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Abstract

In deep sea mining polymetallic nodules are harvested that are found in large parts of the
oceans at depths of up to 5000 metres. A deep sea mining system collects such nodules using
a seabed crawler and transports them to a continuously sailing ship by pumping them via
a jumper through a free-hanging riser. The position of the seabed crawler must be known
for two main reasons. Firstly, object on the seabed spotted in bathymetric surveys can be
avoided. To this end monitoring should be done in real time. Secondly, the crawler can follow
optimized mining patterns depending on the seabed lay-out.
Use of conventional subsea positioning techniques such as short and long baseline systems is
inaccurate or expensive. Using a short baseline system leads to inaccurate results due to the
large depth and surrounding noise created by the deep sea mining system, while using a long
baseline system requires a vast array of subsea transponders since the crawler is constantly
moving. Because the ability to actively respond in case of an unexpected situation is desired
the crawler position must be known in real time. The position of the crawler relative to the
position of the tip of the free-hanging riser can be determined. This means that if the position
of the tip of the free-hanging riser is known the position of the crawler can be obtained. In this
thesis project a system is proposed that determines the position of the tip of the free-hanging
riser.

All observations are made in two dimensions to reduce computational time. An estimation of
the position of the tip of the riser is made in two steps. First a finite element model of the
riser is made that is used to estimate the deflections of the free-hanging riser. As a second
measurements are done at the booster stations along the riser. The model estimations and
measurements are combined using a Kalman filter in an attempt to increase the estimation
accuracy.
Combining the finite element model with measurements improves the position estimation
compared to a system using only a finite element model or only measurements. A system
creating a position estimation in two dimensions can do this in real time. An optimal estima-
tion is not reached, as a steady offset remains that cannot be filtered out. It is attempted to
decrease this offset by adding temporary position measurements. Adding position measure-
ments improves the accuracy of the estimated position, but the improvement does not last
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when position measurements are lost.
Reducing the steady offset can be achieved by improving the estimation made by the finite
element model. The results can be improved by maintaining the accurate results obtained
from temporary positions measurements. This could be done using a system capable of alter-
ing the finite element model parameters. For Royal IHC, it will be important to determine a
minimum position accuracy that is required to get a profitable mining operation.
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Chapter 1

Introduction

This introductory chapter first discusses the background of the thesis project. A description
of how the deep sea mining system should operate is included in order to understand the
requirements of the subsystem that is the focus of this thesis. Next the challenge that is
addressed in this work is explained, leading to the main research question and the project
approach. For a more extensive read of the entire process of deep sea mining and some history
of deep sea mining, the reader is referred to (Smit et al., 2014; Stanislav et al., 2014; Heydon,
2012).

1-1 Background

Within the Blue Mining project, Royal IHC is developing a deep sea mining system that can
harvest large volumes of polymetallic nodules from depths of up to 6000 metres. This system
can be divided into four main components which are seen in figure 1-1.

Figure 1-1: Deep sea mining system (Blue Mining, 2013)

Driving around on the bottom of the ocean is the Seafloor Mining Tool (SMT). The SMT,
also referred to as crawler, is designed to harvest polymetallic nodules of the sea bed and
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separate them from most of the sediment. The SMT manoeuvres the seabed using its own
propulsion and steering. A slurry of leftover sediment and nodules is then pumped to the
Vertical Transport System (VTS) via a flexible riser, also referred to as jumper. The jumper
allows the distance between the SMT and the VTS to vary, and it provides power to the
propulsion and separation mechanisms of the SMT. Attached to the flexible riser is the VTS.
The VTS, also referred to as riser or free-hanging riser, is a five kilometre long steel pipe
with booster stations that transfers the slurry of harvested nodules, seawater and sediment
to the Mining Support Vessel (MSV). This free-hanging riser is built up like a drill-string
and tensioned by a clump-weight at the tip of the riser. The MSV is a ship that processes
the nodules harvested from the seabed.

Position monitoring

The nodules that are being harvested are located in large fields at depths of 3500 to 6000
metres. The clarion clipperton zone (figure 1-2) with a size of approximately 9 million square
kilometres is one of the largest areas in which nodules are found.

Figure 1-2: Clarion clipperton zone (Vella, 2013)

When the deep sea mining system becomes operational, the MSV and the crawler will be
constantly moving at an average pass of 0.5m/s. The movement of the SMT through the
area that is being mined needs to be monitored for two reasons.
Firstly, if the position of the crawler is known damage to the system can be avoided. In
the area that is being mined trenches, hills, rocks and debris can be spread over the seabed
surface. The lay-out of the seabed can be obtained from seafloor bathymetric surveys. If the
position of the crawler is known obstacles can be avoided. Also the jumper has a finite length,
if the motions of the crawler and the tip of the riser are known it can be avoided that the
distance between the two becomes too large. The jumper is not designed to transfer force,
tensioning it can damage the system.
Secondly, if the coordinates of the crawler are known it can be recorded which parts of the
seabed have already been mined. Since the nodules are all in the top layer of the seabed it is
sufficient to crawl across each part of the seabed only once. The crawler empties the seabed
by creating parallel lanes, when the coordinates of the SMT are accurately known the risk of
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1-1 Background 3

mining an area of seabed twice is minimized. If the coordinates of the SMT are accurately
known, the distance between two parallel lanes can be kept to a minimum so the amount of
material that can be harvested per mining area is maximized.
The position of the crawler can be monitored using conventional techniques like short and long
baseline systems, but it is expected that these techniques will fall short in this application.
Short baseline systems perform determine the subsea position of an object using a sonar pulse
sent from the sea level. The large depth at which the SMT is used and noise generated by the
booster makes this technique inaccurate. Also the updating rate is slow since sound travel
through seawater with a speed about 1500m/s. A long baseline system should be accurate,
but it is expected that this will take a large array of subsea beacons due to the size of the
area that is mined.
However it is possible to determine the position of the SMT relative to the tip of the riser.
The distance between the two is short enough for a technique like fibre-optic monitoring or
sonar to work. This way, in order to obtain the crawler positions, only the motions of the
clump-weight have to be monitored.
Monitoring the position of the clump weight can be done by estimating the deflection of the
entire riser. A model of the riser can be made, that simulates the riser behaviour from top
to bottom. This way the position of the clump weight can be related to the position of the
ship. Using this relation, and the known distance between the clump-weight and the crawler,
the position of the crawler is determined.

Measurements

A model of a large system as the VTS is never able to fully describe the riser behaviour.
Internal and external effects that are unknown, and often assumptions are made that allow
for a simpler model setup. These unknown or neglected properties create uncertainties in the
model. To improve the model it can be combined with measurements that can be taken in
real-time. Positions cannot be obtained, but it is possible to acquire data like accelerations,
relative current velocity and angles of the riser. These measurement units serve two functions.
First, measurements form a reference to the real world system. By actively measuring data,
inputs to the system and states of the system can be estimated. This way external effects
can be modelled more accurately. Second, the measurements can be used to decrease the
computational power required by the riser model. Why a decrease in computational power is
desired is explained in the next subsection.

Real time monitoring

Monitoring the motions of the riser must be done in real time, so the SMT can be actively
controlled to avoid damage and optimize nodule harvesting. This also allows for direct inter-
vention in the case of unexpected circumstances. In order to achieve real-time monitoring, a
riser model has to be created that is both computationally fast and accurate when measuring
tip positions. This means a trade-off has to be made between computational efficiency and
accuracy.
Combining a model with measurement data can decrease the computational power required
by a model, while keeping the accuracy. The riser is exited by external influences, both linear
and non-linear. Taking all influences into account in the model makes the model accurate but
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computationally expensive. If a lot of measurement units are placed and these measurement
units update at a very high frequency, a simple model can be used to describe behaviour be-
tween two measurement points, because the motions vary little over a small distance. When
less measurement units are used the harder it is to describe the dynamic behaviour of the
beam between two measurement points, so a more accurate description of the behaviour be-
tween two point is required. Placement of the measurement units is restricted to the booster
stations where power and data transfer infrastructure is available.
The aim of this thesis is monitoring the position of the clump weight in real time, by combining
a riser model and measurements.

1-2 Problem analysis

Research is done in current literature to obtain information on how the challenge in this thesis
can be solved. Information on techniques that deal with similar problems, or that provide
information about parts of the problem is searched for. Research is done on free-hanging
deep sea risers. Also techniques that are used in structural monitoring, both in subsea and
non-subsea situations, are researched in order to find a technique that can be used to model
or monitor the riser.

Position monitoring

Research on tracking objects above water is found in abundance. The tracking of objects is
done by combining measurements with a numerical model that estimates the behaviour of the
object. Estimates and measurement are combined using a Kalman Filter (KF), for example
when determining the position of a ship (Cadet, 2003). Subsea position monitoring is also
done using a KF, but no examples are found that do not include an acoustic reference signal.
The use of a KF requires a model that can estimate the behaviour of the riser.

Free-hanging risers

Information specifically about free-hanging subsea risers is searched in order to find out if
a technique exists that can be used to monitor the tip of the riser without using position
measurements.
An application in which it is important to monitor the position of the tip of a free-hanging
riser is in deep-sea drilling. When the drill string has to re-enter the well the position of the
tip of the system needs to be known. The method used to do this is described in (Australian
Drilling Industry Training Committee Limited, 2015). In this application a subsea beacon is
used which uses an acoustic signal to determine distance to the drill hole.
Research about vibrations in water inlet pipes was done by (Kuiper and Metrikine, 2005).
This research is mainly about vibrations created by the suction behaviour of the pipe, which
are not an issue in the free hanging riser in the deep sea mining system. The modelling
techniques that are described in this paper are interesting and can be used for modelling the
riser in this thesis. Parametric resonance in free-hanging ultra-deep sea risers was researched
by (Yang and Li, 2009). The work uses no measurement inputs or updating algorithm but
it is an interesting paper because it is one of the little papers which is about free-hanging
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marine risers. Like in (Kuiper and Metrikine, 2005), some of the modelling techniques used
can be usefull.
A study about deep-water drilling riser fatigue monitoring has been performed by (Li et al.,
2014) and deep-water drilling riser fatigue is described by (Xu et al., 2011). In the study
performed by (Li et al., 2014) acoustic positioning is used to monitor the fatigue of a riser
connecting from platform to well head. Sea trials are performed which confirm the results
from the model used. This work uses acoustic signals, if the acoustic system will work in
combination with noise generated by the Deep Sea Mining (DSM) system is unknown. Also
the time delay due to the maximum velocity of sound in water of about 1500m/s in a system
which reaches a depth of 5000 metres is expected to be too large.

Structural monitoring

Full size monitoring of structures is a technique often used for structural health monitoring
and is a common technique in many applications, ranging from subsea pipelines and risers to
aerospace composites. Several techniques are being used in these fields, fibre-optic monitoring
is popular in subsea and aerospace applications, inertial measurement units are often used
when monitoring large structures like bridges.
Fibre-optic monitoring techniques are described by (Brower et al., 2004; Jacques et al., 2010;
Clarke et al., 2011; Pipa et al., 2010) for subsea riser applications. The same technique is also
used in other applications like wind-turbine design (Pedrazzani et al., 2012). The technique
uses fibreglass cables over the full-length of the riser or wind-turbine that is being monitored.
These cables can either be attached to or encased in the housing of the system. The technique
of monitoring risers by fibre-optics is owned by multiple companies. Attaching equipment to
the riser over the full length of the riser is not an option, but using a similar technique over
small sections might be usable. Also this technique can be used to accurately obtain the
shape of the jumper that connects the clump-weight and the MSV.
Research using point-based measurement units, like inertial sensors, in subsea applications
has also been done, like the offline analysis of Vortex Induced Vibrations (VIV) by (Kaasen
et al., 2000). Results in on-line riser monitoring are found by (Karayaka et al., 2009), this
research focuses on stresses in the touchdown and hang-off region of the submerged riser.
Optimization of sensor placement in order to capture VIV response was done by (Natarajan
et al., 2006). These researches are about steel catenary risers, but usefull information about
the different measurement units that can be used is found.
Examples of non-subsea structural health monitoring are found in (Qing et al., 2012) for
an aerospace application and (Ko and Ni, 2005; Miao et al., 2013) about the monitoring of
large-scale bridges. In these works the placement of the sensors is carefully selected in order
to obtain accurate results. Also the monitoring models described in these papers do not have
to run in real time which makes it possible to create a computationally expensive model in
order to obtain accurate results. In (Miao et al., 2013) a technique called Operational Modal
Analysis (OMA) is used. This technique is used to obtain the frequency response of a system
with unknown input excitations. The obtained frequency response is then compared to the
frequency response function of the design model and then used to update the design of the
model so that the dynamic behaviour of the design model more accurately represent the real
system behaviour. This technique could be used to create a more accurate model of the VTS.
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Real time modelling

The constraint that the model has to be able to run in real-time appears to be a challenge.
There are tools that are able to simulate the behaviour of the VTS, Royal IHC for instance
uses an in-house developed tool named VIVID. This is a design-tool, built to take linear and
non-linear influences on the system into account and built to create simulations that are as
accurate as possible when compared to real world riser behaviour. This makes that the tool
requires a large amount of computational power. Even though design tools create relatively
accurate predictions of system behaviour, a model will never show identical behaviour to the
real world situation because of unknown external influences, or external influences not fully
accounted for in the simulation can have a lot of influence. Existing design-tools can be used
in order to create simulation data. Because the system has not yet been build or tested at the
moment there is no reference data to compare output to. A simulation in the time domain
created by a design tool can be used as ’real world’ input in the system.

Conclusion

Summarizing research has been found about position tracking, which is often done by com-
bining a model that can estimate system behaviour with measurements. The estimation from
the model and the measurements are then combined in a KF. Subsea position tracking is used
in situations where the object of interest, often an ROV, stays within a confined area where
its position can be referenced to an acoustic position measurement.No research on subsea
position tracking without position measurements was found.
Further is has been researched how a model of the free-hanging riser can be made that can
estimate the riser movements. It was found that this is often done in structural monitoring
applications. In multiple fields research is done about structural health monitoring but this
research focuses on damage detection and high frequency vibrations that cause fatigue. In
this field measurement techniques are used that can also be used to provide measurement
information about the riser. A system designed to capture the tip motion of a drill string
was found, but this system is designed to determine the offset to a specific location and not
to track the system over distances. Also in this system a subsea beacon is used.
Riser design tools do exist but they require a lot of computational power and lack the ability
to use real world input data. A system able to monitor the positions of an object moving
subsea in a large area, without position measurements and in real time is not found in current
literature.
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1-3 Research questions

Based on the problem analysis from the previous section a main research question can be
obtained which is defined as follows:

How can the position of the clump-weight of the VTS be monitored using limited
observation points?

This main question is accompanied by sub questions that structure the research and must be
answered in order to obtain a conclusion on the main question.

• What can be measured at the booster stations?
• How accurate is an approximate model compared to design tool data?
• How accurate can an approximate model combined with a Kalman filter track the
position of the tip of the riser?

The research questions are answered during the thesis and the results are discussed at the
end chapter of 7.

1-4 Approach

The aim of this research is to create a system that can track a real world VTS in real-
time. A model of the riser will be created that can be combined with measurements using
a Kalman filter. The model of the riser, referred to as approximate model, is created by
using a numerical method with known and unknown external influences. In order to keep the
required computing power and time low not all influenced are calculated, but depending on
their influence they are either estimated or neglected. At first a study has to be done about
the external and internal effects and their role in the dynamic behaviour of the system. This
will provide insight in what part of the system can be estimated, what can be assumed to
have a negligible effect or is important and has to be included properly.
Existing models used to create simulations take longer than real time to generate data. In
order to have a model that can run in real-time, the existing model needs to be simplified,
while keeping the monitoring accurate. An approximate model of the system runs faster but
with decreased accuracy, so a solution to the loss of accuracy has to be found. A solution is
sought in adding measurements to the system. The simplified model will be updated using
data measured at different points along the riser. This provides a calculated estimate of the
system which can combined with a measured estimation of how the system is moving. These
estimations are combined using a KF. Creating a simple model will be done using the finite
element method.
At the moment there is no measurement data about the system, because (full) scale riser
tests have not yet been done. To create measurement data that can serve as an input to
the KF, several simulations are run using a riser design tool to create reference data. The
data generated by these simulations is then processed so only data from the points on which
the real world system can measure is used. This data is then contaminated with noise which
resembles sensor influence.
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1-5 Thesis Layout

In chapter 2 an overview of different measurement units and their advantage and limitations
is given. The theory about the approximate model and the Kalman filter is explained. Also a
short description is given about the design tool used to create measurement data. In chapter 3
it is explained how the approximate model is build. Also the verification of the approximate
model is done in this chapter. Chapter 4 explains how the linear KF is implemented. It
is checked for stability and verified. In chapter 5 the sensitivities of the full system are
checked. The response to variations in process noise, varying measurement frequencies and
biased sensors is checked. After the sensitivities have been checked the system with a KF that
performs best is compared to the model results without a KF in chapter 6. In this chapter it
is also tried to improve on these results. Chapter 7 contains the conclusions and discussion,
in chapter 8 the final recommendations are found.
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Literature

In this chapter parameters and methods that are used in order to build the final system are
described. As a first options for measuring around the booster stations is looked at. Several
techniques are described and one or more suitable techniques are chosen. In the next section
the theory used to create a model of the riser and the parameters that make up the riser are
described. Also external exiting forces are accounted for. This is followed by a description of
the Kalman Filter (KF). In the last section a short description of techniques used by VIVID
to create a model is given so the approximate model theory can be compared to that of the
VIVID model.

