell was attached to the connector pin 180
degrees opposite to the pin attached to actuation line 3. This line was used to
manually pull the physical substructure from its equilibrium point during static
displacement tests and decay tests (Figure 6.12b). The OQUS cameras for optical
position tracking were placed on land and calibrated to provide good coverage in
the section of the basin where the experimental activities would be performed.
One of the advantages of ReaTHM testing is the possibility of performing hydrodynamic model-scale testing in relatively small and confined laboratory basins,
like the one used for the present setup and still be able to emulate the behaviours
of complex systems. However, wave reflection disturbances, where the basin walls
reflect waves generated by the test subject, might be more critical in small basins
as the geometry could render the undisturbed test period very short, before the
wave reflections from the wall return to the test subject. The effect of such unintended wave generation can be evaluated through the Froude number expected
during testing. For the rounded corner geometry of the cylinder buoy, the natural
period was estimated for stiffness 2 as Tn = 131.78 s full scale and Tn = 10.98
s in model scale (Section 5.2). Assuming a maximum excursion during testing of
xmax = 1.5r = 0.45 m, an upper bound maximum velocity could be estimated as
2πxmax /Tn = 0.26 m/s. The Froude number could then be found as F nmax = 0.11.
The low expected Froude number lead to low levels of both expected wave genera62
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tion and wave radiation damping [61], and wave generation was therefore expected
to have little effect on the experiments.

6.3.3

Tuning the Control System

Initially, the control system was designed using a Proportional Integral (PI) type
controller to apply the desired line tensions. This controller used proportional and
integral gains on the deviation between the set point and the measured tension, thus
facilitating feedback control. Since PI controllers are generally not suitable for capturing rapid changes in setpoint or measurement values, the velocity feed forward
controller was responsible for handling external disturbances. The feedback controller was tuned using the Ziegler-Nichols method [62], where the integral gain was
first set to zero, and the proportional gain then increased until the system exhibited standing stable oscillations. This was considered the ultimate gain (Ku = 0.9),
which brings the system to the stability margin. The period (Tu ) of the standing
oscillations was then measured to be Tu = 0.150 seconds. Using the Ziegler-Nichols
rules, the values were set at Kp = 0.45, Ku = 0.405 and Ti = 0.85Tu , from which
K
the integral gain could be set as Ki = Tip resulting in a value Ki = 3.18. However,
the system exhibited large oscillations when increasing the integral gain towards
this value. This instability was identified to be an effect caused by the proportional
controller, as it directly interacted with the vibrations of the actuation springs, and
in turn, caused error amplification due to the phase lag from time delays.
To remedy these challenges, the controller structure presented in Section 6.1.6
was implemented, where the integral controller was the only controller with error
feedback correction. Rather than using Ziegler-Nichols methods, the integral controller gain was set to 2.2 by iterative tuning using a trade-off between fast error
correction and increased induced vibrations as the main criterion. Furthermore,
the vibrations of the physical springs were damped by installing vibration dampers
that were in direct contact with the springs (Figure 6.13).
When measuring with accelerometers, gravity will always be present in the
measurements as a constantly acting acceleration of about 9.82 m/s2 that is perpendicular to the surface of the Earth and positive in upwards direction. Since
the decay motions of the moored cylinder induced surge/sway accelerations that
were much smaller than gravity, it was critical to compensate properly for the
gravitational acceleration component in the measurements by subtracting gravity
from the acceleration signal before using it in further computations by utilising
the measured orientation. During a typical decay test the maximum amplitude of
sway acceleration would be approximately 0.15 m/s2 , while maximum surge acceleration would be around 0.1 m/s2 (following the expected period of oscillation
and displacements). If the cylinder is subjected to a 1-degree roll angle, the sway
accelerometer would measure a component of the gravitational acceleration of approximately 0.17 m/s2 meaning that the error in the measured attitude must be
much smaller than one degree to perform a proper transformation from body fixed
accelerations to global accelerations. This also implies that it is essential to eliminate time delays when testing with wave excitations, as large and rapid roll/pitch
variations may then occur, potentially leading to large errors due to gravity.
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(a)

(b)

Figure 6.12: Experimental setup in the lab. (a) The physical substructure with
three actuation lines and the fiber wire for transfer of sensor data. (b) Basin and
actuator layout.
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The optical sensor system used for position and attitude measurements defined
a 6 DOF rigid body based on the measured positions of the the reflective markers
placed on the physical substructure. The centre of rotation of a floating rigid body
is associated with the location of the centre of gravity and the centre of buoyancy.
However, for the practicality of rotating the measured accelerations, the positioning
system was set to interpret the point where the accelerometer axes intersected as
centre of rotation of the rigid body, such that actual rotations of the accelerometers
and the measured attitude were the same.

Figure 6.13: Vibration damper installed on the transfer system, to damp both
in-plane and out-of-plane vibrations of the spring.

6.3.4

Traceability of Time Delays

The time delays induced by the different control system components had to be
quantified to accurately compensate for the total system time delay, and for documentation/traceability of errors. Different types of time delays existed in the control
system since the system components were distributed on different platforms, i.e.
the DAQ onboard the physical substructure, the optical position measurement system on a stand-alone PC, the sensor actuator interface and the external controller
running on a cRIO, the numerical substructure running on a dedicated simulation
PC, and the actuators distributed around the basin. However, the main components
contributing to the total time delay of the system were communication time, computation/simulation time and actuator dynamics. Although the sampling of sensor
data was performed at 2000 Hz and hence may be disregarded in this context, a
considerable time delay was induced by the optic position measurements.
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Individual time delays for each system component were estimated by synchronizing the system clocks on the different platforms using the Network Time Protocol (NTP). A local time server was therefore set up on the cRIO, and used by
an NTP-algorithm to synchronise all other platforms with an error of less than
1 ms [63]. The time delays were then measured by appending a time stamp to
measured sensor data in the DAQ. By comparing this time stamp with the time
upon which the data was received at the Sensor/Actuator interface, and again at
the external controller it was possible to quantify the time delays incurred by each
component and during communication. All time stamps included in this process
were sent back to the logging system such that both the component-vise and total
time delays could be found.
Data transfer from the DAQ to the Sensor/Actuator interfaces was performed
using an EtherCat protocol, which was measured to have a mean time delay for
sending data at approximately 2ms (Figure 6.14a). The presence of small-amplitude
variation/jitter in the delay is probably due to varying loop times for the cRIO.
The mean time delay from the DAQ to the external controller and back to
the Sensor/Actuator interface was measured to be 13.84 ms (Figure 6.14b). Delays
were now higher, and varied between three distinct levels at 7ms, 12ms and 17ms
(Figure 6.14b). These levels corresponds to 1, 2 and 3 time steps delay added to the
2ms from the DAQ, as the frequency of the control system was set to 200 Hz (5ms
time step). Since the communication was done using UDP, which does not feature
”handshaking” between sender and receiver, the sending and receiving processes
for a specific message were not coordinated. Although the mean communication
time was expected to be 10ms (two time steps), this lead to some variation in how
many time steps the UDP communication required, resulting in a variable delay
between 5 and 15ms. An additional communication related time delay was added
when connecting to an external numerical substructure (FhSim or RIFLEX) using
UDP, but this will be discussed further in the evaluation of the numerical models.
The delay caused by the optical position measurement system (OQUS) was estimated by performing a pitch decay when the control system was deactivated. A
positive static pitch angle was applied to the physical substructure, such that the
surge accelerometer measured a positive component of the gravitational acceleration. When the buoy was released to decay, this acceleration component decreased.
As the measured surge acceleration passed zero, the pitch angle of the system
should accordingly be zero as well. By comparing the shape of the surge acceleration time series with that of the pitch measured by OQUS, the delay on the OQUS
system was estimated to be approximately 25ms (Figure 6.15).

6.3.5

Compensation for Time Delays

To compensate for time delays in the system, a prediction scheme using the approach presented in Section 6.1.3 was applied to the measured quantities. Here the
time delays must be considered separately, as delay between individual sensor out66
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Figure 6.14: (a) Measured time delay from the DAQ onboard the bouy to the
Sensor/Actuator interface. (b) Measured time delay from the DAQ to the external
controller and back to the Sensor/Actuator interface.

puts and a total delay from measurement to actuation would have different effects
on system performance. The delay between measured attitude and the measured
acceleration is of particular importance, as the kinematic observer used the measured attitude to rotate the accelerations from a body-fixed coordinate system to a
local coordinate system. A time delay on the attitude will then cause an error in the
rotation and thereby cause the gravitational acceleration to influence the velocity
estimation. To mitigate this error, an initial prediction compensating for the 25ms
delay caused by the position measurement was performed. The predicted position
and the measured acceleration (which had negligible time delays) were then used
as as inputs for the kinematic observer such that the observer inputs were ideally
sampled at the same time. A second prediction was applied to the outputs from
the observer. The prediction horizon should then ideally be chosen such that it
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Figure 6.15: Pitch decay comparing the measured surge acceleration with the measured and 25ms predicted pitch angle from the optical positioning system.

compensates for the delays from the control system and numerical model.
Selected results that illustrate the performance of the prediction scheme are presented in Figure 6.16. Prediction of the position is shown in Figure 6.16a, comparing
predictions with a 25 ms time horizon of the North position with corresponding
raw measurements and observer outputs.
The output from the observer is relatively smooth, compared with the measured
data. By performing a cross-correlation routine on the measured and observed time
series, the average time shift was found as 4 data points, equivalent to an average
effective prediction of 20ms. However, further prediction with a 25 ms time horizon
applied to observer output resulted in an oscillatory pattern where the predicted
value varied around the actual value. This was probably due to the amplification
of observer dynamics and oscillations induced by the first predictor (i.e. at the
input to the observer). Similar results from prediction of the velocity are presented
in Figure 6.16b, again illustrating that high frequency oscillations in the observer
output are amplified by the prediction scheme. For the velocity prediction it is even
clearer and with such high amplitudes that no prediction of value is possible. Due
to the poor performance of the prediction using the observer outputs, most of the
later tuning data and results from verification tests were obtained by only using
25ms compensation for the measured position and no prediction after the observer.

