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Summary
During offshore construction with a Semi-Submersible Crane Vessel (SSCV) the vessel is station keep-
ing by means of Dynamic Positioning (DP). DP enables a vessel to keep position and heading by util-
ising its own propulsion, while being exposed to the environmental forces caused by waves, wind and
current. In a comparison study between offshore measurements and time-domain simulations, an in-
creased vessel/thruster response for the offshore measurement was observed. The results revealed,
that in operational environmental conditions (𝐻፬ = 0-3 m, 𝑉፰ < 30 kn & 𝑉፜ < 3kn), the measured vessel
response shows increased oscillations in Surge, Sway & Yaw, with periods of approx. 3-5 min. The
goal of this thesis was to determine the causes for such an increased dynamic vessel response, which
are not captured in time-domain simulations.

At present, numerical methods and time-domain simulations that assess the DP performance of a ves-
sel (e.g. aNySIM) assume a quasi-static current of which the variation is only caused by the tides.
One thesis is, that time-varying currents on a scale of 1 to 5 minutes can cause an increased vessel
response. Furthermore, the DP System as it is used onboard is not captured in aNySIM simulations.
This means that the characteristics of the DP System onboard are but not represented in full detail in
time-domain simulations. Vortex Induced Motion (VIM) has previously been observed to affect multi
column floaters. However, the influence on a SSCV during DP-operations has not yet been studied. In
this thesis it was investigated, whether the unexpected increased motions originate from time-varying
currents, VIM or the DP System itself.

A significant challenge was posed to find current measurement data with a small enough time step to
confirm the presence of such time-varying currents. One 45 min current measurement with a sampling
rate of 1Hz became available. This measurement shows that time-varying currents on a scale of 1 to
5 minutes exist and cannot be assumed to be quasi-static. More research is required to confirm their
presence. However, with this limited available data it was shown that time-varying currents can cause
an unexpected motion response of a SSCV during DP-operatios.

In order to obtain the DP System characteristics, a DP Response Amplitude Operator (RAO) assess-
ment was conducted wherein the spring and damping terms were derived as demanded by the con-
troller and as experienced by the vessel. This assessment showed that between 20% to 67% of the
demanded critical damping is lost over the control loop of the DP System (including Kalman Filter,
Controller, Thruster Allocation and Thrusters). These damping losses cause the vessel to overshoot
and the damped natural period to decrease. For critical damping ratios below 0.7 (for surge, sway and
yaw) the damped natural period shifts to the range of 3 to 5 minutes.

To determine the effects of VIM, current load tests carried out on the hull of an SSCV have been
investigated. It was determined that strong currents on column type floaters can cause fluctuating
forces and moments that originate from vortex shedding. Further, with real-time simulations it was
demonstrated, that also VIM causes an increased, previously unknown, motion response of a SSCV.
Lastly, a method was developed to extrapolate the current load test results to velocities below 2kn.
Subsequently, in time-domain simulations it was shown that for current velocities above 0.5kn, the
vessel experienced forces and moments that caused it to fluctuate around its setpoint.
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Nomenclature

Acronyms
ADCP Acoustic Doppler Current Profiler

API Application Programming Interface

CFD Computational Fluid Dynamics

COG Center of Gravity

CP Control Point

DCSM Dutch Continental Shelf Model

DCV Deepwater Construction Vessel

DGPS Differential GPS

DNVGL Det Norske Veritas Germanischer Lloyd

DOF Degrees of Freedom

DP Dynamic Positioning

DPR Daily Progress Report

EDS Energy Density Spectrum

EOM Equation of Motion

FPSO Floating Production Storage and Offloading

GNSS Global Navigation Satellite Systems

GPS Global Positioning System

HLV Heavy Lift Vessel

HMC Heerema Marine Contractors

HPR Hydro acoustic Position Reference

HSC Heerema Simulation Center

K-IMS Kongsberg Information Management System

K-POS Kongsberg Dynamic Positioning System

LIDAR Light Detection and Ranging

LPF Low-Pass Filter

LTW Light Taut Wire

MARIN Maritime Research Institute Netherlands

MPC Model Predictive Control

NBV New Build Vessel
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PID Proportional-Integral-Derivative

PMS Power Management System

USBL Ultra Short Base Line

RAO Response Amplitude Operator

RMS Root Mean Square

ROV Remotely Operated Vehicle

RP Reference Point

RPM Revolutions Per Minute

SDA Significant Double Amplitude

SISO Single Input Single Output

SSCV Semi-Submersible Crane Vessel

TLP Tension Leg Platform

TMS Tether Management System

UTM Universal Transverse Mercator

VIM Vortex Induced Motion

VIV Vortex Induced Vibration

VRU Vertical Reference Unit

WFZ Wind Farm Zone

WSA Water and Shipping Authority
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1
Introduction

When introduced in 1961, the first Dynamic Positioning (DP) vessel ”Eureka” made history for the
offshore industry. Eureka was equipped with two steerable thrusters, a taut wire and a gyroscopic
compass [1]. More than half a century later, Dynamic Positioning has become indispensable to the
offshore industry. As for Heerema Marine Contractors (HMC), all of its vessels are equipped with a DP
System. HMC is a heavy lifting market leader that keeps pushing the boundaries of what is possible
during DP-operations. This is exemplified by the successful execution of the first free floating QUAD
lift in October 2018 [2].

(a) Eureka (b) SSCV Thialf & Balder performing the first QUAD Lift

Figure 1.1: Offshore Evolution

The QUAD lift aims to increase the overall lifting capacity by using 2 Semi-Submersible Crane Ves-
sel (SSCV)s, a total of 4 cranes. This method can be used to lift loads of up to 30.000 mT, thus
reducing offshore hook-up and commissioning time. The difference to previously executed offshore
lifts with multiple vessels, is that the QUAD lift will be conducted with both involved SSCVs while sta-
tion keeping by means of DP [2]. During lifting operation, when connected to a fixed or floating object,
unwanted instabilities of the DP system may occur. When two vessels are used to lift the same load,
the risk of an DP-instability increases further. Until then, solutions have proven to be inadequate for
a 2 vessel synchronous move with a suspended object. For this reason, at HMC, the development of
a High Kalman Filter was initiated and subsequently, in a joint effort with Kongsberg Maritime, further
developed and implemented [3].
To use this method in practice, it first required approval and certification by the Det Norske Veritas
Germanischer Lloyd (DNVGL). For this reason, separate tests were carried out with the SSCV Thialf
in May 2017. Amongst other tests, three two-hourly station keeping tests were conducted. In those
three tests, the three controller gains (Low, Medium & High) were tested respectively with the High
Kalman Filter Gain activated. In a post-processing step, the measurement data of these three tests
were compared to a time-domain simulation of each test respectively in order to validate these numer-
ical tools. These results revealed a discrepancy between offshore measurements and simulations of
the DP Performance and vessel response. This observation marks the initiator for this Master Thesis.
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2 1. Introduction

1.1. Problem Statement
The foundation of the problem is the observed discrepancy between offshore measurements and sim-
ulations of the DP Performance of the SSCV Thialf. In operational environmental conditions (𝐻፬ = 0-3
m, 𝑉፰ < 30 kn & 𝑉፜ < 3kn), the measured vessel response does not match the simulation as can be
seen below in figure 1.4, where a larger low-frequency vessel excitation of the offshore measurements
is demonstrated. As mentioned before, in the offshore test campaign and in the simulations for the
comparison study the three controller gains (Low, Medium & High) were tested [4]. The results below
show the Medium Gain comparison (Test 5B). The simulations were executed with the time-domain
software aNySIM. The following environmental parameters in table 1.1 show the offshore observations
and simulation input for Test 5B (High Kalman Filter Gain & Medium Controller Gain). Note that for
the Offshore Measurements and aNySIM different coordinate systems are used, refer to figure 1.3 for
clarification.

Offshore Measurement aNySIM Simulation
Vessel Kalman Filter Gain High High

Controller Gain Medium Medium
Draft 26.5 m 26.6 m
Heading 63 deg 0 deg

Environment Water Depth 89 m infinite
Wind Velocity 5 ± 2 m/s measured (Fig 1.2)
Wind Direction (cf) 256 ± 15 deg 173 ± 15 deg (Fig 1.2)
sig. Wave Height H፬ 0.7 m 0.7 m
Peak period T፩ 6s 6s
Wave direction (cf) North 63 deg
Spectrum JONSWAP (𝛾 = 2)
Current Velocity approx. 0.7 m/s (Fig 1.2) constant 0.7 m/s
Current Direction (gt) approx. 272 deg (Fig 1.2) 151 deg

Table 1.1: Test 5B: Vessel Parameter and Environment as observed (OffshoreMeasurement) and simulated (aNySIM Simulation)
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Figure 1.4: Comparison between measured offshore vessel motions and simulated vessel motions (aNySIM) with High Kalman
Filter Gain and Medium Controller Gain exposed to constant current, measured wind and waves (refer to table 1.1)

Although not shown here, an unexpected response is not only observed in the vessel motions but also
in the thruster response. This increased thruster response eventually causes oscillations in the vessel
movements (Surge, Sway & Yaw), with periods of approx. 3-5 min.
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The origin of what is causing the increased response compared to time-domain simulations, is currently
unknown. At present, numerical methods and time-domain simulations that assess the DP performance
of a vessel (e.g. aNySIM) assume a quasi-static current of which the variation is only caused by the
tides. This is in the order of hours instead of minutes. The offshore measurements suggest an in-
fluence on the DP System and the resulting vessel response, currently not captured in time-domain
simulations. This becomes even more notable as low frequent second order wave forces and wind
loads are included in the time domain simulations.

This increased response can possibly originate from:

• Variability in the currents on a scale of 1-5 minutes

• DP System itself (Position Measurement, Kalman Filter, Controller, Thrust Allocation & Thrusters)

• Vortex Induced Motion (VIM) on the columns of the hull of the vessel

Position offsets, as observed of up to 0.5 m, do not yet represent a severe risk in an installation or
decommissioning project. Nonetheless, the dynamic behavior of the DP-system remains not fully un-
derstood. Substantial research is required to understand this particular dynamic vessel behavior, es-
pecially as projects are becoming increasingly complex. HMC was awarded the installation of 27 MHI
Vestas V174-9.5MW wind turbines for the Wind Park Arcadis Ost in the Baltic Sea. Specifically for this
project, a floating installation method was developed [5]. In 2018, HMC demonstrated that a free float-
ing Wind Turbine Generator (WTG) installation is possible. Yet, when a SSCV is scheduled to install 27
WTGs in water depths of 20 to 30 m, the accuracy of the DP system is of great importance. The position
offsets of the DP system and its accuracy are ’given’ parameters and require a different approach to be
able to administer improvement. Establishing the cause of the increase to the DP footprint for specific
environmental conditions is highly beneficial and can be considered in the project planning. Thus, the
DP Performance and the origin of the discrepancy must be investigated.

1.2. Research Objective
The observations outlined in the problem statement and the importance of this research for the industry
and HMC in particular, lead to the research question and the following sub-questions:

What causes the increased dynamic Vessel/Thruster response of a SSCV while station-keeping
in operational conditions and is not captured in time-domain simulations?

• Does a variability of the currents on a scale of 1 to 5 minutes exist?

• If yes, what would be the influence on the vessel response?

• If not, what other possible causes can trigger the observed vessel response?

• How can these possible causes be assessed and simulated?

1.3. Report Structure
This Master Thesis describes the research conducted to investigate the causes of an unexpected dy-
namic vessel/thruster response of a SSCV. The introduction outlines the objectives of this project,
identifies the areas of interest and establishes the relevance of this work in the field. The second
chapter describes the background on the underlying principles of Dynamic Positioning, environmental
influences and the required hydrodynamics and basis of modelling. This project is an investigation
with three major considered factors. Research was undertaken to determine whether fast time-varying
currents exist, if the unexpected response originates from the DP System and whether the effect of
vortex induced motion causes the outlined vessel/thruster response. Therefore, chapter 3, 4 & 5 de-
scribe each aspect separately, with methodology and results. In chapter 6 a method is presented to
extrapolate fluctuating current loads from current load test results to lower velocities and the effect on
a SSCV in these conditions presented. Additionally in chapter 7 an overview of all determined caused
and an approach to determine their relative contribution to the overall response is shown. In the last
chapter, the conclusions of this thesis are drawn plus further work and research recommended.



2
Background

2.1. Dynamic Positioning
Dynamic Positioning enables a vessel to keep position and heading by utilising its own propulsion,
while being exposed to the environmental forces caused by waves, wind and current. The position is
measured by multiple position reference systems and the measured offset from the setpoint is then
translated into required forces and moments. This is necessary to relocate the vessel to the previously
selected position and heading. The required forces are then allocated to the thrusters, which initiate the
vessel to move through water. Figure 2.1 depicts vessel motions (orange), environmental loads (red)
and thruster forces (green) as experienced by the vessel and relevant for a DP system. Vessel motions
are a result of environmental forces acting on the body as well as the forces exerted by the propulsion
system. These movements in six Degrees of Freedom (DOF) are identified as: Surge, Sway, Heave,
Roll, Pitch and Yaw. Surge, Sway and Heave are linear movements along the x,y & z-axis; Roll, Pitch
and Yaw constitute the rotations about these axis respectively. In figure 2.1 indicated in orange are
only Surge, Sway and Yaw as these are the only linear and rotational components a DP system can
control.

Figure 2.1: Vessel Motions, Environmental Loads & Thruster Forces of a DP System [6]

Figure 2.2 depicts a simplified DP system, which is used to outline the working principle. Disturbances,
such as waves, wind, currents or external forces act upon the vessel, causing it to move. The position
is measured by multiple reference systems and sensors. With the required position (and heading)
selected by the operator the position error is determined. The Kalman Filter serves as a filter to remove
noise in the signal and predicts the state of the vessel based on a trade-off between a dynamic model
and the position measurements. The controller calculates the required forces and moments based
on the position error and estimated velocity. These required forces and moments must be distributed
and translated into RPM and Azimuth for each thruster individually. The thrusters provide the thrust to
cause the vessel to counteract the disturbances and consequently allow the repositioning of the vessel.

5
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Figure 2.2: Simplified Diagram of a DP System [3]

Further information on the components of the DP system control loop is provided in chapter 4.

2.2. SSCV Thialf
The SSCV Thialf, which most of this research is based on, is a Deepwater Construction Vessel (DCV)
capable of a 14.200 tonnes tandem lift. The vessel built in 1984 has 2 floaters with 4 columns each and
can vary its draught from 11.8 to 31.6 m, while ballasting with up to 20.800 mኽ/hour. Thialf, which can
be seen in figure 2.3 below, is equipped with a Class III DP System, has an overall length of 201.6 m
and a width of 88.4 m [7]. Until the delivery of its bigger sibling SSCV Sleipnir in 2019, with a maximum
combined lift capacity of 20.000 tonnes, Thialf was the largest and most capable crane vessel in the
world.

Figure 2.3: SSCV Thialf in transit [8]
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2.3. Environmental influences
Any seagoing vessel or platform is exposed to the harsh environments due to currents, wind and waves.
Especially for station keeping operations these forces determine the vessel performance.

2.3.1. Current
Currents in the ocean have different origins of occurrence. Tidal currents are caused by the cyclical
change of the lunar and solar gravity. Currents are also caused by ocean circulation, wind and the
difference of sea water density. For a current that is assumed to be constant with water depth, the
forces and moments on a vessel, depending on the direction of a current direction can be calculated
by [9]:

𝐹፱,፜ =
1
2𝜌 ⋅ 𝑉

ኼ
፫፜ ⋅ 𝐶ፅ፱,፜(𝛼፫፜) ⋅ 𝐴ፓ(𝑇) (2.1)

𝐹፲,፜ =
1
2𝜌 ⋅ 𝑉

ኼ
፫፜ ⋅ 𝐶ፅ፲,፜(𝛼፫፜) ⋅ 𝐴ፋ(𝑇) (2.2)

𝑀፳,፜ =
1
2𝜌 ⋅ 𝑉

ኼ
፫፜ ⋅ 𝐶ፌ፳,፜(𝛼፫፜) ⋅ 𝐴ፋ(𝑇) ⋅ 𝐿 (2.3)

Where:

𝐹፱,፜ = Uniform longitudinal current force [N]
𝐹፲,፜ = Uniform lateral current force [N]
𝑀፳,፜ = Uniform yaw current moment [Nm]
𝜌 = Density of water [kg/mኽ]
𝑉፫፜ = Relative current velocity [m/s]
𝛼፫፜ = Relative current direction [rad]
𝐴ፓ(𝑇) = Submerged transverse projected area dependent on 𝑇 [mኼ]
𝐴ፋ(𝑇) = Submerged lateral projected area dependent on 𝑇 [mኼ]
𝐿 = Submerged Length of vessel [m]
𝑇 = Draught of vessel [m]
𝐶ፅ፱/ፅ፲/ፌ፳,፜(𝛼፜) = Current load coefficient dependent on 𝛼፜ [-]

2.3.2. Wind
Wind is a mass flow of air that exists as a result of a flow from high to low pressure areas. The direction
of wind is dependent on these high and low pressure areas. Winds have fluctuations in both direction
and velocity, also known as gusts. For a DP System, strong gusts can cause an offset and require time
for the vessel to react. This effect can be diminished by the help of Wind-Feed Forward, where the
measured wind is forwarded to the DP system and, based on a model, the forces estimated.
Winds are typically represented with a direction and an average velocity at a height of 10 meters above
the ground or sea level. As presented in [9], an acceptable representation of the wind speed and
direction at a given height ’𝑧’:

𝑉፭፰(𝑧)
𝑉፭፰(10)

= ( 𝑧10)
᎙

(2.4)

Where:

𝑧 = Height in meters above surface
𝑉፭፰(𝑧) = True wind speed dependent on 𝑧
𝑉፭፰(𝑧) = True wind speed at 10 m above surface
𝜇 = Nondimensional exponent, 0.11 (at sea) & 0.18 (on land)

Wind acts directly on the structures above sea level of a floating body causing it to move due to the flow
of air around them. Similarly to the current loads, the forces and moments of the relative wind velocity
are given by [9]:

𝐹፱,፰ =
1
2𝜌ፚ።፫ ⋅ 𝑉

ኼ
፫፰ ⋅ 𝐶ፅ፱,፰(𝛼፫፰) ⋅ 𝐴ፓ (2.5)
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𝐹፲,፰ =
1
2𝜌ፚ።፫ ⋅ 𝑉

ኼ
፫፰ ⋅ 𝐶ፅ፲,፰(𝛼፫፰) ⋅ 𝐴ፋ (2.6)

𝑀፳,፰ =
1
2𝜌ፚ።፫ ⋅ 𝑉

ኼ
፫፰ ⋅ 𝐶ፌ፳,፰(𝛼፫፰) ⋅ 𝐴ፋ ⋅ 𝐿 (2.7)

Where:

𝐹፱,፰ = Steady longitudinal wind force [N]
𝐹፲,፰ = Steady lateral wind force [N]
𝑀፳,፰ = Steady wind current moment [Nm]
𝜌ፚ።፫ = Density of air [kg/mኽ]
𝑉፫፰ = Relative wind velocity [m/s]
𝛼፫𝑤 = Relative wind direction [rad]
𝐴ፓ = Projected transverse area [mኼ]
𝐴ፋ = Projected lateral area [mኼ]
𝐿 = Length of vessel [m]
𝐶ፅ፱/ፅ፲/ፌ፳,፰(𝛼፫፰) = Wind load coefficient dependent on 𝛼፫፰ [-]

2.3.3. Waves
The generation of waves in the ocean have multiple origins. Wind waves are created by the interaction
between wind and the water surface. Waves can be generated by the motion of all kinds of floating
vessels. Tidal waves are generated by astronomical forces. Waves are also created by landslides and
earthquakes, tsunamis. This section is based on [9].
Wind driven waves are created as a result of the interaction of the sea surface and wind. The height
of wind driven waves are dependent on three factors. First, the wind speed, which must be faster then
the crest in order to transfer more energy. Secondly, the fetch length, which is the distance over which
the wind stays constant in terms of direction and speed. Thirdly, the duration of the wind. Despite the
fact that wind generated waves are highly irregular, they can be represented as multiple regular waves.
This is called superposition and is clearly depicted in figure 2.4. This concept simplifies the analysis of
wave systems. Wind waves can be separated in Sea and Swell Waves.

Figure 2.4: Superposition of waves [10]
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The highly irregular sea waves are predominantly influenced and generated by a local wind field. The
crest length of these waves is two to three times the apparent wave length. Sea waves are very
short and sharp crested. Their direction spreads wider and is more deviated. Swell waves are more
predictable in terms of height and have longer crests, up to even 6 - 7 times the wave length. Swell
waves travel over several hundred kilometers fromwhere they have been generated and can propagate
into areas of calm winds.

First Order
First order wave loads cause an oscillating displacement of the vessel or structure, at frequencies
corresponding with the frequencies of waves. Averaged over time, first order wave motions have a
zero mean. These high frequent motions are filtered by the Kalman Filter, such that the DP System is
not reacting upon first order wave excitation.