2-1 Subsea measuring

At first acoustic positioning is reviewed, a technique commonly seen in subsea applications
(Tomczak, 2011). Measurement techniques using fibre-optics and inertial sensors are intro-
duced in section 2-1-2 and section2-1-3. Due to the large depths the visibility is extremely
limited which makes visual observation not an option. In the end a conclusion is drawn and
one or more techniques are chosen where the goal is monitoring the motions of the entire
Vertical Transport System (VTS).

2-1-1 Acoustic positioning

The first technique that is researched is acoustic underwater positioning. Underwater posi-
tioning techniques were developed in the 1950s, and are commonly found in offshore appli-
cations (International Marine Contractors Association, 2014). Since the 1950s the technique
has undergone a lot of technological changes, but the principle is still the same. A SOund
Navigation And Ranging (SONAR) transmitter sends out an acoustic pulse, often called a
’ping’. This pulse is reflected and received again by the transmitter. Based on the difference
in time between the transmitted and received pulse a range can be determined. Acoustic
signals are used because compared to other forms of radiation, sound travels best through
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water.
Acoustic positioning systems come in a few different forms, all with their advantages and
disadvantages. All of the systems have to deal with the depth and the surrounding noise
created by the booster stations. SONAR accuracy is goes down with an increase in range and
the signal quality is highly dependent on background noise (Yu et al., 2005).

Long baseline

The Long Baseline system (LBL) works by deploying multiple beacons or transponders in an
array which are set to transmit when triggered by a hydrophone (International Marine Con-
tractors Association, 2014). The positions of these transponders have to be calibrated. When
the range from at least three of the transponders to the hydrophone is known the position of
the hydrophone can be determined. When more transponders are deployed the position of the
hydrophone can be determined with a higher accuracy. With multiple hydrophones placed
along the length of the riser this system has the potential to provide accurate measurements
of the motions of points along the riser.

Downsides to this technique are that the field which has to be monitored is too large to be
covered by a small amount of transmitters and receivers. Distance between transponders
is limited to a few kilometres and with the Mining Support Vessel (MSV) sailing at about
1.8km/h it will be out of range within an hour. Setting up and calibrating many subsea
beacons is an expensive and time consuming job. Another downside is that the update
frequency of this system would be low, because sound travels trough seawater at a speed of
about 1500m/s position updating would take multiple seconds. Also the influence of the noise
created by the equipment makes it uncertain if reliable data can be obtained.

Short baseline

Short Baseline system (SBL) systems are different compared to LBL systems because they
don’t make use of fixed underwater transponders. The SBL system positions itself relative
to the position of the surface vessel (International Marine Contractors Association, 2014).
Through the hull two transducers are deployed with some tens of meters space between them.
Based on the range of the object relative to these transducers the location of an object can
be tracked. Just like the LBL this system could be used if on several points along the riser
transponders are placed. The positions of these transponders should then be determined by
a pulse. This system has the advantage that is easily deployed and the system travels with
the MSV.

Downside to this way of measuring is that all of the pulses travel almost parallel with the
VTS which generates a lot of noise potentially making the measurements unusable. Also due
to the motions of the riser, transducers could be temporarily blocked if they are on the inside
of a bend.

Ultra short baseline

The Ultra Short Baseline system (USBL) works in the same way as the SBL but it uses a short
single combines transmitter and hydrophone for receiving and generating pulses (International
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Marine Contractors Association, 2014). The transducer is installed through the hull of the
ship and provides a direction and a range of the observed system. This technique has been
investigated by (Li et al., 2014) for a drilling riser connected to the seabed.

Calibrating this system has to be done very careful and can take up a lot of time. Further it
is unknown what the influence of the noise generated by the entire deep sea mining system
on the accuracy will be. Also the low update frequency due to the limited speed of sound
through water makes the system less usable.

Global Positioning System (GPS) buoy

A way to measure the position of the clump weight using multiple transmitters is using GPS
buoys. These buoys can be placed away from the ship in an array like the LBL. But unlike this
system the transponders are not placed on the seabed but they are attached to buoys at the
sea surface. This makes it easier to position and reposition the buoys and they can keep track
of their position using GPS. The update frequency and the accuracy of the measurements
will still cause problems.

2-1-2 Fibre-optics

Another technique which is often used in structural monitoring systems is monitoring using
fibre-optics (Clarke et al., 2011; Jacques et al., 2010). Fibre-optics strain measuring can be
found in many applications, from aerospace (Qing et al., 2012) to subsea (Brower et al.,
2004; Glisic, 2013) applications. The technique works by placing a fibreglass cable onto the
subject which is being monitored or by encasing it in the structure (Pedrazzani et al., 2012).
Fibre-optic sensors can be placed at certain points of the riser, in a few short lengths. These
sensors can be used to measure strain and temperature. Positive about these sensors is that
they are corrosion resistant, immune to electromagnetic interference and can transmit data to
the MSV very fast. Feasibility of these fibre-optic sensors has been proven in full-scale tests
(Brower et al., 2004). Applying fibre-optic cables along the length of the riser is challenging
because the VTS is build up in multiple sections like a drillstring. This makes it hard to
attach the cables properly to the riser.

2-1-3 Inertial measurement units

An Inertial Measurement Unit (IMU) is a combination of accelerometers and gyroscopes which
is used to measure angular velocity and accelerations. These kind of sensors are used in a lot
of applications, ranging from submarines to your cellphone. Data from these devices can be
used to obtain information about accelerations and angles of the device. Multiple IMU’s can
be placed at the booster stations in order to track accelerations above and below the booster
stations.
A downside of an accelerometer is that it will start to drift over time, creating offsets of
hundreds of metres within minutes (Woodman, 2007), which is confirmed by tests in appendix
G. When integrating accelerations in order to determine the velocity and the position of
the system the sensors will not be able the accurately monitor the position for long. An
acceleration sensor will have to have a high accuracy and little noise, since accelerations in
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the system are expected to be low.
The most accurate accelerometers available to the market are those with navigational grade
specifications. Characteristics for the sensor used in this thesis can be found in table 2-1 or
in (Zwahlen et al., 2010). The noise standard deviation is added to the measured signals.

Parameter Value Unit
Input range (max) ±11.7 g

Accuracy standard deviation 1.7 µg/
√
Hz

Bias stability (24hrs) 0.1 mg

Table 2-1: Inertial measurement sensor characteristics

Temperature offsets are expected to be mitigated by temperature sensors so they will not be
of influence.

2-1-4 Angular sensors

An angular sensor is a sensor that can measure the angle at which an object is, starting from
a calibration point zero. One of the most accurate way to measure angle variations of by
using an optical gyroscope (Woodman, 2007). Even though an optical gyroscope measures
the angular velocity of an object it is assumed to be more accurate than pendulum sensors or
MicroElectro Mechanical Systems (MEMS) gyroscopes. In total thirteen angular sensors can
be used in the system, two at every booster station (one at the top and one at the bottom)
and one at the ship. The input rate and angular random walk of the sensor are found in
(Honeywell, 2016).

Parameter Value Unit
Input rate (max) 900 ◦/s
Accuracy standard deviation 0.0035 ◦

Angular random walk 0.0035 ◦/
√
hr

Table 2-2: Angular sensor characteristics

An assumption has been made for the accuracy standard deviation based on the gyroscope
its bias stability. Just like with the IMU described in the previous subsection temperature
fluctuations are expected to be of negligible influence if the temperature can be measured at
the gyroscope.

2-1-5 Current velocity meter

Another sensor that can be placed at the top and bottom of the booster stations are current
velocity meters. These meters measure the velocity of the current, relative to the velocity of
the riser at that point. When placing the meters it has to be taken into account that the
meters are not placed too close to the riser where the flow is disturbed.
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Parameter Value Unit
Input range 0.03 to 5 m/s
Accuracy standard deviation 1.5 %
Bias stability 0.03 m/s

Table 2-3: Flow sensor characteristics

Data for this meter from table 2-3 has been found in (Valeport, 2016). In the datasheet no
bias is mentioned so an assumption for the bias of the sensor has been made, based on the
input range.

2-2 Riser model

In this section the technique used to create the approximate model is described. Modelling in
sub sea conditions creates some effects that are not found on land. Apart from the decreased
ability to observe the behaviour of the VTS, effects that are negligible above sea level, like
viscous damping and added mass, have a large influence subsea.

2-2-1 Reference frame

The reference frame that is used throughout this thesis is seen in figure 2-1. All of the
displacements in x-direction and in z-direction are measured from the MSV. This means that
if a point along the riser has a deflection in x-direction of 100m, it is 100m behind the ship.
So if the riser at an arbitrary point is moving with a velocity of 0.1m/s in the x-direction,
this velocity is measured independent from the speed of the MSV.

Figure 2-1: Reference frame

The MSV itself has a sailing speed as well which introduces a variation in the flow introduced
on the riser. This would mean that the position x of the ship constantly varies. In order
to keep the position of the ship at x = 0, which simplifies simulations later on, the current
velocity is defined as the sailing speed of the ship combined with sea currents which are
assumed to flow in the opposite direction of the ship. So if the ship is sailing with a velocity
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of 0.5m/s and a current of 0.1m/s is present the current velocity is said to be 0.6m/s and
the ship velocity is set to 0m/s.

2-2-2 Beam theories

Because the VTS is modelled in two directions a Finite Element Method (FEM) technique has
to be implemented that can account for transverse motion and rotations. In FEM modelling
these kind of problems are most often solved by using beam structures. There are two
beam models which are commonly used, the Euler-Bernoulli beam and the Timoshenko beam
model. The main difference between these two methods is that the Timoshenko beam model
takes shear deformation into account and the Euler-Bernoulli beam does not. Deformation
of the Timoshenko beam is different to the deformation of the Euler-Bernoulli beam because
the imaginary line perpendicular to the center line, dotted red in figure 2-2, does not stay
perpendicular when the beam is subject to bending in the Timoshenko model. This is the
case with the Euler-Bernoulli beam as can be seen in the same figure.

Figure 2-2: Bending beam

Euler-Bernoulli beams are best in long and slender flexure dominated problems, Timoshenko
beams perform best in shear dominated problems. The VTS is seen as a long and slender
beam since its length is at many times larger than its diameter. Therefore motions of the
VTS are modelled using the Euler-Bernoulli beam model.

2-2-3 The Euler-Bernoulli beam

The beam equations used in this thesis have been derived in several textbooks on dynamics. In
this chapter a short recollection of the equations is given. The equations derived in this section
are the equations for a linear Euler-Bernoulli beam. More information on the derivation of
the equations of the Euler-Bernouilli beam are found in (Carrera et al., 2011).

Analytical beam

For a beam with a distributed load q the vertical balance of forces is given by equation 2-1.

ρA∆wδ
2w

δt2
= −V (z) + V (z + ∆z) + q∆z = dV + q∆z (2-1)
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Figure 2-3: Beam section δz

The balance of moments seen in figure 2-3 is described by equation 2-2

V = δM

δz
(2-2)

Equation 2-1 is divided by ∆z and after taking the limit ∆z → 0 and combining equations
2-1 and 2-2 the following equation is derived

ρA
δ2w

δt2
= δV

δz
+ q (2-3)

From the Euler-Bernoulli theory

M = −EI δ
2w

δz2 (2-4)

Combining these equation results in the standard equation, equation 2-5, for a non-tensioned
beam with a distributed load q(z, t). In this equation x is the beam deflection at a point
along the z-axis.

EI
δ4w

δz4 + ρA
δ2w

δt2
= q(z, t) (2-5)

2-2-4 Boundary conditions

In order to be able to solve the systems the boundary conditions of the system have to be
defined. The hangoff point of the VTS will be a gimball system which can be seen in 2-4.

The gimball system is commonly used in the offshore industry and allows the riser to rotate
at the connection point. Movement in the horizontal plane is not compensated for by the
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Figure 2-4: Riser hang-off gimball (solutions, 2016)

system, at the MSV the gimball allows the VTS to rotate. When defining the boundary
conditions it is assumed that there is an imposed movement at z = 0 and that the gimball
allows for enough rotation to assume the system is hinged at the top.
At the bottom of the VTS is the clump-weight and the flexible riser that attaches the VTS to
the Seafloor Mining Tool (SMT). It is assumed that the flexible riser does not influence the
movement of the clump-weight, because the weight of the flexible hose is small compared to
that of the clump-weight. Also the flexible riser takes the form of an s-bend which minimizes
the tension force between the SMT and the clump-weight. Therefore the tip of the VTS is
assumed to be free-hanging.

2-2-5 Added mass

When submerged the movements of the pipe will move the surrounding seawater as well. The
mass of the fluid displaced by the cylinder adds hydrodynamic inertia to the system and is
called added mass, written as ma. The formula for added mass on a submerged cylinder is
provided by (Kennard, 1967).

ma = ρsea
π

4 D
2
o (2-6)

In this equation ρsea is the density of seawater and Do is the outer diameter of the cylinder.
The added mass is measured in kg/m and is added to the mass matrix in the equations of
motion of the beam derived in section 2-2-3.

2-2-6 Damping

Damping is the rate at which energy dissipated from the system. Energy is dissipated by
external damping influences, like the viscous damping from the seawater surrounding the
VTS, but also from internal influences, this is called ’material damping’. The damping in
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a system is hard to estimate in a system, therefore techniques like Experimental Modal
Analysis (EMA) have been developed which are used to measure damping ratios at varying
frequencies. It is assumed that using material damping is sufficiently accurate and that its
effect will be barely noticed, since viscous damping in the system is expected to be dominant.

2-2-7 Tension force

Tension is a very important aspect in the system. The riser is tensioned by its own weight
and by the the clump weight at the end of the riser. Without tension, the hinged riser would
be start moving with very large amplitudes, like an untensioned string.
The tension force is added to the system as an extra stiffness term. Most of the tension in the
system comes from the weight of the steel of the riser, minus the buoyancy provided by the
water surrounding the water. Adding to the tension is the density of the slurry transported
in the pipe and the mass of the clump weight at the end of the riser. The tension force per
meter is calculated using equation 2-7.

T = Ast ∗ ρst +Ain ∗ ρsl −Ao ∗ ρsea (2-7)

The tension force is added to the beam equation as

EI
δ4w

δz4 + ρA
δ2w

δt2
= δ

(
T
δw (z, t)
δz

)
+ q(z, t) (2-8)

2-2-8 Drag force

Relative current along the length of the riser creates the largest forces on the riser. The
relative current is calculated by taking the velocity of the riser at a point along the riser and
adding the current velocity at that point. Over the length of the riser this force can vary,
since subsea currents can vary over the length of the riser. At the top of the VTS currents
are created by waves as well. The current velocity can be measured at the booster stations.

Morison equation

Morrison’s equation can be used in order to estimate the force exerted on the riser by the
velocity of the water relative to the velocity of the riser. The Morison equation gives the force
on a standing body in the direction of the flow as:

F drag = ρCmV u̇cu + 1
2ρCdAucu|ucu| (2-9)

In equation 2-9 F (t) is the drag force, ucu the velocity of the surrounding water and Cd and
Cm a dimensionless drag and inertia coefficient respectively. The equation can be divided
into an inertia force FI = ρCmV u̇cu and a drag force FD = 1

2ρCdAucu|ucu|. V is the displaced
volume of the riser and A is the projected area, the diameter times section length. The
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inertia force will only play a role at the surface where waves still contribute to the force on
the cylinder, which is on a relatively small part of the entire system. When moving down the
riser it is assumed the inertia force becomes negligible quickly.

Moving body

When the body that is being observed is moving as well the Morison equation is adjusted as
in equation 2-10

Fdrag = ρV u̇cu + ρCaV ˙ucu − ẅ + 1
2ρCdA (ucu − ẇ) |ucu − ẇ| (2-10)

This adjustment makes the drag force dependent of the relative velocity between the riser
and the water, where ẋ is the velocity of the riser. Values for the drag coefficient can be
derived by calculating the Reynolds number 2-11 and finding the appropriate Cd value for
this number (Journée and Masie, 2001).

Re = ucuD

ν
(2-11)

In table 2-4 the outside diameter of each section, and the outside diameter of the booster
stations can be found. ν is the kinematic viscosity of seawater and ucu the velocity of the
flow. When the VTS reaches a steady-state the mean relative flow velocity will be equal to
the velocity of the ship.
It is assumed that the flow velocity is constant at 0.5m/s and the seawater has have a uniform
temperature of 10 degC. From (Journée and Masie, 2001) it is found that flow is subcritical
around the different riser sections which gives a drag coefficient of Cd = 1.2.
The flow around booster stations becomes supercritical due to the increased diameter of the
booster stations, for the booster stations a drag coefficient of Cd = 0.62 is used.

2-2-9 Wave forces

The MSV will be sailing at open sea where it will encounter irregular waves. When a wave
current profile is assumed as described by wheeler stretching (Journée and Masie, 2001) the
current and inertia force induced by the waves on the motions only work on the top part of
the system. Motions induced by these forces at the tip of the VTS are be assumed to be
negligible. The waves do move the ship around, the gimball system can compensate pitch
and heave motions, but not surge motions caused by waves. Wave influences on the MSV
have been simplified to an imposed low frequency movement at the top of the VTS.

2-2-10 Vortex Induced Vibrations (VIV)

One of the effects submerged long and slender structures encounter are VIV. When asym-
metric vortices form around a cylinder moving this creates a lift force. These lift forces cause
the cylinder to shift in a direction perpendicular to the flow. VIV is a non-linear effect that
can significantly reduce the fatigue life of a system. It also influences the overall drag on the
system.
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Cross-flow VIV

Cross-flow VIV are vibrations that make the cylinder move perpendicular to the flow direc-
tion. The cross-flow motions are high-frequency, small amplitude vibrations. More detailed
information is found in (Blevins, 2001; Larsen).