6.3.6

Motor Errors

The actuators were controlled via a local daisy-chained CANbus network, and the
motor command output from the controllers (motor position θ) was updated with
200Hz, while the actual motor position was simultaneously measured and logged. A
decay test was performed to evaluate the dynamic performance of the motor. The
measured and desired line tensions for actuation line 3 show that vibration/noise
was present in the measured tension, and that the applied tension overshot the
desired tension (at 64s and 74s in Figure 6.17a). While the corresponding motor
command for motor 3 is relatively smooth and the motor appeared to follow the
command well. (Figure 6.17b), the error between the commanded and measured
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Figure 6.16: (a) Measured position (red), estimated postion from kinematic observer (blue) and 25ms predicted position (black). (b) Estimated velocity (red)
and 25 ms predicted velocity (red).
motor position was approximately 3-4 degrees when the rate of change of the motor
angle was at a maximum (Figure 6.17c). Although an error of 3-4 degrees appears
small compared with an amplitude of more than 300 degrees in motor command,
the stiffness of the actuation system was high, meaning that even small motor
errors might cause large errors in tension.
The overshoot in applied line tension occurred when the motor commands were
at a local minima (Figure 6.17b). At these times the motor angle error was zero
(Figure 6.17c), indicating that this was not caused by motor dynamics, but rather
by limited controller action. This will be treated further in Chapter 7.
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Figure 6.17: (a) Desired and applied line tension for actuation line three. (b) Commanded and applied motor angles. (c) Commanded and measured motor angle
increment.
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6.4

Chapter Summary

In this chapter, step 6 in the generic design method was applied to the case study,
and a control system was designed for interconnecting the physical and numerical
substructures. The overall control loop containing the sensor system, observers,
prediction, allocation, controllers and actuators was designed, and the control system was simulated using a MiL approach to validate the system connections and
a HiL approach to facilitate the execution on physical hardware. A scaled physical
model of the cylinder buoy presented in the case study was manufactured, ballasted
and equipped with the designed sensor system. The physical substructure and control system was installed in a still water basin, and the observers and controllers
were tested and tuned. The implementation process proved that it was possible,
to connect a nonlinear FE model of a mooring system to a floating structure in
real-time.
In the following chapter, step 7 from the design method will be applied to the
developed ReaTHM test to systematically verify functionalities and to validate
output results.
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Chapter 7

Verification Tests and
Experimental Results
In this chapter, results from verification studies of the ReaTHM test setup for
slender marine systems described in Chapter 6 are presented. The setup is tested
in different conditions and implementations. Results from a still water test series
are used to evaluate the static and dynamic performance of the system using both
a linear stiffness model and a nonlinear FE model as a numerical substructure.
The real-time performance of three numerical models with fundamentally different
properties is evaluated based on induced time delays and jitter. Test results from
implementation in a wave basin are presented and used for evaluation of controller
performance during wave excitation. Lastly, the performance of the ReaTHM test
setup is compared with an equivalent purely physical model test setup, as a first
stage validation of the method.
Contributions of this chapter: The scientific contribution of this chapter is
the results from demonstration and verification of a novel implementation of
the ReaTHM testing to model slender marine systems.
Organisation of this chapter: This chapter is organised as follows: Evaluation
of the interface connection from tests in still water is presented in Section
7.2. The real-time performance and comparison of three different numerical
models is presented in Section 7.3. Results from tests in a wave basin addressing controller performance are presented in Section 7.4. Finally, a study
comparing the performance of the hybrid model testing setup with that of a
physical system is presented in Section 7.5.
Publications: The material in this chapter is based on [33–35].

7.1

Introduction

It is important to verify the functionality of a ReaTHM test setup before it is used
in e.g. design case studies or experiments intended to provide new knowledge on
the system under study. This underlines the need for including stepwise testing and
verification of the system in the laboratory during the final stages of developing
such methods.
73

7. Verification Tests and Experimental Results
The main results in this thesis were obtained through three experimental test
campaigns:
(1) Tests in a still water basin using the basic experimental setup presented in
Section 6.3. The still water tests were used to verify the interface connections, tuning and analysis of the system, and for evaluation of the different
numerical models. Details on the still water tests are presented in Section
6.3.2.
(2) Tests in a wave basin where external wave excitations were used to analyse
controller performance and the disturbance rejection capabilities of the control system. Details on the wave basin tests are presented in Appendix C.1.
(3) A second test campaign in a wave basin to compare the performance of the
ReaTHM test system with that of equivalent purely physical systems. The
details on the physical and ReaTHM test setups are presented in Appendix
C.2.
In addition, preliminary experiments investigating the different variations on
keel geometry of the physical substructure were performed early in the project
period. Since these experiments occurred when the control system was still under development, these results may be considered more uncertain and are hence
presented in Appendix D rather than here.
Since the experimental results presented in this chapter were obtained from
three different experimental campaigns performed at different laboratory facilities,
the resulting data series may exhibit some variations in their dynamics. These
effects may be caused by differences in the setup at the site, such as the configuration of the cable bundle, the sensor systems in use, or the mechanical properties
of the actuation system and its configuration. Results from seemingly comparable
tests conducted in different experimental facilities may therefore not be directly
comparable.

7.2

Interface Connection

The interface connection (i.e. the transfer of physical quantities across the physicalnumerical and numerical-physical interfaces) needed to be evaluated to ensure that
the compatibility and equilibrium conditions stated in Section 3.4 are fulfilled.
Results from the first test series performed in the still water basin were used for
the analysis. The tests were performed using the Linear Isotropic Stiffness model
for both stiffness 1 (152.2 kN/m) and stiffness 2 (283.6 kN/m) as the numerical
substructure, and the cylinder buoy with rounded corner geometry as the physical
substructure.

7.2.1

Results From Static Tests

Static displacement test were performed to verify that static loads computed by the
numerical substructure were correctly applied to the physical substructure. This
was done by applying a stepwise static displacement to the physical substructure
and by comparing the load that was actually applied to the substructure with the
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Figure 7.1: Applied mooring load as a function of the excursion of the cylinder
buoy during static displacement test, for the linear stiffness 1 (152.2 kN/m) and
stiffness 2 (283.6 kN/m).

commanded load based on the model output.
The good correspondence between commanded and applied load implies that
the allocation procedure performs well and that the individual line force controllers
were able to track the desired static setpoint (Figure 7.1). The measured stiffness
from the verification study also corresponds well with the desired stiffness given as
input for the linear stiffness model. If the allocation procedure was not functioning
correctly, the static forces would not match for numerical and physical substructures.

7.2.2

Results From Decay Tests

The ability of the interface connection to follow a dynamic reference was evaluated
by performing decay tests. To verify that the response of the physical substructure
could be considered as 1D-motions, the 2D trajectory of the physical substructure
during a decay test where the physical substructure was displaced along a path 30
degrees inclined with respect to the East-axis was studied in detail (Figure 7.2).
The results demonstrate that the system was able to emulate the 1D movement
desired during a decay test as the physical substructure follows the desired path
along a 30 degree inclined line without substantial deviations after being released.
If the forces applied by the isotropic stiffness were the only forces acting on
the physical substructure, the motions should ideally follow a straight line trajectory. When taking the hydrodynamic effects acting on the body (e.g. asymmetric
flow and flow separation) into account, one could expect excitations to force the
body follow an elliptical path. Furthermore, if the north and east components of
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Figure 7.2: 2D horizontal trajectory of the floater in the N-E plane during a decay
test.

the mooring load were erroneous or asynchronously applied, e.g. due to allocation
errors or misplacement of actuators, the motions could deviate from the straight
line trajectory. However, the relatively straight 2D path obtained in the experiment
implies that these issues did not have a strong impact on the results. The North
and East components of the mooring load therefore appear to be properly applied
and without substantial relative time delays.

Full System Verification and Repeatability
Positions measured with the optical system were assumed to be of high resolution,
and with inaccuracies too small to influence the present application. However, these
measurements and the corresponding estimated velocities were transferred to the
numerical substructure with a time delay (Section 6.3.4), the accuracy of the estimated velocity being lower than that of the measured position. A time series plot
of the estimated velocity for a decay test with linear stiffness 2 (282.6 kN/m) is
presented in Figure 7.3a, along with the post-calculated actual velocity that was
obtained by differentiating the time series for the measured position. The results
show that the online estimator overshoots the actual velocity at the peak velocity
in each oscillation. The main consequence of this overestimation is expressed as
drift in position, and hence an overestimation of the motion during each oscillation
(Figure 7.3b).
For motions during a decay test (Figure 7.4a), the desired mooring load computed by the numerical substructure compared with the mooring load actuated
onto the physical substructure (both low-pass filtered with a cutoff frequency at
0.083 Hz in full scale) illustrates the performance of the application of dynamic
forces (Figure 7.4b). The applied load resultants follow the desired loads well,
though with the peak loads during oscillations not being as high as in the com76
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Figure 7.3: (a) Measured velocity (time derivative of measured position) and estimated velocity from kinematic observer. (b) Measured position plotted together
with the integrated estimated velocity.

manded loads. The high frequency components in the applied loads (acquired by
high pass filtering the experimental data with a cutoff frequency of 0.083Hz) is
at the same order of magnitude as the low-pass filtered loads, resulting in a low
signal to noise ratio (SNR) (Figure 7.4c). For this particular application, the high
frequency components are not critical to the system performance, as the response
of the physical substructure to high frequency loads is very small due to the high
system inertia and damping. However, this effect may be a critical element for
applications of ReaTHM testing that are more sensitive to high frequency loads.
For future applications it is therefore desirable to further mitigate high frequency
vibrations in allocation procedures and actuation.
Figures 7.5a and 7.6a show the normalized excursion trajectories of the physical substructure during three repeated decay tests using the linear isotropic stiffness model, while Figures 7.5b and 7.6b show the estimated linear and quadratic
damping coefficients during the same tests. Damping coefficients were estimated
by considering the system equation of motion (Equation 5.1) in 1DOF, using a
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Figure 7.4: (a) North and East components of the measured position of the physical
substructure during decay test. (b) Resulting commanded and applied North and
East components of the mooring load, Low-pass filtered with cutoff at 0.083 Hz.
(c) Commanded and applied North and East components of the mooring load,
High-pass filtered with cutoff at 0.083 Hz.
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method presented by [38, Ch. 7], where the equation of motion is normalized:
ẍ + p1 ẋ + p2 |ẋ|ẋ + p3 x = 0

(7.1)

The linear and quadratic damping described by coefficients p1 and p2 in Equation
7.1, are found by curve fitting the results from decay tests using the relation.


2
Xn−1
16Xn
log
= p1 +
p2
(7.2)
Tm
Xn+1
3Tm
n
The left hand side of the equation is plotted against the 16X
3Tm term in the right
hand side, where Tm is the oscillation period and Xn is the amplitude of the nth
oscillation. The peaks of the decay tests are used for fitting a straight line, where
the linear damping coefficient p1 , is estimated by the crossing of the y-axis, while
the quadratic damping coefficient p2 is estimated by the slope of the line. Only the
first 4-5 oscillations are used in the estimate, as the low amplitudes of the later
peaks are prone to introduce noise in the analysis.