Second Order
Second order wave drift forces become most apparent when a floating structure is moored or station-
keeping by means of DP. They consist out of two components, the mean wave drift force, which
originates from non-linear wave potential effects and low-frequency wave drift forces. Combined with
the spring characteristics of the DP System low-frequency wave drift forces cause an oscillating dis-
placement of the structure.

2.4. Vortex Induced Motion
The hull of a semi submersible crane vessel consists of multiple columns with a pontoon attached at the
bottom. This type of hull has the benefit of a smaller water plane area and, as a consequence, lesser
wave interaction. However, those columns also introduce the possible risk of VIM. In this section, the
underlying principles of Vortex Shedding and VIM is outlined, while in chapter 5 more information is
presented on VIM on SSCVs.

2.4.1. Vortex Shedding
When a body is exposed to undisturbed flow, it will experience lift and drag forces acting on the body
(for Rn-numbers > 65). This can result in vortices to shed behind the body and a resultant force in
the direction of which the vortex detaches. For a cylindrical structure, this phenomena can be seen
simplified in figure 2.5 [9].

Figure 2.5: Resultant forces of vortex shedding [9]

In the figure above, the force created by the vortex can be seen decomposed in the two components
of a lift and drag force. These are the components that can cause bodies to move and is referred to as
vortex induced motion. As the shedding of vortices takes place alternately on each side perpendicular
to the flow, so will the magnitude of the lift force. The drag force, which is parallel to the undisturbed
flow direction and the alternating lift force based on vortex shedding, both per unit of cylinder length,
are defined as:
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𝐹ፃ =
1
2𝜌𝑈

ኼ ⋅ 𝐶ፃ ⋅ 𝐷 (2.8)

𝐹፥ =
1
2𝜌𝑈

ኼ ⋅ 𝐷 ⋅ 𝐶ፋ ⋅ 𝑠𝑖𝑛(2𝜋𝑓፬𝑡 + 𝜖ፅ፭) (2.9)

Where:

𝐹ፃ = Draf force per unit cylinder length [N/m]
𝐹፥ = Lift force per unit cylinder length [N/m]
𝜌 = Mass density of the fluid [kg/mኽ]
𝑈 = Undisturbed flow velocity [m/s]
𝐷 = Cylinder diameter [m]
𝐶ፃ = Dimensionless drag coefficient [-]
𝐶ፋ = Dimensionless lift coefficient [-]
𝑓፬ = Vortex shedding frequency [Hz]
𝑡 = time [s]
𝜖ፅ፭ = Phase shift [rad]

The frequency at which vorticies detach from a (cylindrical) body is defined by:

𝑓፬ =
𝑆𝑡 ⋅ 𝑈
𝐷 (2.10)

in which:

𝑓፬ = Vortex shedding frequency [Hz]
𝑆𝑡 = Strouhal number [-]
𝑈 = Undisturbed flow velocity [m/s]
𝐷 = Cylinder diameter [m]

The non-dimensional Strouhal number, 𝑆𝑡, is dependent on the Reynolds number 𝑅𝑛 and can be ob-
tained for circular cylinders from figure 2.6 [11]. For 𝑅𝑛 > 10ኼ and 𝑅𝑛 < 2.10኿ the Strouhal number
can be approximated with 0.2. For larger Reynolds numbers, the Strouhal number increases and the
force fluctuations become irregular,therefore the Strouhal number becomes difficult to define [9]. In
this research almost square columns with Reynolds numbers ranging from 𝑅𝑛 = 1 ⋅ 10዁ to 𝑅𝑛 = 5 ⋅ 10዁
are considered. The Reynolds number is defined as:

𝑅𝑛 = 𝑉 ⋅ 𝐷
𝜈 (2.11)

in which:

𝑅𝑛 = Reynolds number [-]
𝑉 = Flow velocity [m/s]
𝐷 = Pipe diameter / characteristic length [m]
𝜈 = Kinematic viscosity of the fluid [mኼ/s]
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Figure 2.6: Strouhal-Reynolds number relationship for circular cylinders [11]

2.4.2. Vortex Induced Oscillation
As a result of vortex shedding, the alternating lift force as presented in equation 2.9, can cause an object
to oscillate. When the vortex shedding frequency 𝑓፬ and the natural frequency of the body 𝑓፧ approach
each other, resonance will occur. Lock-in occurs, when the vortex shedding frequency coincides with
the object natural frequency. An indicator for resonance is the non-dimensional reduced velocity. Once
the natural oscillation frequency of a structure is known, the reduced velocity can be obtained in order to
assess the risk of resonant vortex-induced oscillations. For a cylinder lock-in usually occurs for 𝑈፫ = 5
and will ultimately stop at 𝑈፫ > 7 [9].

𝑈፫ =
𝑈

𝑓፧ ⋅ 𝐷
(2.12)

in which:

𝑈፫ = Reduced velocity [-]
𝑈 = Undisturbed flow velocity [m/s]
𝑓፬ = Natural frequency [Hz]
𝐷 = Cylinder diameter [m]

2.5. Representation and Simulation
2.5.1. Spectral Analysis
A time record of ameasured quantity (e.g. force, distance, angle) is often irregular and contains different
frequencies. Vessel motions, for instance, are a result of forces and moment exerted on the vessel by
outer influences as well as forces and moments caused by the propulsion system of the vessel itself.
As previously mentioned, a sea state consists of irregular waves, which is a superposition of multiple
regular waves. Similarly, vessel motions are irregular and are a superposition of multiple regular motion
components with their own frequency characteristics. These motions in all six DOF or forces occur over
time and when monitored or simulated, a time record of these motions can be obtained. This is also
known as the time-domain, where a signal and its change are dependent on time. With Fourier series
analysis an irregular motion can be expressed as the sum of regular motion components, each with
its own frequency and amplitude in the frequency domain. This can be done with a energy density
spectrum, where the energy content of a signal at each of its frequencies is represented over a specific
frequency band. For a time signal 𝑥(𝑡), the energy spectrum 𝑆፱(𝜔) is defined as [9]:

𝑆፱(𝜔፧) ⋅ 𝑑𝜔 =
1
2𝑥

ኼ
ፚᑟ (2.13)
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The variance 𝜎ኼ፱ of the signal 𝑥(𝑡) is equal to the area under the spectrum:

𝜎ኼ፱ = ∫
ጼ

ኺ
𝑆፱(𝜔) ⋅ 𝑑𝜔 (2.14)

which is also equal to the 0th moment of the area under the spectrum 𝑚ኺ፱ with respect to the vertical
axis at 𝜔 = 0. This signifies that the Significant Double Amplitude (SDA) can be defined as follows,
similar to the significant wave height:

𝑆𝐷𝐴 = 4 ⋅ √𝑚ኺ፱ (2.15)

The relation between the frequency and time domain as well as the energy density spectrum can seen
visualized in figure 2.7 below. This figure represents the analysis of recorded irregular ocean surface
waves 𝜁(𝑡).

Figure 2.7: Wave Record Analysis - Relation between Time & Frequency Domain [9]

2.5.2. Time-Domain DP Simulation
This section is based on [12] and [13], which both are based on the time domain simulation software
aNySIM by Maritime Research Institute Netherlands (MARIN).

aNySIM
Developed in the Netherlands, aNySIM is a multibody time-domain simulation program by MARIN,
which is used in this research for DP performance analysis. With aNySIM, analysis of multi body
dynamics can by carried out by calculating the response of floating bodies due to mechanic and hy-
dromechanic forces for 6 DOF. The modules of linear and non-linear hydrostatics, wave forces (1st &
2nd order), coefficient based wind and current loads, wave radiation, Morrison loads, propellers, rud-
ders & thrusters, DP controllers and Kalman filter are included in aNySIM XMF. Required inputs are
geometry, inertia & stability, a (multi-body) hyd-file, wind, wave & current and the method for station
keeping. As an output, time traces of for example vessel motions, environmental loads and thruster
rpm & azimuth can be obtained.
Instead of the implemented DP Module, an alternative approach for time-domain DP simulations is the
Spring-Damper model. The vessel and the DP system can be seen as a mass-spring-damper model
in 3 DOF. For the 3 controller gain settings of High, Medium and Low, different spring stiffness and
damping coefficients are selected. The Spring-Damper model can be regarded as a linearized ideal DP
system, which is beneficial when comparing two simulation results with each other. Figure 2.8 below
indicates the working principle of the Spring-Damper module of aNySIM.
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Figure 2.8: aNySIM Spring-Damper Model

2.5.3. Heerema Simulation Center
HMC has a full mission Kongsberg simulator, the Heerema Simulation Center (HSC). It is equipped
with a bridge, 3 main DP consoles and 1 back-up to guarantee DP III class. In addition, 2 crane domes,
a ballast control room, 2 deck position rooms, winch control room and 2 instructor stations form part of
the HSC. This enables HMC to simulate the scope of work of their projects and provide training for the
crew. It is possible to simulate all of HMC Heavy Lift Vessel (HLV) (Aegir, Balder, Thialf and Sleipnir).
In this research, the HSC is used to assess the station keeping performance of the SSCVs Thialf in real
time, using the Kongsberg DP System with access to the same DP-settings as onboard the vessel.

Figure 2.9: Main Bridge of Heerema Simulation Center





3
Variation of Currents

3.1. Existence of fast-varying currents
According to [9], the variation of currents are of a slow nature and are assumed to be constant in
engineering applications. However, as the possible variation of currents may be the origin of the unex-
pected increased variation, this requires further investigation.

Next to the dominant variation based on the tides, currents in coastal areas are not uniform but vary in
space. Current velocity along the coastline is slower than further away from the coast. This is a result
of the friction that the water is exposed to. Similarly, the sea floor is a barrier and causes the currents
along the seafloor to decrease in speed. Therefore, we can expect the velocities on the surface to be
the fastest, as the boundary of the sea floor is the furthest away. To highlight this variability, in 2007, the
Water and Shipping Authority (WSA) Bremen conducted a measurement over the width of the Weser
on kilometer 28,5 during low-tide. The results can be seen in figure 3.1. A fluctuating velocity field,
with decreasing velocities towards the boundaries at the side and bottom is present. The irregular
fluctuation do not appear to follow any law, which is ultimately linked to the fact that currents in nature
are turbulent. A flow is not formed of separate layers on top of each other. Instead, this is a process of
continuous mixing between the velocity layers due to large and small eddies [14].

Figure 3.1: Cross section of the instantaneous velocity profile in the Weser at km 28,5 on 20.09.2007 during 10:27AM low tide
measured with an ADCP (10:25:33AM to 10:28:55AM) [14]

15
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It must be noted that the measurements obtained as seen in figure 3.1, originate from the estuary of
the Weser flowing into the North Sea. In an estuary, the tidal dynamic has the largest influence on
the currents. However, it is only one of the present physical processes. Together with wind induced
waves, the resulting currents transport salt, solid materials and heat. In the brackish water zone, the
freshwater from the river mixes with the saltwater. The fluvial sediments mix with sediments of marine
origin. Temperature, salt and solid material content affect the density of the water, which, in a coupled
process, influences the currents [14]. Although an estuary is not a typical project location for a SSCV,
these measurements highlight the occurrence of irregular velocity fluctuations with differences of up to
1 m/s throughout the water column.

Upon recommendation of Deltares, public available data of a field test in the North Sea was inves-
tigated. The measurements were conducted in the Wind Farm Zone (WFZ) Ten Noorden van den
Waddeneilanden, which is approx. 56km north of the Dutch Island Ameland. The meteorological and
oceanographic data was obtained using a Seawatch Wind Light Detection and Ranging (LIDAR) Buoy,
which provided data from August 2019. To measure the current velocities and direction an AquaDopp
current profiler, also known as an Acoustic Doppler Current Profiler (ADCP), is mounted on the bottom
of the hull of the buoy. An ADCP emits sound pulses that are reflected onto particles in the water. The
Doppler Shift can determine the velocity of these particles. This velocity is measured along the angle
of the beam, with which the transducers are mounted and the vertical and horizontal components of the
velocity need to be computed. Subsequently, multiple pulses are used to calculate the current velocity
with a ten minute average [15].

Figure 3.2 shows an energy density spectrum of the current velocity over the first 22 days of August
2019 at the above mentioned location. The top graph represents the very low frequencies from 0 to
0.001 rad/s, in order to better represent the contribution of the frequency range from 0.001 to 0.025
rad/s. It can be also observed that the indicated Nyquist frequency and a 5 minute mark at 0.0209 rad/s.
The resolution of these measurements are in ten minute time steps, meaning that no conclusions on a
possible variation of currents on a scale of one to five minutes can be drawn. However, this data does
show that variations exist and current is not only quasi-static. Contacting Fugro Norway to obtain the
raw data of these measurements proved unsuccessful. Therefore, further data is required to be able
to assess the vessels behaviour under possible present varying currents.
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Figure 3.2: Density Spectrum of Current Velocity at 10m water depth at Ten Noorden van den Waddeneilanden
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The project locations of HMC are infrequently in or near estuaries or the coast. The observation of the
unexpected vessel response in May 2017 occurred in the North Sea at 54° 01’ 00” N, 01° 50’ 5” E. This
area is also known as the Outer Silver Pit, which is part of a subsea crater formation with water depths
of up to 100m south of the Dogger bank. For further reference, please see figure 3.3.

Figure 3.3: Bathymetry Chart of the North Sea and the location of the 2017 DP Trials indicated in red [16]

At this specific location, a drastic change of water depth occurs, which also has an impact on the cur-
rents. Yet, in order to prove whether a variability in the current velocity and direction is present at this
specific location, measurements would need to be carried out. As described above, the time-step of
accessible measurements is not detailed enough to indicate a possible variation that could effect the
vessel motions.

On this matter, Dr. Sofia Caires from Deltares has been contacted. Unfortunately further measure-
ment data with smaller time-steps in areas representative of the projects executed by HMC are also
not available. However, Deltares provided simulation data of the Silver Pit location on the day of the DP
Trials, 29th of May 2017. For this location, the velocity and direction of the current with a time-step of
one minute was obtained. The data was obtained using the 2D Dutch Continental Shelf Model (DCSM)
Flexible Mesh and the current are averaged over depth. Below in figure 3.4 the obtained data can be
compared with the DP Current, which was obtained from the offshore data of the DP trials. Additionally
indicated are the periods in which test 5A (Low Controller Gain), 5B (Medium Controller Gain) and 5C
(High Controller Gain) were carried out.
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Figure 3.4: Current Velocity and Direction of DP Current and 2D DCSM-FM at DP Trials Test Location on the 29th of May 2017

It is apparent that the current velocity and direction, obtained from the DCSM-FM de- and increases
monotonously, meaning that the model does not represent any fluctuation. Comparing this with the
obtained DP current velocity, it can observed that a fluctuation of the DP current velocity is present and
also increases. This however, also has another origin. The six hours time-span, which can be seen
here, is the time in which three station keeping tests with a duration of each two hours were conducted.
As mentioned in Chapter 1, these three tests were run while using a High Kalman Filter Gain and a
Low, Medium & High Controller Gain. The final two hours of the time trace in figure 3.4 show more
fluctuation in the DP current velocity due to the more highly reactive High Controller Gain.
This data also reveals a discrepancy in the initial direction of the currents but shows an acceptable
match afterwards. For both the DP Current and the DCSM, the direction of the current is going to, true
North clockwise. The origin of that particular mismatch for the current direction in the first 2 hours is
unknown.

3.2. Aegir TMS Measurement
During the year 2020, HMC installed 21 wind turbine foundations with Aegir. The project location
is approx. 8 km west of the cost of province of Changua in Taiwan. It was possible to conduct an
ADCP measurement throughout the project. The sensor was installed on the Tether Management
System (TMS) of the Remotely Operated Vehicle (ROV). The configuration used onboard Aegir is a
tophat system, which houses the tether and connects to the top of the ROV by means of a lock-latch for
launch and recovery. During subsea operations, the ROV detaches and moves freely while the TMS
hangs suspended of the side of the vessel. Unlike garage TMS’, the tophat system is not designed to
sit on the seafloor. For this reason during the ADCP measurements, the TMS was hanging in the water
column at a water depth of 13 m, while the vessel was in station keeping with DP.
The duration of the measurement was 45 minutes with a sampling time of 10 seconds, resulting in
a sampling frequency of 𝜔፬ፚ፦፩፥።፧፠ = 0.628𝑟𝑎𝑑/𝑠. This results in a Nyquist frequency of 𝜔ፍ፲፪፮።፬፭ =
ኻ
ኼ ⋅ 𝜔፬ፚ፦፩፥።፧፠ = 0.314𝑟𝑎𝑑/𝑠. Furthermore, the frequencies relating the periods of 1 to 5 minutes are
indicated in the Energy Density Spectrum (EDS) of the current measurements. The current velocity
and direction timetraces, plus the according EDS can be seen in figure 3.5. From both EDS it can be
seen that energy is present on the scale of 1 to 5 minutes, suggesting that currents show variations in
velocity and direction on this time scale. The content of this energy, especially of velocity is limited, as
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the overall current velocity is considerably low. For the current direction, large variations are present,
which can be seen to also occur on the scale of 1 to 5 minutes and lower than 1 minute. What critically
needs to be noted is the duration of the measurement. In a 45min measurement only 9 cycli for 5min
periods and 45 cycli for 1min periods are present. Therefore, the accuracy of these EDS are limited.
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Figure 3.5: ADCP Current Measurements at Changhua with TMS in water column

An emerging question is the accuracy of the set-up of the measurement. The vessel, in DP operation,
will introduce motions and thruster wash that cannot be back-traced. The TMS as a submersed pendu-
lum will experience the motions of the vessel in all 6 DOF. As the influence of these disturbing factors
cannot be quantified, the measurement cannot be applied for further research.

3.3. Sleipnir ROV Measurement
During a jacket installation with Sleipnir for the windpark Hollandse Kust Zuid in September 2020, it
was possible to conduct current measurements. The windpark is located 18 kilometers off the Dutch
coast between Den Haag and Zandvoort.
The measurements were carried out with an upward looking ADCP, which was mounted on the top of
the ROV. To prevent additional motions that would influence the measured current velocity, the ROV
was placed stationary at a water depth of 22m on the seafloor for the duration of the measurement.
Unfortunately, this measurement was only executed once, as the ADCP was damaged the same day.
However, a 45min time trace with a sampling rate of 1 Hz was obtained. The results can be seen
below in figure 3.6. Both signals (velocity and direction) have been low-pass filtered with a frequency
of 𝜔ፋፏፅ = 0.5𝑟𝑎𝑑/𝑠. As in the previous section, the frequencies relating the periods of 1 to 5 minutes
are indicated in the EDS of the current measurements. Contrary to the TMS measurement, the outer
influences have been minimized by placing the ROV on the seafloor. From this data it can be seen that
variations of the current velocity (SDA = 0.15 m/s) and direction (SDA = 16 deg) in the period range of
1 to 5 minutes are present.



20 3. Variation of Currents

06:30 06:40 06:50 07:00 07:10

Time [UTC] Sep 07, 2020   

0

0.2

0.4

0.6

0.8

1

C
ur

re
nt

 V
el

oc
ity

 [m
/s

]

Current Velocity

0 0.1 0.2 0.3 0.4 0.5

wave freq [rad/s]

0

0.005

0.01

0.015

0.02

0.025

0.03

C
ur

re
nt

 V
el

oc
ity

 S
pe

ct
ra

 [m
2 /s

]

1 min

5 min SDA = 0.15 m/s

06:30 06:40 06:50 07:00 07:10

Time [UTC] Sep 07, 2020   

0

90

180

270

360

C
ur

re
nt

 D
ire

ct
io

n 
(t

ru
eN

or
th

) 
[d

eg
]

Current Direction (going to)

HKZ ADCP Current Measurement (LPF = 0.5 rad/s)

0 0.1 0.2 0.3 0.4 0.5

wave freq [rad/s]

0

100

200

300

400

500

600

C
ur

re
nt

 D
ire

ct
io

n 
S

pe
ct

ra
 [d

eg
2 s]

1 min

5 min SDA = 16 deg

Figure 3.6: ADCP Current Measurements at Windpart Hollandze Kust Zuid with ROV on sea floor

3.4. Conclusion
After having reached out to experts in the field from Deltares, Fugro, the Hydrographic Service of
the Royal Netherlands Navy, the Royal Netherlands Institute for Sea Research (NIOZ), the Alfred-
Wegener-Institut Bremerhaven, Department of Civil and Environmental Engineering of the University
of Washington and the Department of Environmental Fluid Mechanics and Hydraulic Engineering from
the Delft University of Technology, no data with a high enough resolution or further knowledge of the
existence of such fast varying currents was obtained. This leads to the unfortunate outcome that the
sub research question, whether fast time-varying currents on a scale of 1-5 minutes exist, cannot be
explicitly answered. The most significant challenge was obtaining suitable measurement data with a
high resolution in terms of time steps. For oceanographic purposes, current measurements are typically
conducted with sampling rates lower than what is required to answer the hypothesis of time-varying
currents, causing an unexpected dynamic vessel response during station keeping operations.
Many arrows are pointing in the direction that such fast-varying currents do indeed exist. This is high-
lighted by the measurements carried out by a ROV at the Hollandse Kust Zuid project in September
2020, where fluctuations are present on a time scale of 1 to 5 minutes. To further demonstrate their
presence and the effect varying currents can have on a SSCV during station keeping operations, fur-
ther research on these fast varying currents is required and longer in-situ measurements need to be
conducted.
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Dynamic Positioning System

Presently, the time-domain simulation tool aNySIM represents the DP system as it is installed on the
vessel. aNySIM has a DP module that aims to mimic the system as used onboard and in the HSC. Ap-
plication has shown that there remains a discrepancy between real-time and time-domain simulations.
In reference to the research question regarding the kind of parameters and/or environmental conditions
that are not captured in the current time-domain simulations resulting in an increased vessel response,
it must be taken into account that the origin of the unexpected dynamic vessel response could lie within
the DP System. This chapter provides more insight to the DP system and the research carried out to
investigate the origins of the unexpected vessel response is presented.