In-line VIV

The in-line VIV is an effect is directly linked to the cross-flow VIV. Cross-flow vibrations
increase the drag, an effect that is known as drag amplification. The drag coefficient am-
plification factor can be measured or determined and can double or triple the normal drag
coefficient.
An empirical relation to describe the drag force amplification has been described by (Blevins,
2001). The amplification factor is determined based on a dimensionless parameter A/D, the
cross-flow vibration amplitude over riser diameter.
(De Wilde and Huijsmans, 2004) corrects for the drag amplification by relating the drag co-
efficient to the speed at which the cylinder moves through the water. The Reynolds numbers
from this experiment are in the subcritical regime, the same as the VTS riser sections. From
this experiment it is seen that the drag coefficient decreases when the towing speed increases.
The experienced drag with VIV can be up to three times higher than the drag experienced
without VIV, which implies that the drag force and the resulting motions are much more
extreme when VIVis included. Since VIV is a non-linear effect that is known to severely
increase required computational power it is not taken into account in the approximate model.

2-2-11 Booster stations

All booster stations will be equipped with two pumping stations. If the booster stations are
well designed the two pumping stations will be able to counteract each others torque. The
booster stations can also counteract the force that is created by the change of direction of
the slurry, so only a moment will remain as an added force. It is assumed that this moment
is negligible.

2-2-12 Slurry transport

Transporting a slurry existing from seawater, nodules and sediment to the MSV is what the
VTS is designed to do. The density of the slurry varies over time depending on the amount
and size of nodules present at the sea floor and the speed of the SMT. On average the density
of the slurry is 1200kg/m3, which is larger than the average density of seawater. Since
variation in density of the slurry are expected to occur slow (van Dort, 2016) it is assumed
these variations have little effect on the mass of the riser. Therefore the density of the slurry
is assumed constant and set at 1200kg/m3.

2-2-13 Marine Growth

Over time marine growth will appear on and influence the behaviour of the riser. Marine
growth is the growth of marine lifeforms on the VTS such as algeas and clams, which causes
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an increase in riser diameter and an increased surface roughness. The process of marine
growth is a very slow process and it is assumed that the growth of marine life does not occur
in the relatively short period that the system is simulated. If in the future the real world
deep sea mining system is operational and operating for days or weeks in a row the model will
need some mitigation strategies (for example increasing the drag coefficient Cd over time) to
account for this effect.

2-2-14 Finite element method

The riser sections are modelled numerically, which means the analytical equations have to be
spatially discretized. For the modelling method two techniques have been considered, either
the finite element method or the finite difference method can be used. In literature a lot is
written abut both the finite difference and the finite element methods. The finite element
method is more appropriate in this problem because of its greater geometric flexibility and
easier error analysis (Thomée, 2001).

2-3 Vertical transport system parameters

In this section all the parameters used to build the approximate model are described. The
data was provided by Royal IHC, unless specified otherwise.

2-3-1 Riser sections

The riser can be divided into six main sections, where each section begins and ends at a
booster station. All sections are numbered as in figure 2-5. Over the entire riser the inner
diameter remains constant, but the wall thickness and thus the outer diameter of the riser
varies per section.

Figure 2-5: Riser sections
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Per section the wall thickness remains constant and the wall thickness’s of the last two sections
are equal. In table 2-4 the different outside diameters of the riser sections are found. Booster
stations along the length of the riser are configured differently than regular riser sections, how
this is done is described in 2-3-2.

Section Length [m] Wall thickness [mm] Outer diameter [m]
Section 6 944 35 455.6
Section 5 944 25.4 436.4
Section 4 944 19.1 423.8
Section 3 944 13.5 412.6
Section 2 944 12.7 411.0
Section 1 278 12.7 411.0

Table 2-4: Riser section lengths

A lot is already known from the riser, this is common data like the density of the riser material
and the Young’s modulus of steel. All of the sections make use of the same type of steel of
which the properties are found in table 2-5.

Parameter Value Unit
Riser inner diameter 356 mm
Density of steel 7800 kg/m3

Slurry density 1200 kg/m3

Total riser length 5000 m
Young’s Modulus of steel 200 · 109 Pa

Table 2-5: Riser parameters

2-3-2 Booster stations

Along the length of the riser there are several pumping sections, called booster stations. Each
booster station contains a pair of pumps which transport the slurry harvested from the seabed
to the ship. A booster station section has a mass of 15 · 103kg and an increased diameter,
which like the length of each booster station can be found in table 2-6.

Section Length [m] Wall thickness [mm] Outer diameter [m]
Booster station 21.2 12.7 2.3

Table 2-6: Riser section lengths

The mass of the booster stations can be calculated, or measured by simply weighing the
booster station section on hang-off. Stiffness of the booster station is harder to determine,
but in time when they will have to be build this can be researched. It is assumed that the
stiffness of a booster station station section is equal to five times the stiffness of a regular
riser section of equal length.
The booster stations are equipped electric pumps so they receive power from the top of the
ship through an umbilical. This umbilical adds mass to the system and also increases the drag
force. Not much information on the umbilical is available yet. In riser simulations created by
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VIVID it is assumed that the umbilical adds a weight of five percent of the total riser weight
per meter to the riser. It is also assumed that the umbilical does not increase the drag force
in the system. The same assumptions about the umbilical are used in this thesis.
The infrastructure advantage makes the booster station an attractive place to put the mea-
surement equipment. At the top and at the bottom of each booster station measurement
equipment will be added.

2-4 The Kalman filter

The system consists of a structural dynamics model of the VTS which is combined with
data gathered from measurement points along the riser. A model can be used to simulate
the behaviour of a system by using the laws of physics. Even though the laws of physics
have been formulated many years ago, a model still is an approximation of the real world
system. (Heemink, 1991) While creating a model many things are estimated or simplified,
which creates uncertainty in the model.
The KF is a way to combine measurement data with data from the model, by using the
uncertainty in the data from both. The system is described by a difference equation 2-12.
In this equation Ad is the discrete prediction matrix which is used to calculate the new
system state and Bd is the discrete external influence matrix. zk are the measurements
done by the sensors along the VTS. Because these measurements will be contaminated with
noise, a stochastic white noise process wk is added to the observer states yk. Equation 2-
13 can be used to model the observer, where H is the matrix that relates the state to the
measurement.(Bishop and Welch, 2001)

xk = Ad xk−1 + Bd uk−1 + vk (2-12)

yk = Hxk + Duk + wk (2-13)

In these equations vk and wk are the process and measurement noise respectively. zk are
the measurements created by the system. The process noise is added to the inputs of the
approximate model to create an unknown effect in the original model, because unlike in the
real world for this system the model used to create measurements would be perfectly the
same as the model used to create state estimations later on. Both the process noise and
measurement noise are assumed to be Gaussian white noise processes (Bishop and Welch,
2001).

E{vk} = 0, E{wk} = 0 (2-14)

In the equation above E{vk} is the expected value of process noise vk, the same goes for
measurement noise wk. Of these process noises the covariance matrices are determined where
the process noise covariance matrix is defined as Q and the measurement covariance matrix
is defined by R. The covariance matrix is a diagonal matrix with on its diagonal the variance
of every sensor, which is equal to the squared standard deviation.
Now the KF equations can be divided into two parts, an a-priori and an a-posteriori step. x̂−k
is defined as the a-priori state estimate and x̂k the a-posteriori state estimate at time step
k. As a first the a-priori states and a-priori error covariance are determined in equation 2-15
and equation 2-16.
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x̂−k+1 = Ad x̂k + Bd ûk (2-15)

P−k = Ad Pk−1 AT
d +Q (2-16)

These equations make up the time prediction equations. How the initial error covariance is
obtained is explained later, at equation 2-22. Using the a-priori estimates of the states of the
system and the a-priori error covariance matrix the measurements can be introduced. In the
three following equations the measurements are combined with the state estimations in the
measurement update function. First the Kalman gain, Kk, is calculated

Kk = P−k HT

HP−k HT +R
(2-17)

The Kalman gain gives a weight to the measurements and the model estimations. When
a high gain is determined more weight is given to the measurement, a low gain gives more
weight to the model estimations. Using the gain, the estimations and the measurement the
updated states and updates error covariance are determined.

x̂k = x̂−k +Kk

(
zk −Hx̂−k

)
(2-18)

Pk = (I −KkH)P−k (2-19)

These states and error covariance are the final outputs and are used to calculate the next
estimation. The full scheme for the equations is seen in figure 2-6.

Figure 2-6: Kalman Filter block scheme. Source: (Bishop and Welch, 2001)

The error covariance and the Kalman gain go to a steady state when a linear filter without
varying covariance matrices is used. Residuals are calculated as the error between the actual
states of the system and the estimated states of the system.

e−k ≡ xk − x̂
−
k (2-20)

ek ≡ xk − x̂k (2-21)

The error covariance results from the error between the states estimated by the model and
the actual system states. The a-priori error covariance is calculated as follows

Master of Science Thesis Confidential S.C.W. de Jong



24 Literature

P−k = E{e−k e
−T
k } (2-22)

2-5 VIVID

In this section a short description on VIVID is provided. VIVID is a riser design tool, devel-
oped inhouse by Royal IHC, that is used to generate simulations that serve as measurement
data to the KF. After the approximate model is build the model is compared to simula-
tion data created by VIVID, this is done in section 3-4. This section is meant to compare
and highlight the differences between the approximate model and VIVID, so differences in
performance can be explained later on.

2-5-1 Finite element model

Just like the approximate model VIVID uses a finite element method to create a model of
the riser. Each section of the riser and each booster station is build up using Euler-Bernoulli
beam elements. A section of around 940 meters is build from 29 elements, a booster station
element with a length of 21.2 meters is build using 11 elements. All of the parameters, like
inner and outer diameters, material density and stiffness are the same in VIVID as well as in
the approximate model.
Contrary to the approximate model VIVID generates three dimensional motions. Also VIVID
is able to account for elongation, torsion and VIV.

2-5-2 Vortex induced vibrations

VIVID is able to include the effect of extra vibrations introduced by VIV. VIV is a non linear
effect that created vibrations in the riser, perpendicular to the flow that excites the riser.
These vibrations can result in an increased in-line drag force, described in 2-2-10. In VIVID
the effect of VIV is introduced using a wake oscillator model. For the full implementation of
this effect the reader is referred to the paper from (Ogink and Metrikine, 2010).

2-5-3 Effective tension

For the axial wall tension in the riser VIVID makes use of the effective tension. The effective
tension in a section is different from the true tension, which is a sum of the axial forces
in the riser and the slurry. Effective tension also takes the pressures inside the riser into
account and is calculated as the sum of the axial forces in the riser wall and content minus
the axial force in the displaced slurry. A more detailed description, including some examples
is found in (Sparks, 2012). VIVID also takes the pressure increase at the booster stations
and the pressure decrease with increasing height of the riser into account. These effects are
all neglected in the approximate model.
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2-5-4 Ordinary differential equation solver

For solving the Ordinary Differential Equation (ODE)s that make up the full system after
assembly a generalized alpha ODE solver scheme is used. The generalized alpha scheme is
a second-order implicit scheme, like the Newmark-beta method used to solve the ODEs for
the approximate model. For a more extensive read the derivation of the method is found in
books and papers, like (Erlicher et al., 2002).

2-6 Conclusion

Due to the large depth at which the system is operational and the large area in which it oper-
ates acoustical measurement techniques will not be used. Accelerometers, angle sensors and
water velocity are measured at the booster stations. The approximate model is built using
Euler-Bernouilli beams since it can be classified as a slender beam. To save on computational
power VIV is not included in the approximate model. The riser is modelled as a two dimen-
sional object. This can be done because none of the effects that are used in the approximate
model create motions in more than two dimensions when two dimensional inputs are used.
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Chapter 3

Approximate model

In this chapter the equations that make up the approximate model are derived. First a model
is created using discrete Euler-Bernouilli beams. This approach is then verified by comparing
the results to analytically obtained results and the sensitivity of the approximate model to
a variations in time step and element size are checked. Finally the simulations generated by
the approximate model and VIVID are compared.

3-1 Beam finite element model

In this section the mass and stiffness matrix are determined. The model of the Euler-Bernoulli
beam is discretized so it can be solved numerically. An added advantage to this is that element
lengths can be varied and booster stations and clump weight sections are easily added.

3-1-1 Discrete beam matrices

The equation of a transverse vibrating linear beam has to be discretized in time and space
so it can be solved numerically. The finite element derivation of the beam is the base of the
model of the free-hanging riser. In order to be able to model the behaviour of the beam the
infinite dimensional partial differential equation derived in section 2-2-3 is split into segments.
Creating a Finite Element Method (FEM) model is a way to approximate the solution of the
beam motions by assuming a solution in the form of a polynomial. The full description of
the FEM equations has been derived before, for instance in (Lienemann et al., 2004; Irvine,
2008, 2003), a description is given in this chapter.

Material stiffness

Each beam element has two nodes which can displace in the x and the z directions. These
motions are given by w(x, z) and v(x, z) which are the motions of the beam in x direction
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and z direction respectively. For the motion in the x direction assumption is made that it
only depends on the x coordinate, so w(x, z) = w(z). The motions in v directions are written
as v(x, z) = −x δw(z)

δz = −xθ where w′ = θ.
Setting up the FEM is started by determining the energy of an element with length dL using
the Lagrangian formulation, L = T−V. By using the Euler-Bernoulli theory the potential
energy V comes from bending and axial stresses. The potential energy is found as

V = 1
2

∫
V
σzzezzdV (3-1)

In this equation εzz is the axial strain in the z-direction and σzz the stress from bending.
Both of these can be written such that they can be related to motions of the beam, for the
axial strain

εzz = δv

δz
= −xδ

2w

δz2 = −xw′′ (3-2)

and

σxx = Eεzz = −Exd
2w

dz2 = −Exw′′ (3-3)

The term w′′ represents the curvature of the beam and is written as k ≈ w′′. As a final a
bending moment M is defined.

M =
∫
A
−xσ dz = E

d2w

dz2

∫
A
x2 dA = E Iyy k (3-4)

In this equation Izz is the inertia with respect to the bending axis, in this case the y axis.
Using these equations the internal energy of the beam can be expressed as a combination of
beam motions, this is done in equation 3-5.

V = 1
2

∫
V
σzzεzzdV = 1

2

∫ L

0
M k dz = 1

2

∫ L

0
E I k2dz = 1

2

∫ L

0
w′′E I w′′dz (3-5)

So now the beam motions over the beam length have to be determined. Determining the beam
motions is done by interpolating over the beam using the Hermitian cubic shape functions.
These functions relate the deflection of the beam to a dimensionless point ξ on the beam.
This point ξ is determined as ξ = 2z

dL − 1. The coordinate varies from ξ = −1 to ξ = 1 which
is at x = 0 and x = dL respectively. Each node has two Degrees Of Freedom (DOFs), the
deflection w and the rotation θ. The hermitian cubic shape functions relate the deflection of
a point on the beam to the deflections and rotations at the nodes as follows

w̄ =
[
Nw1 Nθ1 Nw2 Nθ2

] 
w1
θ1
w2
θ2

 = N v̄ (3-6)

The hermite shape functions for a beam element with length dLexpressed in general coordi-
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nates ξ are

Nw1 = 1
4(1− ξ)2(2 + ξ) (3-7)

Nθ1 = 1
8dL(1− ξ)2(1 + ξ) (3-8)

Nw2 = 1
4(1− ξ)2(2− ξ) (3-9)

Nθ2 = −1
8(1− ξ)2(1− ξ) (3-10)

Which in terms of curvature results in

d2w̄

dz2 = d2N
dz2 v̄ (3-11)

Now the potential energy for a full beam element is derived.

V = 1
2 v̄

TKmv̄ (3-12)

From this equation, and by combining 3-5 and 3-11 the stiffness matrix Km for an element
with length dL is obtained.

Km =
∫ l

0
N′′T E I N′′dz = 1

2 E I dL
∫ 1

−1
N′′TN′′dξ (3-13)

When all the term for N′′ are derived and integrated the matrix coordinates are written in
terms of z coordinates again. Combining results in the following stiffness matrix for a beam
element.

Km = EI

dL3


12 6dL −12 6dL
6h 4dL2 −6dL 2dL2

−12 −6dL 12 −6dL
6dL 2dL2 −6dL 4dL2

 (3-14)

3-1-2 Inertia

Next the inertia matrix, also referred to as mass matrix, is derived by determining the kinetic
energy of the system. The full kinetic energy of the system T is given by the following
equation.

T = 1
2

∫
V
ρ ˙̄wT ˙̄wdV (3-15)

By using the same cubic hermite shape functions as used to determine the stiffness matrix
the velocity ˙̄w is written in terms of nodal displacements as

˙̄w′′ = N′′ ˙̄v (3-16)

It is assumed that the mass is consistent over the entire length of the element. The mass
matrix M is rewritten in terms of the hermite shape functions. When equations 3-15 and
3-16 are combined the following equation for the kinetic energy is found

T = 1
2

˙̄vT
∫
V
ρNT N dV ˙̄v = 1

2
˙̄vT M ˙̄v (3-17)
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So that
M =

∫
V
ρNT N dV =

∫ l

0
ρANT N dz (3-18)

When the hermite shape functions in this equation are integrated a consistent mass matrix
M is derived as

M = mc

420


156 22dL 54 −13dL

22dL 4dL2 13dL −3dL2

54 13dL 156 −22dL
−13dL −3dL2 −22dL 4dL2

 (3-19)

In this equation mc = ρAdL is the mass of an element. For the full system this term is
expanded to include terms for added mass, slurry transported by the system and mass added
at booster stations and at the clump weight. So the full term mc is found as

mc = ρstAdL+ma + ρslAin dL+mb +mcl (3-20)

Where mb is the added mass of a booster station over the element length and mcl is the added
mass of the clump weight over an element length. When the element that in question is not
a booster station or the clump weight these terms are equal to zero for that element.