The decays with three repetitions show that there is a good repeatability between tests, as the three repetitions of excursions follow each other well, for both
stiffness 1 (Figure 7.5a) and stiffness 2 (Figure 7.6a). The tests also demonstrate
that the ReaTHM test setup demonstrated the expected effect of increasing the
numerical stiffness in that the oscillation periods for the physical substructure were
shorter, and that oscillations were damped out more rapidly. The damping plots
presented in Figure 7.5b and 7.6b, show that the linear damping coefficient based
on the first 5 oscillations was close to zero for both stiffnesses, whereas the quadratic
damping coefficient varied by approximately 10% between the two stiffnesses. This
contrasts with the expected response, which was that the damping coefficients
should be independent of stiffness since physical hydrodynamic damping should
be the only source of system damping. However, the rounded keel geometry made
hydrodynamic damping of the physical substructure relatively low, meaning that
even small variations due to e.g. errors in controller dynamics, vibrations in the actuation system or damping caused by the umbilical, could induce notable impacts
on the estimated damping coefficients.
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Figure 7.5: (a) Decay repetition with linear stiffness 1. (b) Damping estimation for
decays with linear stiffness 1.
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Figure 7.6: (a) Decay repetition with linear stiffness 2. (b) Damping estimation for
decays with linear stiffness 2.

81

7. Verification Tests and Experimental Results
107

0

Linear tangent stiffness
Desired load
Applied load

Mooring load [N]

-0.5

-1

-1.5

-2

-2.5
0

10

20

30

40

50

60

70

80

Excursion [m]

Figure 7.7: Static displacement test results with RIFLEX showing the linear tangent stiffness at the origin and desired and applied restoring force.

7.2.3

Effects From Increased Complexity

Since the fidelity of the linear isotropic stiffness model used in the verification
tests was insufficient to realistically simulate responses of mooring lines, some verification tests were also conducted using a nonlinear FE model (RIFLEX) as a
numerical substructure. Static pull-out test results (Figure 7.7) demonstrated that
the applied mooring loads corresponded well with the output from the numerical
substructure, and that the nonlinear stiffness from the RIFLEX model was successfully applied to the physical substructure.
There was also good repeatability in the tests using RIFLEX, with similar oscillation periods and damping levels between repetitions, though with some variations
at lower amplitudes (Figure 7.8). Estimated damping levels were considered sufficiently similar across the three repetitions to enable a linear fit based on all three
datasets (Figure 7.9). Variations between and within the three cases was higher for
the FE-model than for the linear case, especially for lower amplitudes.
In addition to being used to derive the global horizontal load vector (τref ), the
top tension of each individual mooring line was logged for each time step after being
computed by the numerical substructure. These values can be used to determine
the extreme value statistics for each mooring line, even though the actual number of
actuation lines used to transfer the global mooring load is lower than the number
of mooring lines defined in the test setup. Top tensions for all 12 mooring lines
during a decay test with RIFLEX as numerical substructure are presented in Figure
7.10. The results are given in kN of total tension (full scale), and show that there
is a clear difference in the top tension loading between the individual mooring
lines during decay tests. In environmental conditions where snatch loads might
occur, (e.g. when exposed to large wave drift loads or slamming/impact loads),
this discrepancy in individual loading could be even grater, and could result in line
failure/breakage. Such phenomena may be difficult to identify using conventional
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Figure 7.8: Three repetitions of decay tests performed with the real-time hybrid
system and RIFLEX as numerical substructure.
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Figure 7.9: Damping estimation for three decay tests with RIFLEX as numerical
substructure using 45 elements pr line.
model testing unless the number of scaled mooring lines is kept equal to the number
of mooring lines in the full scale system. For cases such as this with 12 mooring
lines, the development and proper setup of such a physical model would be very
complex, time consuming and difficult. This may therefore serve as an additional
key motivation for developing and using methods in ReaTHM testing to study
slender systems.

83

7. Verification Tests and Experimental Results

Figure 7.10: Top tensions from all 12 mooring lines during decay test. The numerical
substructure was modelled using RIFLEX with stiffness 2 (283.6 kN/m) and 60
elements per mooring line.
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7.3

Numerical Model Performance in Real-Time

Three different numerical models with varying fidelity/complexity levels were tested
as numerical substructures in a ReaTHM test setup. Although the simplest linear
isotropic model was used for most of the system verification, the occurrence and
extents of time delays, induced damping and jitter was measured during identical setups using the different models as numerical substructures to compare the
performance in ReaTHM testing. The main scientific contribution of the results
presented in this section is an evaluation of the advantages and disadvantages of
using fast simulation models with lower fidelity versus high fidelity FEM codes
in ReaTHM testing. This evaluation is based on a trade-off between feasibility in
terms of achieving real-time operation, and the accuracy of the numerical output.

7.3.1

Time Delays and Time Lags

The base time delay of the control system was evaluated in Section 6.3.4 to be
13.8ms, found by sending a reference time stamp from the DAQ to the logging system. Time delays for the numerical models were estimated using a similar method,
by appending a time stamp to the data stream sent to the numerical model which
then appended the same time stamp to the data stream returned to the control
system. The time delay was then computed as the difference between the time
when the control system received the return data stream and the time stamp appended to this stream. Since this was only an extension of the tests to study the
systematic base delay, the delays used in the comparison also included the time
delays caused by other components in the control system (Figure 7.11). The linear
isotropic stiffness model was run as a script in the control system, and therefore
did not generate any further time delay. This is apparent in that the time delays
using this model were equivalent (though slightly deviating from the base delay,
with a mean value of 12.3ms).
The FhSim simulation model communicated via a UDP connection with the
control system, with an update frequency of 100 Hz. This introduced an additional
time delay of approximately 10ms, corresponding to one simulation time step (Figure 7.11). As described in Section 6.3, the UDP connections are non-correlated,
resulting in delay jitter due to variations in the system clock time and loop times,
explaining the random variations between 16.6ms and 26.6ms in the measured time
delay.
Communication with the RIFLEX model was facilitated through a UDP connection to a JAVA-based communication interface to the simulation platform SIMA R ,
which was running the RIFLEX model. The update frequency for this loop was also
set at 100 Hz. The mean time delay induced by this loop was approximately 45ms,
which is about 24ms higher than the delays experienced when using FhSim. Since
the RIFLEX model appeared to use the same average time step of as FhSim during
simulation (10 ms), the added time delay originated from the communication in
the JAVA-SIMA interface. The measured delay showed the same delay jitter due to
UDP communication as the FhSim model, strengthening this impression. A time
delay of 45ms is too large for ReaTHM testing of slender structures as it exceeds
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Figure 7.11: Measured delay induced by the real-time system plus numerical model.
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Figure 7.12: Time lags in RIFLEX simulation occurring as the physical substructure
is released to decay.

the ideal prediction horizon determined in Section 6.3. For future commercial tests
with RIFLEX as numerical substructure, this delay must therefore be reduced to
improve the fidelity of the ReaTHM test.
Time lags were observed during testing in cases where simulation time drifted
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from wall clock time, especially during tests with the RIFLEX model. An example
of this is seen in Figure 7.12, where the initial time delay is relatively constant at
values close to the expected 10 ms. This implies that the numerical model was able
to finish all computations within the loop time step, thus fulfilling the real-time
requirements of the testing. When the physical substructure was released to decay,
and reached the maximum velocity, the time lag between the simulation output
and the wall-clock time in the experiment increased rapidly, implying that the
model was not able to complete iterations within a time step. This effect was probably caused by that FE-models typically respond to abrupt dynamic changes by
requiring large updates in the stiffness matrix for every time step. Since RIFLEX
uses Newton-Raphson iterations, which are designed to iterate until the specified
tolerance level is reached, a time lag will be introduced when an iteration requires
more than 10ms. Although the time lag was eventually stabilised, the aggregated
effect of the time lags was a 1.5 second permanent time delay/drift in the numerical model relative to wall clock time. This introduces an error in the connection
between the substructures, and increases the risk of the numerical model crashing
due to divergence. When calculation time drifts while the physical substructure
continues its motion, the position increment for the next time step will increase,
which in turn will require even longer iteration times.

7.3.2

Jitter
106

6

RIFLEX
FhSim
Linear Model

Mooring load [N]

4
2
0
-2
-4
-6
0

20

40

60

80

100

120

Time [s]

Figure 7.13: Example of jitter in North-component of the output mooring load
during a decay test using RIFLEX, FhSim and the linear stiffness model.
While the time lags presented above refer to when simulation time drifts from
wall-clock time or real-time, the denomination jitter is here used to describe random temporary deviations, both positive and negative, of simulation time from
wall clock time. Jitter in communication takes many forms but is often characterized by a random variation from the desired communication time/periodicity [64].
When UDP connections are used serially in common control loops, as is the case
for the present control system, the delay jitter from different sources is in practice
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summed, resulting in a total uncertainty that represents a random influence on the
real-time performance of the system. In addition, the total jitter disturbance may
be increased due to contributions from the numerical simulations, e.g. when the
model is not able to complete an iteration within the loop time step as was seen
above in the RIFLEX results. An example of how jitter may influence the output
force response is presented in figure 7.13, where the north components of the mooring load from RIFLEX, FhSim and the linear stiffness model are compared. The
segment presented in figure 7.13 represents the time when the floater is released
and starts to decay, such that the rate of change of the stiffness matrix in RIFLEX
is at its maximum. The linear model does not exhibit any effect from jitter, as
it is executed from within the real-time loop, and is sufficiently fast to complete
iterations within each loop time step. The output from FhSim contains some noise,
which could partly be due to communication based delay jitter, but also may be
affected by a kinematic filtering method used to smoothen its input (See Appendix
B for details on this method). The RIFLEX output shows a higher noise content
than the other models, probably because jitter in the simulation time caused by
its inability to converge within the loop time steps adds to the total system jitter.
The specific effects of this type of jitter can be illustrated by how noise on the
commanded load affected the actual load applied to the physical substructure in a
decay test repetition with RIFLEX as numerical sub-structure (Figure 7.14). Similarly to in the cases described above, the fast motions of the physical substructure
caused the RIFLEX calculation time to exceed the synchronization time step of
the hybrid setup, thereby inducing jitter. During this particular data series, the
RIFLEX model eventually crashed (at about 26.5 s in Figure 7.14), invoking a security measure that entailed the linear stiffness model stepping in to finish the test
in a proper fashion. The effect of jitter on the final results can be seen in the clear
difference in the vibrations on the measured force before and after the FE-based
numerical substructure crashed. The high-frequency force spikes seen in the data
series might not have had a direct impact on the dynamics of the tests, as the
response frequencies of floating structures are typically much lower than the force
jitter. In contrast, the effect on the control system actuating the force onto the
physical system may be large as force spikes can induce vibrations or even instability in the actuation system. The high-frequency components could be removed
through filtering, but this would lead to increased time delays in the response.