4.1. Additional Background on the DP System
The SSCV Thialf is equipped with a triple modular redundant and 1 backup DP system K-POS by
Kongsberg Maritime, which exists out of four identical operator stations. At the HSC the same system
is installed, as can be seen in figure 2.9. In section 2.1, the working principle of the DP systemwas intro-
duced and a simplified block diagram presented. Detailed information on the main components of the
DP system, namely Position Measurement, Kalman Filter, Controller, Thrust Allocation and Thrusters
are provided below.

4.1.1. Position Measurement
The DP system requires the instantaneous position of the vessel to calculate the offset relative to the
setpoint and required thruster forces. To operate in DP3-class it is required to use a minimum of 3
position reference systems, of which 2 should be of independant operating principle. A selection of
multiple position reference systems are used onboard a DP vessel [17] [18]:

• Satellite navigation systems
The most well known satellite reference system is the Global Positioning System (GPS) of the
United States. GALILEO, the Global Navigation Satellite Systems (GNSS) of the European Union
is used in conjunction with GPS and GLONASS, the GNSS of Russia. Differential GNSS repre-
sents an improvement on the conventional GNSS by using fixed ground based reference stations
in order to correct the signal and thus enhance position accuracy.

• Hydro acoustic Position Reference (HPR)
HPR systems require the prior deployment of beacons or transducers typically on the seabed.
Whereas the long baseline system uses a minimum of 3 fixed transducers, the short and ul-
tra short baseline only require one beacon. The short baseline reference system utilizes two
transceivers on the vessel hull and the ultra short baseline multiple transducers on one single
beacon. In addition, ROVs and divers can be equipped with such a beacon so that their position
relative to the vessel is known.

• Mechanical reference
The taut wire is a mechanical reference system that is lowered down to the seafloor. A depressor
weight connected with the wire and the taut wire itself is kept under constant tension. Due to an
offset of the vessel, the wire will deflect on an angle from the point of attachment. This angle can
be measured and, with the known wire length, the position offset calculated. Water depth and
deflection of the wire due to strong currents can limit the applicability.

21
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• Relative positioning reference
The position of the vessel can be determined relative to a fixed or moving object. Laser or mi-
crowave apertures installed on the vessel measure the range and direction to a reflector installed
on the reference.

Below the position reference systems as installed on SSCV Thialf:

System Type SSCV Thialf
Radar 1 x Artemis
Satellite 3 x DGPS
Hydroacoustic 2 x HiPAP AP-350 SSBL + LBL
Mechanical 1 x Taut wire (water depth <300m)
Relative Position 1 x Fanbeam at vessel stern

4.1.2. Kalman Filter
One challenge that the DP control system faces is the accurate estimation of the position and state of
the vessel. Estimates of a mathematical model and noisy measurements create a trade-off. To obtain
the most accurate estimates, a Kalman filter is introduced. Equipped with a dynamic model, the Kalman
filter predicts the position and velocity of the vessel based on previous position measurements, which
in turn can be inaccurate and contain noise.
A Kalman filter is set up in two steps, a prediction and correction step. In the prediction step, the filter
makes a prediction of the vessel based on the present state of the ship and the dynamic model. In the
correction step, the Kalman filter corrects the previous prediction based on measurements obtained
by the position reference system and the calculated Kalman gain. Depending on the Kalman gain, the
filter assigns more weight to the measurement (high Kalman gain) and more weight to the estimate for
a low Kalman gain. Afterwards, the estimated error is forwarded to the Controller and the filter process
starts again with a new prediction [19]. The time update (prediction) and the measurement update
(correction) can be seen below with the respective equations, based on [20].

Time Update (”Predict”)
�̂�ዅ፤ = 𝐴�̂�ዅ፤ዅኻ + 𝐵𝑢፤ዅኻ (4.1)

𝑃ዅ፤ = 𝐴𝑃፤ዅኻ𝐴ፓ + 𝑄 (4.2)

Measurement Update (”Correct”)

𝐾፤ = 𝑃ዅ፤ 𝐻ፓ(𝐻𝑃ዅ፤ 𝐻ፓ + 𝑅)ዅኻ (4.3)

�̂�፤ = 𝐾፤(𝑧፤ − 𝐻�̂�ዅ፤ ) (4.4)

𝑃፤ = (𝐼 − 𝐾፤𝐻)𝑃ዅ፤ (4.5)

In which:

�̂�ዅ፤ = apriori state estimate of current time step
𝐴 = Matrix relating state at previous time step to the state at the current time step
�̂�ዅ፤ዅኻ = a priori state estimate at previous time step
𝐵 = Matrix relating optional control input u to the state x
𝑢፤ዅኻ = Control input u at previous time step
𝑃ዅ፤ = a priori estimate error covariance
𝑃፤ዅኻ = a posteriori estimate error covariance at previous time step
𝑄 = Process noice covariance
𝐾፤ = Kalman Gain
𝐻 = Matrix relating the state to the measurement 𝑧፤
𝑅 = Measurement noise covariance
�̂�፤ = a posteriori state estimate
𝑧፤ = Actual measurement
𝑃፤ = a posteriori estimate error covariance
𝐼 = Identity matrix
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Heavy Lift Kalman Filter
Harmsen, van Dijk and Stuberg [3] present the procedure that lead to the implementation of a modified
Kalman filter into the Kongsberg DP System onboard Thialf. To prevent DP instabilities caused ”by
the inability of the DP system to handle the relatively stiff external spring of the hoist wire correctly”,
the Kalman filter has been modified such that the Kalman filter ”would give higher priority to the po-
sition measurements and less priority to the ship model” [3]. Kongsberg has been involved, which
lead to the implementation of this Heavy Lift Kalman filter in the DP System and is referred to as the
High Kalman Filter. In order to analyze the capability of the updated DP-system to manage a wide
range of specific heavy lift conditions, the modified DP-system has been assessed with a significant
number of desktop and full mission simulations. In the final stage of testing, the system undergoes a
dedicated DP-trial program onboard Thialf. Due to the successful performance during the tests, the
new High Kalman filter is permanently available onboard Thialf alongside the original functionalities. [3]

Onboard Thialf the Kalman gain settings ’Normal’ and ’High’ are available. In the HSC, however, four
different Kalman gain settings are available. They consist of Extreme, High, Normal and SDP. SDP
originates from Simrad Dynamic Positioning, which was installed before K-POS. The filter setting was
also included in the K-POS system of the HSC and can be referred to as a low Kalman gain setting.
As those filter settings are already implemented and have been previously subjected to testing, the
unexpected vessel response is unlikely to originate from the setting of the Kalman filter. Nevertheless,
in the DP Trials, where the unexpected vessel response was observed, only the High Kalman Gain
was initiated. Therefore, it is important to compare the different Kalman filter gain settings in the same
environmental conditions.

4.1.3. Controller
The function of the controller is to calculate a required force output based on the position error and
velocity. Most DP systems are based on a space-state controller. This can also be be treated as a
Proportional-Integral-Derivative (PID) controller. A PID controller is a feed-back loop that measures
the output of a system and controls the input. The controller determines the error based on the mea-
surement and the setpoint and treats the error in 3 different ways [17]:

• Proportional 𝐹ፏ = −𝑃 ⋅ Δ𝑥 acts on present offset
The error Δ𝑥 is multiplied by a proportional constant P, which results in an instantaneous system
output, reducing the offset.

• Integral 𝐹ፈ = −𝐼 ⋅ ∫ Δ𝑥 ⋅ 𝑑𝑡 acts on past offset
Integrating the error over a period of time results in the vessel gradually moving towards zero
offset from the setpoint and thus reducing steady-state errors.

• Derivative 𝐹ፃ = −𝐷 ⋅
᎑፱
᎑፭ acts on future offset

The rate of change of the error with respect to time is calculated and multiplied with the constant
D resulting in resistance against time, also known as damping.

Controller Gain Settings
The accuracy of the DP Performance can be influenced by changing the Controller Gain, which can
be set to Low, Medium & High. The intentions of changing the controller gain has different reasons. In
calm environments or when less position accuracy is required, the low controller gain can be used. The
exact selection of controller gain is also dependent on the preference of the marine crew and vessel
behavior. When high accuracy is required, the high controller gain is appropriate. This comes with a
cost of increased fuel consumption and additional wear of the thrusters, a result of fast reacting and
consequently more aggressive vessel behavior.

4.1.4. Thrust Allocation
The forces derived by the Control System to maintain or restore the vessels position, also known as
the demanded force, need to be distributed amongst the available thrusters. To keep position, the
environmental forces acting on the vessel must be equal to the forces that the vessel exerts with its
thrusters, where 𝑛 represents the number of thrusters:
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𝐹፱,፞፧፯።፫፨፧፦፞፧፭ =
፧

∑
።዆ኻ
𝐹፱,፭፡፫፮፬፭፞፫ᑚ (4.6)

𝐹፲,፞፧፯።፫፨፧፦፞፧፭ =
፧

∑
።዆ኻ
𝐹፲,፭፡፫፮፬፭፞፫ᑚ (4.7)

𝑀፳,፞፧፯።፫፨፧፦፞፧፭ =
፧

∑
።዆ኻ
𝐹፱,፭፡፫፮፬፭፞፫ᑚ ⋅ 𝑙፱,። +

፧

∑
።዆ኻ
𝐹፲,፭፡፫፮፬፭፞፫ᑚ ⋅ 𝑙፲,። (4.8)

It is common for marine systems to be over actuated, meaning that the number of thrusters exceeds
the DOF in order to ensure reliability. For the case of a DP system, the DOF are surge, sway and
yaw. The task of the thruster allocation is the distribution of that demanded force in terms of thrust and
direction for each individual thruster [21]. To avert thruster-thruster interaction, constraints regarding
the azimuth angle for each thruster are introduced [22].

4.1.5. Thruster
To provide maneuverability for sailing and/or station keeping, a vessel needs to be equipped with a
propulsion system. The selection of propulsion arrangements depend on the architecture of vessel
itself and its operational profile.

• Main Propeller and Rudder
The setup of a main propeller and rudder is specifically optimized for certain operational condition
of a vessel, for example the operational speed of a container ship under its operational draught,
load, etc. The main propeller(s) and rudder(s) are not always a part of the propulsion setup of a
DP vessel due do their slow response. On smaller vessels they are often part of the DP propulsion
setup.

• Azimuth Thruster
Azimuth thrusters are used for most DP operations as they can produce thrust in any direc-
tion by rotating full 360 degrees. To increase thruster efficiency and reduce cavitation, they are
equipped with nozzles. Additionally, a vessel can be equipped with a retractable version of az-
imuth thrusters. These can be lowered for DP operations or required maneuverability and then
retracted for maintenance or transit in order to reduce vessel resistance.

• Tunnel Thruster
These are often seen on merchant ships with a main propeller and rudder setup. They are in-
stalled in the bow or aft of the ship and provide a large lever arm and transverse maneuverability
on the front of the vessel.

The thruster arrangement differs per vessel and operational profile. For example, the monohull HLV
Aegir of HMC is equipped with two 6.5 MW azimuth thrusters for main propulsion and DP, four 3.2 MW
retractable azimuth thrusters for DP and one 2.5 MW tunnel bow thruster for DP and maneuvering [7].

4.2. Methodology
With reference to the research sub question, where it is asked what other possible causes can trigger
the observed vessel response the answer may lay within the DP system itself. This includes gaining
in-depth knowledge on the background of each component, as previously presented. More importantly,
vessel specific data must be obtained in order to assess the vessel behavior. With the obtained specific
data, scenarios can be compared and analyzed.
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4.2.1. Offshore Data
The data of the DP system is logged by the K-POS consoles onboard the vessel. For Thialf, this data
can only be obtained when directly accessed from the DP console. However, for some past projects
and more importantly the DP Trials 2017, the K-POS is accessible within HMC. Another possibility is
to access data via Kongsberg Information Management System (K-IMS), where data from different
sensors and systems onboard is collected. K-IMS can be accessed online and the data can be down-
loaded from the vessel directly. The K-IMS database does not include the complete information about
the DP system than K-POS does. Data obtained from either of the system is exported as a ’csv’ file
that can subsequently processed with Matlab.

4.2.2. Real-time Simulations
A powerful tool to produce ’offshore data’ for particular needs, such as this research, is the HSC. In the
HSC the environment can be selected as desired for each simulation run.

Procedure
First, it is necessary to launch the instructor station as well as the K-POS units. The exercise can then
be opened via the instructor station and the desired vessel, location, environmental parameters, ballast
(in order to change the draft) and position reference systems selected. Once the simulation is set up, it
is then assigned to the K-POS console and the simulation can be started. The environment then starts
acting on the vessel, which can then be controlled via the K-POS console.

The operator initiates the thrusters and position reference systems. Once the position reference sys-
tems are engaged, the Auto positioning mode can be selected, which means the vessel is now keeping
its position by means of DP. The vessel can now be moved to the desired position and the heading
chosen. A selection of the controller gain can be made, choosing between ’High’, ’Medium’ & ’Low’.
Plus, the Kalman filter gain can be selected with the available options in the HSC of:’Extreme’, ’High’,
’Normal’ & ’SDP’.

Throughout all simulations carried out in the HSC, it is crucial to log the time of the K-POS console. This
must be completed at each of the previously outlined steps as well as at the timestamp when a settings
on the DP console has been changed. Unlike a desktop simulation, the K-POS system continues to
log the variables once switched on. Therefore, in order to be able to use and extract the data for further
analysis, the timestamp is essential.

Another important factor to consider is the stabilizing time of the simulation. This is required for two
reasons. One aspect is that the environment requires full development in such a real-time simulation.
The second aspect, in conjunction with the first, is the run-up time of the DP system, before it can be
considered to be ’stable’. Drawn from the experience of the HSC team, a run-up time of 15 minutes is
considered to be sufficient. This time has not only been considered at the begin of a simulation run,
but also inbetween, when in the same environmental condition a controller or Kalman Gain has been
changed.

An additional option is an Application Programming Interface (API) in the HSC. From this interface,
amongst other options, moorings and external forces acting on the vessel can be included. With the
mooring option, an object, in this case the SSCV Thialf, can be moored or even fixed in all 6 DOF.
During a running simulation, a force time trace with forces and moments in all 6 DOF can be applied.
These forces can then be selected to act onto the object, either body fixed or earth fixed. The location
of force and moment application can also be selected. In this research it has been selected to the
Center of Gravity (COG) of the vessel.

After the simulation has been executed, the variables logged by the K-POS system must be exported
to a csv-file and can consequently be used for post-processing and analyzing the station keeping be-
havior. The output, the selected time window of the simulation, obtained from the K-POS system, is
set up in two different files. One file describes the events when selections or settings have been made,
for example and the other file contains the logged variables with a timestep of 1 second.
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4.2.3. Post-processing of K-IMS/K-POS data
To make use of the obtained data, certain steps must be undertaken in order to compare the results of
different simulations with each other. This is achieved using Matlab.

Vessel Motions
The vessel motions, which the DP system can compensate are also the desired motions to be inves-
tigated, namely Surge, Sway and Yaw. They will be presented as time-dependant in meter for Surge
and Sway and degree for Yaw. From the vessel data, the instantaneous Universal Transverse Merca-
tor (UTM) Easting and Northing can be obtained, as well as the heading. UTMN and UTME are already
given in meters relative to the equator and the meridian of the UTM zone, respectively. The heading is
retrieved via gyro sensors and is translated to degree North (global) and clockwise positive. Figure 4.1
shows the relation between the global and local coordinate system by means of the heading 𝜓. The
variables used and how to obtain the Surge and Sway is explained below in equations 4.11 to 4.12.

𝑋𝐺

𝑌𝐺

𝑋𝐿
𝑌𝐿

𝜓

𝑋𝐺′

𝑌𝐺 ′

Figure 4.1: Global and Local Coordinate System

𝑋ᖣፆ(𝑡) = 𝑋ፆ(𝑡) − 𝑋ፆ(𝑡ኻ) (4.9)

𝑌ᖣፆ(𝑡) = 𝑌ፆ(𝑡) − 𝑌ፆ(𝑡ኻ) (4.10)

𝑋ፋ(𝑡) = 𝑋ᖣፆ(𝑡) ⋅ 𝑠𝑖𝑛(𝜓(𝑡)) + 𝑌ᖣፆ(𝑡) ⋅ 𝑐𝑜𝑠(𝜓(𝑡)) (4.11)

𝑌ፋ(𝑡) = 𝑋ᖣፆ(𝑡) ⋅ 𝑐𝑜𝑠(𝜓(𝑡)) − 𝑌ᖣፆ(𝑡) ⋅ 𝑠𝑖𝑛(𝜓(𝑡)) (4.12)

In which:

𝑡 = Time [s]
𝑡ኻ = First timestamp of desired position (timestamp of set-point selection) [s]
𝜓 = Vessel heading [deg]
𝑋ፆ = Global X-coordinate (UTME) [m]
𝑌ፆ = Global Y-coordinate (UTMN) [m]
𝑋ᖣፆ = Relative global X-coordinate [m]
𝑌ᖣፆ = Relative global Y-coordinate [m]
𝑋ፋ = Relative local X-coordinate (Surge) [m]
𝑌ፋ = Relative local Y-coordinate (Sway) [m]
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Thruster Response
The thruster response of a DP vessel provides insight on the reaction of the vessel to outer influences.
The Azimuth angle and Revolutions Per Minute (RPM) is obtained from the thruster feedback data. The
Azimuth angle of each thruster is represented in degrees from -180° to +180° in the local coordinate
system of the vessel, where 0 degree is midship towards the bow. This means that the angle relative
to the vessel indicates the direction to which thrust is exerted.

+ 180°- 180°

0°

+ 90°- 90°

+ 180°- 180°

0°

+ 90°- 90°

- 60°

T

Figure 4.2: Azimuth orientation and direction of generated thrust

The maximum thrust of one thruster has been measured during DP Trials resulting in 70 ton thrust at
199 rpm. Due to the investigation of station-keeping operations, the advance ratio J is assumed to be
zero. This results in a constant thrust coefficient 𝐾ፓ. The thrust force can be defined as:

𝑇 = 𝐾ፓ ⋅ 𝜌𝐷ኾ𝑛ኼ (4.13)

Where:

𝑇 = Thrust [N]
𝐾ፓ = Thrust Coefficient [-]
𝜌 = Density of water [kg/mኽ]
𝐷 = Propeller Diameter [m]
𝑛 = Revolution speed [1/s]

The RPM feedback of each thruster is given as percentage of maximum rpm. With this information,
the instantaneous thruster force can be estimated. It should be noted that due to the assumption 𝐽 = 0
alongside other effects, this estimation will contain inaccuracies of determining the produced thrust per
unit. As the density and propeller diameter are also considered to stay constant, it can be observed
for this case that the thrust scales quadratic with respect to rpm, which yields equation 4.14, where
𝑇፦ፚ፱ = 70𝑡 ⋅ 9.81𝑚/𝑠ኼ = 686.7𝑘𝑁.

𝑇(𝑡) = ( 𝑅𝑃𝑀(𝑡)𝑅𝑃𝑀፦ፚ፱
)
ኼ
⋅ 𝑇፦ፚ፱ (4.14)
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4.3. Results
In this section, the results obtained through the help of the real-time simulations that were carried out
in the HSC are presented and discussed. The results shown, represent the selected cases highlighting
the findings relevant for this research.

4.3.1. Effect of Kalman Filter & Controller Gain
To investigate the effect of the Kalman Filter Gain and Controller Gain, an environmental scenario was
chosen where varying forces are present, in order to obtain a vessel response which the DP system
must act upon. This was completed with an only waves environment and was set up as presented in
table 4.1. Both Filter Gains (’Normal’ & ’High’) were compared with the Controller Gains High, Medium
and Low, resulting in 6 simulations. Below, the results will be shown for High and Normal Kalman Filter
Gain and compared with Medium Controller Gain. The results of the comparison between each Kalman
Filter Gain compared with 3 Controller Gains, can be found in Appendix B

Note that, for the presentation of the thruster azimuth, the coordinate system has been adapted for
readability, see figure 4.3b, else jumps between -180° and 180° would be present.