Geometrical stiffness

Adding a tension term to the discrete beam is done in the same way as the stiffness and the
inertia matrix are determined, by looking at its potential energy. The tension force in the
system is fully created by the mass of the system, so at the bottom side of the clump weight
the tension force is equal to zero. Over each element the tension force is assumed constant.
In order to implement the tension force T the resulting strain from the force is expressed in
terms of displacement as follows. Assume a compressive force works on the ends of the beam.
This force creates a deflection in the z direction, dv. Because the beam is compressed it also
deflects to the side a, so it deflects in the direction of the x axis with a deflection of dw. The
strain equations for deflections, only taking into account the x-direction for deflection is

εzz = dv + 1
2

(
dw

dz

)2
(3-21)

This deflection in the x-direction is assumed to be the main contribution to the total axial
strain εzz, so dv = 0. Now the potential energy introduced by the tension force is found as

V =
∫ d

0
LT εzz dz = 1

2 T
∫ d

0
L

(
dw

dz

)2
dz (3-22)

The potential energy can be rewritten to include the hermite cubic shape functions. The
hermite shape function are introduced by

dw̄

dz
= N′ v̄ (3-23)

By combining equations 3-22 and 3-23 the expression for the internal energy becomes

V = 1
2 T v̄

∫ d

0
LN′T N′ dzv̄ (3-24)
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From this equation the geometric stiffness matrix Kp is derived as

Kp = T

∫ d

0
LN′T N′ dz (3-25)

When the cubic hermite shape functions are differentiated the equation is written in full
matrix form as

Kp = T

30dL


36 3dL −36 3dL

3dL 4dL2 −3dL −dL2

−36 −3dL 36 −3dL
3dL −dL2 −3dL 4dL2

 (3-26)

The material stiffness matrix and the geometrical stiffness matrix are combined as K =
Km + Kp

3-1-3 Damping matrix

The damping matrix is constructed from two different principles. At first there is material
damping in the system which can be modelled using Rayleigh damping. Next to this the
seawater surrounding the riser will create viscous damping.

Material damping

The internal structural damping in the system is modelled using a method known as Rayleigh
damping. The matrix is modelled as a combination of the mass and stiffness matrix as in
equation 3-27.

[C] = αd [K] + βd [M] (3-27)
The damping ratio takes the form of

ζ = αd
2 ∗ ωi

+ βd ωi
2 (3-28)

For ζ the following values are used, ζ1 = ζ2 = 0.002 (Bachmann et al., 1995). The values for
αd and βd are found by solving the equations

αd = 2 ∗ ω1 ω2(ζ1 ω2 − ζ2 ω1)
ω2

2 − ω2
1

(3-29)

βd = 2 ∗ (ζ2 ω2 − ζ1 ω1)
ω2

2 − ω2
1

(3-30)

For ω1 and ω2 the first and second natural frequency of the system are used.

Viscous damping

Because the riser is submerged it experiences a lot of drag. The drag force can be calculated
using equation 2-10 which is the Morison equation for a body moving through water. All
of the velocities are relative to the velocity of the ship, so (ucu − ẇ) |ucu − ẇ| is the squared
relative velocity of the water compared to the ship velocity. The part of the drag force that
is considered as viscous damping is the part directly related to the speed of the riser relative
to the ship, ẇ.
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32 Approximate model

3-1-4 External force matrix

The external forcing matrix F (t) is build up from several (in)dependent forces that act on
the system. These forces have been combined and form the final building block of the FEM
model.

Drag force

The drag force is calculated by the Morison equation explained in subsection 2-2-8. In order
to implement the drag force in the matrices of the system the drag force is calculated per
meter, which is done by equation 3-31. This is the same equation as the Morison equation
described before, but without the inertia terms.

Fdrag = 1
2ρCdDout (u− v) |u− v| (3-31)

The drag force per meter is added to the matrix system as a point force on every node. The
point force at a node is calculated as

Force from boundary conditions

The imposed movement boundary condition described in subsection 2-2-4 is implemented as
one of the external forces. While the other three boundary conditions allow free movement
which doesn’t affect the way the FEM model is build, the imposed movement means adjust-
ments have to be made.
A vector xw is introduced which is the combination of the deflections in the x direction and

the rotation such that xwi =
[
wi
θi

]
at a specified node i. The system from equation 3-36

can be written as a system with free DOFs xw and non-free DOFs xw̄. Non-free, or imposed
DOFs are the ship relative displacement xw̄, velocity ẋw̄ and acceleration ẍw̄. Using this the
following equation can be derived[

Mw̄w Mw̄w

Mww̄ Mww

] [
ẍw̄
ẍw

]
+
[

Cw̄w Cw̄w

Cww̄ Cww

] [
ẋw̄
ẋw

]
+
[

Kw̄w Kw̄w

Kww̄ Kww

] [
xw̄
xw

]
=
[
R(t)
F (t)

]
(3-32)

In which Mw̄w is a constant, Mw̄w and Mww̄ are vectors of size 1 × n − 1 and n − 1 × 1
respectively, where n is the amount of DOFs. Following from this Muu is a matrix with
dimensions n−1×n−1. The same sizes go for C and K. In the equation R(t) is the reaction
that works horizontally at the top of the riser and F (t) is the distributed force introduced by
the relative velocity between the current and the riser along the riser. The system is rewritten
so that the reaction forces is excluded.[

Mww̄ Mww

] [ ẍw̄
ẍw

]
+
[

Cwū Cww

] [ ẋw̄
ẋw

]
+
[

Kuw̄ Kww

] [ xw̄
xw

]
= F (t) (3-33)

This system can be divided into at the left hand side the resulting equations of motions and
at the right hand side the input forces from relative current and imposed motions.

Mwwẍw + Cwwẋw + Kwwxw = F (t)−Mww̄ẍw̄ −Cww̄ẋw̄ −Kww̄xw̄ (3-34)
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In order to solve the equation of motion the entire system is divided by Mww.

Combined

The drag force and the force from the boundary condition form the following term in which
F (t) is the non-linear drag force.

Ftot = F (t)/Mww −
[

Mww̄/Mww Cww̄/Mww Kww̄/Mww

]  ẍw̄
ẋw̄
xw̄

 (3-35)

3-1-5 Matrix assembly

Combined the system equation of motion can be written as

Mẍ(t) + Cẋ(t) + (Km + Kp)x(t) = Ftot(t) (3-36)

3-2 Verification

The model now has to be verified. This is done by comparing steady-state solutions and the
natural frequencies of various configurations of the FEM model to analytical solutions and
an experimental setup.

3-2-1 Static

To verify the static behaviour of the FEM model two cases have been researched. Case one
is a model of a beam, clamped at the left end free-hanging at the right, case two is a beam
hinged at both ends with a varying distributed load. Both of the cases can be solved with
equations found in standard mechanics textbooks like (Hibbeler, 2011), which was used in
order to solve these two cases. Because solving beam equations like the two following cases
is common in mechanical engineering, only the final equations and the beam characteristics
are given. The background of the equations used can be found in (Hibbeler, 2011).
In both of the cases the solution for the FEM model has been found by running the model
with the case specific constraints and loads. The simulation is said to have reached a steady-
state when the deflection at the point where maximum deflection occurs varies with less
than 1 · 10−10m per time step of 0.02s. This size of time step is chosen based on the first
natural frequencies of the systems, 0.56Hz for the clamped-free beam and 1.17Hz for the
hinged-hinged beam. The chosen sampling frequency of 50Hz is higher than the first natural
frequencies of the system, which accompanies the deflection shape of interest.
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Clamped-free beam with point load

The first case consists of a hollow cylinder build up from two sections, both with the same
internal diameter, but with a different external diameter. At the tip of the cylinder there is
a force working downwards. A drawing of the deflected cylinder can be seen in figure 3-1.
Characteristics of the cylinder can be found in table 3-1.

Parameter Value Unit
Cylinder outer diameter A 0.39 m
Cylinder outer diameter B 0.37 m
Cylinder inner diameter 0.35 m
Cylinder length section A 15 m
Cylinder length section B 15 m
Young’s Modulus of steel 200e9 Pa
Density of steel 7850 kg/m3

Constant tip force 10e3 N

Table 3-1: Clamped-free cylinder and load characteristics

The deflection of a clamped-free cylinder with a point-load at the tip, where the deflection is
largest, is given by equation 3-37.

wmax = Ftip
3EIA

∗
〈(

1− IA
IB

)
∗ l3 − L3

〉
(3-37)

In equation 3-37 the point along the cylinder where the outer diameter changes is given by l,
which is equal to the length of cylinder section A. The total length of the cylinder is given by
L. IA is the inertia of the left part of the cylinder, blue in figure 3-1, IB is the inertia of the
right part of the cylinder, red in figure 3-1. The inertia is calculated by equation 3-38.

I = π

64 ∗
(
D4
o −D4

in

)
(3-38)

When the values from table 3-1 are used in equation 3-37 a tip deflection of 1.256m is found,
which is equal to the steady-state deflection of the tip of the FEM model.

Hinged-hinged beam with distributed load

The second case consists of a hinged-hinged hollow cylinder. The cylinder has a uniform inner
and outer diameter, mass and inertia. It is loaded by a distributed load, which is constant
over the length of the beam and is equal to the load of a current flowing at 0.5m/s. Current
force is calculated by the Morison equation explained in subsection 2-2-8. Characteristics of
the cylinder and the distributed load can be found in table 3-2.

Just like in the previous case the equation for the maximum deflection of a hinged-hinged
beam can be easily found in textbooks like (Hibbeler, 2011). Therefore only the formula for
the maximum deflection of the beam is explained. The maximum deflection of the cylinder
is given by equation 3-39.
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Figure 3-1: Clamped-free Euler-Bernoulli beam

Parameter Value Unit
Cylinder outer diameter 0.39 m
Cylinder inner diameter 0.35 m
Cylinder length 30 m
Young’s Modulus of steel 200e9 Pa
Density of steel 7850 kg/m3

Distributed load 119.93 N/m

Table 3-2: Hinged-hinged cylinder and load characteristics

umax = 5 ∗ Fdistrb ∗ L4

384 ∗ E ∗ I (3-39)

In this equation Fdistrb is the distributed load, L the total cylinder length, E the young’s
modulus of steel and I the inertia as calculated by 3-38. When the FEM model has reached
a steady state its deflection is plotted as figure 3-2. At the center of the cylinder is the
largest deflection occurs, which is calculated to be 0.015m by the FEM model. The analytical
solution, equation 3-39, leads to the same result.

3-2-2 Dynamic

Next to the static solutions also the dynamics of the system have to be checked. This has
been done partially by the static analysis in the previous subsection, where the FEM model
reached a steady-state equal to the analytical solutions. To expand the verification the natural
frequencies of the system are checked for two cases.
For the first case the natural frequencies of a clamped-free beam are extracted from the
FEM model and compared to an analytical solution. The results are found in appendix B.
In the second case the natural frequencies of a tensioned hinged-free beam are compared to
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Figure 3-2: Hinged-hinged Euler-Bernoulli beam

an analytical solution. The analytical solution from the second case has been validated by
experiments which found in (Currie and Cleghorn, 1988).

Natural frequencies of a clamped-clamped tensioned beam with concentrated mass

In this last case the FEM model will be compared to a study done by (Currie and Cleghorn,
1988). In this paper a beam that is clamped at both ends is exited in order to measure its
first natural frequency. At the center of the beam there is a concentrated mass. The first
natural frequency was calculated analytically. It is interesting to compare the FEM model to
this case, because its calculated results have been validated by experiments.
To calculate the first natural frequency the symmetry of the beam has been used. This way
a beam can be modelled that is half the length of the beam of the experiment and is clamped
at one end and free at the other end. At the free end of the beam is the concentrated mass.
The full derivation of the analytical solution can be found in (Currie and Cleghorn, 1988).
Calculating the natural frequencies of the tensioned beam is quite comparable to those of the
non-tensioned beam from the previous case. The tensioned beam has been used, the same as
equation 2-8, in which the distributed load q(z, t) was set to zero. At the clamped left-hand
side the boundary conditions from equation B-2 applies. The boundary equation at the right
hand side, at z = L, with the concentrated mass is given by equations 3-40 and 3-41.

dw

dz

∣∣∣∣
z=L

= 0 (3-40)

2 EI d
3w

dz3

∣∣∣∣∣
z=L

+Mω2z(L) = 0 (3-41)

In this equation M is the non-dimensionalized mass variable. The general solution (Currie
and Cleghorn, 1988) can now be written as
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W (z) = A sinh (α z) + B cosh (α z) + C sin (β z) + D cos (β z) (3-42)

And α and β are solved to be

α =
√√

T 2 + ωd2 + T (3-43)

β =
√√

T 2 + ωd2 − T (3-44)

In these equations T and ω are the non-dimensionalized tension and frequency terms. Using
the general solution 3-42 and the boundary conditions B-2 and 3-40, B, C and D can be
calculated. When B, C and D are then substituted into boundary equation 3-41 the following
equation can be found.

(
α2 + β2

)
αβ (α sinh (α) cos (β) + β cosh (α) sin (β))

−Mωd
2[2αβ (1− cos (α) cos (β)) +

(
α2 − β2

)
sinh (α) sin (β)] = 0 (3-45)

Using equation 3-45 the system can be iteratively solved to find the dimensionless value for
ωd, which can then be used to find the natural frequencies of the system. Solving is done by
guessing a value for ωd, using this guess and the dimensionless tension new values for α and
β can be calculated which can then be used in equation 3-45. When plotting this equation
and a line at y = 0 is can be seen that there are an infinite amount of solutions, which means
there are an infinite number of natural frequencies which is to be expected in a continuous
system.
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Figure 3-3: Visualisation of equation 3-45
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Like in (Currie and Cleghorn, 1988) the FEM model has been build up as a clamped-clamped
beam with a point mass in the center. This is the setup on which the analytical solution is
based and of which the validity is proven in the paper.
Unlike in the paper, in this case multiple natural frequencies have been compared of one same
system, where the first natural frequency is determined in multiple configurations. This has
been done in order to check the validity of the model in higher modes.
When comparing this way it has to be kept in mind that extra modes will appear in the
FEM model. From the modeshapes of the beam in figure 3-4 and figure 3-5 it can be seen
that the first three modeshapes of the clamped-free beam take the same shape as modeshape
one, three and five of the clamped-clamped beam. This is because in the FEM model the
concentrated mass is able to rotate, which has been constrained in the analytical solution.
While checking the results of this particular case this has to be kept in mind.
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Figure 3-4: Modeshapes of a clamped-free
beam with concentrated load
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Figure 3-5: Modeshapes of a clamped-
clamped beam with concentrated load

The natural frequencies of the FEM model for a tensioned beam can be calculated the same
way as for the first case with the beam without tension, by calculating the determinant of
equation B-17.
A comparison of the analytically derived natural frequencies and the natural frequencies
derived from the FEM model can be found in table 3-3. In this particular case the same
beam has been used as in the previous cases of which characteristics can be found in table
3-2, without the distributed load. A concentrated mass of 750kg and a constant tension of
73.6kN was used. The beam was split into elements with 3m length, except for the clump
weight which was given a length of 0.1m. As explained before in this section, only the uneven
modes of the FEM model can be compared to the analytical solution.

From table B-1 it can be seen that, just like in the case of the clamped-free beam without a
concentrated mass, the difference between the analytical model and the FEM model increases
when the investigated mode increases. The difference stays relatively small and because the
lowest modes contribute the most to the movements of the system the higher modes of the
system are of less importance. It has to be kept in mind that simulating the full system
becomes less accurate with increasing modes.
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Mode Analytic [ω] Mode FEM [ω] Difference [%]
1 2.61 1 2.61 0.15
2 18.43 3 18.46 0.17
3 48.03 5 48.12 0.19
4 92.31 7 92.55 0.27
5 151.25 9 151.90 0.43
6 224.89 11 226.55 0.74
7 313.23 13 317.10 1.23

Table 3-3: Natural frequencies of a tensioned beam with concentrated mass solved both analyt-
ically and numerically

3-3 Approximate model sensitivities

After the approximate model setup is validated in the previous section, its sensitivity to
different time steps and element sizes is checked.

3-3-1 Time step

As found in appendix A, a simulation frequency is suitable when it is higher than the highest
natural frequency of interest. The low frequency natural frequencies of the Vertical Transport
System (VTS) are of interest since these make up the large amplitude motions of the system.
For the free-hanging riser it is now assumed that up to the sixth modeshape motions are
created that add significantly to the total motions of the riser. The sixth modeshape is a
modeshape with 5 nodes, and it is assumed that each booster station functions as a node.
The sixth mode of the system has a natural frequency of 0.04Hz which allows for a large
sampling time.
When determining a sampling time also the frequency of the input to the system should
be determined. This can only be done by trial, since the input force is dependent on the
velocity of the riser. In order to do this a sampling frequency of 100Hz is used. With the
system sampled at 100Hz the output force is observed in the frequency domain by taking
a fast fourier transform of the signal using the ’fft’ function in Matlab. The largest exiting
frequency introduced by the force lies at 1.2Hz, so a sampling frequency larger than that
should be used.
In table 3-4 the tip deflection after a simulation time of 3000s is shown. The duration of this
simulation is chosen because at this point the system comes close to a steady-state, a state
in which the tip of the system is at a standstill. A full standstill is not reached because the
system is still exited by waves, but the average speed of the tip of the VTS is below 0.01m/s.
This state is not reached at exactly 3000s but a few hundred seconds before, the choice for
3000s is just the effect of rounding off the exact time to a later point in time.