7.3.3

Convergence Study

A convergence study using FhSim and RIFLEX as numerical substructures was
performed to evaluate the feasibility of reducing the number of elements per line,
and thereby reducing the computational cost of the simulations without suffering
unacceptable reductions in simulation accuracy and fidelity. Static pull-out tests
where the commanded and applied mooring loads from the numerical models were
compared, were first performed to evaluate if changing the number of elements
altered the system stiffness. This was followed by dynamic tests featuring decay
tests such as those described earlier with the intent of investigating if varying the
number of elements altered the dynamic properties of the system.
The static tests with FhSim were performed using a number of elements per line
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Figure 7.14: Commanded and applied line tensions (Model scale), in a test where
the RIFLEX model to crashed due to jitter and the linear model took over.

that varied from 45 to 225 (Figure 7.15). The corresponding tests with RIFLEX,
were done varying the number of elements from 45 to 90 (Figure 7.16). The results
from both tests demonstrated that reducing the number of elements per line had
little effect on the static outputs from either of the numerical substructures.

The results from the dynamic tests using FhSim were very similar for the different numbers of elements, although the model with 225 elements per line had a
slightly different oscillation period than the other cases. This indicates that the efficiency benefits of using a less complex system model with fewer elements probably
outweighs the drawbacks caused by the corresponding reduction in spatial resolution. For the RIFLEX results, it was not possible to perform a decay test with one
radius excursion for all test configurations, as the simulation crashed for the models with the highest numbers of elements. In general, these models had insufficient
real-time performance to be used for testing, meaning that only the models with
the lowest number of elements (45-60) were used in the further analyses.
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Figure 7.15: Static convergence test with FhSim, increasing number of elements
per line from 45 to 225.
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Figure 7.16: Static convergence test with RIFLEX, increasing number of elements
per line from 45 to 90.

7.3.4

Output Comparison

Applied stiffness
The static stiffness values applied to the coupled system when using the linear
model, FhSim, and RIFLEX were compared by performing stepwise pull-out tests
of the physical model with 45 elements per line in the numerical substructure
(Figure 7.19). There was a good correspondence between the desired and the actual
stiffness applied to the physical model for all three numerical substructures. For
small excursion radii (i.e. less than 0.5 x radius on the buoy) the mooring loads
were comparable between the three models. When increasing the excursion radius,
the outputs from the models gradually drifted from each other. When comparing
the outputs from the other models with RIFLEX, which was considered the most
90
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Figure 7.17: Convergence test with FhSim, decay test with increasing number of
elements per line from 45 to 225.
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Figure 7.18: Convergence test with RIFLEX, decay test with increasing number of
elements per line from 45 to 90.

physical accurate model, the linear model underestimated the stiffness while FhSim
overestimated the stiffness. The difference between FhSim and RIFLEX might be
due to differences in the elastic stiffness properties of the mooring lines (Appendix
B).
Dynamics
The effects of the choice of numerical substructure on the outputs describing the
dynamic response of the complete system response was evaluated through decay
tests. The cylinder buoy was displaced one radius from the equilibrium position
and released to decay. Results from decay test with the linear model, FhSim and
RIFLEX are shown in Figure 7.20, the excursion (y-axis) being normalized with
respect to the cylinder radius.
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Excursion [m/m]

1
Linear Model
FhSim
RIFLEX

0.5

0

-0.5

-1
0

100

200

300

400

500

600

700

800

Time [s]

Figure 7.20: Decay test comparison with the linear model, FhSim and RIFLEX.

The natural period of the coupled system was similar for FhSim and RIFLEX,
while it was slightly longer for the linear model. This corresponds well with the
simulated stiffness being lower in the linear model, for large excursion distances.
Estimated damping coefficients from tests with the linear model shows little
scattering and a good fit to the estimated quadratic damping (Figure 7.21a). At
lower amplitudes the damping appears to transcend towards linear velocity dependence. For the tests with FhSim, there was as good initial fit to a quadratic
damping coefficient that was higher than for the linear model (Figure 7.21b). This
can be explained by that FhSim takes nonlinear damping effects and drag (c.f. the
Morison equation [38, Ch. 7]) into account. However, the linear damping coeffi92
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cient in FhSim was also higher than that in the linear model, an effect that was
not caused by hydrodynamics. A possible explanation for this could lie in that artefacts in the control system or the simulation model modulate the dynamics of the
coupled system. The higher scattering of the results from FhSim at low amplitudes
could be caused by effects or errors induced by the control system, or measurement
errors (which could have a large impact on estimated stiffness when the amplitude
is very low).
The RIFLEX model had a higher quadratic damping level than the FhSim
model, and a linear damping coefficient was lower than for FhSim. The line fit for
results from the RIFLEX model gave a negative estimate of the linear damping
contribution, corresponding well with that the higher time delays observed for the
RIFLEX model could induce negative damping [59].
Discussion of Dynamic and Static Responses
Although the simplified linear stiffnes model modelled the stiffness well near the
equilibrium point (i.e. with shorter excursion distances), a more accurate nonlinear
model is needed to represent the emulated system when excursions are more extensive. FhSim and RIFLEX were expected to output similar results, at least for static
conditions. The discrepancy in the output was probably caused by differences in
input parameters. RIFLEX and FhSim define cable properties using different methods, with the bar elements used in RIFLEX having stiffness properties as defined
in Table B.2, while the FhSim model used rigid bars with very high E-module,
with input parameters as given in Table B.3. In addition, inaccuracies and slight
inconsistencies in the input parameters for the lines could have contributed to the
differences in quadratic damping and stiffness. Figure 7.22 illustrates how different performance criteria could influence the choice of numerical model. Each of the
three models performed well within different performance criteria. If there is a need
for high fidelity or complex models with e.g. bottom interaction, it will be beneficial to use RIFLEX, because the slender structures therein have been subjected to
thorough validation studies, and due to the generally higher fidelity of nonlinear FE
Models. However, when modelling fast dynamics nonlinear FE-simulations may not
be fast enough and it would probably be more reasonable to use a faster simplified
model. Although this will lead to lowered fidelity, it is possible to pre-tune these
models offline against outputs from high fidelity models. Conversely, it is possible
to improve the real-time performance of high fidelity FEM-models through reduction techniques or by running simulations on large PC clusters. Other possible
solutions includes implementing simplified models that approximate the characteristics of the emulated mooring system obtained through offline simulation with
high fidelity models directly in the real-time system, or online adaptation of simple
models simulation models with higher fidelity that are run in parallel.
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Figure 7.21: (a) Damping estimate for linear stiffness model with stiffness 2. (b)
Damping estimate for FhSim with stiffness 2. (c) Damping estimate for RIFLEX
with stiffness 2.
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Figure 7.22: Choice requirements for case specific numerical model.
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7.4

Controller Analysis

The main objective of the study presented in this section is to evaluate how different controller components affect the performance of the actuation system when the
physical substructure is exposed to large external disturbances from both WaveFrequency (WF) and Low-Frequency (LF) motions. Experiments were performed
in a wave basin where the physical substructure was subjected to wave excitations
(Appendix C.1). The three controllers used in the setup as presented in Section
6.1.6, were the Reference Feed Forward (RFF), Velocity Feed Forward (VFF) and
Integral Feedback (IFB) controllers (Figure 7.23). In all cases, the system was subjected to external disturbance from waves with model scale parameters given in
Table 7.23.
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νF F

VFF

Tref − Tmeas

θcmd

IFB
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Tref
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θcmd

Controllers

Actuators
Tmeas

Numerical
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Experimental
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Sensors
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η̂

aimu

ν̂
η̂

Predictor

Observer

ω
η

Figure 7.23: Controller structure for the ReaTHM test setup.

Table 7.1: Base case control system and input parameters.
Hs [cm]
1.0

7.4.1

T [s]
1.0

Ki [-]
2.2

T0 [N]
10

K [N/m]
13.26

Tests

The tests were based on a reference system setup with controller parameters that
were tuned to give satisfactory results for decay testing in still water. This system
was first subjected to a decay test where the buoy was manually moved 1.5 cylinder
radius from the equilibrium and released (see table 2 for setup parameters). During
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this trial, the individual contributions from the different controllers to the final
motor command, the commanded tension, and the measured actual tension were
recorded. A series of experiments exploring the properties and limitations of the
control system were then performed by conducting tests that featured variation of
the integrator gain (Ki ) and pre-tension of the actuator lines (T0 ), deactivation
of the different components in the actuator control loop, deactivating actuation
entirely, and inducing artificial delays in observers and the numerical substructure.
A parameter study on the level of pre-tension in the actuation lines was performed
to study the effect on controller performance noise/vibrations levels .
Time series of the deviations of the applied mooring load (τmeas (t)) from the
desired mooring load (τref (t)), were developed by finding the standard deviation
(σ) of the mooring load error ().
 = τmeas (t) − τref (t)

(7.3)

To study the low frequency (typically caused by external disturbances such as
wave excitations) and high frequency (typically due to control system dynamics)
components of the errors separately, the total error was low pass and high pass
filtered respectively, using a cutoff frequency of 5 Hz (model scale).
Decay tests were performed in all tests except in the case when the actuators
were deactivated, as decay motions were not possible without actuator action. Actuation was then deactivated by locking the motors at fixed positions, and the
stiffness of the system was then solely determined by the stiffnesses of the clock
springs in the actuators. The applied tensions and controller commands are analysed for actuator nr. three, which was in-line with the decay direction and thereby
required the higher controller action.