HSC Real-time Simulation
Vessel Kalman Filter Gain High & Normal

Controller Gain Medium
Draft 26.6 m
Heading 90° (true North)
Position Reference System Fanbeam 1 & 2 and LTW

Waves Direction (coming from) 300° (global) - see figure 4.3a
Peak Period 𝑇፩ = 9s
Sig. Wave Height 𝐻፬ = 2m
Spectrum JONSWAP
gamma 𝛾 = 3.3
Wave Spreading minimal (K-SIM: 50)

Duration 2 hrs (excluding stabilizing time)

Table 4.1: Vessel and environmental parameters
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Figure 4.3: Environmental Direction and adapted Azimuth coordinate system
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Figure 4.4: HSC run with SSCV Thialf - Motions - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from), ፓᑡ ዆ ዃ፬,
ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: High & Normal Controller Gain: Medium
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Figure 4.5: HSC run with SSCV Thialf - Thruster Load - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from), ፓᑡ ዆ ዃ፬,
ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: High & Normal Controller Gain: Medium
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Figure 4.6: HSC run with SSCV Thialf - Thruster Azimuth - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from),
ፓᑡ ዆ ዃ፬, ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: High & Normal Controller Gain: Medium

Discussion
The SDAs for surge, sway and yaw of the presented simulations are summarized in table 4.2. For a
better assessment and understanding, an aNySIM simulation with an ideal DP system and the spring
damper configuration, representing MediumController Gain at a Normal Kalman Filter Gain in the same
environmental condition has been carried out.

Kalman Filter Gain
Normal High aNySIM

Controller Gain High Medium Low High Medium Low Medium
SDA Surge [m] 0.49 0.56 0.82 0.33 0.37 0.54 0.18
SDA Sway [m] 1.40 1.69 2.55 0.92 1.01 1.71 0.29
SDA Yaw [deg] 0.27 0.32 0.36 0.24 0.25 0.25 0.14

Table 4.2: Significant Double Amplidutes (SDA) of HSC and aNySIM simulation runs

From the table and the EDS, it can be observed that indeed the High Controller Gain shows smaller
offsets in comparison to Medium and Low. Although the difference between High and Medium is minor,
the difference between High and Low, as well as Medium and Low is significant.
For all Controller Gains, the High Kalman Filter Gain shows fewer offsets for the 3 DOF. The best per-
formance in this environment can be seen for High Controller Gain and High Kalman Filter Gain.

The thruster response shows only small difference in the SDA of the provided thrust per thruster (figure
4.5b. From these EDS’, it is evident that when High Kalman Filter Gain was selected, that for all Con-
troller Gains, the thrusters show more energy content for periods lower than 3 min. This signifies that
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the reaction of the thrusters in terms of provided thrust, is faster than for Normal Kalman Filter Gain,
which is logical, as the High Kalman Filter Gain makes the system more ’aggresive’. This ’aggressive’
behavior is clearly desmonstrated in the thruster azimuth angle, depicted in figure 4.6. Here it should
be noted that the Thruster Azimuth representation has been adapted for these results, see figure 4.3b.
It is apparent that the thrusters show their main thrust being directed towards 210°, counteracting the
waves. An aspect that clearly emerges, is that for the High Kalman Gain a significant amount of full
360° rotations per thruster is present. This is a result of the fact that the more aggressive Kalman Filter
causes the system overshoot and subsequently corrects that overshoot. One explanation for this in-
creased performance of the High Kalman filter in terms of excitation, even with the present overshoots
and 360° rotations, is the extimation of the vessel velocity - see section 4.4.5.
Additionally, the simulations with the ideal spring-damper DP system, show small SDAs for Medium
Gain and a Normal Kalman Filter Gain, while the HSC simulation shows more than double of those
values.

An aspect that stands out for all the presented results are the peak periods of the vessel response of
approx. 5 min with large SDAs. Nonetheless, the present low frequent vessel motions are also to be
notable in aNySIM time-domain simulations. The origin of these increased low frequent vessel motions
are second order wave drift forces. These forces, as simulated by aNySIM, can be seen in figure 4.7,
with an SDA of 254kN in y - / sway - direction at peak periods between 3 to 5 min.

At this point, it should be mentioned that the environmental condition of only waves with a significant
wave height of 𝐻፬ = 2𝑚 and a peak period of 𝑇፩ = 9𝑠, is unrealistic.
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Figure 4.7: Second order wave forces as simulated in aNySIM in x- and y- direction

4.3.2. Subconclusion
From the comparison between the Kalman Filter Gain and Controller Gains, in an environment where
by coincidence low frequent varying forces are present, provide a useful representation on the influ-
ence of both selected gains. From this, it can be concluded that the High Kalman Filter Gain does
not cause an increase of the vessel response, but in fact, reduces it. This signifies that while in the
DP Trials 2017 only the High Kalman Filter Gain was tested, the selection of the Kalman Filter Gain
does not influence the occurrence of the unexpected low frequent vessel response. Furthermore, as
expected, it has been demonstrated that the High Controller Gain provides the most accurate perfor-
mance, whether in combination with High or Normal Kalman Filter.

Finally, from the aNySIM simulation it can be concluded that the effect of second order waves is in-
deed captured in time-domain simulations. Regarding the increased magnitude of the excitation, as
observed in the HSC in comparison to aNySIM, section 4.4 represents an approach to assess this
discrepancy.
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4.4. DP System RAOs
In ”DP-stability during heavy lift operations using a modified Kalman filter” Harmsen and van Dijk [3]
first introduce DP system Response Amplitude Operator (RAO)s. This paper presents the research of
the behavior of the DP system during heavy lift operations and the implementation and validation of a
modified Kalman filter onboard Thialf to prevent DP instabilities. The analysis of the DP system itself
was carried out by identifying RAOs of different stages of the control loop of the DP system.

4.4.1. DP System Analysis
In figure 4.8, the important RAOs for the system analysis are indicated and can schematically be seen
in figure 4.9. ”The meaning of the presented RAO should be interpreted as follows: if the position of
the vessel is experiencing a sinusoidal oscillation with a certain period and an amplitude of 1m, the DP
system is delivering a certain trust to the vessel with that same period and with a certain phase angle
(ahead of the position).” [3]

Vessel

Position 
Measurement

Kalman Filter

Thrusters

Controller
Thrust 

Allocation

Disturbances

Measured Position

Required PositionPosition
Error

Estimated Position 
& Velocity Error

Demanded Forces

Required RPM 
& Azimuth

Obtained Forces

P(I)D force RAO

Demanded force RAO

Obtained force RAO

Figure 4.8: Block diagram of simplified DP System with DP system RAO - from [3]

In a Single Input Single Output (SISO) system, with one known input and one known output of one
component of the system, a transfer function (RAO) can be calculated. By cross-correlating the input
with the output, the frequency dependent relation between them can empirically be determined.[23]

𝐻(𝑖𝜔) =
𝑆፱፲(𝑖𝜔)
𝑆፱፱(𝜔)

(4.15)

in which:

𝐻(𝑖𝜔) = Complex transfer function of system
𝑆፱፲(𝑖𝜔) = Cross power spectrum of input ’x’ and output ’y’
𝑆፱፱(𝜔) = Power spectrum of input ’x’

and results in a complex transfer function:

𝐻(𝑖𝜔) = 𝐴(𝜔) ⋅ 𝑒።ጓ (4.16)

The amplitude and phase components of the RAO can then be obtained by:

• Amplitude 𝐴 = √𝑅𝑒(𝐻)ኼ + 𝐼𝑚(𝐻)ኼ

• Phase Φ = 𝑎𝑡𝑎𝑛2(𝐼𝑚(𝐻), 𝑅𝑒(𝐻))

The smoothed amplitude and phase for the indicated decisive components of the DP control loop can
be seen in 4.9. It is clear that for very short periods, which result in high velocities, the Damping term
dominates the amplitude of the P(I)D RAO. For very long periods, the D term can be neglected due to
very low velocities at such long oscillating periods. This is similarly represented in the phase. For very
long periods, the phase is 180°, as the P force acts opposite the position error. Furthermore, for very
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low periods the phase has an offset of 270° (180° + 90°), which, based on the fact that velocity has a
90° phase shift ahead of position. Therefore, at low periods and a resulting high velocity, the D-term
dominates the total P(I)D force.
After the Kalman Filter has been considered in the RAO, it can be noted that the force amplitude reduces
for very low periods . This is to be expected, as the DP System is not intended to react on high frequent
motions caused, for example, by first order wave forces. With reference to figure 4.9b, it can be seen
that the Kalman Filter introduces a phase lag. This means that the force as predicted by the controller
to counteract the position and velocity error, is later delivered than intended by the controller.
Including the Thrust Allocation and the Thrusters to the RAO (refer to figure 4.8 - Obtained force RAO)
it can clearly be seen that, as a result of the allocation of forces and the reaction of thrusters in terms
of Azimuth and RPM, the phase lag increases even more. [3] [24]

(a) Amplitude
(b) Phase

Figure 4.9: DP System RAOs [3]

The previously obtained RAO can now be further used to determine the spring and damper term for
surge, sway and yaw, respectively. Damping is the part of the DP force acting opposite to the velocity,
while the spring term acts opposite to the position error. The velocity from displacement in time domain
is ascertained by taking the derivative with respect to time Ꭷ፱

Ꭷ፭ . In the frequency domain this can be
done by applying the factor 𝑖 ⋅ 𝜔 [25]. The spring and damper diagrams can now be obtained by[24]:

• Spring = −𝑅𝑒(𝐻)

• Damper = −𝑅𝑒( ፇ።Ꭶ )

(a) Effective Spring (b) Effective Damping

Figure 4.10: DP System effective spring and damping RAOs [3]

Figure 4.10b shows that the effective damping is negative for low periods, which causes the DP system
to become unstable. This period, where the damping becomes negative is defined as the ’DP critical
period’ (not considering additional damping). This was one motivation for HMC to determine these DP
system RAOs, as the critical period, the cause for DP-instability, can be determined. [3] In the present
research, the DP RAOs will be utilised to determine the effective spring and damping coefficients.
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4.4.2. Spring and Damping of DP system
From the previous results, where the Controller and Kalman Filter Gains were compared, it was ob-
served that a large discrepancy was present between the aNySIM simulations and the real-time simu-
lations. Using DP RAOs the effective spring and damping coefficients of the vessel can be obtained.
This provides additional insight to the DP system and provides the possibility to conduct time-domain
simulation with the obtained coefficients.
The procedure of how to obtain the spring and damping terms of the DP system will be shown for
the Normal Kalman Filter Gain and Medium Controller Gain from the simulation of the only waves en-
vironment, as presented in section 4.3.1 (Direction (coming from - trueN) 300°, 𝑇፩ = 9𝑠, 𝐻፬ = 2𝑚,
JONSWAP 𝛾 = 3.3).
The first step is a regression analysis, as presented in figure 4.11. The demanded proportional force
𝐹፩፫፨፩፨፫፭።፨፧ፚ፥ = −𝑃 ⋅ Δ𝑥, where 𝑥 represents the position error, is plotted against the estimated off-
set for surge, sway and yaw respectively. A similar process is undertaken for the damping force
𝐹 ፚ፦፩።፧፠ = −𝐷 ⋅ Ꭷ፱Ꭷ፭ , however, here plotted against the estimated velocities. Note, that these veloci-

ties are estimated by the Kalman Filter and differ from the real vessel velocity Ꭷ፱
Ꭷ፭ (see section 4.4.5).

With a regression of the demanded values the ’P’ and ’D’ gain as demanded by the controller can be
determined. [24]
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Figure 4.11: DP-controller demanded Spring and Damping Forces - Normal Kalman & Medium Gain - Waves (Direction (coming
from - trueN) 300°, ፓᑡ ዆ ዃ፬, ፇᑤ ዆ ኼ፦, JONSWAP ᎐ ዆ ኽ.ኽ), Heading 90° (trueN), Draft 26.6

When the frequency dependent spring and damping on basis of the transfer function 𝐻(𝑖𝜔) is deter-
mined, the demanded ’P’ and ’D’ gains are plotted as indication, see below. Here, the critical period
for the DP system is also indicated.
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Figure 4.12: DP RAO - Spring and Damping Terms - Normal Kalman & Medium Gain - Waves (Direction (coming from - trueN)
300°, ፓᑡ ዆ ዃ፬, ፇᑤ ዆ ኼ፦, JONSWAP ᎐ ዆ ኽ.ኽ), Heading 90° (trueN), Draft 26.6

Besides the negative damping, resulting in an unstable control system, it can be seen that the damping
the system experiences (including Kalman Filter, Thrust Allocation and Thrusters), is for all 3 DOF, less
than half of the demanded damping gain. Furthermore, for the low periods, the spring term is larger and
delays from the Kalman filter and Thrust Allocation plus Thrusters are introduced. For longer periods,
the spring term approaches the demanded value.
DP spring terms of approx. 30 to 45 mT/m result in natural periods of approx. 170s in surge and sway
for Thialf. To be within the range of the natural period, the spring and damping terms for the following
assessment will be selected for the period range from 157s (𝜔 = 0.04𝑟𝑎𝑑/𝑠) to 210s (𝜔 = 0.03𝑟𝑎𝑑/𝑠).
The assessment will also include the simulation in the same environmental condition, with the same
Controller Gain, but with High Kalman Filter Gain, see table 4.3. The regression analysis and the Spring
and Damping Terms can be found in Appendix D

Spring Damping
Surge Sway Yaw Surge Sway Yaw

Unit mT/m mT/m mTm/deg mT/(m/s) mT/(m/s) mTm/(deg/s)
Normal Kalman - Med. Contr. 24 40 1643 373 494 28467
High Kalman - Med. Contr. 31 49 1972 629 853 30460
Unit kN/m kN/m kNm/deg kNs/m kNs/m kNms/rad
Normal Kalman - Med. Contr. 235 392 9.23 × 105 3.66 × 103 4.85 × 103 1.60 × 107
High Kalman - Med. Contr. 304 481 1.11 × 106 6.17 × 103 8.37 × 103 1.72 × 107

Table 4.3: Spring and Damping Coefficient obtained via DP RAO
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Mass & Inertia Added Mass @ 𝜔 = 0.03𝑟𝑎𝑑/𝑠
𝑀 𝐼፳፳ 𝐴ኻኻ 𝐴ኼኼ 𝐴ዀዀ

Unit t tmኼ t t tmኼ

SSCV Thialf @ T=26.6 174,722 7.38 × 108 52,732 171,359 3.11 × 108

Table 4.4: Mass, Inertia and Added mass

With the obtained spring term and the mass, inertia and added mass for the 3 DOF the natural period
and the critical damping can be determined, based on:

𝑇፧ = 2𝜋√
𝑀 + 𝐴
𝑘 (4.17)

𝐵፜ = 2√𝑘(𝑀 + 𝐴) (4.18)
Where:

𝑇፧ = Natural (undamped) Period [s]
𝐵፜ = Critical damping coefficient [kNs/m]
𝑀 = Mass [kg]
𝐴 = Added Mass [kg]
𝑘 = Spring Constant here obtained spring [N/m]

Natural Period Critical Damping
𝑇ኺᑊᑦᑣᑘᑖ 𝑇ኺᑊᑨᑒᑪ 𝑇ኺᑐᑒᑨ 𝐵፜ᑊᑦᑣᑘᑖ 𝐵፜ᑊᑨᑒᑪ 𝐵፜ᑐᑒᑨ

Unit s s s kNs/m kNs/m kNms/rad
Normal Kalman - Med. Controller 195 187 212 2.33 × 104 6.22 × 107 1.60 × 107
High Kalman - Med. Controller 172 169 193 2.58 × 104 6.82 × 107 1.72 × 107

Table 4.5: Natural Period and Critical Damping

Now, the critical damping coefficient 𝛽 can be determined.

𝛽 = 𝑏
𝐵፜

(4.19)

in which:

𝛽 = Critical damping coefficient [-]
𝑏 = Actual damping [kNs/m] or [kNms/rad]
𝐵፜ = Critical damping [kNs/m] or [kNms/rad]

and for the following values the system can be considered:

𝛽 = 0 - undamped
𝛽 < 1 - underdamped
𝛽 = 1 - critically damped
𝛽 > 1 - overdamped

Critical Damping Coefficient
𝛽ፒ፮፫፠፞ 𝛽ፒ፰ፚ፲ 𝛽ፘፚ፰

Unit [-] [-] [-]
Normal Kalman - Med. Controller 25 % 21 % 26 %
High Kalman - Med. Controller 37 % 32 % 25 %

Table 4.6: Critical Damping Coefficient with actual damping

As a final step, the critical damping coefficient between the critical damping and the damping that the
controller demanded, which was obtained form the regression analysis.
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Critical Damping Coefficient
𝛽ፒ፮፫፠፞ 𝛽ፒ፰ፚ፲ 𝛽ፘፚ፰

Unit [-] [-] [-]
Normal Kalman - Med. Controller 92 % 87 % 57 %
High Kalman - Med. Controller 79 % 73 % 45 %

Table 4.7: Critical Damping Coefficient with damping as demanded by controller

4.4.3. Discussion

Figure 4.13: Effect of vaying damping ratio ᎏ here ᎓

In figure 4.13, the effect of the damping coefficient 𝛽 here referred to as 𝜁, is depicted for a second
order system. It can be noted that 𝜁 = 0 results in an undamped motion and the oscillation continues.
From the settings of the Kongsberg DP system, it can be ascertained that the theoretical damping for
surge and sway is 90% of its critical damping for that motion and for yaw 70%. With reference to figure
4.13, these values represent the best trade-off between reaction time and overshoot.

The demanded critical damping coefficient (table 4.7) for Normal Kalman Filter Gain and Medium Con-
troller Gain with 𝛽፬፮፫፠፞ = 92% and 𝛽፬፰ፚ፲ = 87% represent that, while for yaw it is 𝛽፲ፚ፰ = 57% instead
of the theoretical 70%. Upon studying the simulation using the High Kalman Filter gain, it can be seen
that the demanded dampings are between 11% to 25% less than demanded.

The critical damping coefficients with the actual obtained damping for the Normal Kalman Filter Gain
reduce to 𝛽፬፮፫፠፞ = 25%, 𝛽፬፰ፚ፲ = 21% and 𝛽፲ፚ፰ = 26%, while for the High Kalman Filter Gain
𝛽፬፮፫፠፞ = 37%, 𝛽፬፰ፚ፲ = 32% and 𝛽፲ፚ፰ = 25% (table 4.6). A prominent factor is that the demanded
critical damping coefficient of the High Kalman Gain simulation is lower than for the Normal Kalman
Gain, which itself is closer to the theoretical damping. However, the damping coefficients for the ob-
tained actual damping (High Kalman Gain simulation) are larger for surge & sway and similar for yaw.
Looking at figure 4.13, such small damping ratios will cause the vessel to overshoot and cause it to
oscillate more.

4.4.4. Effect of Reduced Damping
To highlight the influence of lost damping a test series with decreasing critical damping values is pre-
sented here. Furthermore, with this series it was also aimed to mimic the vessel motions as observed
in the HSC. The comparison will be done against the Normal Kalman Filter Gain & Medium Controller
Gain simulation as presented in section 4.3.1 under the same environmental conditions. From this
measurement the spring coefficient and the critical damping was obtained via DP RAOs. The same
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Spring terms will be applied (table 4.3: Normal Kalman - Med. Contr.), while the damping will be altered
for cases A - K as percentage of the critical damping, see table 4.8.

Case Critical Damping Coefficient
𝛽ፒ፮፫፠፞ 𝛽ፒ፰ፚ፲ 𝛽ፘፚ፰

[-] [-] [-]
A 90 % 90 % 70 %
B 80 % 80 % 65 %
C 70 % 70 % 50 %
D 60 % 60 % 55 %
E 50 % 50 % 50 %
F 40 % 40 % 40 %
G 30 % 30 % 30 %
H 20 % 20 % 20 %
I 15 % 15 % 15 %
J 10 % 10 % 10 %
K 5 % 5 % 5 %

Table 4.8: Critical Damping Coefficient - Damping Series

Results
Figure 4.14 displays the results for case A , where 90% critical damping for surge and sway and 70%
for yaw was applied. Below, in figure 4.15, the results for the test case H with 20% critical damping
for surge, sway and yaw are shown. The complete results (case A to K) can be found in Appendix
E. For all figures the obtained result from the HSC is shown, where 𝛽፬፮፫፠፞ = 25%, 𝛽፬፰ፚ፲ = 21%
and 𝛽፲ፚ፰ = 26% (table 4.6). Additionally, the natural damped frequency per motion of the vessel are
depicted in the EDS’ with the according natural damped period 𝑇ኺᑕ .
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Discussion
The damped natural frequency 𝜔፝ and natural damped period 𝑇ኺᑕ is defined as:

𝜔፝ = 𝜔፧√1 − 𝛽ኼ (4.20)

𝑇ኺᑕ =
2𝜋
𝜔፝

(4.21)

Where:
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𝜔፝ = Natural damped frequency [rad/s]
𝜔፧ = Natural (undamped) frequency [rad/s]
𝛽 = Critical damping coefficient [-]
𝑇ኺᑕ = Natural damped period [s]

From this one can conclude that with decreasing damping, the natural damped frequency increases.
For the DP System with ideal damping, a natural damped period for surge of 𝑇ኺᑕ = 448𝑠 is obtained
(figure 4.14). However, for the DP System with only 20% critical damping, a natural damped period
for Surge of 𝑇ኺᑕ = 199𝑠 is obtained (figure 4.15). This can be similarly be observed for sway and yaw.
Comparing the peak periods for case A and case H the following becomes clearer. As less damping
is present, the damped natural periods shift towards the range of 3-5 minutes. Due to the reduced
damping the vessel overshoots and motions with large excitation take place, which is then observed in
the EDS.