It is seen that varying the sampling frequency has a negligible effect, therefore a sampling
frequency of 20Hz is used throughout this thesis.
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Sampling frequency Maximum offset [m]
10Hz 122.4347
20Hz 124.4348
50Hz 122.4348

Table 3-4: Total tip deflection with varying time step size

3-3-2 Element size

The size of the elements, dL in this chapter, that make up the riser can be varied for the
entire riser. Using shorter elements, and thus more elements to build up the model creates
a more accurate model. While choosing the element size it has to be kept in mind that the
Euler-Bernouilli beam theory is meant for thin beams, with a beam length larger than the
beam thickness. As a rule of thumb a beam is categorized as slim when it has a length over
thickness ratio of at least 20. It will take more time to use this model in a simulation since
increasing the amount of elements increases the amount of nodes, or DOFs, and with that
the size of the model. For each section a maximum element size is set which determines the
actual size of the element, since each section has a predefined length. Each booster station is
modelled as one element, since these are shorter and more stiff than the riser section elements
and are therefore expected to add less deflection to the total system.
In order to test the effect of the element length of the beam on the total deflection the element
sizes which make up the riser sections are varied. The shortest element used has a length of
24.6m which easily fulfils the beam length over beam thickness ratio of 20. In table 3-5 the
tip deflection after a simulation time of 3000s is shown.

Average element size DOFs Maximum offset [m]
24.6m 408 120.8
49.1m 216 121.4
93.3m 120 122.4
186.7m 68 124.7
466.7m 36 132.1

Table 3-5: Total tip deflection while varying element lengths per section

At 3000s a difference of several metres is found when comparing offsets, with increasing offsets
when element lengths increase. The offset of the approximate model varies with the amount
of elements that is used per section. It is expected that a model using element lengths up to
100m is suitable for use.

3-4 Comparison to VIVID

Now the approximate model is verified and its sensitivity to time step and element size
variations have been tested it is compared to VIVID. Comparing the systems was done by
running a simulation exited by a constant current of 0.5m/s, for 3000s. This type of simulation
was again chosen because for the major part of the time the Mining Support Vessel (MSV)
will be sailing at a constant speed. In this section the overall shape, the deflection and the
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3-4 Comparison to VIVID 41

speed at the tip are compared to a simulation created by VIVID where one simulations is
with Vortex Induced Vibrations (VIV) and the other without VIV. At last the total tension
in the system and the natural frequencies of the systems are compared.

3-4-1 Setup

To create simulation data a continuous model is used, build up as described in this chapter.
Each riser section is divided into elements with a maximum length of 100m and the booster
stations are modelled using one element. This way a system with 60 nodes is created, with 2
DOFs per node. A time step of 0.05s is used and the continuous model equations are solved
using a Newmark-beta method, described in appendix A.

3-4-2 Deflections

As a first the deflections at every node at steady-state, using the term steady-state described
in the previous section, are compared in figure 3-6. The ’jumps’ in the deflection are caused
by the booster stations, which have a smaller length than the rest of the elements.
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Figure 3-6: Riser deflection per node at t = 3000s

The approximate model and the VIVID model without VIV are close when it comes to total
deflection. The VIVID simulation that does include the effect of VIV has a total deflection
that is much bigger. This is explained by the in-line effect of the VIV which causes an
increased drag force. All three simulations take a same shape, where the influence of the
clump weight at the tip of the riser is clear.

From figures 3-7 and 3-7 it is again seen that the models show similar behaviour. Both
simulations generated by VIVID obtain a larger velocity at start-up, in all three it is seen
that the velocity of the tip increases in a short when the ship velocity is set to 0.5m/s and
settles again. For the approximate model and the VIVID simulation without VIV an offset
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Figure 3-7: VTS tip deflection over time
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Figure 3-8: VTS tip speed over time

of 3.6m which is 3.0% of the total offset of simulation done by VIVID. In a previous section
it is shown that this offset is be decreased when more elements are used to set up the system.
The effect of the VIV is clearly visible in both the tip deflection as well as the tip velocity. At
the tip the deflection with VIV increases to 174.1m, which is an increase of 55.3m or 46.5%
compared to the simulation without VIV. The velocity at the tip of the system does not
converge, but varies with an amplitude of about 0.1m/s. It can be seen that the amplitude of
this motion increases when the velocity of the tip decreases, which is when the relative flow
velocity increases.

3-4-3 Tension

The tension in the VTS is visualized in figure 3-9. It is seen that a large part of the tension
is created by the clump weight at the last node. The angle of the tension force line is larger
at the top of the system, this is because the riser wall thickness is larger at the ship. The
approximate model uses a larger value for the tension force than VIVID.
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Figure 3-9: Tension in VIVID and approximate model

The error between the tension forces appears to start at the clump weight and slowly increases
with the length of the riser. At the top of the system the error has increased and has reached
a value of almost 720kN . Compared to the total tension force in the top of the VIVID model
this is 6.19% of the total force.
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3-4-4 Natural Frequencies

At last the natural frequencies in both systems are compared. VIV does not influence the
natural frequencies of the model, since this is an external effect and not a property of the
system. The natural frequencies of the approximate model and the VIVID model are found
in table 3-6.

Mode VIVID [rad/s] Approximate model [rad/s] Difference [%]
1 0.034 0.031 9.52
2 0.081 0.074 8.73
3 0.131 0.121 7.38
4 0.183 0.172 5.92
5 0.235 0.214 9.00
6 0.287 0.257 10.33
7 0.342 0.323 5.50

Table 3-6: Natural frequencies from VIVID compared to approximate model natural frequencies

The natural frequencies of the systems are in the same order of magnitude and they are
all in the same order of magnitude, with large natural periods. Differences in the natural
frequencies vary around 9%. Differences in the natural frequencies can be explained by the
difference in tension in the system. The tension creates an addition to the stiffness matrix
and the natural frequencies of the system are derived from the mass and the stiffness matrix
of the system.

3-5 Conclusions

Conclusions on the approximate model verification and how it compares to VIVID are found
over here.

Verification

For the verification is can be seen that the FEM model is accurate for the static case. In the
dynamic parts of the verification the model also performs well. It is seen that there are errors
and they increase with increasing modes, but since lower modes are of most interest this
should not be a problem. The model is not designed to be perfect, but to be an approximate
model and the verification shows that it can approximate the analytical solutions. If the
approximation is good enough for the Kalman Filter (KF), described in section 2-4, to work
properly will be investigated in the next chapter.

Comparison to VIVID

The model behaviour is comparable to the simulations run by the design tool. The difference
in tension force is explained because VIVID makes use of the effective tension, which was
described in section 2-5-3. Whether this effect fully explains the differences between the
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tension forces cannot be checked, it is recommended to do this in the future.
The natural frequencies differ as well which indicates that there are differences between the
stiffness matrix and the mass matrix. Since there is a difference in tension, this can be
explained because tension is added geometric stiffness. The natural frequencies of a system
depend on the full stiffness matrix and the mass matrix, therefore the difference in the natural
frequencies can at least partly be explained by the offset tension.
Since the approximate model results are verified it is assumed this model is correct. Differences
in results from the approximate model and VIVID are because VIVID contains effects that
are assumed negligible in the approximate model. The fact that the two models differ is seen
as an opportunity, because in a real world situation it is very likely that there are differences
between the simulated system and the measured system as well.
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Chapter 4

Implementation of Kalman Filter

This chapter shows how the Kalman Filter (KF) is combined with the Finite Element Method
(FEM) model derived in the previous chapter. The system is written to a steady-state form,
discretized and expanded to include force as a system state and the observability, controlla-
bility and detectability of the system are checked. At last the obtained filtering equations are
validated by comparing them to verified results.

4-1 Kalman filter states

In this section it is described how the filter is implemented and combined with the approximate
model described in chapter 3. For the regular filter to work the equations of motion that make
up the FEM model are rewritten to state-space and then discretized. When a discrete state-
space model is obtained the KF is implemented as described in chapter 2.

4-1-1 State-space representation

To implement the KF, the system from equation 3-36 is rewritten in a state-space represen-
tation (Åström and Murray, 2008). This way the system is build up from only first-order
differential equations which makes it possible to discretize the system later on. In this equa-
tion the matrices are the used that were derived in chapter 3.

ẍw = −C/Mẋw −K/Mxw + F/M (4-1)

The system obtained is written to state-space by using the following equations where x̄ is the
state-space representation of the deflections and rotations in x-direction.

x̄ =
[
x1
x2

]
=
[
xw
ẋw

]
(4-2)
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46 Implementation of Kalman Filter

The equation of motion, equation 4-1, is then written to state space after which a continuous
time-invariant system is found. An observer is introduced and written in state-space as well.
The observer transform the states from the continuous system to the angles and accelerations
of the system as an output. The system is written as.

[ ˙̄x
]

=
[

0 I
−K/M −C/M

]
[x̄] + B

[
ū
]

+
[
vk
]

(4-3)

ŷ =
[

I 0
−K/M −C/M

]
[x̄] + D

[
ū
]

+
[
wk

]
(4-4)

In this system I is the identity matrix. In accordance with the KF equations used in chapter
2, the resulting observer update matrix is written as H. The system update matrix is written
as A.

4-1-2 Discrete state-space representation

Contrary to the KF described in section 2-4, in this section a continuous system is described.
To implement this system in the KF equations the system has to rewritten to a discrete
system. Discretizing the system is done by using the Matlab function ’c2d’, which rewrites
the system to

[
x̂k+1
˙̂xk+1

]
=
[

Φ
] [ x̂k

˙̂xk

]
+ Ψ

[
uk

]
+
[
vk
]

(4-5)

In this equation Φ and Ψ are the discrete state-space update matrices. The observer relates
the states of the system to the measurement states and therefore no alterations need to be
made to the observer. With discrete inputs the observer is written as

yk =
[

H
] [ x̂k

˙̂xk

]
+ D

[
ūk

]
+
[
wk

]
(4-6)

Time step sensitivity

After the system is discretized the effect of the discretization step size on the system accuracy
is observed. The discrete system is run for a simulation time of 3000s and compared to
the continuous system which is build up using 59 elements and simulated at a timestep of
0.05s. Three different time steps are used for the discrete system, being 0.1s, 0.05s and
0.02s. Comparing the systems at an equal time step of 0.05s gives insight in the effect of the
discretization on the system. Discretizing the system at a smaller and larger time step shows
the effect of the time step size on the system.

A comparison between the first five second and last five second of the simulations of the
systems is seen in figure 4-1. Only the first and last five seconds are displayed. The first five
seconds are interesting to observe because in this timespan the largest variations in motions
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Figure 4-1: Discrete system at varying time step

are seen. In the last five second the behaviour at steady state is observed. In the first five
seconds hardly no offset is seen and in the last five seconds offset is impossible to distinguish
as well. Over the entire simulation the offset remains very small, the maximum offset values
are found in table 4-1. In this table also the Root Mean Square Error (RMSE) is calculated
of each discrete system compared to the continuous system. The squared error used in the
RMSE is calculated at each point in time where the continuous system and the compared
discretized system have an equal time step.

Discrete system RMSE [mm] Maximum offset [mm]
10Hz 0.03 −0.6
20Hz 1.62 8.8
50Hz 2.58 14.0

Table 4-1: RMSE of dicrete system compared to continuous system sampled at 20Hz

Overall it is seen that using a larger time step, or a lower sampling rate causes the discrete
system to underestimate the deflections which also results in a negative maximum offset. In-
creasing the sampling frequency increases the offset, but still the offset is negligible compared
to the total deflection of the system.

4-2 Force adaptive filtering

Because the force over the riser can only be measured at a few points, it is unknown over
the largest part of the riser. This creates an uncertainty in the calculations that are done to
obtain the input force. In order to account for this uncertainty the input force is added to
the system as an extra state (Verhaegen and Verdult, 2007).
The force matrix is split into two parts. The first part comes from the imposed displacements
which are not part of the left hand side of the equations of motion, as derived in subsection
3-1-4. This part of the force is well known since the shipmotions can be measured accurately.
Therefore no uncertainty is added to this part and the force is added by the input matrix
B. The second part of the force is the drag force. The drag force is a non-linear force and
therefore it has to be linearized before it can be added to the linear KF equations. In order
to avoid this linearization, which would make calculating the drag force less accurate, it is
assumed that the drag force is constant in time. The drag force can now only be added to

Master of Science Thesis Confidential S.C.W. de Jong



48 Implementation of Kalman Filter

the equations as an initial condition that does not vary afterwards, as is done in equation 4-7.
An extra column is added containing the term I/M, that adds the force to the accelerations.

 ẋw
ẍw
Ḟ

 =

 0 I 0
−K/M −C/M I/M

0 0 0


 xw
ẋw
F

+ B

 0
u
F

+
[
vk
]

(4-7)

Now the drag force in the approximate model no longer varies, which is not a very realistic
assumption. By adding the force to the states, combining the approximate model with the KF
make it possible to observe and update the force through the KF equations. This means the
force is still updated, but through the relative velocity measurements. The relative velocity
measurements are squared and multiplied by 1

2 Cd ρseaD to obtain force measurements. The
observer is now written as

y =
[

H I
] [ x̄

F

]
+ D

[
ū
0

]
+
[
wk

]
(4-8)

Discretization of the force adaptive system gives

[
x̄k+1
Fk+1

]
=
[

Φ
] [ x̄k

Fk

]
+
[

Ψ
] [ ūk

0

]
+
[
vk
]

(4-9)

yk =
[

H I
] [ x̄k

Fk

]
+ D

[
ūk
0

]
+
[
wk

]
(4-10)

Adding a extra states to the system means the process covariance matrix Q has to be ex-
panded, so it can include the force covariance. The measurement covariance matrix R is
expanded as well.

4-2-1 Force matrix reduction

In the system only thirteen forces are measured and updated. The forces on the other nodes
of the system vary only very little because they are assumed constant in the approximate
model. To increase the effectiveness of the method the amount of Degrees Of Freedom (DOFs)
is reduced. This is done by only adding the forces at the top and the bottom of the booster
stations, and at the Mining Support Vessel (MSV) as states. These are the nodes that coincide
with the measurement point, so at these nodes the forces are updated. The forces are then
linearly distributed over the riser as seen in figure 4-2.
On the left the yellow arrow indicates a force that is measured at the bottom of a booster
station. This force is linearly distributed over the riser section until it reached zero at the top
of the booster station below. The top force of the booster station below, shown in blue, is
linearly distributed over the riser section upward until it reaches zero at the booster station
above. By summing these forces a linearly distributed load is found, seen on the right as the
green line. Because the booster stations are modelled as two nodes, no linear distribution is
made over the booster stations. The linear distributed load that is obtained is seen at the
right of figure 4-2.
The force adaptive KF is tested in appendix D.
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Figure 4-2: Distributed force over the riser

4-3 Observability and controllability

In the next subsections the observability, controllability and detectability of the system have
been determined. These characteristics of the observer are useful when it comes to determining
the stability and controllability of the system and its observer. The observability, detectability
and controllability have been determined for a continuous system with 147 DOFs.

4-3-1 Observability

Determining the observability of the system is important when designing a KF. The observ-
ability of a system is a way to define the ability to determine a previous state of a system
using the available measurements. A continuous system is said to be fully observable if one
of the two following conditions is met: (Gelb et al., 1974)

• A system is observable if the state at t0 can be fully determined by observing only the
outputs y(t1)
• A nth order system is fully observable if its observability matrix, given by 4-11, is of

rank n.

The observability matrix is created by using the following equation

O =


H

H A
.
.

H An−1

 (4-11)

In this equation A is the state-space matrix of the system and C is the observer matrix. The
observability matrix O is of full rank when the rank of the matrix is equal to n.
The rank is determined by observing the amount of eigenvalues extracted using a singular
value decomposition. All of the singular values are plotted in figure 4-3. In this figure the
Vertical Transport System (VTS) is modelled in its standard configuration, element lengths
of 200m have been used which creates a system with 147 DOFs. When shorter elements are
used this results in a larger amount of DOFs which makes the technique explained in this
subsection unusable due values that are too large for Matlab to process obtained through the
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Figure 4-3: Plot of singular values

An−1 term.
From the plot in figure 4-3 it can be seen that the system shows unexpected behaviour. All of
the singular values are large and most of them are in the order of 5.5171. Two of the singular
values are must larger than the others and a few are much lower. By using the Matlab
function ’rank()’, the observability matrix is determined to be of rank 2 for a system of 147
DOFs. This might be due to the two largest singular values which are much larger than the
rest of the singular values. A rank of two means the system is not fully observable.

4-3-2 Detectability

Detectability is a weaker version of the previously treated property of observability. If a sys-
tem is not fully observable it does not have to be unstable. When the unobservable states of
the system are stable the system is said to be detectable. (Ray, 1981)
The system is detectable when the matrix determined in equation 4-12 is of full rank. (Rem-
sing, 2006)

Dt =
[
λ I−A

C

]
(4-12)

In this equation A is the assembled state-space system of the system and C is the observer
matrix. λ are the eigenvalues of the assembled system A. When the rank of the matrix Dt is
determined, where Dt is created using the same system used in the previous subsection, Dt
is found to be of full rank. This means the system is stable.