7.4.2

Results and Discussion From Controller Analysis

Full System Performance and Controller Contributions
In the first decay test with all controller components active, the actuators were able
to apply the desired tension, suggesting that the controllers were able to suppress
the effects of external disturbances (Figure 7.24a). However,the error between the
desired and applied tension show that there is both an 1 Hz WF error and an 0.1
Hz LF error (Figure 7.24b). Studying the separate contributions from each of the
controller components illustrates how all the different controllers contributed to
these errors (Figure 7.24c). It is apparent that the major factor determining the
motor control signal was disturbance rejection (the VFF controller). The proportion of the total motor command signal desired to apply the mooring load (RFF
controller) was relatively small , as the physical stiffness of the actuation system
was much higher than the stiffness of the simulated mooring system. The VFF
command was phase shifted relative to the motions of the physical substructure,
which together with the overestimation of the velocity by the observer (as previously illustrated in Figure 7.3), caused the VFF signal to overshoot the commanded
motor angle (Figure 7.24c). The IFB controller corrected for this error by applying
a signal component that was out of phase with the VFF, wile also compensating
for the drift due to the overestimated velocity. However, the VFF signal also causes
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an undershoot in the applied force (Figure 7.24b), which is not fully compensated
for by the IFB controller.

Parameter Variation
The tests where integrator gain (Ki ) was varied demonstrated that the LF components of the load error decreased with increased integrator gains, indicating that
a high Ki gain is effective at suppressing the effects caused by external factors
and slow varying modelling errors in the feed forward controllers (Figure 7.25a).
This makes sense, as integral controllers are generally effective in removing bias
and drift caused by slow varying loads. Conversely, the high frequency noise component increased with increased Ki gain, possibly because the increased controller
activity induced vibrations in the clock springs in the actuator system. An integral
controller essentially functions as a low-pass filter, and increasing the gain will also
increase the relative cutoff frequency, and the controller will thereby respond to
higher frequency errors. An explanation for the observed effect could then be that
faster integration action in combination with time delays in the actuation system
may have amplified high frequency errors. Alternatively, the error may also have
been increased by the velocity observer overestimating the changes in position, resulting in that the VFF controller and the IFB controller counteract each other,
thereby limiting the efficiency of the IFB controller. The results of varying the
pre-tension (T0 ) show that the total load error increases as pre-tension is increased
(Figure 7.25). This may be because higher pre-tension changes the eigenvalues of
the system and hence its response, or because a generally higher mooring force
amplitude will also amplify deviations.

Deactivation of Controller Components
Deactivation of actuation led to very high load errors, but with a small high frequency component compared with the base case (Figure 7.26). This implies that
the high frequency components in the error were mainly caused by control system action and actuation. The high frequency errors in the system were probably
caused by vibrations in the clock spring. Since this effect would be most notable
during actuator action which would continuously excite the spring, a reduced high
frequency component would be expected when removing actuator action. Deactivating the VFF controller was expected to lead to higher LF error levels than in
the base case, as most of the disturbance rejection abilities of the controller are
enforced by this controller. While the LF error for this case was lower than in the
case with no actuators, it was markedly higher than in the base case, which was
in accordance with expectations (Figure 7.26). The effect of deactivating the RFF
controller differed from the other component deactivation cases in that both high
and LF error components were higher than in the base case. However, this was not
unexpected as the RFF controller was largely responsible for handling the conversion between desired loads and motor control signals. Deactivation would hence
move more workload to the IFB controller and slow down the control reaction.
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Figure 7.24: (a) Desired and applied line tension for actuator 3, during decay test
with wave excitation (low-pass filtered with cutoff at 2 Hz). (b) Low-pass filtered
tension line error for actuator 3. (c) Individual controller commands for actuator
3.
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Figure 7.25: (a) Standard deviation of the error on the applied load as a function
of IFB controller gain (b) and pre-tension.
Artificial Delays
Introducing artificial delays on the inputs to the observer and numerical substructure generally led to increased error values (Figure 7.27). Time delays on observer
input (Figure 7.27a) led to higher load errors than time delays on the inputs of the
numerical model (7.27b). This means that the present system is more sensitive to
time delays on the observer inputs than on the numerical substructure input. A
likely reason for this is that time delays on the observer input will affect the VFF
controller in addition to affecting the numerical input. However, time delays on the
numerical model input may lead to other challenges such as negative damping [59].
The system under study was scaled by a very high scaling ratio (1:144), it was very
sensitive to errors. It is therefore expected that some of the observed effects would
be less prominent when applied to more general cases, where more typical scaling
ratios near 1:50 are used.
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Figure 7.26: Evaluation of the effect of deactivating individual controller components.
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Figure 7.27: (a) Evaluation of effect of delay on observer input. (b) Effect on numerical model input. (Both low- and high-pass filtered at 0.5 Hz.)
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Figure 7.28: Sketch of the vertical spring system (Left) and the horizontal spring
system (Right).

7.5

Comparison With Physical Model Testing

The objective of the study presented in this section, was to develop a physical setup
which the ReaTHM test setup could be compared with/validated against. However,
setting up tests for this purpose is not a trivial task, as the systems considered when
performing ReaTHM testing are often limited by existing basin infrastructure. As
such, a physical replica of the mooring system in the case study would neither fit
horizontally or vertically within the test basin. A simplified physical setup where
the horizontal restoring stiffness was represented by physical springs was therefore
developed. The outputs of this system were then compared with those of a hybrid
testing setup using the linear isotropic stiffness model as numerical substructure.
One clear advantage of performing such comparison/validation tests tests using
a simplified system as opposed to a realistic model scale mooring system, is that
uncertainties related to the realism of the numerical substructure (e.g. complex
modelling of the hydrodynamic drag and damping on the mooring lines) can be
neglected. This means that only geometric stiffness considerations remain, and that
the outcomes of the tests should primarily be a result of the performance of the
control system in the ReaTHM test. Two versions of this setup were developed;
one with vertical springs and pulley wheels, and one with horizontal free hanging
springs (Figure 7.28).
The static properties of the physical and hybrid setups were compared by performing static pull-out tests to determine the horizontal stiffness applied to the
physical substructure. Dynamic properties were evaluated through decay tests and
estimating linear and quadratic damping coefficients. Finally, the response to external excitation was evaluated by subjecting both setups to series of regular wave
trains in a wave basin. Results from the two physical setups and the comparison of
these with the outcomes of the corresponding ReaTHM testing are presented and
discussed in the following. As both the physical restoring stiffness and the physical
substructure were represented in model scale, all quantities and results presented
in this section are kept in model scale.
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Figure 7.29: The total stiffness of the three springs had anisotropic properties along
the excursion direction.

7.5.1

Vertical spring system

The first physical setup was based on replacing the three actuators from the hybrid
system with coiled springs. Each actuator was replaced by a spring suspended from
a tower, which was connected to the physical substructure through a low friction
pulley wheel and a Dyneema line of the type used for actuation lines in the hybrid setup. Each spring had a linear stiffness of 18.5 N/m, resulting in a linear
tangent stiffness at the equilibrium point of 27.75 N/m for the total spring system
(Appendix C.2). This stiffness was given as input for the linear isotropic stiffness
model, acting as numerical substructure in the corresponding hybrid setup used in
the comparison study.
The static stiffness results for this setup show that the stiffness of the physical
spring system was slightly nonlinear, most likely due to the geometry of the spring
connections (Figure 7.29). The measured applied restoring load from pull-out tests
match well with the theoretically computed stiffness from geometric considerations
(Figure 7.30a). For excursions of up to 0.3 m (i.e. one cylinder radius) from the
equilibrium, the applied mooring load from the spring system resembled that applied with the hybrid system (Figure 7.30a and Figure 7.31a). The total stiffness of
the three springs was anisotropic along the excursion direction (Figure 7.29), and
results are presented for what is denoted the positive excursion direction, (i.e. a pull
in-line with actuation line 3). The total stiffness of the system (Ktot ) drops with
increased excursion distance in this direction, going from Ktot = 1.5k at the equilibrium, to Ktot = 1k when actuation lines 1 and 2 are perpendicular to actuation
line 3 (i.e. equivalent to 2.88m excursion). In contrast, excursion in the opposite
direction leads to that the stiffness increases with distance, from Ktot = 1.5k to
Ktot = 2k when lines 1 and 2 form a 45 degree angle with line 3 (i.e. equivalent
to 1.19m excursion). To maintain the best conditions for comparison, the decay
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Figure 7.30: (a) Static stiffness of the physical system with vertical springs. (b)
Three repetitions of decay tests with the physical vertical spring system. (c) Estimated damping coefficient from decay tests.
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Figure 7.31: (a) Static stiffness of the hybrid system. (b) Three repetitions of decay tests, hybrid system with 27.5 N/m linear stiffness. (c) Estimated damping
coefficients for the decay tests.
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Figure 7.32: Measured surface elevation for tests with physical vertical spring system and hybrid system.

tests were therefore performed by giving an initial displacement of 0.3m, which is
an excursion distance within which the stiffness of the vertical spring and hybrid
testing systems were considered comparable.
The differences in excursion trajectories (Figure 7.30b and 7.31b) and estimated
damping coefficients (Figure 7.30c and 7.31c) between the two systems, indicate a
clear difference in their dynamics. Although the excursion trajectories showed good
repeatability for both systems, and similar oscillation periods with 7.30 seconds for
the physical and 7.42 seconds for the hybrid system, the damping properties of the
systems were considerably different. The motions of the physical system damp out
completely within 7-8 oscillations (Figure 7.30b), while the hybrid system continues
to oscillate as the amplitude drops (7.31b). A possible explanation for this lies
in that the damping coefficient of the physical system increased with reducing
amplitude (Figure 7.30c). This is Probably due to static friction in the pulleys
in that for each oscillation, energy is dissipated from the system by static friction
when the velocity goes to zero. In addition, energy is also dissipated due to dynamic
friction when the system is in motion. This effect is considered less important
than the static friction. Several types of pulley wheels/winches were tested to try
reducing this source of inaccuracy, with the results presented here being for the
components that introduced least friction damping to the system.
The generated wave field used in the tests with external wave excitation (4 cm
wave height, 2 s period) was measured using two wave probes placed in front of
the actuation system (Appendix C.2). The surface elevations measured in the tests
with the physical and hybrid systems were used to validate that similar wave conditions were generated in the two test cases (Figure 7.32), meaning that both systems
were exposed to similar external conditions. Comparisons between the two systems
are limited to the first 25 seconds of testing, thus excluding the period where disturbances from non-dissipated waves reflected by the end wall of the basin reach
the physical substructure. As the waves were not measured at the position of the
physical substructure, and some deviation occurred in the placement of the gauges
with respect to the reference frame, it is not possible to find the exact wave forces
and response spectra from the tests. The surge motions of the two tests were there107
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Figure 7.33: (a) Surge motion of the cylindric floater with physical and hybrid
mooring stiffness. (b) North component of the mooring load, low-pass filtered with
cutoff at 5Hz.)

fore aligned to compare the applied mooring loads, in response to the measured
motions (Figure 7.33a). For both the physical and hybrid systems, the applied
mooring load should be independent of velocity, as no damping was included. The
applied mooring loads may therefore be considered comparable, even if small variations in surge motion and velocity occur. Studying the north component (i. e. the
wave direction) of the applied mooring load for the physical and hybrid systems
(Figure 7.33b), demonstrates that the force response of the physical system was
higher than for the hybrid test setup, which is expected due to the static friction
issues discussed above. Although the loads applied by the hybrid system had a
higher noise/vibration content, most of this effect was cancelled by the filtering, as
the frequencies were higher than 5 Hz.
In summary, it was clear that the physical system with vertical springs was not
equivalent to the hybrid system with the linear isotropic stiffness model, most likely
because the dynamics of the former system was strongly affected by the damping
induced by the pulley wheels. As such, the tests did not give satisfactory results
to use for comparing the hybrid system with a physical equivalent. An alternative
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setup using horizontal springs was therefore developed.