Furthermore, in figure 4.16 the SDAs for surge sway and yaw per critical damping 𝛽 from the simulation
cases of A to K are plotted. The SDA, as obtained from the HSC simulation is also depicted. It can
be seen, that with decreasing 𝛽 the SDAs incrase. While the SDAs for surge and yaw of the HSC are
close to the aNySIM simulation, the SDA of sway is larger than the SDA with even 5% critical damping.

A possible cause for this behavior can be the direction of generated thrust. As the waves are predom-
inantly acting in longitudinal direction of the vessel, the majority of thrust is generated opposite that
direction to counteract - refer to figure 4.3 and 4.6. When transverse offsets now occur, the DP system
cannot react quickly enough to rotate the thrusters and deliver an opposing force. This observation is
explained further in section 5.6.1.

4.4.5. Estimation of Vessel Velocity
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One explanation as to why damping is lost over the control loop, is the estimation of the velocity.
The instantaneous velocity of the vessel can only be estimated based on the previous prediction and
position. This means that estimation errors of the vessel velocities are made and based on that a
different damping demanded. This can be seen in figure 4.17, where the estimated and real velocity
are shown. The real velocity is obtained by calculating the gradient of the position signal, which is the
velocity as the vessel experienced. From there, it is evident that indeed estimation errors are present,
especially for the higher values that can then cause insufficient damping.

4.4.6. Subconclusion
Before any conclusions can be drawn, it must be noted that the DP RAO assessment method is still
under development. Another factor to consider is the duration of the measurement/simulation. While
the present simulations were 2 hours, for periods of 210s, this does only represent 34 cycli. Especially
for the long periods to be investigated around the natural frequency, longer measurements are required
in order to obtain an accurate RAO. Nevertheless, this method has still shown to be valuable for this
research and highlighted certain DP system behaviors.

First, it can be claimed that over the entire control loop, from Kalman Filter, to Controller, to Thrust
Allocation and the Thrusters, the damping decreases. According to the DP RAOs for Normal Kalman
Filter Gain, for a demanded surge damping of 𝛽፬፮፫፠፞ = 92% only 𝛽፬፮፫፠፞ = 25% is actually obtained.
While the discrepancy between the estimated and actual velocity is one contributing factor, it seems
that the Kalman Filter itself and the Thrust & Thrust Allocation cause the effective damping to decrease
more - see figure 4.12. Furthermore, from the obtained data it can be seen that when High Kalman
Filter Gain is selected less damping is demanded by the controller - see table 4.7. Yet over the whole
control loop, when the High Kalman Filter is selected, less damping is lost - table 4.6. One reason for
this could be a more acurate estimation of the vessel velocity by the High Kalman Filter in comparison
to the Normal Kalman Filter. This requires further investigation.

Presently, only one factor for the ’losses’ of damping, the difference between estimated and actual ve-
locity can be mentioned. This highlights the importance that this matter requires further investigation.
The DP system analysis was carried out at a late stage of the project and additional research could not
be carried out. Instead, this will be advised in the recommendations in chapter 8.2.

Ideal / Not-Ideal DP System
Based on these findings, for further research in this thesis an Ideal and Not-Ideal DP System is defined
(table 4.9). For both system settings, the spring terms as defined by Kongsberg for Medium Gain are
used. The damping is represented with the critical damping coefficient 𝛽.

Spring Damping
Surge Sway Yaw Surge Sway Yaw

Unit mT/m mT/m mTm/deg - - -
Ideal 30 45 1570 90 % 90 % 70 %
Not-Ideal 30 45 1570 30 % 30 % 30 %
Unit kN/m kN/m kNm/rad kNs/m kNs/m kNms/rad
Ideal 294 441 8.8 × 105 1.42 × 104 2.14 × 104 4.13 × 107
Not-Ideal 294 441 8.8 × 105 4.75 × 103 7.12 × 103 1.77 × 107

Table 4.9: Spring and Damping Coefficient for Ideal & Not-Ideal DP System





5
Vortex Induced Motion on SSCV

Previous research indicates that VIM affects multi column floaters. Much research considers semi
submersibles that are fixed with a mooring system to the seafloor, typical in the oil & gas industry.
However, for this project, the SSCV is free floating and maintains its position by means of DP. In order
to assess the effect of VIM on a SSCV during station keeping operations, the forces and moments
caused by vortex shedding must be established. Subsequently, simulations can be carried out and the
effect assessed.

5.1. Additional Background of VIM on Semi Submersibles
In the background chapter the Strouhal number, vortex shedding and their frequencies are briefly intro-
duced. With reference to figure 2.6, the graph relating the Reynolds number with the Strouhal number
is only applicable for circular cylinders. However, the columns on the hull of semi submersible crane
vessels (e.g. Thialf, Sleipnir, Balder) are square or even rectangular shaped and are also arranged
in an array of multiple columns. This section highlights the difference in Stouhal numbers for square
cylinders with rounded edges and the effect of VIM on multi column floaters.

5.1.1. Strouhal Number
In the work of Sarioglu and Yavuz, [26], the Strouhal numbers for rectangular cross sections were
determined via horizontal wind tunnel experiments and hot-film measurements. The findings can be
best summarized in the following passage: ”Strouhal numbers determined for the circular cylinder are
about 0.2 in the Reynolds number range 1 ⋅ 10ኾ - 2 ⋅ 10኿ whereas the Strouhal numbers obtained for
the square cylinder (w/h = 1.0) having the same hydraulic diameter as that of the circular cylinder at 0°
incidence were between 0.12 and 0.16. The Strouhal numbers determined for the rectangular cylinders
decreased with increasing width-to-height ratios. [26]”.

The recent work of Gambarine, Koop, Asso, Tampazzo and Gonçalves [27] the flow around single
columns are studied specifically to gain understanding of the behaviour of multi-column floaters such
as semi submersibles or floating offshore wind turbines. In their research two DOF force measurements
for square cylinders with and without rounded edges were carried out to assess the forces for these
two cylinders in different flow incidence (0° to 45° in steps of 7.5°). The experiments were carried out in
a recirculating water channel at a Reynolds number of 𝑅𝑛 = 4 ⋅10ኾ. The rounded edges of the cylinder
had a radius of 6.25mm at a length of 125mm. It was discovered that, for the 7 incidence angles,
the rounded edge caused an approximate 10% reduction of the drag coefficient. More important for
this research are the results of the performed Strouhal number study (figure 5.1). For the sharp and
rounded edge configuration an increase of 𝑆𝑡 at the incidence angle of 15° takes place. Furthermore,
the observed Strouhal number range of the rounded edge cylinder is 0.15 ≤ 𝑆𝑡 ≤ 0.19 , while for the
sharp edge cylinder 0.15 ≤ 𝑆𝑡 ≤ 0.18 [27].

43
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Figure 5.1: Strouhal Number versus angle of flow incidence for a square section cylinder with sharp and rounded edges [27]

5.1.2. VIM of multi column floaters
VIM has previously been observed and investigated on Truss Spars and based on these findings, the
strake configuration optimized in order to minimize VIM [28]. The research of VIM and Vortex Induced
Vibration (VIV) on semi submersibles and Tension Leg Platform (TLP)s has gained importance over the
past two decades.The conference paper ”Flow Induced Motions of Multi Column Floaters”, by Waals,
Phadke and Bultema, discusses ”the behavior in current of multi column floaters and the associated
complex flow patterns” [29]. This paper makes reference to the work of Rijken, Leverette and Davies,
”Vortex Induced Motions of Semi Submersible with Four Square Columns” in which they observe VIM
on the vessel [30].

One parameter to assess VIM, as outlined in section 2.4.2 is the reduced velocity 𝑈𝑟, which the pre-
vious mentioned research made use of. VIM occurs when the vortex shedding frequency nears the
response frequency of the structure. The motion of a structure is largest at the lock-in condition, where
the vortex shedding frequency is equal to the response frequency of the structure.[9]. This was also
observed in [31]: ”In General the VIM of a deep draft semi is characterized by three degree-of-freedom
motions, namely the surge (in-line), sway (transverse), and yaw motions, with the sway motion as the
main concern in VIM. [...] Most model tests revealed that the largest sway motion, namely the lock-in
condition, was observed at reduced velocity around 6-8 for a semi towed in a 45° direction”. This is
also in line with the observation of [29], that ”the largest motions were observed for the 45 degree tow-
ing direction”. Likewise, the observation of [30] ”The largest VIM response amplitudes occurred when
the platform was at a 45° angle to the tow direction. [...] The maximum observed normalized sway
response as found for a reduced velocity between 6 and 7.” Rijken, Leverette and Davies also advise a
careful approach when applying these findings to related structures due to unidentified factors in their
research, such as draft, column and pontoon shape, model details, et cetera. [30]
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5.2. Current Load Test

Following up on their advice, specific data on SSCVs is required to investigate the effect of VIM - luckily
this was the case for this project.

In 2008, MARIN was appointed to conduct model tests with a semi submersible crane vessel con-
cept and the presented information is based on the test report [32]. The vessel itself was designed
with two ship-shaped pontoons, each connected with 4 columns to the deck box. The model, which
has been built and used for these tests can be seen below in figure 5.2 and the full scale dimensions in
figure 5.5a. The wooden model of the semi-submersible crane vessel, which will further on be referred
to as New Build Vessel (NBV) has a geometric scale ratio of 1 to 40.

Figure 5.2: Model of concept design vessel [32]

The current load tests were carried out for the full scale draft conditions of 13.0 and 24.0m and velocities
of 2 and 4 knots. The towing direction was varied from 90° to 180° and 270° to 360° in steps of 15°.
Due to the symmetry of the vessel, the results are applicable for the full 360° of incoming currents. The
presentation of these results is a function of the heading from 0° to 180°, refer to figure 5.3. This figure
depicts the position of the measurement frame to which the vessel was fixed during the tow tests. The
measurement frame was attached to the bow and stern of the vessel with vertical bearings to allow for
heave and pitch [32]. In addition, figure 5.4 provides further information on the direction convention for
the environmental loads. In this case, the arrows are indicating the environmental influence as ’going-
to’, signifying that a vessel heading of 0° represents a current direction of going to 180°. The forces and
the moment around the reference point are indicated. The current load test results that will be used in
this research are from the 24.0 m load condition, as this is the so called ’column-draft’, very similar to
the Thialf draft of 26.6 m.
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Figure 5.3: Orientation of the vessel in the basin during the current load tests [32]

Figure 5.4: Sign convention and definition of environmental directions [32]

The relation between the vessel heading of the NBV model in the tank and the current direction is de-
fined as:

CURRENT DIRECTION = 180° - VESSEL HEADING

5.3. Strouhal Number and Vortex Shedding Frequency
Figure 5.4 shows that for NBV the columns per pontoon have three different shapes. This has a direct
influence on the vortex shedding frequency per column and on the investigation of the frequencies
of the obtained forces & moment time traces of the current load test. These columns will be further
referred to as the forward, middle (of which two are present) and aft column. From figure 5.5b, it can
further be seen that Thialf has four columns per pontoon with two different shapes. The aft column
being the largest and the three columns facing forward from there having the same dimensions. The
latter mentioned columns will be referred to as ”other” for Thialf specifically. The effective diameter
(full scale) of each of the columns for both vessels at the heading in relation to the current load tests
can be obtained from table 5.1 below. This table also shows the full vessel dimension as a rectangle,
as the current may not only act on each columns individually (in terms of vortex shedding) but also on
the whole structure.
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(a) NBV (b) SSCV Thialf

Figure 5.5: Vessel dimensions and indicated waterplane area at operational draft

NBV Thialf
Tow Direction [deg] Forward [m] Middle [m] Aft [m] Full [m] Other [m] Aft [m] Full [m]
0 29.00 25.00 28.00 87.00 22.80 28.00 88.4
15 29.57 30.48 33.38 124.01 27.52 35.30 124.82
30 30.22 33.53 36.13 152.23 29.38 38.72 151.74
45 28.91 33.70 35.82 169.46 27.52 36.94 166.6
60 27.39 33.53 35.03 177.12 29.38 40.99 175.72
75 25.22 30.48 31.25 172.09 27.52 39.68 171.13
90 22.00 25.00 25.00 155.00 22.80 34.20 153.90
105 25.22 30.48 31.25 172.10 27.52 39.68 171.13
120 27.39 33.53 35.03 177.12 29.38 40.99 175.72
135 28.91 33.70 35.82 169.46 27.52 36.94 166.6
150 30.22 33.53 36.13 152.23 29.38 38.72 151.74
165 29.57 30.48 33.38 124.01 27.52 35.30 124.82
180 29.00 25.00 28.00 87.00 22.80 28.00 88.4

Table 5.1: Measured effective column diameter in relation to tow direction for NBV and Thialf

As mentioned in section 2.4.1 the Strouhal number (𝑆𝑡), which is required to determine the vortex
shedding frequency (𝑓፬), is dependent on the Reynolds number (𝑅𝑛). 𝑅𝑛 in return, is dependent on
the flow velocity, the effective column diameter and the kinematic viscosity. Therefore, the Reynolds
number must be determined first. The Reynolds numbers are determined for the effective column
diameters and the full vessel footprint for NBV, Thialf and NBV model used in the tank tests. The
model was built with a scale of 1:40 and the measurement results scaled with Froude scaling, which
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means 𝜆ፋ = 40. This means that to compute the Reynolds number, the effective diameter and the
velocity must be scaled, according to [9]: 𝐿፩ = 𝜆ፋ ⋅ 𝐿፦ and 𝑉፩ = √𝜆ፋ ⋅ 𝑉፦. Additionally, a kinematic
viscosity of saltwater of 𝜈፬ፚ፥፭ = 1.07854 ⋅ 10ዅዀ mኼs at a water temperature of 19°C is selected, as at
this temperature saltwater has a density of 𝜌፬ፚ፥፭ = 1025.0 kg/mኽ. The obtained Reynolds number for
the full scale velocities of 𝑉ፂ = 1.029𝑚/𝑠 = 2𝑘𝑛 and 𝑉ፂ = 2.058𝑚/𝑠 = 4𝑘𝑛 is indicated in figure 5.6. To
recall, the Reynolds number is defined as:

𝑅𝑛 = 𝑉 ⋅ 𝐷
𝜈 (5.1)
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Figure 5.6: Reynolds number for Thialf & NBV columns at full scale and NBV at model scale for 2 & 4 kn

The Reynolds numbers for the model scale dimensions range from 0.9−6.8⋅10኿ for 2 kn current velocity
and 1.9 − 12.8 ⋅ 10኿ for 4 kn. For such a large square, rectangular and half circular shaped structures
the Strouhal numbers cannot explicitly be identified. In [26] for instance, the Strouhal numbers were
possible to determine for a Reynolds number of up to 2 ⋅ 10኿ for square and rectangular structures.
In their experimental research, the Reynolds number range of 1 ⋅ 10ኾ − 2 ⋅ 10኿ the Strouhal number
for square cylinder (width/height = 1.0) at an incidence angle of 0 degree were determined between
0.12 and 0.16. In addition, in [27] the Strouhal numbers for square cylinders with rounded edges at
𝑅𝑛 = 1 ⋅ 10ኾ were 0.15 ≤ 𝑆𝑡 ≤ 0.19. The Strouhal number, however, is required to calculate the vortex
shedding frequency, which is necessary to determine the frequency range in which vortex shedding on
the columns of the hull or even the full vessels dimension take place. The vortex shedding frequency
of these columns for full or model scale is difficult to be determined exactly, as they are also dependent
on draft conditions, column and pontoon shapes, model details, et cetera [30]. For the model test,
the Reynolds numbers for the columns are just in the range of the research of [26]. The full vessel
dimension exceed these Reynolds numbers, leading to larger Strouhal numbers, when comparing it to
the cylinder case (figure 2.6).

At this point, it must be noted that the intention of the determination of the Strouhal number is not
to directly determine the vortex shedding frequency, but to provide an indication on the frequency band
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where vortex shedding is most likely to occur. Therefore, for the following step, a Strouhal number of
𝑆𝑡 = 0.2 and 𝑆𝑡 = 0.4 are chosen. With the Strouhal number and the effective diameter, the vortex
shedding frequency can be determined (figure 5.7) based on:

𝜔፬ =
2𝜋 ⋅ 𝑆𝑡 ⋅ 𝑈

𝐷 (5.2)
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Figure 5.7: Vortes shedding frequencies (Ꭶᑤ) for NBV full scale dimension at current velocities of 2 & 4 kn and Strouhal numbers
of 0.2 & 0.4

The conservative approach of a selected Strouhal number of 𝑆𝑡 = 0.4 has been chosen to give an indi-
cation of the influence the Strouhal number has on the frequency band of the vortex shedding frequency.
For lower Strouhal numbers, the vortex shedding frequencies would be even lower, which would not
require further consideration as the lower limit for the selected frequency band is 𝜔፥፨፰ = 0𝑟𝑎𝑑/𝑠. This
signifies that possible Strouhal numbers of 0.15 ≤ 𝑆𝑡 ≤ 0.19 as reported in [27] would still be consid-
ered, but an upper limit must be selected.

Figure 5.7 indicates that the axis limit for the wave frequency is 𝜔፮፩፩፞፫ᑤ = 0.15 rad/s for 𝑉፜ᑤ = 2 kn and
𝜔፮፩፩፞፫ᑗ = 0.3 rad/s for 𝑉፜ᑗ = 4 kn. It should be noted that the subscripts 𝑠 represent the ’slow’ 2kn
current load test and 𝑓 the ’fast’ 4 kn current load test. This is due to the fact that the vortex shedding
frequency scales linear with respect to velocity (refer to equation 5.2). In order to observe the effect of
vortex shedding for the two presented velocities, the frequency band for 𝑉፜ᑤ = 2 kn is selected to 𝜔፟፛ᑤ
= 0 - 0.15 rad/s and for 𝑉፜ᑗ = 4 kn 𝜔፟፛ᑗ = 0 - 0.3 rad/s. This is further exemplified when analysing the
results in the frequency domain (section 5.4) and the extrapolation of these current load test measure-
ments (section 6.1).

Finally it must be mentioned that this estimation of the Strouhal numbers and the resulting vortex shed-
ding frequencies does not take interaction between the different columns and columns shapes into
account. Unfortunately, up to this point there are no simple methods to determine the vortex shedding
frequency of such complicated multi column arrays.

5.4. Current Load Test Results
Depicted below in figure 5.8 are the EDS for the full scale forces and moments 𝐹፱, 𝐹፲ &𝑀፳ at the current
velocities of 𝑉፜ᑤ = 2 kn at a frequency band of 𝜔፟፛ᑤ = 0 - 0.15 rad/s and 𝑉፜ᑗ = 4 kn at a frequency band
of 𝜔፟፛ᑗ = 0 - 0.3 rad/s. They are shown for all the measured heading directions from 0° to 180° and the
energy content of the EDS is indicated by colours.
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Figure 5.8: ፅᑩ, ፅᑪ & ፌᑫ EDS for all headings at 2 & 4 kn for frequency ranges of Ꭶᑗᑓᑤ = 0 - 0.15 rad/s and Ꭶᑗᑓᑗ = 0 - 0.3 rad/s

With reference to figure 5.7 with 𝑆𝑡 = 0.2, it can be observed in figure 5.8 for 𝐹፱ at 2kn that in the fre-
quency band of 0.01 to 0.05 rad/s that peaks in the EDS are present, which are in the frequency band
as predicted by the vortex shedding frequency.

At the towing direction of 45° and 60 ° they appear dominant, which can be observed for the respective
frequency band of 0.05 to 0.1 rad/s for 𝐹፱ at 4kn. For 𝐹፱ at 4kn also the 150° tow direction shows a peak.

Furthermore, for 𝐹፱ at 2kn peaks are present at 0.105 rad/s, with the maxima at the tow directions
of 0° and 180 °. Based on the direction convention (figure 5.4) 𝐹፱ represents the longitudinal force
acting in the sway direction of the vessel. This also explains the peak at the same frequency at 2kn for
𝐹፲. For 4 kn, a similar occurrence can be seen at 0.16 rad/s.

For 𝐹፲, at a tow direction of 90° a highlighted peak at 0.045 rad/s can be seen, which is for this heading
in tow direction of the vessel. This is also evident at the respective frequency of 0.09 rad/s for the 4 kn
measurement.

The very low frequent maxima at 0.005 - 0.01 rad/s for 𝐹፱ at 105°, 𝐹፲ at 60° and 75° plus for 𝑀፳ at
60° have a significant energy content. These can be seen in part back at 4kn for 𝐹፲ and 𝑀፳ less so
for 𝐹፱. Due to such low frequent alternating forces, the energy contribution to the EDS is large. Yet,
particularly for the 60° tow direction, the maxima occur at 2kn and 4kn at their respective frequencies.