4-3-3 Controllability

A system is said to be controllable if an external input can move the states of a system to a
target final state in a finite time. The controllability matrix is constructed in a similar way
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as the observability matrix, it is constructed using equation 4-13.

Co =


B

B A
.
.

B An−1

 (4-13)

In this equation A again is the state-space matrix of the system, B is the varying force
input matrix as derived in equation 4-7. Using the ’rank()’ function in Matlab once more the
controllability matrix is determined to be of rank 2. This low rank means the system is not
fully controllable.

4-4 Verification

In order to verify whether the KF is implemented correct a comparison is made between the
KF functions implemented in Matlab and the equations as used in this thesis.

4-4-1 Model setup

To keep the comparison simple and to avoid long computation times for the verification the
same system is used as in A. This system is seen in figure A-1, it has three DOFs and uses
the same parameters (table A-1) and input force as this system. Rewriting the system to
state-space creates a system with six states, three position states and three velocity states.
For the initial conditions the first mass is offset by 2 metres, the third mass has an initial
velocity of 5m/s. All other initial offsets and velocities are set to zero. A time step of 0.05s
is used to create measurement data.

4-4-2 KF setup

The KF is setup as seen in the block scheme in 4-4. Noise vk is added to the input u which
creates an output to which noise wk is added to create measurements. The same input u is
used in the model that creates the state estimate and the observer output. These outputs are
added and combined in the KF. For implementation in the KF the system is first written to
state-space and discretized as described in this chapter. The discretized state-space system is
used in both the KF build from Matlab functions as for the KF build using the KF equations.
For the filtered model the initial conditions are different than for the model used to create
the measurements of which the initial conditions are described in the subsection above. In
the filtered model the masses start at x̄ = 0 and the third mass has an initial velocity of
3m/s. Initial velocities of the other masses are equal to zero. To avoid having to resample
the measurement data the KF uses a time step of 0.05s.
At the start value for the initial covariance P0 has to be determined. This initial covariance
is a guess which is set as P−0 = Q. For a stable observable system the error covariance matrix
converges to a steady state. The better the initial guess, the faster the covariance converges.
This can be an important factor in systems with little measurement time, but in the case of
the VTS there is enough time for the error covariance matrix to converge.
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Figure 4-4: Kalman block scheme

4-4-3 Results

The results of the filtering process can be observed both visually and numerically. If the
Kalman equations are implemented correctly the filtered state should be able to track the
system states. A difference between the KF implemented using Matlab functions and the
implemented KF equations is that the Matlab functions first solves the riccati equations that
can be used to calculate a steady-state gain and error covariance. This results in shorter
start-up behaviour for the KF system implemented using Matlab functions.
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Figure 4-5: Kalman filter comparison

Figure 4-5 confirms this behaviour and during start-up a clear difference is seen between the
Matlab functions, depicted as ’Matlab’ in the plot. The original state is shown as ’original’.
The system implemented using the KF equations is seen to perform less during start-up, but
is shown to perform equal over time. This is when the Kalman gain and error covariance
matrices have converged to a steady-state. Convergence of the Kalman gain matrix entries
is shown in figure 4-6. The converged Kalman gain matrix is numerically compared to the
Kalman gain matrix calculated by Matlab functions in table 4-2.

In order to verify this the system that is implemented using the KF equations is run using
the steady-state Kalman gain and error covariance as initial conditions for the Kalman gain
and error covariance. As a results these matrices do not need to converge and the KF set up
using the KF equations should perform equal to the system set up using Matlab functions.

This is confirmed by figure 4-7 and table 4-2. In this figure it is seen that both during and after
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Figure 4-6: Kalman gain convergence
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Figure 4-7: Kalman filter with optimal gain

start-up the filters perform the same. The RMSE is calculated in table 4-2 as the difference
between the filtered system and the original system. In the simulation where the Kalman gain
and error covariance matrices have to converge a clear difference is seen in the RMSE values,
this is because at start-up there is a clear difference between the KF setup using Matlab
functions and using the Kalman equations. When the steady-state Kalman gain and error
covariance are used as initial conditions in the KF setup using the Kalman these matrices do
not have to converge and the systems perform almost equal, confirmed by the RMSE values
for both systems.

4-5 Conclusion

Conclusions about the discretization results, the system observability and the Kalman filter
verification are found in this section.

4-5-1 System discretization

Discretizing the system has no significant influence on the system performance. The maximum
offset and the RMSE are low compared to the total offsets and are hardly influenced by varying
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Parameter Matlab functions Kalman equations
Gain state 1 4.19 · 10−3 4.19 · 10−3

Gain state 2 2.84 · 10−3 2.84 · 10−3

Gain state 3 2.70 · 10−3 2.69 · 10−3

Gain state 4 0.44 · 10−3 0.44 · 10−3

Gain state 5 −0.20 · 10−3 −0.20 · 10−3

Gain state 6 −0.27 · 10−3 −0.27 · 10−3

RMSE converging 0.348m 0.466m
RMSE converged 0.348m 0.350m

Table 4-2: Kalman gain and RMSE calculated via Matlab functions and KF equations after
converging

the sampling step.

4-5-2 Observability

Whether the rank of the system really is equal to two is up for discussion because all of the
singular values are far above zero. A low estimation by the Matlab function can be explained
by numerical errors introduced by the large number of DOFs in the system. The same goes
for the controllability of the system.
That the system is not fully controllable is not of much importance in this case since the goal
of this thesis is to be able to observe the VTS. No active control (other than the motions of
the ship) can be used to control the motions of the riser.
The system does appear to be fully detectable. This is shown in subsection 4-3-2 and this is
confirmed by the convergence of the observations shown is appendix D.

4-5-3 Verification

The KF equations are verified by comparing the results to a setup created by Matlab. It is
seen that the error covariance converges to a steady-state and the same error covariance is
obtained through iterations as through solving the Riccati equation.
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Chapter 5

System sensitivities

In this chapter the sensitivities of the force adaptive Kalman Filter (KF) are tested. The
first sensitivity that is checked is varying the process covariance noise. After this check an
optimal process covariance noise is chosen. Using this covariance noise setting the influence
of the amount of measurement per second, and thus the amount of filtering steps per second,
is determined. Finally the influence of a bias in the sensors is checked.

Cases

In total three sensitivity cases are distinguished.
First the influence of the noise covariance matrix on the system is observed. The process noise
covariance is used to give a weight to the uncertainty of the approximate model. Varying the
process covariance is done for two simulations created by VIVID. In the first simulation the
riser is exited by a constant current and Vortex Induced Vibrations (VIV) are taken into
account. For the second simulation the riser is exited by a varying current, in this simulation
VIV do not effect the riser. The process covariance for which the system is found to perform
best is used as process covariance in the following cases.
Second the influence of varying the measurement frequency is observed. Because the drag
force is not calculated by the model, but updated through the KF equations it is expected
that using a high update frequency a smooth force profile can be obtained. Since the drag
force is the main influence on the motions of the riser this can improve the results.
Third the system is tested with biased sensors. A bias in the sensors can create a disruption
in the ability of the observer to monitor the system motions.

5-1 Loading measurement data

The data from VIVID needs to be altered so it can represent measurement data. In this
section it is described which data is selected and how measurement noise is added.
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5-1-1 Node distributions

For each section the top and lower nodes are equal to the top and lower nodes of the VIVID
simulation. For the booster stations the top node is the same node as that of the top node of
the booster station in the VIVID simulation, and the bottom nodes also are equal. All nodes
between are left out, this way the only measurements come from to top and bottom of the
booster stations.
If in the VIVID simulation a larger time step is used compared to the amount of measurements
done by the KF all data is interpolated linear in time. When a smaller time step is used data
between measurement points is discarded.

5-1-2 Measurement noise

Noise is added to the data obtained at the measurement points at the tops and bottoms
of the booster stations. The noise for the angle and acceleration measurements is added
by multiplying the standard deviation of each sensor, found in section 2-1 with a normal
distributed random generated noise.
To add noise to the force measurements, the standard deviation of the relative flow sensor
is first added to the relative flow measurements. These relative flow measurements are then
used in the drag equation to create noisy force measurements which are measured in Newtons.

5-2 Process noise sensitivity

Multiple runs have been done with a varying process noise because this is of a large influence
on the KF performance (Jwo and Cho, 2007). The observer performance is checked visually
for each simulation and also the Root Mean Square Error (RMSE) and the Variance Ac-
counted For (VAF) are calculated. The RMSE is determined as the root of the mean squared
error between the data created by VIVID and the observation from the Kalman filtered sys-
tem. A low RMSE corresponds to a low error, which is desired. The VAF is calculated by
taking the variance of the difference between the original signal and the signal created by the
observer divided by the variance of the original signal. When two signals perfectly overlap
a fit percentage of 100% is found. Formulas to calculate the RMSE and VAF are found in
appendix B.

5-2-1 Process noise and covariance

In the first case the process noise is varied, which is used to create the process covariance
matrix Q. The process noise is used to account for behaviour of the VIVID model that is
not present in the approximate model. In earlier chapters unknown behaviour was created
by introducing the process noise, with a known standard deviation, to the system as vk. Now
that VIVID is used to create the data the process noise is present in the model. A block
scheme of the system is seen in figure 5-1.
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Figure 5-1: Block scheme of the Kalman filtered system with simulation data generated by
VIVID

Process noise

Contrary to the previous tests of the KF, where a known process noise was added to the
outputs of the model to create uncertainties, this time a standard deviation of the process
noise has to be estimated. For each of the measured states a different amount of noise has been
assumed in order to check which amount of process noise works best for this system. Because
the KF calculates a weighted gain based on the ratio between the measurement covariance
and the process covariance the amount of process noise is varied around the amount of sensor
noise. This way for each test the KF puts more weight to either the approximate model or the
measurements. Since only the sensitivity of the KF to the amount of process noise is observed
and no optimization is attempted, the amount of process noise is created by either multiplying
the measurement noise by a factor of 1 ·101 or 1 ·10−1. Creating process noise by multiplying
the measurement noise with a factor 1 · 101 creates an observation where the process noise is
larger than the measurement noise, so more weight is given to the estimates from the sensors.
Creating process noise by multiplying the measurement noise with a factor 1 ·10−1 results in a
larger weight to the estimations from the approximate model. The measurement noise varies
for all three sensors, these variations are used for the three different states, this results in a
different amount of process noise per state. Multiplying the measurement noise with a factor
of 1 · 101 is referred to as a ’high’ noise case, multiplying with a factor 1 · 10−1 is referred to
as a ’low’ noise case.
When the observer is run with the ’low’ and a ’high’ noise cases this results in eight simulations
for every case mentioned below. Every case is given a different simulation number where the
location of the number corresponds to the state of the noise. The value of the number
indicates a ’low’ or a ’high’ process noise for this state. All eight cases are found in table 5-1.
Multiplication factors of 1 · 101 and 1 · 10−1 are chosen since these are found to create a clear
variation for each case.

In each of the cases the results of the accuracy at the tip of the system is compared, since
this is the point of interest. The noise case which yields the most accurate results is later on
used for further sensitivity analysis.

Covariance

The process covariance matrix is directly related to the process noise. Values used to create
the process covariance matrix are equal to the squared values used to create the process noise.

Master of Science Thesis Confidential S.C.W. de Jong



58 System sensitivities

Noise distribution Noise on xk Noise on ẋk Noise on Fk
low low low 1 · 10−1 1 · 10−1 1 · 10−1

low low high 1 · 10−1 1 · 10−1 1 · 101

low high low 1 · 10−1 1 · 10−1 1 · 10−1

low high high 1 · 10−1 1 · 101 1 · 101

high low low 1 · 101 1 · 10−1 1 · 10−1

high low high 1 · 101 1 · 10−1 1 · 101

high high low 1 · 101 1 · 101 1 · 10−1

high high high 1 · 101 1 · 101 1 · 101

Table 5-1: Multiplication factors for the process noise related to that of the sensor noise

Because the process noise is assumed to be uncorrelated, all off diagonal entries of the process
covariance matrix are equal to zero.

5-2-2 Observer

The system that creates the estimated state updates is build up the same way as was done
in chapter 4. Each riser section is divided into 10 elements, the booster stations are not
divided and are simulated as one beam element each. Section one, the section attached to
the clump weight is shorter than the other sections and is divided into three elements. This
way a system with 60 nodes is created, with 2 Degrees Of Freedom (DOFs) per node.
The observer is build up exactly the same as the system used to create the estimated states,
but then with a reduced amount of states, equal to the amount of measurements made.

5-2-3 Simulation results

The results of the simulations with varying process noise are found below. Two simulations
are tested in this chapter, as third simulation in which the Vertical Transport System (VTS)
is only exited by waves is found in appendix E. First in this chapter a case with a relative flow
current is tested. When a constant current is introduced the system approximates a steady
state as found in simulations from chapters before. In the data generated as measurements
is created by a simulation in which VIV is present. In appendix E a simulation t steady
state without VIV is introduced. The results from the system with a KF are compared to
the results of the approximate model without a KF. A final simulation is done in which the
approximate model is exited by a varying current. This way not only the steady state of the
system, but also its ability to track variations in the deflections is observed. In this case the
measurement data is created by a system where VIV was not introduced.
In each of the simulations the same wave excitations have been used. The waves have been
simulated as a random imposed motion at the top of the system with a zero mean.

Constant relative flow and vortex induced vibrations

In the first case the ability to observe the system as it converges to a steady-state is checked.
For this case the same simulation as in 3-4 is used. For the simulation data created by VIVID
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a time step of 0.05 seconds has been used. VIV is present in the system which results in a
VIVID simulation with a large deflection compared to the approximate model.
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Figure 5-2: Deflection of tip of VTS multiple simulations

The deflection of the tip of the system is seen in figure 5-2. In the upper plot the spread of the
observations is seen, in the lower plot only the best result is plotted. All of the observations
obtain smaller deflections than was simulated by VIVID. This is a logical result since the
simulation from VIVID includes VIV which results in an increased drag. Although none of
the observations manages to achieve a 100% fit compared to the VIVID simulation, it is seen
that the system performs better than was the case in section 3-4. Although the KF performs
well, it is seen that in each case a steady offset is left over that is not filtered out. This can
be explained by the type of measurements that are being done. In appendix D, it is seen that
the measurements, like the rest of the system converge to a steady state quickly. When riser
goes to a steady state the acceleration measurements approach zero which causes the riser to
come to a standstill. The constant offset between the observer and the VIVID simulation is
not filtered out because the acceleration measurements are observed well so no further motion
is created.

In table 5-2 for every simulation the RMSE and VAF are calculated, this way the closeness of
the fit of the filtered results is determined. It is found that simulations with a low noise on the
angles perform best. This means that the KF gives a larger weight to the estimations made
by the approximate model than made by the accelerometers. Assuming a low process noise
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Simulation noise RMSE [m] VAF [%]
low low low 2.364 99.99
low low high 2.506 99.99
low high low 31.760 96.42
low high high 31.004 96.38
high low low 5.533 99.98
high low high 5.640 99.98
high high low 22.166 98.37
high high high 22.341 98.35

Table 5-2: RMSE and VAF for 3000s simulations, including VIV

for the angle sensors results in a better as well. For the force process noise it is also found that
a low amount of process noise creates the best results. This is remarkable since the model
itself does not include any force updating and receives its inputs from the measurements. It
is probably due to the converging of the simulation that this results is obtained. Since the
model goes to a steady state the force becomes constant as well, when a force is obtained
the model used in the approximate model does not vary this force. This means that a more
stable result is obtained by putting more weight on the approximate model, which results in
a more stable force estimation and in the end a better overall result.

Varying current

In this case the current on the riser has been varied to simulate a ship sailing at a varying
velocity, which is the case when the full Deep Sea Mining (DSM) system is build. The current
profile at each time step is constant across the entire length of the riser.
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Figure 5-3: Variation of the current imposed on the riser

Variations in the ship velocity, implemented as a varying current are visualized in figure 5-3.
For the simulation data created by VIVID a time step of 0.1 seconds is used. VIV is not
present in the system. In figure 5-4 the deflections of the tip of the VTS are seen. The
upper plot again shows the spread of the deflections, the lower plot shows the result with the
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smallest RMSE and the highest VAF.
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Figure 5-4: Deflections of riser tip with varying current

Contrary to the simulations with VIV from the previous section this time the simulations
after filtering obtain both larger and smaller deflections than VIVID. It is seen that the
simulations that use a high process noise for the accelerations tend to underestimate the
deflections, cases in which a low process noise is used for the accelerations overestimate the
deflections. This is a logical result since it was seen in section 3-4 that the approximate model
tends to overestimate the riser deflections. When more weight is given to the approximate
model estimation this causes the filtered result to overshoot. Angles in the VIVID simulation
and approximate model are comparable and as a result the system performs better with low
angle process noise.
Another difference between the results of this case and the previous simulation is that the
system performs best with a high process noise. This can be explained because the force
varies due to the varying imposed current. By giving more weight to the measured force,
variations in the force are picked up quicker which creates a better result.