7.5.2

Horizontal spring system

The second variation of the physical system was set up with horizontally suspended
free hanging coil springs, replacing the three actuation lines of the hybrid system.
Each spring was 2.14m long, had a stiffness of 8.7 N/m and mass of 0.145 kg. Using
the same geometric stiffness considerations as for the vertical spring system, this
resulted in linear tangent stiffness at equilibrium of 13.05 N/m, which was used as
input to the hybrid system.
Static results for the horizontal spring system show that the measured tangent
stiffness at equilibrium was 16.05 N/m, compared to the expected stiffness at 13.05
N/m (Figure 7.34a). One possible explanation for this discrepancy is that the mass
of the suspended springs caused an added stiffness due to the catenary effect.
Spring mass could also have an additional effect in the dynamic tests, as inertia
could cause an added damping term.
Due to the higher physical stiffness observed during testing, the stiffness of the
hybrid system was changed to 14.7 N/m, corresponding to the average of the stiffness values acquired when subjecting the horizontal spring system to displacements
ranging from zero excursion to the maximum applied excursion (Figure 7.34a). During the experimental campaign this was considered to be a reasonable estimate but
was later found to be an underestimation, as the stiffness was higher near the equilibrium point, and because the anisotropic properties resulted in higher stiffness
for excursions in the opposite direction, as discussed for the vertical spring setup.
These differences resulted in longer oscillation periods for the hybrid system than
in the physical validation tests (Figure 7.34b and 7.36b), with the physical system
having an oscillation period of 9.54 seconds, and the lower stiffness of the hybrid
system resulting in a period of 10.11 seconds.
Similarly as for the vertical spring setup, the discrepancies between the physical
setup with horizontal springs and the hybrid system, imply that this study cannot
serve as full validation of the hybrid testing setup. However, the results can still
be used to validate parts of the system dynamics. Since the springs were not in
contact with water, and the spring system contained no moving parts, the setup
should ideally not add damping to the system. All damping effects occuring in the
tests should therefore originate from the hydrodynamic damping of the buoy. Sinse
artefacts in the actuation system such as time delays or actuator dynamics can
appear as additive or dissipative energy in the system, or induce negative or positive damping [59], comparing the damping levels of the two systems can therefore
give an indication of the influence of artefacts on the dynamics of the hybrid system.
Linear and quadratic damping levels were similar between the hybrid setup
and the physical setup with horizontal springs (Figure 7.34c and 7.36c). For both
systems, the damping was initially purely quadratic, with a close fit to the straight
line in the damping coefficient plot. As velocity decreased, the damping gradually
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Figure 7.34: (a) Static stiffness of the physical system with horizontal springs.
(b) Three repetitions of decay, physical horizontal spring system. (c) Estimated
damping coefficient for decay tests.
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Figure 7.35: Keulegan-Carpenter dependence of the hydrodynamic damping.

transcended towards linear damping. This appears clearer in the results from the
physical system, where there is less scattering in the data during the shift (Figure
7.34c). The damping begun transitioning to linear when the maximum velocity
during an oscillation dropped below 0.1 m/s or equivalent to a KC number of
1.5 (at about 45 s in Figure 7.35), and transcended to fully linear when velocity
dropped below 0.035 m/s, equivalent to a KC number of 0.58 (at about 122 s
in Figure 7.35). The transition between flow regimes is of particular importance
in this respect, as any artefacts in the form of time delays or actuator dynamics
would constitute a change in linear damping only. As such, when a state is reached
with only linear damping present in the system, deviations in the linear damping
coefficient are directly proportional to the modulation of the system dynamics by
the control system.
The higher linear damping observed for decay tests with the hybrid system
(p1 =0.0375 in Figure 7.37), compared to that of the physical system (p1 =0.019 in
Figure 7.35) is associated with modulation of system dynamics by a negative time
delay. As previously discussed, time delays on the actuated restoring force may induce a negative linear damping component. Conversely, negative time delays could
lead to a positive linear damping term. A possible explanation for the increased
positive linear damping in the hybrid tests is therefore that the overestimation
of the velocity for the VFF controller causes a ”predictive” effect equivalent to a
negative time delay.
The horizontal spring system was subjected to the same wave tests as those performed for the vertical spring setup, with the time series for physical and hybrid
tests showing similar measured surface elevations (Figure 7.38). Similarly as for the
vertical spring system, the surge motions are synchronized to compare the applied
mooring load. The surge motion of the cylinder buoy show the response from wave
frequency excitations, with a period equivalent to the wave period (Figure 7.39a).
Furthermore, a low frequency response with a period of approximately 10 seconds,
corresponding to the natural oscillation period of the system, as identified from
decay tests was observed.
111

7. Verification Tests and Experimental Results

0
Linear target: -14.7N/m
Hybrid linear isotropic

Mooring load [N]

-2

-4

-6

-8
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Excursion [m]

(a)
1
Test 1
Test 2
Test 3

Excursion [m/m]

0.5

0

-0.5

-1
0

10

20

30

40

50

60

70

Time [s]

(b)

2/T m*log(X/X n )

0.1
0.08

Test 1
Test 2
Test 3
Selected points

0.06

Fit, p1 = 0.012, p2 = 0.436, R 2 = 0.92

0.04
0.02
0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

16/3*X n /T m

(c)

Figure 7.36: (a) Static stiffness of the hybrid system. (b) Three repetitions of decay tests performed with the real-time hybrid system and applied linear isotropic
stiffness of 14.7 N/m. (c) Linear and quadratic damping coefficients estimated for
the decay tests.
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Figure 7.37: Keulegan-Carpenter dependence of the hydrodynamic damping.
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Figure 7.38: Measured surface elevation for tests with physical horizontal spring
system and hybrid system.

The mooring loads from the hybrid testing system appeared to be time shifted
ahead of the physical system. This could partly be due to the response time of
the control system, in that when pressure forces from a wave build up on the
cylinder surface, the forces are transferred to the actuation system, increasing the
measured applied mooring load. The control system then attempts to counteract
this effect through motor control, but time delays and controller dynamics causes
the time shift in the applied mooring load. Conversely, the applied load drops when
the physical structure moves in the opposite direction. Ideally, the VFF controller
should perform disturbance rejection to mitigate the load increase due to the wave
motion, but as discussed in previous sections, the VFF did not perform well in
wave excitations.
The laboratory setup used for testing with the vertical spring system used pulley
wheels to apply the mooring loads from the springs. This type of setup is commonly
used when applying horizontal mooring stiffness (e.g. in model tests of FPSOs or
other cases where the vertical stiffness component is not of particular interest),
especially when spatial constraints of the laboratory infrastructure limit the use of
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Figure 7.39: (a) Surge motion of the cylindric floater with physical and hybrid
mooring stiffness. (b) North component of the mooring load, low-pass filtered with
cutoff at 5Hz.)

truncation systems. Results from this study imply that although the spring system
could be designed to apply a desired mooring stiffness, the mechanical damping
induced by auxiliary components such as pulleys may introduce errors to the system
dynamics. For the present case, the design of the spring system was constrained by
the small lab facility and hence had to be based on using relatively small pulley
wheels. Although the error induced by this effect could be partially mitigated by
increasing the radius of the wheel, thus reducing the effects of the friction in the
pulley, some degree of uncertainty/errors would still be added to the system. In
cases where the aim is to test a physical model without adding damping to the setup
(e.g. when trying to determine the hydrodynamic coefficients of the structure), the
unknown damping term caused by friction in the pulley would cause errors.
The horizontal spring system added little mechanical damping to the physical
system as there were no moving parts in the setup causing friction. However, it
was not straight forward to obtain a specific desired stiffness using this method,
and the inertia of the springs might introduce a damping term as well.
The physical comparison study setups were intended as simple cases for validating the hybrid testing setup. However, it turned out that producing idealized
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experimental setups may be more difficult than developing similar setups using
ReaTHM testing. ReaTHM testing therefore appears promising as an alternative
to physical testing methods, and as a method well suited for tests requiring an ideal
stiffness and zero induced damping. Further, if the hybrid system is used to apply
a forced displacement/motion of the physical structure, it could be used to identify both the frequency dependant added mass and the hydrodynamic damping,
primarily for the surge/sway motion. Although this speaks in favour of ReaTHM
testing, the issue of proper method validation is still an important task to be solved,
before using the method in design validation.

7.6

Chapter Summary

In this chapter, all verification test results were presented and discussed. The system performance and transfer of interface quantities were evaluated through still
water verification test. The performance was evaluated to be satisfactory, although
some errors were present in the load actuation methods due to the velocity feed
forward controller. The three different numerical models with varying complexity
levels were evaluated, and it was found that some further developments were needed
for the high fidelity models to perform well in a faster than real-time scenario.
The performance of the system was evaluated in cases with external excitations,
and individual controller contributions were analysed. It was again seen that the
VFF controller caused some errors in the performance. Finally, the ReaTHM test
setup was compared with a physical equivalent setup, intended for validation of the
method. Due to the complexity of developing an ideal physical setup, a full system
validation of the method was not possible. It was, however, possible to verify the
system performance and to quantify some of the errors induced in dynamic testing
with the ReaTHM test setup.
In the following chapter, final conclusions on the performance of the ReaTHM
test setup and the proposed design method will be made, along with suggestions on
possible further work to improve the performance and value of ReaTHM testing.
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Chapter 8

Conclusions and Further Work
In this chapter, final conclusive remarks are given on the work done in this thesis
and the obtained results. A recommendation is given on potential further work and
the future possibilities within this field of research.