From these results it can be summarized that the 60° tow direction has a large energy contribution
to all forces and moments 𝐹፱, 𝐹፲ & 𝑀፳ most notably at both tow velocities.
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5.5. Effect of VIM on Station Keeping Behavior
From the previous section in which the current load test results were investigated, it is understood that
from a constant current velocity, resulting time-varying forces are acting on the hull of the vessel. To
assess whether these varying forces affect a SSCV during station keeping operations, the vessel must
be exposed to these forces. This was conducted using the HSC, which, in comparison to an aNySIM
Spring-Damper time domain simulation, provides insight to the thruster response. The simulations
were carried out with the obtained full scale forces for the vessel headings of 60° and 90° at the current
velocity of 2 kn, which results in a current direction (coming from) of 120° and 90° respectively, in the
local vessel coordinate system. Resulting from the symmetry of the hull, they can be also represented
as currents coming from 240° and 270°. For clarification, refer to figure 5.9 below.

180°

90°270°

0°360°

120°240°

Figure 5.9: Direction convention for incoming currents as vessel was exposed to in current load tests. 60° heading (dark blue)
and 90° heading (light blue) in the vessel coordinate system, as used in the current load tests (figure 5.4)

5.5.1. Simulation Setup
The setup for these simulations is similar and is applicable for both cases. The scenarios were set up
where SSCV Thialf was located next to platform which is fixed in all 6 DOF and equipped with FanBeam
reflectors. Furthermore, the procedure for real-time simulations in the HSC as outlined in section 4.2.2
was followed. Once the Kalman Filter & Controller Gain was selected, the forces and moments from
the current load tests were added using the API. The force time traces used for these simulation runs
were duplicated in time in order to account for the required stabilizing time of the vessel while in DP.
Afterwards, only the second half of the time trace was used for the investigation.

HSC Real-time Simulation
Vessel Kalman Filter Gain High

Controller Gain Medium
Draft 26.6 m
Position Reference System Fanbeam 1 & 2 and LTW

Environment Wind -
Waves -
Current -
External Forces & Moments Time traces of 60° heading (fig C.2) and

90° heading (fig 5.11) current load test results
Duration 60° heading case 4744 s (of which 2372 s run-up)

90° heading case 4934 s (of which 2467 s run-up)

Table 5.2: Vessel and environmental parameters
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5.5.2. Simulation Results - 2kn & 90° heading

The input for this simulation was obtained from the 2kn and 90° current load test results and can be
seen in figure 5.11. These forces and moments represent a current coming from 270° in both, the true
North coordinate system as well as the coordinate system used by MARIN - see figure 5.10 below.
Figure 5.12 to 5.14 show the results.

Note, that the results for the 2kn & 60° heading case can be found in Appendix C.

180°

90°270°

0°360°
180°

90°270°

0°360°

+Fx

+Fy

+Mz

Figure 5.10: Direction convention for incoming currents, coming from 270° vessel coordinate system (left) and coming from 270°
true North coordinate system (right)
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Figure 5.11: Simulation input - HSC - Normal Kalman Gain & Medium Controller Gain - 90° heading & 2 kn current load test
measurements. The first half up to the black dashed line at ፭ ዆ ኼኾዀ዁፬ is the stabilizing time, from here the real measurement
starts.
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Figure 5.12: Vessel Motions - HSC - Normal Kalman Gain & Medium Controller Gain - exposed to 90° heading & 2 kn current
load test measurements
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Figure 5.13: Thruster Load - HSC - Normal Kalman Gain & Medium Controller Gain - exposed to 90° heading & 2 kn current
load test measurements
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Figure 5.14: Thruster Azimuth - HSC - Normal Kalman Gain & Medium Controller Gain - exposed to 90° heading & 2 kn current
load test measurements

5.5.3. Discussion
The 90° heading case represents the current in transverse direction of the vessel. This is also apparent
with the force input of 𝐹፱, fluctuating around the with a mean of -34 kN. From figure 5.12b, it can be
observed that the peaks of the energy content for surge and sway lays within the the relating frequencies
of the periods of 3 and 5 minutes are indicated in the EDS. With their according SDAs of SDAፒ፮፫፠፞
= 2.35m and SDAፒ፰ፚ፲ = 0.61m. For Yaw, the peak frequency decreases even further, with a peak at
approx. 𝜔 = 1.75 rad/s and its SDAፘፚ፰ = 1.22°. However, what stands out is the deviation along the
longitudinal axis. In this scenario according to the SDA, even 3.8 times more than transverse offsets,
while the mean of 𝐹፲ is 68.5 times as large as 𝐹፱.
In figure 5.14, the thruster azimuth for each individual thruster can be seen. The azimuth angle for
Thruster 1 to 6 are varying around -90°, while Thruster 5 and 6 show periods of no azimuth angle varia-
tion and stay constat at -90°. During the simulation, the K-POS console gave azimuth prediction errors
for Thruster 5 and 6, which results in ’freezing’ of the thruster azimuth value and sudden jumps, as
seen for Thruster 6 between 1000 and 1500 seconds. Despite those prediction errors, it can clearly be
seen that the thrusters produce their thrust towards -90° in the local vessel K-POS coordinate system.
This is also the direction where the current is coming from, see figure 5.15.

5.6. Subconclusion
From the current load tests, it can be concluded that from a constant current acting on the hull of a SSCV
time-varying forces and moments occur. The peak frequencies of these varying forces are in the fre-
quency range of the estimated vortex shedding frequencies for the columns and the full dimensions
on the hull. Interaction between the different columns, shedding patterns and specific column shapes
cannot be taken into account and complicate the estimation of the exact vortex shedding frequency.
Nonetheless, by simply investigating the EDS and knowing that the vortex shedding frequency scales
linearly w.r.t. velocity, it becomes evident that at the same respective frequency for the same heading,
energy peaks are present. This strongly indicates that these time-varying forces indeed originate from
vortex shedding.
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With real-time simulations in the HSC, where the vessel was exposed to these measured time-varying
forces from 2kn current load test, the vessel showed large offsets with peak periods between 3 to 5
minutes and lower.

Upon investigating the thruster response, peak periods in the load EDS also are between 3 to 5minutes.
The azimuth of the thrusters shows small variation, which was also observed in the DP Trials 2017 [4].
In addition, due to large mean force in transverse direction (and thrust generated transversely), force-
variation in longitudinal direction cause large longitudinal offsets.

Finally, as 2kn represent a high current velocity for SSCV Thialf, an assessment method is required to
investigate the effect at lower velocities, which is the main topic of the next chapter.

5.6.1. Thruster Response Observation
In the previous chapter an observation was mentioned on the thruster azimuth. In the given scenario
the majority of the environmental forces were in longitudinal direction of the vessel. It was noted, that
subsequently the thrusters are producing most thrust also in longitudinal direction to counteract these
forces. This resulted in large transverse offsets.

In the present case, where the forces represent a current purely in transverse direction of the vessel
this is further exemplified. Here, all 6 thrusters are directed towards -90° to provide an opposing force
to the current, see figure 5.15 below.

+ 180°- 180°

0°

+ 90°- 90°

+ 180°- 180°

0°

+ 90°- 90°
T

Figure 5.15: Azimuth orientation with indicated current direction

As the thrust is now directed completely in transverse direction of the vessel, the offsets in transverse
direction decrease, because the thrusters can react fast to position errors in sway by only adapting the
RPM per thrusters. This is can be observed clearly in the time trace of the thruster load (fig 5.13a).
However, longitudinal variation of forces, caused by vortex shedding, then cause large surge offsets
with an SDA of 2.35m.

Due to the large transverse mean load, the DP System uses all 6 thrusters to counteract this force.
Meanwhile only small azimuth changes are applied to correct the surge offsets. In other words, the
DP system gives priority of thrust being provided in transverse direction, but seems to ’neglect’ the
longitudinal offsets.

One hypothesis for this behavior can be the kind of forces in longitudinal direction. From figure 5.11
it can be seen that for 𝐹፱ large fluctuations are present, but only a small mean load. This could mean
that the DP System has no mean load to ’lean in’ and provide an opposing force and thus prioritises
the transverse direction.
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Therefore one recommendation is to repeat the presented simulation, where an additional smaller con-
stant force in longitudinal direction is added (eg. 5-30 % of 𝐹፲ mean). The DP System should be
provided with a constant load large enough to lean in yet small enough to still be affected by the fluctu-
ations due to VIM. The intention of this is to figure out, how well the system will then react to longitudinal
offsets due to VIM, as a recognisable constant force is present.

Additionally another approach is to bias 2 thrusters in longitudinal direction to counter the present forces
and observe if the surge offsets can then be reduced. This can be tested in the HSC, but would affect
the DP3 capability.



6
Extrapolation of Current Load Test

6.1. Introduction
The results of the current load test demonstrate the low frequent time-varying forces, which most likely
originate from vortex shedding. With real time simulations is was possible to show the influence of
these time-varying forces on the station keeping behavior of a SSCV.

The current load tests were executed at velocities of 2 and 4 knots at full scale. Especially for Thialf,
current velocities above 2kn are considered too large. The range of interest, particularly for station
keeping operations by means of DP are current velocities between 0 to 2 knots. In order to assess the
effect of VIM on station keeping operations of an SSCV, the varying forces at each interested velocity
must be known. To effectively utilise the data of the current load test, a method has been developed to
extrapolate time varying current loads due to vortex shedding on the columns of the hull on a SSCV.
With this method, the time-varying forces for lower velocities can be estimated and subsequently, the
effect on a SSCV in during station keeping operations investigated. This is particularly important, as
needs to be assessed whether vortex shedding and the resulting motions at lower velocities still rep-
resent a significant contribution to the low-frequency motion response of the vessel. The extrapolation
will be done in the frequency domain. An exemplified procedure is depicted in figure 6.1 below.

Figure 6.1: Extrapolation procedure in the frequency domain

6.2. Extrapolation Method
In section 2.3.1 the forces and moments based on current velocity were presented and are defined as:

𝐹፱,፜ =
1
2𝜌 ⋅ 𝑉

ኼ
፜ ⋅ 𝐶ፅ፱,፜(𝛼፜) ⋅ 𝐵 ⋅ 𝑇

𝐹፲,፜ =
1
2𝜌 ⋅ 𝑉

ኼ
፜ ⋅ 𝐶ፅ፲,፜(𝛼፜) ⋅ 𝐿 ⋅ 𝑇

𝑀፳,፜ =
1
2𝜌 ⋅ 𝑉

ኼ
፜ ⋅ 𝐶ፌ፳,፜(𝛼፜) ⋅ 𝐿ኼ ⋅ 𝑇

It can be ascertained that the forces in x and y, as well as the moment around z, scale quadratic with
respect to the current velocity. The mean forces and moment due to the current load around which the
forces and moments due to vortex shedding oscillate, will be extrapolated to lower current velocities
based on quadratic scaling.

57
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The vortex shedding frequency:

𝜔፬ =
2𝜋 ⋅ 𝑆𝑡 ⋅ 𝑈

𝐷
scales linearly with respect to the velocity. This signifies that for higher velocities the frequency in-
creases. However, even if the Strouhal number is affected by the Reynolds number, which in turn also
depends on the current velocity; the vortex shedding frequency will still be considered to scale linear
with respect to velocity.

The actual extrapolation of the fluctuating forces around the mean is done in the frequency domain.
Based on the energy density spectra obtained from 2 and 4 kn measurement, the time-varying forces
can be determined, as follows. From section 2.5.1 the energy density spectrum for each frequency
component 𝑛, where 𝐴፧ represents the amplitude for each frequency component is known to be:

𝑆(𝜔፧) =
𝐴ኼ፧
2 ⋅ 𝑑𝜔

As previously mentioned, the vortex shedding frequency scales linear with respect to velocity, as does
𝑑𝜔. The amplitude is the amount of force or moment that the hull experiences. Section 2.4.1 introduced
the drag force and lift force, which for a symmetrical shape alternates perpendicular to the flow due to
the shedding of vortices to each side. For convenience they are mentioned below:

𝐹ፃ =
1
2𝜌𝑈

ኼ ⋅ 𝐶ፃ ⋅ 𝐷 ⋅ 𝐿

𝐹፥ =
1
2𝜌𝑈

ኼ ⋅ 𝐷 ⋅ 𝐶ፋ ⋅ 𝑠𝑖𝑛(2𝜋𝑓፬𝑡 + 𝜖ፅ፭) ⋅ 𝐿
Both the lift and the drag component, scale quadratic with respect to the velocity. The frequency of the
alternating lift force is dependent on the vortex shedding frequency. For the extrapolation in the fre-
quency domain, this means that the amplitude (magnitude) of the forces and moments scales quadratic
with respect to the velocity. For the following description, the subscripts 𝑒 for extrapolation and 𝑚 for
measurement are used, which yields for the energy density spectra:

𝑆፞(𝜔፧) =
𝐴ኼ፞ᑟ

2 ⋅ 𝑑𝜔፞

𝑆፦(𝜔፧) =
𝐴ኼ፦ᑟ
2 ⋅ 𝑑𝜔፦

Additionally, a scaling factor 𝑥 is introduced. This represents the current velocity to which the data
intends to be extrapolated to, divided by the current velocity from the measurement data used for this
extrapolation:

𝑥 =
𝑉፜ᑖ
𝑉፜ᑞ

The amplitude of force scales quadratic:

𝐴፞ = 𝐴፦ ⋅ 𝑥ኼ
The frequency scales linear:

𝜔፞ = 𝜔፦ ⋅ 𝑥
𝑑𝜔፞ = 𝑑𝜔፦ ⋅ 𝑥

Putting the previous information together, a relation for extrapolating current load test results in different
velocities in the frequency domain, under the assumption that the Strouhal number stays constant, is
obtained:

𝑆፞(𝜔፧) =
𝐴ኼ፞ᑟ

2 ⋅ 𝑑𝜔፞
=
(𝐴፦ᑟ ⋅ 𝑥ኼ)ኼ
2 ⋅ 𝑑𝜔፦ ⋅ 𝑥

=
𝐴፦ᑟ ⋅ 𝑥ኽ
2 ⋅ 𝑑𝜔፦

= 𝑆፦(𝜔፧) ⋅ 𝑥ኽ

In appendix F the applicability of the presented extrapolation method is demonstrated with a theoretical
base case of a circular cylinder.
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6.2.1. Extrapolation from 4kn to 2kn current load test results

In this section, the full extrapolation process of 4kn current load test results to 2kn is presented and
compared to the 2 kn current load test measurements. This outlines the principle of this method and
demonstrates the accuracy. It is demonstrated for the 45 ° vessel heading. Note, that the subscripts 𝑠
represents the ’slow’ 2kn current load test and 𝑓 the ’fast’ 4 kn current load test.

As a first step, the full scale unfiltered current load test results of 2 and 4 knots were filtered with a
Low-Pass Filter (LPF) at frequency of 𝜔ፋፏፅᑤ = 0.15 rad/s and 𝜔ፋፏፅᑗ = 0.3 rad/s. The reason for this
low frequent filtering process is that with this extrapolation of the current load test, only the effect of
vortex shedding is considered, as previously discussed in section 5.3. In figure 6.2, the low-pass fil-
tered forces and moments for 2 & 4 kn can be seen. Additionally indicated is the mean current force /
moment, which is required in the final step to determine the mean load for the intended extrapolation
velocity.
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Figure 6.2: Low-pass filtered full scale current load test forces and moment at 45° heading and 2 & 4 kn current velocity

From these force and moment time traces, the EDS is obtained (figure 6.3). Furthermore, the vortex
shedding frequencies based on a Strouhal number of 𝑆𝑡 = 0.2 is depicted for the 3 different column
shapes and the full vessel dimensions regarded as one. They are an indication to the forces and
moments in a frequency band dominated by vortex shedding.



60 6. Extrapolation of Current Load Test

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

0.5

1

1.5

2

S
pe

ct
ra

 F
x [k

N
2
s]

105 Current Load Test 2knots & 45 deg

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fx 2kn SDA = 317kN
Vortex Shedding Freq. @ St = 0.2

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

0.5

1

1.5

2

S
pe

ct
ra

 F
x [k

N
2
s]

106 Current Load Test 4knots & 45 deg

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fx 4kn SDA = 1048kN
Vortex Shedding Freq. @ St = 0.2

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

1

2

3

4

S
pe

ct
ra

 F
y [k

N
2
s]

105

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fy 2kn SDA = 379kN
Vortex Shedding Freq. @ St = 0.2

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

5

10

S
pe

ct
ra

 F
y [k

N
2
s]

105

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fy 4kn SDA = 1363kN
Vortex Shedding Freq. @ St = 0.2 [-]

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

1

2

3

4

S
pe

ct
ra

 M
z [k

N
m

2
s]

108

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Mz 2kn SDA = 10895kNm
Vortex Shedding Freq. @ St = 0.2

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

1

2

3

4

S
pe

ct
ra

 M
z [k

N
m

2
s]

109

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Mz 4kn SDA = 58853kNm
Vortex Shedding Freq. @ St = 0.2

Figure 6.3: EDS of low-pass filtered full scale current load test forces and moment at 45° heading and 2 & 4 kn current velocity

The 4 kn EDS can now be extrapolated to a current velocity of 2 knots, by scaling it cubical with respect
to velocity and the frequency range (including the vortex shedding frequencies) linear. The result can
be seen in figure 6.4 and for extrapolating from 2kn to 4kn in figure 6.5.
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Figure 6.4: EDS of low-pass filtered full scale current load test forces and moment at 45° heading and 2 & extrapolated to 2 kn
(from 4kn) current velocity



6.2. Extrapolation Method 61

Extrapolation from 2kn to 4kn

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

0.5

1

1.5

2

S
pe

ct
ra

 F
x [k

N
2
s]

106

Measured Current Load Spectra @ 4knots (2.0579 m/s) & 45 deg

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fx 4kn SDA = 1048kN
Vortex Shedding Freq. @ St = 0.2 [-]

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

0.5

1

1.5

2

S
pe

ct
ra

 F
x [k

N
2
s]

106

Extrapolated Current Load Spectra @ 2.06 m/s  & 45 deg

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fx extr. SDA = 1267kN
Vortex Shedding Freq. @ St = 0.2 [-]

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

1

2

3

4

S
pe

ct
ra

 F
y [k

N
2
s]

106

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fy 4kn SDA = 1363kN
Vortex Shedding Freq. @ St = 0.2 [-]

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

1

2

3

4

S
pe

ct
ra

 F
y [k

N
2
s]

106

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Fy extr. SDA = 1517kN
Vortex Shedding Freq. @ St = 0.2 [-]

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

1

2

3

4

5

S
pe

ct
ra

 M
z [k

N
m

2
s]

109

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Mz 4kn SDA = 58853kNm
Vortex Shedding Freq. @ St = 0.2 [-]

0 0.05 0.1 0.15 0.2 0.25 0.3

Wave frequency [rad/s]

0

1

2

3

4

5

S
pe

ct
ra

 M
z [k

N
m

2
s]

109

s
 Fwd

s
 Mid

s
 Aft

s
 Full

Mz extr. SDA = 43581kNm
Vortex Shedding Freq. @ St = 0.2 [-]

Figure 6.5: EDS of low-pass filtered full scale current load test forces and moment at 45° heading and 4kn & extrapolated to 4
kn (from 2kn) current velocity

Discussion
In the previous two figures, the result of extrapolating the 45 ° heading current load test results from 4kn
to 2kn current velocity and from 2kn to 4kn are shown. For both figures, on the left is the measurement
of 2kn and 4kn respectively and on the right are the extrapolations.
Overall a good match of the EDS is obtained and clear peaks, e.g 𝐹፱ seen at both velocities. However,
specific details, such as the peak for 𝐹፱ at 0.11 rad/s for the measured 2kn are not seen back in the
extrapolated 2 kn. Similarly, when extrapolating from 2 to 4kn, the same peak become visible at its re-
spective frequency of 0.22 rad/s. The SDAs for surge and sway show, that the differences are minimal
and for the 2kn relatively larger, whereas yaw has more energy content from the measured 4kn current
load tests.

Considering the short duration of the time traces (approx. 2500s) and therefore resulting inaccurate
EDS’, this extrapolation method still shows a sufficiently accurate approach for extrapolating these
current loads.