In table 5-3 it is confirmed that the simulation that uses a low factor for the process noise on
angles and accelerations and a high process noise for the force state shows the best perfor-
mance.
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Simulation noise RMSE [m] VAF [%]
low low low 1.468 99.93
low low high 1.364 99.93
low high low 4.410 99.71
low high high 4.634 99.71
high low low 3.891 99.72
high low high 3.798 99.72
high high low 2.377 99.84
high high high 2.514 99.84

Table 5-3: RMSE and VAF for 12000s simulations

5-3 Varying measurement frequency

In the beginning it was stated that the model had to be able to run in real time. This is hard
to check, since the amount of computational power available and the software used to write
the program in has a big influence on the time needed for the computations. It is possible
to check the effect of the amount of measurements per second versus a set benchmark time.
For the benchmark measurement frequency of 20Hz is used, the same as was used in the
previous tests. The process noise from the simulation described as low low high is used.
Three simulations are compared with sampling frequencies of 10Hz, 20Hz and 50Hz.
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Figure 5-5: Variation of the amount of measurements per second

The results of the simulations can be found in figure 5-5, which shows the tip deflection
for each case, against a reference simulation. From the figure it is seen that varying the
measurement frequency does not have a visible effect on the amount of deflections.

From the calculations of the RMSE and the VAF in table 5-4 an unexpected result is seen.
Both simulations run using a different time step perform better than the simulation with
an update frequency of 20Hz. The observer that is run using 10 measurements per second,
decreases the RMSE and increases the VAF. The best result is obtained using a measurement
frequency of 50Hz. This can be explained by the way the force is updated. The measured
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Frequency [Hz] RMSE [m] VAF [%]
10 1.031 99.98
20 1.364 99.93
50 0.644 99.98

Table 5-4: RMSE and VAF for the 12000s simulations at varying measurement frequencies

force is combined with an estimate, but the estimate is equal to the force from the previous
state, so a larger measurement frequency can create a smoother force profile. This explana-
tion is contradicted by the results obtained from measuring at 10Hz.
Improving the results by increasing the measurement frequency increases the required sim-
ulation time, the time used to observe a 12000 second simulation at varying frequencies is
compared to the 20Hz case in table 5-5.

Simulation 10Hz 20Hz 50Hz
Dimensionless time 0.76 1.00 2.88

Table 5-5: Dimensionless time per simulation

In this table it is seen that is takes 2.88 times as long to run a simulation with 2.5 times as
many time steps.
For the rest of the thesis a measurement frequency of 20Hz is used, because this leads to
comparable results.

5-4 Sensor bias

For the final case a bias is introduced in the sensors. Biased sensors are a realistic scenario
since a bias is quickly introduced, when sensors are not optimally calibrated or when temper-
ature fluctuations occur that are not accounted for.
It is expected that a bias in the sensors has a big effect on the performance of the observer.
This is because the steady state shows an error that cannot be filtered out. Creating an offset
in the measurements can greatly increase this error. The values for the bias per sensor can
be found in section 2-1. For the angular sensor the bias is set equal to an angular random
walk value of one hour.
The bias is introduced at one type of sensor at the time, this is done to avoid interference
from the other sensors and this way the influence of a bias per sensor type can be observer
more easily. The biasses are introduces randomly to the sensors and are multiplied with −1,
0 or 1. So the sensors is either fully biased in a positive or negative way or not biased at
all. For the process noise the process noised used in the optimal simulation with low angular
and acceleration process noise and high force process noise, from subsection 5-2-3 is used. In
figure 5-6 the results of the biased sensor reading is found.

From the figure it is seen that hardly any differences occur between the bias per sensor type.
This is confirmed by table 5-6. The small influence of the bias can be explained in three
ways.
As a first the bias may have been small relative to the noise influenced overall measured
values. This can have caused the bias to only have a small effect. For the force sensors this
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Figure 5-6: Observer performance with biased sensors

is a likely scenario, but it is countered by the results from biased acceleration sensors. The
bias on the acceleration sensor is high compared to the amount of noise that influenced the
sensor and still the observer performance was hardly influenced.
A second explanation is that the bias was not applied to all sensors and the sensors it was
applied to were given the full bias, with either a positive or negative sign. This may have
caused the biases to counter each other and helped the observer obtain a good fit.
The most influence probably comes from the way the bias is introduced. In order to check
bias disturbances apart from each other the sensor biases were introduced per type of sensor.
A result from this is that the other two sensor types are able to compensate for the inaccurate
measurements from the biased sensors.

Biased sensors RMSE [m] VAF [%]
Angular 1.452 99.93
Accelerometer 1.452 99.93
Relative flow 1.452 99.93

Table 5-6: RMSE and VAF for the 12000s simulations with biased sensors

From the RMSE and the VAF it is seen that the bias enlarges the RMSE compared to the
value calculated for optimal process noise simulation low low high by 0.25%.

5-5 Conclusions

In this section conclusions are found for each of the observed cases.
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5-5-1 Varying noise

With the riser excited by a constant current and VIV the observer performed well. The fit
that is achieved is close and in steady state the error between the observer deflection and
original system deflection is small compared to the total deflections. In the steady state is
can be seen that an offset remains between the VIVID simulation and the observer that is
not filtered out by the observer.
When the VTS is exited by a varying current comparable results are achieved as was the case
with a constant current. This time no VIV is introduced to the system which improves the
performance of the observer since the response of the approximate model is now more like
VIVID. The best performance is reached when low angular and acceleration process noise is
used and high force noise is used.

5-5-2 Varying measurement frequency

In theory lower measurements frequencies can be used since the natural frequencies that are
of interest are all below 1Hz. To avoid aliasing the sampling frequency of the sensors has to
be at least twice the frequency of the lowest observed frequency, which means accurate results
should still be possible when a sampling frequency of 2Hz is used.
It can be concluded that a high update frequency can improve the results, but no definitive
conclusion can be drawn about using lowering the measurement frequency. More research
should be done on varying the measurement frequency.

5-5-3 Biased sensors

The bias in the sensors had less influence on the system performance than was anticipated
for. It is still believed that biased sensors can have a negative influence on the performance
of the observer. Running more checks is advised, be it with a different way of varying the
bias per sensor.
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Chapter 6

Filtered performance and improvement

In the previous chapter the sensitivities of the Kalman Filter (KF) were checked. It was
found that by using a low amount of process noise on the angles and accelerations and a
high amount of process noise on the forces the best results was obtained. In this chapter this
results is compared to the results of the approximate model, without the KF.
After the results are compared, a system with a different setup is tested and it is checked
whether this setup improves the results.

6-1 Filtered performance

To check the results of the improvement the KF makes to the approximate model the Kalman
filtered system is compared to the approximate model and the VIVID simulations. For the
comparison the simulations that gave the best in the previous chapter is used. It was seen
that this was the case when low angle and acceleration process noise and high force process
noise was used. The results for the KF system exited by constant current and Vortex Induced
Vibrations (VIV) and the results for the system exited by varying current are compared to
the results of the approximate model in this section. In the simulations of the approximate
model no noise is added to the input force. Having an input not at all disturbed by noise
is not realistic, but this way the performance of the approximate model can be checked
without unknown influence. It is expected that adding noise decreases the performance of
the approximate model.

6-1-1 Constant current and vortex induced vibrations

The first results is that of the Vertical Transport System (VTS) exited by a constant current.
In figure 6-1 the deflection of the tip of the system calculated by VIVID, the approximate
Kalman filtered system and the approximate model is seen.

In this simulation the improvement made by the KF is large. The approximate model does
not include VIV and therefore it is not influenced by the in-line increased drag effect created

Master of Science Thesis Confidential S.C.W. de Jong



68 Filtered performance and improvement

0 500 1000 1500 2000 2500 3000

Time [s]

0

50

100

150

200

D
ef

le
ct

io
n 

[m
]

Deflection of VTS tip with VIV

vivid
kalman
approximate

Figure 6-1: Constant current result

by VIV. This results in a simulation with a final deflection of 122.43m, which is 51.70m
less than the final deflection of the VIVID simulation. The KF system compensates for this
behaviour and obtains a final deflection of 171.44m which reduces the final offset between the
model and the VIVID simulation by 49.01m and leaves an offset of only 2.69m.
This observation is important because it shows that the KF is able to compensate for effects
that are not included in the approximate model and that occur over the entire length of the
riser, while measurements are only performed at a few sections along the riser.

6-1-2 Varying current

The second result checked in this section are the deflections of the tip of the riser with a
varying current, without VIV. In figure 6-2 the deflections of the simulation from VIVID,
the deflections generated by the approximate model without a KF and the deflections of the
system with a KF are compared.

In this figure improvement is seen as well. A first improvement that is visually confirmed is
that the offsets of the KF system compared to the VIVID simulation are smaller than the
offsets of the VIVID simulation compared to the approximate model. This is confirmed by
the mean error calculated at three time intervals where the deflections vary slowly. These are
important time intervals since the full system will be travelling at a constant speed for most
of the time. Interval one ranges from 2000s to 3000s, interval two ranges from 4000s to 5000s
and interval three ranges from 7500s to 9000s. The mean error is calculated by taking the
difference between the observer signal and the reference signal, summing all of the differences
and dividing by the amount of samples, results are found in table 6-1.

Interval time 2000s - 3000s 4000s - 5000s 7500s - 9000s
Kalman 1.259 0.646 1.566
Approximate 1.530 0.858 1.698

Table 6-1: Mean offset at three time intervals
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Figure 6-2: Varying current result

Next to the decreased steady state offset one of the most important improvements that is
seen is the change in behaviour of the system with a KF. After almost 3000 seconds it can
be seen that the simulation generated by VIVID is slowly decreasing in deflection, but the
approximate model does not vary in total deflection at this point. This creates an offset in
tip deflection that increases slowly. When combined with a KF the model is able to track
the positions of the VTS created by VIVID with a constant offset, which is an important
improvement.

6-2 Improvement

As seen in previously obtained results steady state error occurs which cannot be filtered out.
In order to improve on this behaviour, a compromise is made between costs and the effective-
ness of the model. As explained before position measurements done from the Mining Support
Vessel (MSV) are inaccurate and it is too expensive to constantly add position measurements
using beacons on the sea floor, because this way a lot of beacons are required. The compro-
mise is that beacons are used at the seabed at a few fixed locations, so that the position of
the tip of the VTS can be measured when close to these locations. When harvesting nodules
the Seafloor Mining Tool (SMT) and the MSV create parallel lanes that have a small width
but are tens of kilometres long. Positions measurements are added at the end of each lane,
where the MSV and the SMT turn around. The goal of these added measurements is to create
a state which in which the static offset is minimized. Since in the previous chapter is was
found that after the observations reach a steady state the remaining motions were minimal,
it is expected that the observations deviate little from the steady state reached with added
position measurements. This should result in better observations over a longer period.

Master of Science Thesis Confidential S.C.W. de Jong



70 Filtered performance and improvement

6-2-1 Varying observations

In order to include the position references the observer is expanded and four extra measure-
ments are added. Two position measurements at the top and bottom of the clump weight,
and two position measurements at the top and bottom of the first booster station above the
clump weight. When the position measurements are added to the observations, this increases
the amount of states used in the observations. There are two ways this problem can be miti-
gated.
The first way is by always including the position measurements in the observer. This creates
a problems when the position measurements stop, because then the measurement vector zk
either is filled with zeros for the position measurements, or with the last position measured.
This creates a large offset when the relative flow velocity changes and can lead to an increased
error when the position is not measured. A way to solve this problem is to alter the process
covariance matrix Q and introduce a large position covariance when the positions are not
measured. This results in a decreased measurement dependency which is desired when the
measurements are absent. An unwanted effect is that this also leads to an increasing error
covariance in the error covariance matrix, which can become unstable. (Liu and Goldsmith,
2004)
A second way to add the position measurements to the system is again to add the extra states
to the observer, but this time also introduce an extra term di. This term is introduced in
(McLauchlan and Murray, 1993) and it simply varies between 0 and 1, di = 1 if the state is
observed and di = 0 is the state is not observed. The state is not observed when there are no
measurements. Using this technique the process covariance is not altered to extreme values
which results in a more stable system.
The error covariance matrix P0 was set equal to Q in the previous chapters and this resulted
in a converging system. It is assumed the error covariance matrix will converge again. The
error covariance matrix is not altered at the switching moments when states are excluded or
included.

6-2-2 Noise and covariance

Noise is added to the position measurements. This added noise also causes a variation in the
process noise used in the observer and the process covariance matrix.

Noise

The noise values used to create the noisy measurements for the observer is found in table 6-2.
Just like in the previous chapter the noise introduced in the measurements is also used to
observe the influence of process noise. Position noise is, just like the noise introduced in the
angles, added to the states included in the x̂k vector. In the previous chapter noise for every
state in the x̂k vector was the same, but in this case noise varies for the angles and positions.

The values used to vary the noise are found in table 6-2. Just like in the previous chapter
each case gets its name from the amount of process noise per case. In order to determine the
sensitivity of the KF to the process noise the amount of process noise the noise is varied. An
extra check is added in simulation 4 which is explained in the following subsubsection.
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Simulation case Position noise [m]
low pos. 0.2 · 10−1

equal pos. 0.2 · 100

high pos. 0.2 · 101

Table 6-2: Noise variations for added position simulations

Covariance

The process covariance is varied along with the noise just like in the previous chapter. So
the only the diagonal of the process covariance matrix has non-zero entries that are equal
to the squared values used for the noise. Other than in the previous chapter, in this case
two separate covariance matrices have been used. A switch is made between the covariance
matrices depending on whether positions are measured or not.
When position measurements are added all diagonal position variances, part of state x̂k, are
equal to the squared amount of noise of which the values are found in table 6-2. After position
tracking is lost, the position calculating states in the observer are set to zero and the process
covariance matrix diagonal entries for state x̂k are all equal to the angle noise variance values
again.

6-2-3 Results

All four simulations are now run using the model and observer as described in ??. Positions
measurements are added to the system twice. The first position measurements are added from
start up and they are added for 1000 seconds, after this timespan position measurements are
removed from the system. They are added again at 5800 seconds and again are added for
1000 seconds. A timespan of 1000 seconds is chosen because in this timespan a large part of
the start up behaviour occurs, but a steady state is not fully reached. This creates a case
where it is checked if the steady state can be observed more accurately when part of the start
up behaviour is observed with greater accuracy.
The results of the variation of the tip deflection are plotted in the following figure, figure 6-3.
It is clearly visible when position measurements are present. The observations that start after
5800 second cause a jump in the deflection of the tip of the VTS. Between different amounts
of noise no variations are seen from this figure. The Root Mean Square Error (RMSE) and
the Variance Accounted For (VAF) are compared in the following table, table 6-3.

Simulation case RMSE [m] VAF [%]
low pos. 1.3334 99.96
equal pos. 1.3332 99.96
high pos. 1.3328 99.96

Table 6-3: RMSE and VAF for 12000s simulations with added position measurements

Increasing the amount of process noise does seem to have a positive effect on performance
of the observer. The overall RMSE of the observations compared to the original signal de-
creases when compared to the RMSE of the system without added position measurements.
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Figure 6-3: Riser simulation 12000s including positions

This decrease is partly explained by the decreased offset when the position measurements
are added, but it is interesting to see if the decreased RMSE offset is also decreased in the
steady state situations. If the error at the steady state is reduced by temporarily adding
measurements this means that temporary positions measurements has an positive effect on
the entire simulations. The best observation is made when the process noise covariance is set
to a high value. For this simulation the mean error at steady state is calculated.

Simulation case 2000s - 3000s 4000s - 5000s 7500s - 9000s
low low high 1.259 0.646 1.566
high pos. 1.419 0.805 1.726

Table 6-4: Mean offset at three intervals for simulations with added position measurements

The mean values for both time intervals are found in table 6-4. Contrary to what was expected
adding position measurements does not decrease the mean offset at a steady state. An
explanation for this behaviour can be that positions measurements on the riser are only added
at four point, while the positions are calculated at almost sixty points. Adding some position
data can force these points to move, but it does not influence the rest of the riser behaviour,
which still wants to obtain the same shape as it took without the position measurements.
When the position measurements are removed the observed positions are swung back to where
the approximate model estimates where they should be without position measurements. The
increased offset at steady state can be explained as an effect introduced by the rapid motions
that are observed shortly after the position measurements are removed.

6-3 Conclusion

In this section conclusions are drawn about results of the approximate model combined with
the KF and about the improvements made to the observer.
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6-3-1 Filtered performance

From the comparison of the deflection obtained it is seen that using the KF combined with the
approximate model improves the result from the approximate model. The increased deflection
caused by VIV can almost be filtered out completely. From the comparison with a varying
current is it seen that the KF improves the behaviour of the approximate model. An offset
is kept that is not filtered out, but the addition of the KF reduces the offset and it keeps the
offset stable.

6-3-2 Improvement

When position measurements are added a clear improvement in the tracking capability of
the system is seen. This improvement is only temporary and the system falls back in the
same shape as was the case with the simulations without added position measurements. In
the steady state it is observed that the system provides less accurate results compared to a
system without added position measurements. The observations remain stable when a switch
is made between a system with position measurements and without position measurements.
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Chapter 7

Conclusions

The goal of this thesis was to create a system that can observe the motions of the tip of
the Vertical Transport System (VTS) using limited measurements. Also the system should
be able to run in real time. A two dimensional representation of the system was made and
combined with a Kalman Filter (KF) so measurements and model estimates can be combined.
In this chapter conclusions are summarized and discussed.

7-1 Conclusions about the approximate model

From the validations done in chapter 3 the approximate model appears to work as expected.
The static cases coincide with well known analytical solutions The dynamic behaviour is ver-
ified by comparing with (Currie and Cleghorn, 1988), from with results from were validated
by experiments. It is seen that there are some errors and they increase with increasing modes,
but since lower modes are of most interest this does not create problems.