8.1

Conclusions

Through the work done in this thesis, it has been shown that it is possible to interconnect hydrodynamic physical model-scale testing and state of the art numerical simulations of slender marine systems, using Real-Time Hybrid Model testing
(ReaTHM testing). The research methods used to answer the research questions
involved performing several physical model scale experiments in hydrodynamic
laboratories. Numerical simulations were performed both in development phases
as Model-in-the-Loop testing and as detailed FE simulation of the numerical substructure.
The initial research objective of this study was to develop ReaTHM testing
methods for slender marine systems, particularly for applications towards mooring
systems of aquaculture net cages. However, the challenges in performing real-time
dynamic coupling of physical and numerical/virtual structures, and the general
complexity of the method lead to the formulation of a seven-step design method,
intended for general applications towards ReaTHM testing of ocean structures.
The proposed design method serves as a guide for how to undertake the challenges
of partitioning a conventional hydrodynamic model scale test into interconnected
physical and numerical substructures.
An experimental implementation on a case study of a moored floating cylinder buoy suggested that the method serves as a useful guide for how to design a
ReaTHM test, and a convenient tool for analysing and identifying the key features
of the system essential for ReaTHM testing. Furthermore, following the design
procedure, tasks were separated into system identification and planning, control
system design and numerical simulations, and implementation and testing phases,
which reduced the time-consuming tasks in the laboratory implementation.
Although the method probably does not provide an entirely generic setup/guide
for designing ReaTHM testing of ocean structures, it does highlight which aspects
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to consider, e.g. that the effects of the control system should be considered from
the beginning of the design. Similarly, that it is important to evaluate how the
dynamics and characteristics of the emulated system might affect the requirements
and design of the control system. The case study implementation showed that it is
essential to develop good numerical tools for designing, pre-tuning, and analysing
the control system. This further helps illuminate which coupling effects are critical
for the fidelity of the coupled physical-numerical system.
Three fundamentally different numerical models were used as numerical substructure, representing high, medium and low fidelity model representations. The
real-time performance of the three models was evaluated by their contributions
to systematic performance criteria such as time delays, jitter, stability and output accuracy. The high fidelity nonlinear FE solver was proven to have limitations
in performance when running on available standard hardware, both regarding induced jitter and stability considerations, and through reduced accuracy due to the
real-time constraints. The lower fidelity models performed better concerning the
real-time constraints, though the overall fidelity of the system was reduced in terms
of representing nonlinear stiffness and damping properties.
A comparison study was performed to validate the performance of the ReaTHM
testing setup towards an equivalent physical setup. The challenges in manufacturing an ideal physical system for comparison limited the possibilities of performing
a proper validation study. However, the dynamics of the physical and hybrid setups
were shown to be comparable, even though artefacts/errors in the hybrid system introduced errors in the linear damping properties. Although traditional model-scale
studies might offer better transparency in which effects, limitations or assumptions
affect the validity of the test, ReaTHM testing offers greater flexibility in testing,
e.g. in the representation of mooring systems, where the stiffness, material properties and general mooring configurations can be changed by shifting the numerical
substructure, without changing the physical setup.
The presented study was a novel application of real-time hybrid model testing.
The basics of the ReaTHM concept were not fully developed when the project
work started, where methods and definitions had to be developed along the way, or
acquired by knowledge transfer from the developments within offshore wind. The
final result is, therefore, the product of a trial and error process, where the ideal
path to follow was often not clear. Ideally, the project work should have started
with a thorough numerical modelling study, where all the dynamics of the numerical model, physical model, transfer system and control system should be included
and studied, following the steps of the proposed design method. In hindsight, developing a good validation study should also have been in focus from the beginning
of the project period. Validation of ReaTHM testing is a very complicated process, which is indeed needed for the method to stand as a viable alternative to
conventional hydrodynamic model-scale testing. With proper validation, ReaTHM
testing as a method holds the potential to become the next level of hydrodynamic
model-scale testing, although developments are still needed to improve the method.
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8.2

Suggestions for Further Work

The work presented in this thesis was among the first implementations of ReaTHM
testing and the first within slender marine systems. Further work is needed to
mature the technology and research to a level where commercial testing might be
performed. The following suggestions for further work are in the author’s opinion
the next steps in developing ReaTHM testing with slender marine systems.
• Control system optimisation should be done to mitigate the induced
errors from time delays, controller/observer dynamics and mechanical vibrations, e.g. an improved method for feed-forward disturbance rejection, which
was the root of several problems in the presented system.
• Error quantification should be performed to evaluate the influence of different error sources/artefacts in the system, for better verification of functionality and determination of fidelity level.
• Numerical efficiency should be improved for the numerical models used as
the numerical substructure. The stability of the models should be improved
to ensure that long test series can be performed without model crashes. Possible solutions could be to use PC clusters and distributed computation of
individual mooring lines. Other solutions could be to perform order reduction
of the numerical models, to reduce complexity and computation time, while
staying within the specified fidelity limits.
• Full-scale validation studies where logged data from a full-scale commissioned structured are compared with ReaTHM testing could be a way to
obtain comparable results for validation, since model scale validation studies
are difficult and in some cases impossible to produce.
• 3D expansion of the mooring system representation could be performed
by underwater actuators on the basin floor to perform active truncation of
individual mooring lines.
• Adaptation towards performing ReaTHM testing with slender flexible fish
farm systems was one of the driving motivations for the present study. The
shift to flexible systems pose further challenges in how to actuate and control
the numerical-physical connection and is viewed as a natural step forward.
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Appendix A

Control System Design
A.1

Sensor System

The force rings used for measuring the applied tension to the physical substructure
were homemade full-bridge strain gauge sensors. The range of the sensors were 50
N, and a resolution of 0.001N. The standard deviation of the noise was measured
as 0.004N. The sensors were reasonably accurate with respect to the requirements
for the tests and overall gave good results. However, the gauges were manufactured
from a plastic material which showed high sensitivity to temperature variations,
resulting in drift of the sensor readings when located near/in water.
The gyro was measured to have a standard deviation of 0.16 degrees/second.
Though the gyro readings were zero-set while located on a stable concrete floor, the
measurements had a non-zero bias. This had to be removed by using an observer.
Three separate linear accelerometers were used for measuring the linear accelerations. The specifications of the accelerometers were by the vendor given as, range
= 3g, resolution = 0.001% of 3g. The standard deviation of the noise was measured
as 0.0025 m/s2 .

A.2

Allocation Procedure

The following detailed description of the allocation procedure is an excerpt from
that presented in [1], developed in cooperation with PhD candidate Thomas Sauder.
The global load vector τ to be applied on the physical substructure was obtained
by summation of the contribution from each (numerical) mooring line top force
vector. Given that only the horizontal forces, and possibly the yaw moment, were
considered in the present case, τ ∈ R3 . This load was to be applied through nl
actuators lines connected to the buoy with 2π/nl radians angular spacing. Here
nl = 3.
A simple and efficient allocation procedure was developed, which is detailed
in the following. A pretensioning T0 of the lines was applied in order to ensure
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that no lines became slack, which could generate loss of controllability and snatch
loads. Let fi = (T0 + Ti )ui be the force vector applied on the buoy from the ith
line. ui ∈ R3 is the unit vector ||llii || where li = Hi Gi is the vector spanning from
the actuator position Hi to the attachment point on the buoy Gi . Let T0 and T
be vectors of dimension nl containing the pretension and the additional tension of
each line. The sum T0 + T will be referred to as the total tension. In the following
derivation, we assume that η = [N, E, ψ]> ∈ R3 , where N and E are the North and
East position of the body, respectively, and ψ its yaw angle. In two dimensions,
the rotation matrix from the body-fixed frame to the earth-fixed inertial frame is
reduced to the following expression:


cos ψ − sin ψ
R(η) =
(A.1)
sin ψ
cos ψ
The allocation problem consists first in defining a configuration matrix A(η),
and finding T so that
τ = A(η)(T0 + T )

(A.2)

We will derive expressions for li , ||li ||, and ui , and of the configuration matrix
A(η). Denoting Ri the distance to the actuator,
we start with li = pGi /{n} −

n
pHi /{n} = pGi /{n} − pB/{n} + Rb (η)pHi /{b} , where
!
Ri cos 2(i−1)π
nl
(A.3)
pGi /{n} =
Ri sin 2(i−1)π
nl
 
N
pB/{n} =
(A.4)
E
and
pHi /{b} =

r cos 2(i−1)π
nl
r sin 2(i−1)π
nl

!
(A.5)

This gives, using trigonometric identities,



2(i−1)π
ψ
ψ
(Ri − r) cos 2(i−1)π
−
N
+
2r
sin
sin
+
nl
2
nl
2

li = 
2(i−1)π
2(i−1)π
ψ
ψ
(Ri − r) sin nl − E + 2r sin 2 cos 2 + nl
Defining
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∆N i

=

∆ Ei

=

∆i

=

2(i − 1)π
−N
nl
2(i − 1)π
(Ri − r) sin
−E
nl
q

∆2Ni + ∆2Ei

(Ri − r) cos

(A.6)

A.2. Allocation Procedure
It is found from (A.6) that
2

||li ||

=

∆2i

 



ψ
ψ
ψ 2(i − 1)π ∆Ni
ψ 2(i − 1)π ∆
+ 4r sin
+ 4r sin ∆i sin
+
− cos
+
2
2
2
2
∆i
2
2
∆
2

2

Let αi be such that cos αi = ∆Ni /∆i and sin αi = ∆Ei /∆i , we obtain the
following expression:




ψ 2(i − 1)π
2
2
2 ψ
r + ∆i sin
+
− αi )
(A.7)
||li || = ∆i + 4r sin
2
2
2
Expressions for the vector li and its norm, being derived, the unit vector ui =
(ui,1 , ui,2 ) = li /||li || can be evaluated. The force vector from line i is given by
fi = (T0i + Ti )ui . The total load (expressed in {n})on the buoy is then obtained
by
τ=

nl
X
i=1

fi1 ,

nl
X
i=1

f i2 ,

nl
X

!>
(BHi/{n} × fi ) · b3

i=1

with


r cos ψ + 2(i−1)π
n
l


=
BHi/{n}
r sin ψ + 2(i−1)π
nl






2(i−1)π
Defining mi = r cos ψ + 2(i−1)π
u
−
sin
ψ
+
u
i,2
i,1 , we can exnl
nl
press the configuration matrix as


u1,1 (η) ... unl ,1 (η)
A(η) = u1,2 (η) ... unl ,2 (η)
(A.8)
m1 (η) ... mnl (η)
r cos 2(i−1)π
nl
= Rbn (ψ)
r sin 2(i−1)π
nl

!