6.2.2. Transformation to Time Series
To utilise the extrapolated current load test, whether in the HSC or in time-domain simulation, a time
record is required. Through the process of Fourier Series analysis, the phase information is discarded.
This information has no further use, as the EDS contains the required information of energy per fre-
quency; independent on the phase. To formulate the time record, the following formulas can be used
[9]:

𝑥(𝑡) =
ፍ

∑
፧዆ኻ

𝑥ፚᑟ𝑐𝑜𝑠(𝜔፧ ⋅ 𝑡 + 𝜖፧) (6.1)

in which, for each component, n:
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𝑥ፚᑟ = Amplitude component of forces / moment [N] / [Nm]
𝜔፧ = Circular frequency component [rad/s]
𝜖፧ = Random phase angle component [rad]

The required amplitudes can be obtained by:

𝑥ፚᑟ = 2√𝑆፱(𝜔) ⋅ Δ𝜔 (6.2)

In figure 6.2, the mean current load around which the fluctuating forces occur has been indicated.
Knowing that the current loads (static and alternating) scale quadratic with respect to the current ve-
locity, the mean current load similarly requires extrapolation. Obtaining the mean current forces and
moments at any current velocity between 0 and 4 knots is based on the mean values per towing di-
rection of the 2 & 4 kn current velocities and the three forces/moment (𝐹፱, 𝐹፲ & 𝑀፳). Additionally, it is
known that at zero velocity, no current loads are present. The current loads, as described in equation
2.1, 2.2 and 2.3 can be reformulated:

𝐹፱,፜ = 𝑋፜ ⋅ 𝑉ኼ፜ where 𝑋፜ =
1
2𝜌 ⋅ 𝐶ፅ፱,፜(𝛼፜) ⋅ 𝐵 ⋅ 𝑇

𝐹፲,፜ = 𝑌፜ ⋅ 𝑉ኼ፜ where 𝑌፜ =
1
2𝜌 ⋅ 𝐶ፅ፲,፜(𝛼፜) ⋅ 𝐿 ⋅ 𝑇

𝑀፳,፜ = 𝑍፜ ⋅ 𝑉ኼ፜ where 𝑍፜ =
1
2𝜌 ⋅ 𝐶ፌ፳,፜(𝛼፜) ⋅ 𝐿

ኼ ⋅ 𝑇

The help constants 𝑋፜, 𝑌፜ and 𝑍፜ are assumed to be constant throughout the complete velocity range.
However, as the forces are obtained from measurements and also the mean have been determined,
they contain inaccuracies. To account for these inaccuracies, as well as not obtaining a negative mean
force for positive directed forces or positive for negative directed forces, the average per each help
constant of the slow 2kn and fast 4kn velocities is formed.

𝑋፜ =
𝑋፜ᑤ + 𝑋፜ᑗ

2

𝑌፜ =
𝑌፜ᑤ + 𝑌፜ᑗ

2

𝑍፜ =
𝑍፜ᑤ + 𝑍፜ᑗ

2
The relation for the mean current forces can now be obtained with the help constants 𝑋፜, 𝑌፜ and 𝑍፜ and
is represented for the 45° heading below (figure 6.6).
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Figure 6.6: Relation of extrapolated mean current forces and moment (ፅᑩ, ፅᑪ & ፌᑫ) and indicated determined mean
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As a final step, the complete time record is obtained by adding the alternating components and the
mean component per time step with random phase angles.

𝐹፱(𝑡) = 𝐹፱ᑄᐼᐸᑅ +
ፍ

∑
፧዆ኻ

𝐹፱ᑒᑟ 𝑐𝑜𝑠(𝜔፧ ⋅ 𝑡 + 𝜖፧) (6.3)

𝐹፲(𝑡) = 𝐹፲ᑄᐼᐸᑅ +
ፍ

∑
፧዆ኻ

𝐹፲ᑒᑟ 𝑐𝑜𝑠(𝜔፧ ⋅ 𝑡 + 𝜖፧) (6.4)

𝑀፳(𝑡) = 𝑀፳ᑄᐼᐸᑅ +
ፍ

∑
፧዆ኻ

𝑀፳ᑒᑟ 𝑐𝑜𝑠(𝜔፧ ⋅ 𝑡 + 𝜖፧) (6.5)

6.2.3. Extrapolation Results
The obtained time signals for 𝐹፱, 𝐹፲ & 𝑀፳ at the extrapolation current velocity of 1.03 m/s can be seen
in figure 6.7. The extrapolated spectra (obtained from 4kn measurement) is plotted in blue for the fre-
quency domain on the right. From this EDS, the timetrace was obtained, which can be seen also in
blue for the time domain on the left. The measured 2kn current load test record and the according
EDS are also depicted (orange). After the timetrace from the extrapolated EDS has been computed,
another EDS based on the created time signal is obtained as a final check (yellow).
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Accuracy & Remarks

From the obtained SDAs of the EDS’ it can be seen that the extrapolation does estimate the fluctuating
force, subjected to vortex shedding with sufficient accuracy.

The recurring issue of the duration of the measurement has an influence on the accuracy. From the
obtained EDS, only a certain length of time trace can be computed. This means that in the present time
trace for surge of 2300s and a peak frequency of approx. 0.02 rad/s (peak period of approx. 314s) only
7 cycli will be represented. The accuracy of the method itself, has been demonstrated for the single
cylinder base case, but longer measurements are required in order to validate it against obtained data.
Nevertheless, to assess the effect of VIM at lower velocities, resulting in longer time records, this
method has shown a successful applicability and will be used for the estimating the time-varying forces
at currents below 2kn.

6.3. Effect of VIM at lower velocities

Current velocities of 2kn and above can be considered very large for Thialf and therefore do not rep-
resent the ’typical’ environmental working conditions. For this reason, the effect of vortex shedding in
current velocities below 2 kn are of particular interest. Using the previous outlined method of extrap-
olating velocity dependent time-varying forces from the current load tests, time-varying forces in the
velocity range of 0 to 2 kn can be obtained. With these obtained time traces, aNySIM simulations are
carried out and the results investigated. This section presents the results of a SSCV in station keeping
operation, while being exposed to current loads of 0.5kn, 1.0kn and 1.5kn for the vessel headings of
45°, 60°, 90° and 150°. These directions direction particularly shows large energy contents in the cur-
rent load tests (recall figure 5.8) and are also in line with previous research. The current velocities that
will be simulated are 0.5kn is 𝑉ኺ.኿ = 0.2572𝑚/𝑠, 1kn is 𝑉ኻ.ኺ = 0.5144𝑚/𝑠 and 1.5kn is 𝑉ኻ.኿ = 0.7716𝑚/𝑠.
The aNySIM simulations were carried out using the spring-damper model and the ideal theoretical
spring and damping terms as well as the not-ideal DP System (30% critical damping for Surge, Sway
and Yaw). Both DP Systems represent a Medium Controller Gain.
In section 5.5, the obtained current loads of the measured 2 kn test with the headings of 60° and
90° have been used as simulation input for the real-time simulations in the HSC. Therefore, in order
to effectively compare the results of the velocities of 0.5kn, 1.0kn and 1.5kn, aNySIM simulations with
the measured 2.0kn, 𝑉ኼ.ኺ = 1.0288𝑚/𝑠 current loads are carried out for the mentioned headings as well.

6.3.1. Simulation Results

The results of these simulations for the 4 different current velocities can be seen below. Here only the
results for the 60° and 150° vessel heading case for the Ideal and Not-Ideal DP System are presented.
The results for heading cases of 45° and 90° can be found in Appendix G. They are presented sepa-
rately per vessel heading and DP System, while the results from the 4 current velocities are plotted in
the same figures. Note, that the duration for each velocity is different. This is due to the fact that the
minimal possible Δ𝜔 was used to obtain the EDS from the measured data. When this data is now ex-
trapolated to lower velocities, Δ𝜔 is decreased, resulting in more data points over the smaller frequency
range and thus longer time traces.
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60° heading - Ideal DP System
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Figure 6.8: Result of 60° heading extrapolated and measured current load test aNySIM Spring-Damper simulation - Ideal

60° heading - Not Ideal DP System (30% critical damping)
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150° heading - Ideal DP System
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Figure 6.10: Result of 150° heading extrapolated and measured current load test aNySIM Spring-Damper simulation - Ideal

150° heading - Not Ideal DP System (30% critical damping)
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6.3. Effect of VIM at lower velocities 67

6.3.2. Discussion
It is highly notable that the presented results of simulations with the extrapolated current loads to 0.5
kn, show offsets with a SDA in the range of 4 to 9 centimeters for the Ideal and Not-Ideal DP system.
This clearly represents that at a current speed of 𝑉ኺ.኿ = 0.2572𝑚/𝑠, the energy decreases so drastically
that the vessel motions are minimally influenced by VIM.

In the DP Trials, as presented in section 1.1, an increasing current from 0.5 to 0.9 m/s was present
and low frequent vessel offsets with 𝑆𝐷𝐴፬፮፫፠፞ = 0.2 and 𝑆𝐷𝐴፬፰ፚ፲ = 0.3 were observed. The current
direction in the DP Trials is comparable to the present 150° heading case figure 6.10 and 6.11. Con-
sidering the 𝑉ኻ.኿ = 0.7716𝑚/𝑠 results for the 150°heading case, for the Ideal DP System: SDAፒ፮፫፠፞
= 0.25m and SDAፒ፰ፚ፲ = 0.23m and SDAፘፚ፰ = 0.34 deg. For the Not-Ideal DP System, these values
become SDAፒ፮፫፠፞ = 0.45m and SDAፒ፰ፚ፲ = 0.30m and SDAፘፚ፰ = 0.50 deg. Overall, a large increase
of the SDAs are present for the Not-Ideal DP System in comparison with the Ideal System. This is
distinctively present for 2.0kn, 1.5kn and 0.5kn, lesser so for 0.5kn as the energy decreases.

For the 60° and 15° heading case, it can be seen that for the Ideal DP System, the peak periods of
the vessel motions are approx. 5 min or longer, apart from Surge for the 150° heading case for 2kn.
For the Not-Ideal DP System the peak periods shift to the range of 3 to 5 minutes, especially for the
2kn current velocity and partially for 1.5kn. This is connected to the previous mentioned observation
that the energy for lower velocities decreases plus the fact that the vortex shedding frequency de- &
increases with respect to velocity. Nevertheless, the increase of the natural damped frequency (as first
described in section 4.4.4) with decreasing damping can also be observed here, where the vessel is
exposed to fluctuating forces of VIM.

The largest overall vessel motions are observed at the 60°and 90°heading case and not as previous
research suggested for the 45°incident angle. Here lies also one of the significant differences between
the present SSCVs and the semi-submersible platforms as described in VIM literature. The columns
of a SSCV are closer to each other than for semi-submersible platforms. It is likely that this will result
in different vortex patterns that could interact with each other and thus highlights the importance for
required research specifically for SSCVs.

6.3.3. Subconclusion
Measured fluctuating current loads from constant current velocity, extrapolated to more realistic current
velocities below 2kn cause the vessel to oscillate around its setpoint. For the extrapolated velocities
of 0.5kn, 1.0kn and 1.5kn the vessel show a motion response with peak periods around 5 minutes and
more. These periods tend to shift in the range of 3 to 5 minutes, when less damping and thus more
realistic DP system characteristics are used. This signifies that for current velocities above 0.5kn VIM
causes a SSCV during station keeping operations to fluctuate around its setpoint with periods as pre-
viously observed. Not only is the effect of VIM represented, but also the influence of a not-ideal DP
system in under such environmental conditions.

With the presented extrapolation, a method is presented that enables to represent this effect using
the time-domain simulation tool aNySIM.





7
Contribution to overall response

Until now, each of the contributing factors has only been investigated individually and the following
findings made:

• With minimal information it is shown that a variation of current velocity & direction on a time scale
of 1 to 5 minutes exists

• Damping is ’lost’ in the control loop of the DP system

• VIM and 2nd order wave forces cause an increased unknown low-frequency excitation on a SSCV
during DP-operations

This also shows that the effect of time-varying current loads on an SSCV during station keeping opera-
tions was not investigated. Furthermore, the relative contribution of each external influence (VIM, 2nd
order waves and time-varying currents) as well as the internal influence of reduced damping, had not
yet been addressed. This chapter presents two approaches to provide the missing answers.

7.1. Effect of time-varying currents on an SSCV in DP-Operations
The information on the presence of time-varying currents on a scale of 1 - 5 minutes is limited. Yet, with
this limited information, a 45 min stationary current measurement with 1 Hz sampling rate, a variation
on this time scale in velocity and direction can be seen. In section 4.4.6, the Ideal and Not-Ideal (30%
critical damping) DP System for the Spring-Damper configuration in aNySIM have been introduced,
which simulate a Normal Kalman Filter Gain with a Medium Controller Gain. For both system charac-
teristics a simulation was carried out, where the vessel was exposed to the current as it was measured
offshore (figure 7.1).
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aNySIM Simulation
Vessel DP System Ideal & Not-Ideal

Sim. Kalman G. Normal
Sim. Controller G. Medium
Heading 0°
Draft 26.6 m

Current Direction (going to) 33 ± 15 ° (fig. 7.2)
Velocity 𝑉፜ = 0.67 ± 0.2 m/s

Duration 2628 min (excluding run-up)

Table 7.1: Vessel and environmental parameters
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Figure 7.3: aNySIM Simulations with Ideal and Not-Ideal DP System exposed to measured time-varying currents

Discussion
The results presented in figure 7.3 indicate that indeed time-varying currents cause an increased vessel
response. This is the case for the Not-Ideal as well as the Ideal DP System. The peak frequencies of
the vessel motions, which can be seen for both simulations are at approx. 𝜔 = 0.01𝑟𝑎𝑑/𝑠 and results
in a period of approx. 10 min. This can be linked to the current measurement, where this peak period
was observed in the EDS for velocity and direction, as in figure 3.6. What stands out is the increase
of motions for the Not-Ideal DP System with periods between 3 to 5 min. For the Ideal DP System
motions are also present in this 3 to 5 minute range. Due to the losses of damping and a resulting shift
of the natural damped frequency, the magnitude of these motions increase, which in turn results in an
energy increase in the EDS.



7.2. Relative contribution of external and internal influences 71

7.2. Relative contribution of external and internal influences
To determine the contribution of all the determined causes, a simulation environmental is selected that
encompasses the external influeneces of time-varying currents, 2nd order waves and VIM. The same
scenario is then selected to carry out simulations for the Ideal and Not-Ideal DP System. Additionally,
for each environmental contribution and DP System, individual simulations were conducted.

aNySIM Simulation
Vessel DP System Ideal & Not-Ideal

Sim. Kalman G. Normal
Sim. Controller G. Medium
Heading 0°
Draft 26.6 m

Current Direction (going to) 33 ± 15 ° (fig. 7.4)
Velocity 𝑉፜ = 0.67 ± 0.2 m/s

Waves Direction (going to) 30° (fig. 7.4)
Peak Period 𝑇፩ = 9s
Sig. Wave Height 𝐻፬ = 2m
Spectrum JONSWAP
gamma 𝛾 = 3.3

VIM from Cur. Dir. (gt) 30°
Extrapolated Vel. 𝑉፜ = 0.67 m/s

Duration 5254s (excluding run-up)

Table 7.2: Vessel and environmental parameters
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Figure 7.4: Environmental Directions -
aNySIM coordinate system

Note, that unlike in the previous chapter, only the fluctuating part of VIM is extrapolated here, excluding
the mean current load. The direction has been selected such, that it is represents a current going to
30° (aNySIM coordinates) and best in line with the direction of the current measurement of approx. 33°.
Furthermore, the current measurement timetrace has been duplicated to obtain a longer measurement.
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Figure 7.5: aNySIM Simulations with Ideal and Not-Ideal DP System exposed to measured time-varying currents, VIM and 2nd
order waves
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Figure 7.6: EDS of aNySIM Simulations with Ideal and Not-Ideal DP System exposed to VIM only, measured time-varying
currents only and 2nd order waves only environment

Discussion
From figure 7.5 the contribution of the damping losses, when using the Not-Ideal DP System can be
observed. For the Ideal DP System, especially for surge and sway, the peak periods are 5 minutes and
longer. For the Not-Ideal DP System, the peak periods shift in the range of 3 to 5 minutes. Moreover,
the SDAs increase with 60% for surge & sway and 30% for yaw.
Below in figure 7.6 the contribution of VIM, time-varying current and waves simulated individually for
the Ideal and Not-Ideal DP System is depicted. This again shows the contribution of damping losses
resulting in increased vessel motions with periods of 3 to 5 minutes. This effect is particularly dominant
for 2nd order waves. Furthermore, the SDAs of the VIM and time-varying currents (for Ideal and Not-
Ideal) show significant contributions to the overall response.

7.3. Subconclusion
With minimal available current data it was shown, that time-varying currents in fact cause a vessel
response, formerly not known. The increase of vessel motions due to damping losses towards the
previously observed period range of 3 to 5 minutes is further observed.

With the latter simulation it was possible to combine the determined causes contributing to an increased
vessel response. This shows that the previously unknown contribution of VIM and time-varying current,
significantly influence the overall response. While second order waves are captured in time-domain
simulations, the contribution of damping losses amplifies the response notably. Lastly, a similar con-
tribution of each external influence can be observed, highlighting the importance of each aspect.

The following limitations to these results need to be mentioned. For both simulations only one environ-
mental direction was considered. In these simulations no wind was present. Additionally, the fluctuating
forces of VIM do not account variability of currents velocity and direction.
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Conclusions & Recommendations

8.1. Conclusions
First the sub-questions will be reassessed and answered, building up to complete this project by an-
swering the main research question.

Does a variability of currents on the scale of 1 to 5 minutes exist?
Throughout this research it was not possible to find an explicit answer to this question. To ascertain this
information, eight different research institutions were contacted and meetings with researchers were
held. It became clear that finding suitable measurement data would pose a significant challenge. To
be precise, finding measurement data with time steps in seconds. For oceanographic purposes, in-situ
current measurements are typically conducted over a long time span and sampling rates are therefore
kept low in order to save energy. Upon suggestion from Deltares, a month long current measurement
in the north sea with a time step of 10 minutes was obtained. This data indicates that for the lowest
possible frequencies, the current was not quasi-static. As further data was not accessible, this track
was put on hold and the focus shifted towards the DP system.

In the finishing stages of this project, ADCP measurements were conducted in the North Sea with
an ROV launched from Sleipnir and positioned motionless on the seabed. Only one 45min time trace
with a sampling rate of 1Hz was obtained (as the ADCP was damaged the same day). According to
this data, variation of currents in terms of velocity and direction on the scale of 1 to 5 minutes do, in
fact, exist.

If yes, what would be the influence on the vessel response?
The limited available current measurement data showed that time-varying currents can cause an in-
creased response of a SSCV during DP operations. Moreover, with a not-ideal DP system, which is
closer to the real DP System, the vessel motions for surge, sway and yaw show peak periods in the
previously observed range of 3 to 5 minutes.

What other possible causes can trigger the observed vessel response?
The potential origins were considered to be within the DP system itself or to come from external in-
fluences. The DP System, as installed onboard, and its exact behavior are not captured in aNySIM.
Considered causes were the use of the High Kalman Filter Gain or characteristics of the control loop.
Previous research has indicated that VIM affects multi column floaters. This highlights the fact that VIM
could affect SSCVs during DP-operations.

How can these possible causes be assessed and simulated?
In the the DP Trials 2017, only the High Kalman Filter Gain was tested with the 3 Controller Gains
of High, Medium and Low. It was noted that Normal Kalman Filter Gain was not used in these trials.
For this reason, real-time simulations in the HSC have been conducted, where it was determined that
the High Kalman Filter Gain performs better in comparison with the Normal Kalman Filter Gain. For
all 3 Controller Gains, the High Kalman Filter Gain demonstrated a faster reaction time and increased
performance with smaller offsets relative to Normal Kalman Filter Gain. This shows that the use of the
High Kalman Filter Gain over the Normal Kalman Filter Gain does not cause the unexpected vessel
response.
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In order to obtain the DP System characteristics, a DP RAO assessment was conducted wherein the
spring and damping terms were derived as demanded by the controller and as experienced by the
vessel. This assessment showed that between 20% to 67% of the demanded critical damping is lost
over the control loop (including Kalman Filter, Controller, Thruster Allocation and Thrusters). These
damping losses cause the vessel to overshoot and the damped natural period to decrease. For critical
damping ratios below 0.7 (for surge, sway and yaw) the damped natural period shifts to the range of 3
to 5 minutes. This results in increased oscillations in this period range and can be seen in the EDS of
the vessel motions.
Based on these findings, spring and damper coefficients for an Ideal and Not-Ideal (30° of critical damp-
ing for surge, sway and yaw) DP system were deduced. The Not-Ideal DP System aims to represent
the damping losses of the real DP system in aNySIM simulations.

To determine the effects of VIM on a SSCV during DP-operations vessel specific data is required.
Current load test data available within HMC determined that from constant currents, time-varying fluc-
tuating forces act on the hull of a SSCV. By estimating the vortex shedding frequency and relating the
results to the velocities at which the measurements were conducted, it was determined that these fluc-
tuating forces originate from vortex shedding. It should be noted that the potential interaction between
the different columns and shapes was not taken into account.
With real-time simulations in the HSC, it was possible to verify that fluctuating forces from a constant
current load cause the vessel to deviate from its setpoint with peak periods of 3 to 5 minutes.
A method was developed to extrapolate the current load test results to velocities below 2kn. Sub-
sequently, in time-domain simulations the vessel was exposed to those forces. Data shows that for
current velocities above 0.5kn, the vessel experienced forces and moments that caused it to fluctuate
around its setpoint. In combination with the Not-Ideal DP System, the SDA of these motions increase
and peak periods of 3 to 5 minutes are observed.

What causes the increased dynamic Vessel/Thruster response of a SSCV while station-keeping
in operational conditions and is not captured in time-domain simulations?

• Even with limited information it was shown that time-varying current loads exist and cause an
unexpected motion response of a SSCV.

• With the use of DP RAOs, it was possible to determine that the effective damping of the DP
system decreases. Reduced damping causes larger offsets and longer oscillations with periods
of 3 to 5 minutes.

• This research has demonstrated that VIM has an influence on a SSCV during station keeping
operations. Strong currents on column type floaters can cause fluctuating forces and moments,
which in turn can cause a SSCV to oscillate around its setpoint while operating on DP.
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8.2. Recommendations
Variation of Currents
Until now, only one 45 minute current measurement has been conducted with a sampling rate of 1 Hz.
This shows that time-varying currents on a time-scale of 1 to 5 minutes exist and cannot be assumed to
be quasi-static. Further measurements are required to confirm the presence of such a current variability.
This could be done by measurement as it was presented in this report, where the ADCP was installed
on the ROV that was placed stationary on the seafloor. Such an arrangement depends on the project
and the availability of the ROV, while the vessel remains on position. Another method would be to
deploy a measurement frame with an upward looking ADCP, with a small enough sampling rate. Such
a measurement frame can be equipped with a recovery buoy and an acoustic release for recovery.
Once more data becomes available, additional time-domain simulations can be carried out to verify
the vessel response under such conditions. The most favourable option would be to include current
time-traces in the HSC and observe the vessel and thruster response.

Vortex Induced Motion
In this research, VIM on the hull of a SSCV was determined based on current load tests carried out
by MARIN. These tests were conducted at current velocities of 2kn & 4kn on the hull of a concept
design vessel (NBV). Although many similarities are present between the hull of SSCV Thialf and NBV,
the obtained forces from current load test measurements have been used for the research with Thialf.
Furthermore, the potential interaction of specific shedding patterns between the columns has not been
taken into account.
Specific data on vortex shedding for SSCV Thialf could be obtained by carrying out additional model
tests or Computational Fluid Dynamics (CFD) calculations. This data could then be used to investigate
its effect on DP-operations in more detail or to predict scenarios where VIM occurs and could affect the
performance of the vessel.

Limitation of External Influences
The variation of currents and VIM represent external influences acting on the hull of the vessel. This
means that their occurrence and the forces they exert on the vessel cannot be influenced. With the
suggested recommendations regarding variation of currents and VIM it is possible to gain a better
understanding and to assess the effect on the motion response in more detail. Hence, it is suggested
to take this into consideration for the future when making the trade off between ’how much additional
research will be carried out’ and ’how will this improve the DP performance’.

Damping Losses
In this research it has been shown that the effective damping of the DP system decreases, causing
larger offsets and longer oscillations. This was achieved by identifying RAOs of different stages of the
control loop of the DP System. While the method in itself is still under development within HMC, the
application as carried out in this research can also be improved. In this thesis, the duration of the mea-
surements in the HSC, from which the DP RAOs were obtained, was 2 hours. For instance, a natural
period of 𝑇፧ = 200𝑠 will result in 36 cycli, which in return affects the accuracy of the RAOs. Therefore,
it is suggested to carry out measurements of 6 hours and more. This can be done in the HSC, where
environmental influences can be controlled. Offshore data where no setpoint changes were applied
can also be taken into consideration.

Unlike the external influences of time-varying current and VIM, the internal influence of lost damping
can be addressed. This line of research could lead to an additional student graduation project. First of
all, it must be fully understood as to why damping is ’lost’ in the control loop. In the present thesis the
estimation of the vessel velocity was mentioned as one possible cause. Another possibility could be
introduced delays in the thruster response (Azimuth, RPM) or Kalman Filter. However, this is unknown
and therefore additional research is required, for example by deriving the critical damping per RAO at
each stage of the control loop.
Furthermore, it needs to be investigated how the estimation of the vessel can be improved. It is strongly
advised to contact Kongsberg on this matter in order to determine the extent to which the estimation
of vessel velocity within Kalman Filter can be altered and to hear their opinion on the present losses of
damping.
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A
Simulation Center Test Series

Detection of GPS noise

At the early stage of this project, the aim was to investigate the vessel behavior at different environ-
mental conditions in order to potentially highlight any environmental conditions as the cause of those
unexpected motions. Due to the COVID-19 pandemic and the resulting lockdown in the first half of
2020 and special arrangements by HMC, it was possible to frequently use the HSC for this research.
The environmental scenarios in which the vessel behavior was to be investigated, consisted of one sin-
gular environmental force at a time, such as waves only, wind only or current only. The emphasis lay
on comparing the vessel settings of Controller Gain and Kalman Filter Gain . For every environmental
condition, 6 simulations of at least 2 hours were carried out. These 6 simulation runs consisted of High
Kalman Filter Gain, as used in DP Trials, with Low, Medium & High Controller gain as well as Normal
Kalman Filter Gain with Low, Medium & High Controller Gain.

After a total of more than 64 hours of real-time simulations in the HSC, an increased low frequency
vessel response in the period range of 3-5 minutes was observed for all simulations. At this stage, it
was believed that these observed motions form the unexpected vessel response as observed offshore.
However, the deterministic pattern of these vessel oscillations raised doubts and soon showed that this
origin of the oscillations in the HSC was traceable. The following results show the discovery and origin
of this repetitive pattern.

In figure A.1, the motions of Thialf during DP operation can be seen, when the vessel was exposed to
a constant current of 1kn going to 300° (true North). Below, in figure A.2, the motions of Thialf on DP
in zero environmental forces are presented. In both figures the results of Normal (blue) and High (red)
Kalman Filter Gain at Medium Controller Gain are shown. For all 4 simulations, the vessel has a draft
of 26.6m, heading of 0° and GPS for position reference.
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(a) Motion Time Traces
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(b) EDS and SDA

Figure A.1: HSC run with SSCV Thialf - Heading: 0 deg, Draft 26.6 m, Current Dir: 300 deg (going to), Current Velocity: 1 kn,
Kalman Gain: Normal (blue) & High (red), Controller Gain: Medium, Duration: 2 hrs, Position Reference: GPS
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(a) Motion Time Traces
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(b) EDS and SDA

Figure A.2: HSC run with SSCV Thialf - Heading: 0 deg, Draft 26.6 m, No environmental forces, Kalman Gain: Normal (blue) &
High (red), Controller Gain: Medium, Duration: 3 hrs, Position Reference: GPS

The previous two figures demonstrate that for each environmental scenario, the High and Normal
Kalman Filter simulation run, follow the same pattern, where for the High Kalman filter the excitations
are less. More surprising, is the fact that each of the 4 runs were conducted at different times in the
HSC. They have been plotted such that the pattern matches to highlight its repetitiveness.

As a result of this unusual vessel response with zero environmental forces, the following simulation
was carried out. For this simulation, Thialf was fixed in all 6 DOF using the API. The thrusters were
disabled and only the GPS was used as a reference system. Figure A.3 presents the results.

It is evident that for surge and sway the vessel shows oscillations with SDAs of up to 0.25m. Nev-
ertheless, the vessel did not move in any of its 6 DOF, signifying that this deterministic oscillation must
be introduced into the control loop of the DP system. The most obvious sources are the positioning
sensors.

The data from the 3 utilised GPS sensors during the simulation in which Thialf was fixed in 6DOF,
revealed the answer shown in figure A.4. The sensor weight in this figure represents the weighting
factor that the DP system associates to each sensor when calculating its position. When looking at the
UTM Easting and Northing, it is evident that all 3 sensors show the same signal, with the same noise.
Note, that no additional noise was added from the instructor station, which can be undertaken in order
to avoid a sensor freeze detection. The sensor freeze detection of the DP system disregards a sensor
that has not changed its value over a period of time and thus considered to be too constant or even
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faulty. However, this feature was not applied in the presented simulations.
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Figure A.3: HSC run with SSCV Thialf - Heading: 0 deg, Draft 26.6 m, No environmental forces, Fixed in 6 DOF via API, Kalman
Gain: Normal (blue), Controller Gain: Medium, Duration: 2.5 hrs, Position Reference: GPS
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GPS & FanBeam Comparison
Further research required the use of an accurate positioning systemwithout any unknown sensor noise.
The comparison between using FanBeam andGPS, as selected reference systems, can be seen below.
As FanBeam requires reflectors, Thialf was positioned with its aft (where the FanBeam sensors are
installed) towards a platform, which is equipped with FanBeam reflectors. The platform itself was fixed
in 6 DOF. The results in figure A.6 provide evidence that the FanBeam sensor indeed does now show
the noisy pattern.

(a) K-SIM Field view
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Figure A.5: HSC run with SSCV Thialf - Heading: 0 deg, Draft 26.6 m, No environmental forces, Fixed in 6 DOF via API, Kalman
Gain: Normal (blue), Controller Gain: Medium, Duration: 2.5 hrs, Position Reference: GPS
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Figure A.6: HSC run with SSCV Thialf - Heading: 0 deg, Draft 26.6 m, No environmental forces, Fixed in 6 DOF via API, Kalman
Gain: Normal (blue), Controller Gain: Medium, Duration: 2.5 hrs, Position Reference: GPS
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Thialf moored in Calandkanaal
The observed noise pattern for all 3 GPS sensors raised the concern that this might be the case for the
real vessel as well. For this reason, a 4 hour window of offshore data from Thialf was selected, where
the vessel was moored alongside in the ’Calandkanaal’ in December 2019. In figure A.7, the time trace
and EDS are shown.
These results demonstrate that the signal for each sensor show a SDA of <0.05m and, more importantly,
every sensor does not display an identical signal. The peak periods of the measured positioning signal
in the EDS, which can be a result of real measurement noise, first order wave forces or vessel motions
(which can be influenced by the mooring lines or the fenders) do, in fact, occur at different frequencies
than observed in the HSC.

(a) Positioning Time Traces
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Figure A.7: Offshore data SSCV Thialf - Moored in Calandkanaal, 02-12-2019 9:00 - 13:00 UTC, GPS Position Measurement
Sensor 1 (blue), 2 (orange) and 3 (yellow), Duration of observation: 4 hrs

A.1. Conclusion
Based on the presented results, it becomes clear that noise is present in the position measurement of
the GPS sensors in the HSC. This becomes particularly apparent when the offshore data from Thialf,
moored in the Calandkanaal is studied. Here, it can be seen that the offshore measurement shows
different peak noise frequencies with a SDA of less than 0.05m and differences between all sensors.
The noise observed in the HSC is more significant, with SDA of approx. 0.25m and a large proportion
of its energy at approx. 3 minutes (𝜔 = 0.0349𝑟𝑎𝑑/𝑠) and equal for all sensors. This matter has been
forwarded to Kongsberg and further tests have been carried out by the HSC-team to address this. Un-
fortunately to this date, Kongsberg has not been able to confirm why this sensor noise occurs.
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B.1. Normal Kalman Filter Gain
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Figure B.1: HSC run with SSCV Thialf - Motions - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from), ፓᑡ ዆ ዃ፬,
ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: Normal, Controller Gain: High, Medium, Low
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Simulation Results

(a) Time Trace
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Figure B.2: HSC run with SSCV Thialf - Thruster Load - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from), ፓᑡ ዆ ዃ፬,
ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: Normal, Controller Gain: High, Medium, Low

Figure B.3: HSC run with SSCV Thialf - Thruster Azimuth - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from),
ፓᑡ ዆ ዃ፬, ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: Normal, Controller Gain: High, Medium, Low
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Figure B.4: HSC run with SSCV Thialf - Motions - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from), ፓᑡ ዆ ዃ፬,
ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: High, Controller Gain: High, Medium, Low
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Figure B.5: HSC run with SSCV Thialf - Thruster Load - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from), ፓᑡ ዆ ዃ፬,
ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: High, Controller Gain: High, Medium, Low
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B. Effect of Kalman Filter and Controller Gain

Simulation Results

Figure B.6: HSC run with SSCV Thialf - Thruster Azimuth - Heading: 90 deg, Draft 26.6 m, Waves (Dir=300(coming from),
ፓᑡ ዆ ዃ፬, ፇᑤ ዆ ኼ፦, JONSWAP, ᎐ ዆ ኽ.ኽ), Kalman Gain: High, Controller Gain: High, Medium, Low



C
Effect of VIM Simulation Results

2kn & 60° heading

Input for the simulation, the forces and moment time trace, which was obtained from the 2kn and 60°
heading current load test results are shown in figure C.2. These represent a current coming from
240° in the coordinate system as used by MARIN and a current coming from 300° in the true North
clockwise positive coordinate system where the bow is North, see below (figure C.1). The results of
the simulation, vessel motions and thruster response, can be seen in figure C.3, C.4 and C.5.

180°

90°270°

0°360°

240°

180°

90°270°

0°360°

300°

+Fx

+Fy

+Mz

Figure C.1: Direction convention for incoming currents, coming from 240° vessel coordinate system (left) and coming from 300°
true North coordinate system (right)

91



92
C. Effect of VIM Simulation Results

2kn & 60° heading
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Figure C.2: Simulation input - HSC - High Kalman Gain & Medium Controller Gain - 60° heading & 2 kn current load test
measurements
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Figure C.3: Vessel Motions - HSC - Normal Kalman Gain & Medium Controller Gain - exposed to 60° heading & 2 kn current
load test measurements
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Figure C.4: Thruster Load - HSC - Normal Kalman Gain & Medium Controller Gain - exposed to 60° heading & 2 kn current load
test measurements
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load test measurements
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C. Effect of VIM Simulation Results

2kn & 60° heading

Discussion
Figure C.3 demonstrates that the time-varying forces and moments obtained from 2kn current velocity
cause the vessel to fluctuate around the set-point and heading. The SDA indicated in figure C.3b
(computed based on equation 2.15) show values of SDAፒ፮፫፠፞ = 2.55m, SDAፒ፰ፚ፲ = 1.06m & SDAፘፚ፰
= 1.27°. The low frequency excitation of the vessel entails periods in the range of 3 & 5 min as marked
in the EDS. This is also the case for the thruster response, where the thruster load indicates a reaction
at a similar low frequency band.
Despite an increased force acting on the vessel in y- / sway-direction (refer to figure C.2), the vessel
shows larger offsets in x- / surge-direction. According to the SDA, the offsets in surge are 2.4 times
larger than the sway offsets. While the mean of forces acting on the vessel, 𝐹፱ is 4.8 times smaller than
𝐹፲. This can be explained by assessing the thruster azimuth.

In figure C.5, the thruster azimuth for each individual thruster can be seen. The azimuth angle for
Thruster 1 to 3 are varying around -60°, while Thruster 4 to 5 are varying around -90° and Thruster
6 does not change its azimuth angle and stays constant at -100°. During the simulation, the K-POS
console gave azimuth prediction errors for Thruster 5 and 6, which results in ’freezing’ of the thruster
azimuth value and sudden jumps, as seen for Thruster 5 between 1000 and 1500 seconds. Despite
those prediction errors, the majority of thrust is generated towards the directions between -60° and -90°
in the local vessel K-POS coordinate system for azimuth angles. In figure C.6 below, the local vessel
K-POS coordinate system for azimuth angles is shown and the coming from current direction indicated.
From a thruster point of view, the direction in which thrust is generated is indicated.

+ 180°- 180°

0°

+ 90°- 90°

+ 180°- 180°

0°

+ 90°- 90°

- 60°

T

-60°

Figure C.6: Coming from current direction and generated thrust direction for local vessl K-POS coordinate system for azimuth
angles -60° coming from current direction represents the true North 300° coming from current direction (refer to figure C.1)

This means, the thrusters are generating thrust opposite to the direction of the current loads. The
greater part of current loads is acting transversely on the vessel, in y- / sway-direction and therefore
the transverse generated thrust is greater. Smaller current loads which are then acting longitudinal on
the vessel, in x- / surge-direction, requires the DP system to keep counteracting the larger transverse
content while adjusting the thrusters to also counteract the smaller longitudinal forces. This is the
function of a DP system.
However, when fluctuations of forces are present in longitudinal direction of the vessel, which is the
case here, the vessel cannot counteract these forces effectively, causing large longitudinal offsets.
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F
Extrapolation Method Proof

Single Cylinder Case

The applicability of the extrapolation method will be demonstrated with a theoretical base case of a
circular cylinder. A cylinder with a diameter of 0.2 m and a length of 1 m that is exposed to current
flow. As previously specified, it will experience drag and for 𝑅𝑛 >65 alternating lift forces due to vortex
shedding. In this case, the interest lies on the alternating lift force. For this example, the cylinder is
assumed to be exposed to 2 flow velocities, 𝑉ኻ = 1 m/s and 𝑉ኼ = 2 m/s. First, the Reynolds number
must be determined, for which a kinematic viscosity of fresh water at 20 °C, 𝜈 = 1.00374 ⋅ 10ዅዀmኼs is
selected, at which 𝜌 = 1000 kg/mኽ. This yields the following, where the subscripts 1 and 2 relate to the
flow velocities of 1 and 2 m/s respectively.

𝑅𝑛ኻ =
𝑉ኻ ⋅ 𝐷
𝜈 = 1𝑚/𝑠 ⋅ 0.2𝑚

1.00374 ⋅ 10ዅዀ𝑚ኼ𝑠 = 1.99 ⋅ 10
኿

𝑅𝑛ኼ =
𝑉ኼ ⋅ 𝐷
𝜈 = 2𝑚/𝑠 ⋅ 0.2𝑚

1.00374 ⋅ 10ዅዀ𝑚ኼ𝑠 = 3.98 ⋅ 10
኿

From figure 2.6 for 𝑅𝑛ኻ and 𝑅𝑛ኼ a Strouhal number of 𝑆𝑡=0.2 is selected. This results in the following
vortex shedding frequencies:

𝑓𝑠ኻ =
𝑆𝑡 ⋅ 𝑉ኻ
𝐷 = 0.2 ⋅ 1𝑚/𝑠

0.2𝑚 = 1𝐻𝑧

𝑓𝑠ኼ =
𝑆𝑡 ⋅ 𝑉ኼ
𝐷 = 0.2 ⋅ 2𝑚/𝑠

0.2𝑚 = 2𝐻𝑧

Based on [33], a dimensionless lift coefficient of 𝐶ፋ=0.03 was selected for this case. For a duration of
𝑡፞፧፝ = 60 s, the alternating lift forces for 𝑉ኻ = 1 m/s and 𝑉ኼ = 2 m/s, which can be seen in figure F.1 for
a length of 𝐿 = 1 m is obtained by:

𝐹፥Ꮃ =
1
2𝜌 ⋅ 𝑉

ኼ
ኻ ⋅ 𝐷 ⋅ 𝐶ፋ ⋅ 𝑠𝑖𝑛(2𝜋 ⋅ 𝑓𝑠ኻ ⋅ 𝑡) ⋅ 𝐿

𝐹፥Ꮄ =
1
2𝜌 ⋅ 𝑉

ኼ
ኼ ⋅ 𝐷 ⋅ 𝐶ፋ ⋅ 𝑠𝑖𝑛(2𝜋 ⋅ 𝑓𝑠ኼ ⋅ 𝑡) ⋅ 𝐿

113



114
F. Extrapolation Method Proof

Single Cylinder Case
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Figure F.1: Alternating lift forces on cylinder for ፕᎳ = 1 m/s and ፕᎴ = 2 m/s

The according EDS of these time traces can be seen below in figure F.2. In this figure, the peak
of the energy content can be seen at the vortex shedding frequencies of 𝜔𝑠ኻ = 2𝜋 ⋅ 𝑓𝑠ኻ = 2𝜋 and
𝜔𝑠ኼ = 2𝜋 ⋅ 𝑓𝑠ኼ = 4𝜋. According to the previously presented method, the EDS of the lift force from 𝑉ኼ
= 2 m/s has been extrapolated in the frequency domain to the 𝑉ኻ = 1 m/s. This extrapolated EDS can
also be observed with the black dotted line. Moreover, the SDA, based on equation 2.15, was obtained
from the already extrapolated spectra and indicates the same magnitude as the measured EDS at 𝑉ኻ
= 1m/s.
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Figure F.2: Energy density spectrum of alternating lift forces on cylinder for ፕᎳ = 1 m/s, ፕᎴ = 2 m/s and extrapolated from ፕᎴ to ፕᎳ

In this base case per velocity only one vortex shedding frequency is present. The result shows, that
the extrapolated forces have the same frequency than the theoretical and represents the successful
extrapolation of the energy content per frequency in the frequency domain. It also represents well the
decrease of energy of the EDS, due to the established cubic relation.



G
Current Load Test Extrapolation

Station Keeping Simulation Results

G.1. Ideal DP System
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Figure G.1: Result of 45° heading extrapolated and measured current load test aNySIM Spring-Damper simulation - Ideal
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G. Current Load Test Extrapolation
Station Keeping Simulation Results
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Figure G.2: Result of 60° heading extrapolated and measured current load test aNySIM Spring-Damper simulation - Ideal
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Figure G.3: Result of 90° heading extrapolated and measured current load test aNySIM Spring-Damper simulation - Ideal
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Figure G.4: Result of 150° heading extrapolated and measured current load test aNySIM Spring-Damper simulation - Ideal
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Figure G.5: Result of 45° heading extrapolated and measured current load test aNySIM Spring-Damper simulation- NotIdeal
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Figure G.6: Result of 60° heading extrapolated and measured current load test aNySIM Spring-Damper simulation- NotIdeal
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Figure G.7: Result of 90° heading extrapolated and measured current load test aNySIM Spring-Damper simulation- NotIdeal
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Figure G.8: Result of 150° heading extrapolated and measured current load test aNySIM Spring-Damper simulation - NotIdeal
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