If A(η) has full rank, a tension vector T ∈ R3 can be found from A.2, leading to
the desired τ . However, it is clear that when η = (0, 0, 0)> , for instance, no moment
can be exerted on the buoy, whatever the line tension combination. This translates
mathematically by the fact that the third row of A is (0,0,0), reducing the rank of
A to 2. The origin is not the only position for which moment allocation cannot be
achieved. Since we only wish to apply two force components, and no moment, we
can define Ar ∈ R2×3 consisting of the two first rows of A. We obtain T using the
pseudo-inverse of Ar , which leads to a minimum |T |2 satisfying equation (A.9).
T = A†r (τ − AT0 )

(A.9)

The following example illustrates the allocation procedure. Figure A.1 to the
left shows the setup when three actuators are located 2.9m radially away from the
origin. The radius of the floater r is 0.3m. The pretension is set to 5N. We let the
buoy’s position evolve in an excursion zone symbolized by the red square. The yaw
angle of the buoy ψ is assumed to be zero. The objective is, first, to find tension
values, leading to a zero net horizontal force on the buoy. In Figure A.2, the total
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line tension (the sum of the pretension T0 and of T ) is represented for each line as a
function of the horizontal position of the buoy in the excursion zone. At the origin,
we see that only the pretension of 5N is applied. When the buoy moves towards G1
(first actuator), the tension from line 1 increases, while the tension from lines 2 and
3 decreases, to compensate for the fact that their projection along the North axis
is increased by the displacement. The right hand side of Figure A.1 and Figure A.3
show similar results when the net force to be applied is non-zero: the symmetric
patterns observed in the previous allocation plots are not present anymore.
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Figure A.1: Actuator lines (in grey) and studied zone of excursion (in red). The
desired applied net force equal to zero on the left, and to [1,1]N on the right.

Figure A.2: Result of the allocation algorithm: commanded line tension for each
actuator as a function of the floaters position. The desired applied net force is equal
to zero.

Figure A.3: Result of the allocation algorithm when the desired applied net force
is equal to [1,1]N.
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A.3

Prediction Procedure

The following detailed description of the prediction procedure is an excerpt from
that presented in [1], developed in cooperation with PhD candidate Thomas Sauder.
The applied prediction strategy was the following. Since the dynamics of the
physical substructure was assumed to be unknown, model-based prediction of the
motions [16] was not chosen, and polynomial extrapolation of each quantity was
used instead. A third order polynomial identification was performed using the 50
latest buffered data points, and the identified polynomial was used to extrapolate
6 data points ahead. This corresponded to time intervals of 250 ms and 30 ms,
respectively. The delay was assumed constant, which was a motivated by the fact
that the frequency-dependent actuator dynamics was not the main source of delay.
In order to minimize the computational burden related to identification
Pn and extrapolation, the following procedure was implemented. Let f (x, a) = j=0 aj xj be
the polynomial used to describe a given quantity y. The first step was to evaluate
a = (aj )j∈{0,...,n} . Using the m last known values of the quantity (yi )i∈{1...m} , a
can be evaluated by solving the following minimization problem:
min

a∈RN

m
X

(f (xi , a) − yi )

2

(A.10)

i=1

Denoting J(a) the objective function, the solution a∗ is characterized by the
fact that ∇J(a∗ ) = 0. This leads to the following n + 1 equations
∀k ∈ {0, ..., n},

m
X

(f (xi , a) − yi ) xki = 0

(A.11)

i=1

which is successively equivalent to
∀k ∈ {0, ..., n},

Pm Pn


aj xji − yi xki = 0
Pn Pm
Pm
j k
k
j=1
i=1 aj xi xi =
i=1 yi xi
i=1

j=0

(A.12)
(A.13)
(A.14)

which can be written as Λa = µ, where Λ ∈ R(n+1)×(n+1) and µ ∈ Rn+1 , are
given by
∀(k, j) ∈ {1, ..., n}2 , Λkj =

Pm

∀k ∈ {1, ..., n},

Pm
xj−1
xk−1
= i=1 xj+k−2
i
i
i
Pm
µk = i=1 xk−1
y
i
i

i=1

(A.15)
(A.16)

Note that Λ is symmetric, and that Λ−1 could be evaluated offline, on beforehand. Assume now that the xi are regularly spaced, xi = i∆x with ∆x = 1,
without loss of generality. Then:
∀(k, j) ∈ {1, ..., n}2 , Λkj =
∀k ∈ {1, ..., n},
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µk =

Pm

i=1
Pm
i=1

ij+k−2

(A.17)

k−1

(A.18)

i

yi
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Figure A.4: Polynomial least square fit using 50 data points, and predictions 6
samples ahead.
At each time step, µt and at = Λ−1 µt were evaluated by using the m last
available values of y.P
The predicted value of y, p samples ahead, was given by
n
ŷt = f (m + p, at ) = j=0 ajt (m + p)j . This can be written as ŷt = a>
t ξ, where
ξ = (1, m + p, (m + p)2 , ..., (m + p)n )> could be evaluated on beforehand. This
method is arguably simplistic, due to the assumptions of constant delay, constant
prediction horizon, and regularly spaced sample points, but it allowed to reduce
the number of operations to be performed online to a matrix multiplication and
an inner product.
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Appendix B

Numerical Models
In this Appendix the input parameters and details on the numerical models used
in the study are presented.

FhSim
The position and velocity input to FhSim was filtered before being applied. The
velocity and position filters are presented below.
V̇f = λ1 (Vs − Vf )

(B.1)

Ṗf = λ2 (Ps − Vs δt − Pf )

(B.2)

Where Pf and Vf are the filtered position and velocity, Ps and Vs are the sensor/input position and velocity, and λ1 and λ2 are filter coefficients.
The filtering caused the input to weight the input velocity high in estimation
of the position. As the velocity was overestimated, this caused a ”prediction” of
the position. This can be considered as a negative time delay, which should result
in positive linear damping being added to the system.

Table B.1: Mooring line drag coefficients used for input for the numerical models

Segment
Segment
Segment
Segment

1
2
3
4

CD -Longitudinal [-]
0.37
0.37
0.37
0.37

CD -Lateral [-]
2.4
1.8
2.4
2.4
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Table B.2: Mooring line geometric characteristics used as input for RIFLEX models.
Length [m]

Diameter [m]

Mass [kg/m]

Density [kg/m3 ]

EA [N]

52
300
285
930

0.206
0.132
0.266
0.206

262.5
73.90
436.5
262.4

7.80e3
5.39e3
7.80e3
7.80e3

9.22e8
1.23e9
1.23e9
9.22e8

52
300
285
930

0.206
0.132
0.266
0.206

500
140
800
500

15.0e3
10.2e3
14.5e3
15.0e3

9.22e8
1.23e9
1.23e9
9.22e8

Stiffness 1
Segment
Segment
Segment
Segment

1
2
3
4

Stiffness 2
Segment
Segment
Segment
Segment

1
2
3
4

Table B.3: Mooring line geometric characteristics used as input for FhSim models.
Length [m]

Diameter [m]

Mass [kg/m]

Density [kg/m3 ]

EA [N]

52
300
285
930

0.206
0.132
0.266
0.206

262.5
73.90
436.5
262.4

7.80e3
5.39e3
7.80e3
7.80e3

9.22e8
1.23e9
1.23e9
9.22e8

52
300
285
930

0.206
0.132
0.266
0.206

500
140
800
500

15.0e3
10.2e3
14.5e3
15.0e3

9.22e8
1.23e9
1.23e9
9.22e8

Stiffness 1
Segment
Segment
Segment
Segment

1
2
3
4

Stiffness 2
Segment
Segment
Segment
Segment
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Appendix C

Experimental Setup
C.1

Setup in Wave Basin

Figure C.1: The physical substructure used in the tests (top). Layout of the experimental setup with actuator placement (bottom).
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C.2
C.2.1

Physical Validation Setup
Vertical Spring System

(a)

(b)

Figure C.2: (a) Pulley used to connect the vertical spring and physical model (b)
Coiled springs suspended vertically from tower.
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C.2.2

Horizontal Spring System

(a)

k

8m

45

K = 1k

2.8

o

K = 1.5k
9m
1.1

k

k
K = 2k

(b)

Figure C.3: (a) Horizontal spring system in the lab. (b) The total stiffness of the
three springs.
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Appendix D

Experimental Results
D.1

Bottom appendages

The tests with different bottom appendages were the first to be performed using
the ReaTHM test system. The control system applications were therefore still under development, and for the most part the tests served to identify errors in the
implementation and pitfalls in the control system design. However, the tests did
reveal that the different appendages resulted in different dynamic behaviour, for
both the linear stiffness model (Figure D.1a) and the full nonlinear model (Figure
D.1b).

D.2

Damping estimation

From decay tests using the linear physical springs the damping levels were estimated at three different stages of the decay. First, a part where the damping
was predominantly quadratic (Figure D.2a), second a transition part between the
quadratic and linear damping (Figure D.2b, and third a part where purely linear
damping prevailed (Figure D.2c). As zero damping was assumed to be induced by
the physical springs, the observed damping was considered as the hydrodynamic
damping of the cylinder buoy, and as such the result to aim for when replicating
the test using ReaTHM testing.
The results from ReaTHM testing showed that the quadratic damping level was
initially replicated well„ with P2 = 0.439 for the physical test and P2 = 0.428 for
the ReaTHM test. However, a higher linear damping was measured for the initial
part (Figure D.3a). Due to noise and scatter of them measurements it was no
possible to identify a transition part. For the final linear part, the linear damping
was estimated to be higher as well (Figure D.3b). This corresponds well with the
assumption that the control system induced added linear damping on the system,
which would be present throughout the test.
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(b)

Figure D.1: (a) Decay test using the linear numerical substructure. Baseline configuration in black, bilge box configuration in red, and rounded corner configuration
in blue. The two former exhibit a similar level of damping, which is in turn significantly larger than the for the rounded corner configuration. (b) Decay test with
the FEM numerical model [1].
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Figure D.2: (a) Damping estimation for the predominantly quadratic part with
horizontal physical springs. (b) Damping estimation for the transition part. (c)
Damping estimation for the linear part.
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Figure D.3: (a) Damping estimation for the predominently quadratic part with
hybrid system. (b) Damping estimation for the linear part.)
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