Overall the model performs like would be expected. The clump weight at the end of the
riser tensions the model and its increased mass combined with a diameter equal to that of
the rest of the booster stations make that is moves slower than the rest of the riser. This
also goes for the rest of the booster stations, who all lag behind when current is introduced
from standstill as seen in appendix F. The riser takes on a shape is logical, with a maximum
deflection around 120m and a top angle lower than one degree.
The natural frequencies differ from the riser design tool, compared in section 3-4, which in-
dicates that there are differences in the stiffness and inertia matrices of the model. Since
there is a difference in tension, this is explained because tension is modelled as added geo-
metric stiffness. The difference in tension force is explained because VIVID makes use of the
effective tension, which was described in section 2-5-3. Whether this effect fully explains the
differences between the tension forces is not checked.
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The systems runs in more than real time. Observing 12000 seconds of simulation data takes
around 2.1 hours. This is done on a laptop that is over 7 years old, with 2 cores which both
run at 2.8GHz. Only one core is used to perform the Matlab calculations. Matlab is known
to be a programming language that is not optimal when runtime has to be minimized so a
different programming language can speed up the observer significantly. Also using better
hardware will lower the calculation time.

7-2 Conclusions about the Kalman filter

The KF is introduced so the approximate model can be combined with measurements. This
is done to reduce the offset of the approximate model compared to VIVID. From the results
in section 6-1 it is seen that the KF performs well. The average offset is reduced and the
model behaviour is gets adjusted so the system behaves more like the simulation results from
VIVID. The lack of Vortex Induced Vibrations (VIV) in the approximate model is for a large
part mitigated by the KF. After combining the approximate model with the measurements
in the KF it was seen a big portion of this error was filtered out and the offset in steady state
is reduced by 49.01m which is almost 29% of the total deflection.

In section 4-3 it was seen that the system is not fully observable. This means that the system
is not able to recreate its initial states through its outputs. Whether the rank of observability
matrix of the system really is equal to two is up for discussion because all of the singular
values are far above zero. A low estimation by the Matlab function can be explained by nu-
merical errors introduced by the large number of Degrees Of Freedom (DOFs) in the system.
The system does appear to be fully detectable. This is shown in subsection 4-3-2 and this
is confirmed by the convergence of the observations is section D-1 and also by the long term
simulations from chapter 5.

That the system is not observable can also be seen from the steady state results. In steady
state is can be seen that an offset remains between the VIVID simulation and the observer
that is not filtered out by the observer. This can be explained by the type of measurements
that are being done. As was seen in subsection D-1-1, the measurements are observed well
and stable. When riser goes to a steady state the acceleration measurements approach zero
which causes the riser to come to a standstill.

The force adaptive KF appears to works well. From the test cases in chapter 5 it is seen that
the KF works best when a large process covariance is used for the force. The force used in the
system is fully dependent on the performance of the KF, so when the force process covariance
is chosen lower than the force measurement covariance constant the force varies little. This
is not desired when variations in current are present that introduce large force fluctuations.
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7-3 Sensitivities

With the riser excited by a constant current and VIV the observer performed well. The fit
that is achieved is close and in steady-state the error between the observer deflection and
original system deflection is small compared to the total deflections.

When the VTS is exited by a varying current similar results are achieved as was the case
with a constant current. This time no VIV are introduced to the system which improves the
performance of the observer since the approximate model is now more like VIVID. This in-
creased performance is seen in the calculated Root Mean Square Error (RMSE) and Variance
Accounted For (VAF). Large differences are seen when the process noise is varied but the
optimal performance is reached when the observer setting are comparable to the settings used
in the constant relative flow case.

It is found that the system performs best when low process noise is used on the accelera-
tions. Jumpy force observations from appendix D did not results in noisy tip motions in the
observer. This is because the variations of the force measured at the tip are relatively small
compared to the total value of the force.

Increasing the amount of measurements per second processed by the KF did not have a conse-
quent effect. Like expected, the accuracy of the observation increased when the measurement
frequency was increased, but unexpected is also did when the measurement frequency was
decreased. More research should be done to explain this effect.

Adding a bias to the measurements did not influence the behaviour of the observer much.
This is most likely explained by the way that the tests were done, in which the rest of the
sensors does not have a bias. Overall adding a bias to any of the sensor types did have a
negative effect. It is still believed that biased sensors can have a very negative influence on
the performance of the observer when al sensors types become biased.

7-4 Improvement

Adding position measurements to obtain a lower steady state error was counter productive.
Through the added position measurements improvement are made when the observation are
added, but this improvement disappears when the added measurements are removed. It is
seen that the observer remains stable when a switch is made between a system with position
measurements and without position measurements.

7-5 Discussion

At the start of the thesis a set of research questions was proposed. It is now discussed whether
these have been answered to full satisfaction.
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How can the position of the clump-weight of the VTS be monitored using limited observation
points?
In monitoring the position of the clump weight of the riser a trade off has been made. When
all the possibilities are compared it is found that a lot of conventional methods are not accu-
rate enough. The most accurate method to track the position of the clump weight would be
using an array of beacons placed at the seabed, but this is where a decision has to be made
between accuracy and cost. Since such an array would require a large amount of beacons that
often need to change position this solution is not desirable. By creating a model and com-
bining this with measurement data a solution is found that can more cost effective. Because
the solution offered in this thesis is less accurate bigger error margins have to be used which
results in a less effective mining pattern.
Strictly speaking this thesis does not offer a full solution since not all of the states of the sys-
tem are observable. By using an approximate model and an observer that is detectable but
not fully observable the positions can only be approached and not fully observed. Whether
this observation is good enough to result in a more profitable system compared to an extensive
seabed array solution should be studied.

What can be measured at the booster stations?
At the booster stations angles, accelerations and relative velocities are measured. In monitor-
ing applications another sensor that is commonly used is the strain sensor. In this thesis the
strain sensor has not been used for two reasons. Reason number one is that strains can only
be measured at the booster stations and it is expected that the strains directly at the top and
bottom of the booster stations show large fluctuations because the booster stations have much
higher masses and inertia than the rest of the sections and are therefore not representative
for the stresses and strains in the rest of the system. The second reason is that when the
riser reaches a steady state a constant strain is measured and from this measurements, much
like the acceleration measurements, no more information can be achieved. By measuring the
strain on both sides of the booster station the curvature of the riser at that point can be
determined, but this will also approach zero at most points in the system in steady state, as
seen in appendix D.
The quality of the measurements is up for discussion. From papers and specification sheets
provided by manufacturers it was found that nowadays highly accurate sensors can be pro-
duced that deliver accurate data with low noise levels. It is not sure if this high accuracy can
actually be reached in the deep sea mining system, none of the sensors have been tested by
IHC and specifications delivered by manufacturers are probably created in laboratory envi-
ronments with highly stable input signals.

How accurate is an approximate model compared to real data?
Since no real world data is of riser behaviour in a deep sea mining system is available the
approximate model was compared to a design riser tool which gave good results. Also veri-
fication of the approximate model gave good results, for both the static and dynamic cases.
Analytical formulas used in the static validations have been tested and validated many times,
the results from (Currie and Cleghorn, 1988) are confirmed by experiments. It has to be kept
in mind that the tensioned system that is being tested in the paper is smaller than the VTS
which the approximate model is designed for and that the lowest natural frequency measured
in the paper is a factor 1 · 105 larger than the lowest natural frequency of the VTS. That
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being said the approximate model in an altered setup was able to recreate the low natural
frequencies for all of the cases described in the paper.

How accurate can an approximate model combined with a Kalman filter track the position of
the tip of the riser?
The simulations generated by VIVID can be tracked within meters but a steady state offset
is not filtered out. This result is dependent on the accuracy of the approximate model. The
steady state error that cannot be filtered out is expected to decrease when the model that
is used to create estimations and observations is more alike the system that generates the
measurements. Even when the models are more alike it is expected that an offset remains
since the system in its current setup is not fully observable. This is caused by the type of
measurements that are performed.
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Chapter 8

Recommendations

This chapter contains recommendations for future work, both for the TU and the sponsor
Royal IHC.

8-1 Future research

What is recommended for future research.

8-1-1 Improve approximate model

Improving the accuracy of the approximate model creates more accurate results. From chapter
5 it is seen that the Kalman Filter (KF) can improve the position estimation, but when a
steady state is reached an offset of more than a metre is not filtered out. This is because
the filter is not observable, so it cannot reproduce all of the states of the system. When the
approximate model is more like the system it observes this constant error can be minimized.
A trade-off still has to be made between approximate model accuracy and the computational
power required for the model to run in real time. Combining the approximate model with a
KF is still be necessary to account for unknown external influences.

8-1-2 Alternative filters

There are different forms of the KF and only the linear KF is used in this thesis. Although this
led to acceptable results the results might improve further when an alternative KF is used.
Some examples of alternative filters are the Extended Kalman Filter (EKF), the Unscented
Kalman Filter (UKF) and the Ensemble Kalman Filter (EnKF). The EKF and the UKF are
Kalman filters that are designed to handle non-linear problems. Using one of these filters can
make it possible to calculate the external drag force in the KF model as well, instead of just
obtaining it from measurements. This could improve the response time of the observer.
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Another case where an alternative Kalman filter can be of use is in the system with added po-
sitions measurements. It is now seen that the position observations quickly lose the improved
results when the added positions observations stop. This is because the rest of the riser is still
very much dependent on the approximate model. After the position observations stop the
system quickly goes back to the same state it also took when no position measurement were
added at all. If a KF variant is implemented that can edit system parameters, this can be
used to alter the behaviour of the approximate model, for example by lowering or increasing
the modelled stiffness. This way the behaviour of the entire system is altered creating better
results when the position measurements end.

8-1-3 Model validation

Validating the performance of the system by comparing it to real world measurement data is
also recommended. The model should be expanded to include at least the motions in three
dimensions, x, y and z. Alternatively a test setup can be created that constraints the motions
to only so that the observed model only moves in two dimensions. It is recommended to use
a system that moves with very low natural frequencies, like a thin rod or a lightly tensioned
string. A system like this is more likely to a shape similar to that of the riser.

8-1-4 Increase dimensions

The approximate model should be expanded to include motions in all dimensions so axial
movement, torsion and movement in the y-direction can be observed. Additional dimensions
make the system larger and will make it run slower. Adding these dimensions is important
though since the twisting and turning of the riser will have an influence on the measurements.
When one of the booster stations is twisted by 90◦ an accelerometer that is supposed to
perform measurements in the x-direction is useless. By adding dimensions to the approximate
model rotations in the riser can be observed in the same way as positions are observed using
a KF. If the orientation of the sensors are known inaccuracies caused by torsion can be
mitigated.

8-1-5 Sensor accuracy

One of the biggest influences on the performance of the system in a real world test setting
will be the accuracy that can be obtained by the sensors. All of the sensor specifications
are now either obtained from manufacturer specification sheets or based on information from
manufacturer specification sheets. It is likely that the specifications for the sensors are derived
in ideal conditions for the sensors. Testing sensor performance can be done in a normal, but
slowly varying environment. It is not necessary to test the sensors at a large depth since a
sensor can be encased in a pressure and water resistant housing when attached to the riser.

8-1-6 Sensor distribution

Capturing as much data as possible with limited amounts of sensors can be a challenge.
In (Natarajan et al., 2006) a study is done on how sensors along a deep sea riser can be
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placed optimally in order to capture as much information as possible on Vortex Induced
Vibrations (VIV). It was found that by creating a few clusters of sensors good results could
be achieved. A same study should be done for this case in order to determine optimal positions
for the sensors. During this thesis the locations where sensors can be placed is restricted to the
booster stations, but more accurate results might be obtained by using sensors in different
locations. The additional costs of adding sensors away from the booster stations can be
compared to the additional profit that results from increased accuracy. This study can be
easily validated by varying the measurement location inputs to the system with a KF created
in this thesis.

8-1-7 Process noise covariance

As found in chapter 5 varying the process noise influences the accuracy of the fit of the
approximate model combined with a KF compared to the VIVID results. For now only the
effect of varying the process noise has been researched. It is recommended to optimize process
noise covariance by performing more iterations. Also the effect of varying the off-diagonal
entries in the process covariance matrix should be researched. The process noise non-diagonals
link different states to each other. Connections between the different states, for example force
and accelerations, do influence each other and this can be included in the process covariance
matrix.

8-1-8 Influence of waves

The effect of the waves at the top of the ship has been simplified. Motions at the top of the ship
are assumed to create an imposed motion at the top of the Vertical Transport System (VTS).
When the full system is studied the effect of the VTS should on the motions of the ship be
taken into account as well. Rough seas will create added current and inertia forces at the top
of the VTS, which might excite the riser much more than has been assumed so far. Also the
effect of heave should be studied. In this thesis it is assumed heave can be fully mitigated
by the gimball al the top of the system. As soon as this is no longer the case, for example
in extreme waves, the ship can pull or push on the riser and increase or decrease the tension
effect created by the clump weight. Variations in the tension create a variation in the stiffness
of the system which directly effect the total deflection of the system.

8-2 Royal IHC

What is recommended for the sponsor of this thesis, Royal IHC.

8-2-1 Cost effectiveness

For Royal IHC an important recommendation is to observe the maximum allowable error of
the system. The accuracy that can now be achieved at steady state varies around 1.5 meters
and when a safety factor is used this inaccuray becomes larger. If a mining pattern is used
that creates long stretches it should be avoided that these stretches overlap since all nodules
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are harvested in one sweep. So in order to avoid overlapping mining activities a margin is
necessary. This margin creates an area that is not mined and results in an inefficient mining
operation. Whether the observations are accurate enough to result in a profitable system
should be economically studied.
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Appendix A

Newmark beta numerical solver

To solve the dynamic response of the system a discrete time solver is used, the derivation and
verification of the method is done in this chapter.

A-1 Newmark-beta numerical solver

To solve the Ordinary Differential Equation (ODE)s that form the structural dynamic system
that makes up the approximate model a solver is implemented. Matlab contains multiple
functions which are commonly used to solve ODEs. All of the standard solvers in Matlab use
a variable time step which can result in a large computational time. This high computational
time is caused by high frequency components in the system which require a small time step in
order to solve them accurately. In this thesis the high frequency motions are of little interest
since they do not contribute to the large motions of the Vertical Transport System (VTS).
Therefore, in order to speed up computations, a Newmark-beta method is implemented that
is run using a fixed time step.

A-1-1 Derivation

The Newmark-beta method (Newmark, 1959) used in this thesis is implicit, which means a
solution at t = t+ ∆t is obtained by solving a set of linear equations. If β = 1/4 and γ = 1/2
are used the accelerations over time step dt is assumed constant and the method is stable for
any chosen time step dt. While the time step does not influence the stability of the solution,
it does influence the accuracy of the solution. A large time step reduces computational time
but is not able to capture high frequency vibrations accurately. Setting on a time step is done
in the next subsection. The finite difference equations for the Newmark-beta method are

xi+1 ≈ xi + dtẋi + dt2
[(1

2 − β
)
ẍi + βẍi+1

]
(A-1)
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and

ẋi+1 ≈ ẋi + dt [(1− γ) ẍi + γẍi+1] (A-2)

At t = 0, x, ẋ and ẍ are the initial conditions conditions of the system. The finite difference
relationships in terms of the increments of displacement

δẍi = 1
βdt2

δxi −
1
βdt

ẋi −
1

2β ẍi (A-3)

δẋi = γ

βdt
δxi −

γ

β
ẋi + dt

(
1− γ

2β ẍi
)

(A-4)

In these equations δxi is the only unknown. The incremental equilibrium for the system over
time step dt is written as

Mδẍi + Cδẋi +Kδxi = δfei (A-5)

In this equation δfei is the variation of the external force over a time step dt. By substituting
equations A-3 and A-4 into equation A-5 an expression for δx is found. This result is used in
equation A-3 to calculate ẍi. The acceleration at step i+ 1 is calculated by ẍi+1 = ẍi + δẍi.
Using the acceleration at i+1 in the finite difference equations A-1 and A-2 xi+1 and ẋi+1 can
be determined. This method can be implemented for both Single Degree Of Freedom (SDOF)
as well as Multiple Degrees Of Freedom (MDOF) systems, in the case of an MDOF system
constants M , C and K become matrices of size n× n and x becomes a vector x̄ sized n× 1.

A-1-2 Verification

To verify the equations as they are used in the Matlab code a system with three Degrees Of
Freedom (DOFs) is set up. Because the system contains only a few DOFs it can be easily
implemented and solved by using a standard Matlab ODE solver, the ODE45 function. The
system that is tested is a mass-spring-damper system of which the parameters are found in
table ??. A simple representation of the system is seen in figure A-1. Results generated by
the build in Matlab ODE45 function are compared to that of the Newmark-beta solver.

Node M [kg] C [Ns/m] K [N/m]
1 8 0.02 30
2 4 0.02 40
3 0.5 0.02 50

Table A-1: Parameters mass-spring-damper system

The parameters from table A-1 are chosen so that a range of natural frequencies is obtained.
Natural frequencies are found to be 0.23Hz, 0.62Hz and 1.70Hz. An excitation force is
introduced as a sine function, given as F (t) = 10 ∗ sin(2π t/25), which has a period of 25
seconds, so it can be easily distinguished from the natural system vibrations. This force is
places on the second mass, the other two masses are excited by the motions of the second
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Figure A-1: 3 DOF mass-spring-damper system

mass. The total system is run for four times the excitation force time period, 100 seconds. The
time step dt is varied in the following subsections. In order to obtain an accurate solution of
the system, the time step should be chosen to be higher than the largest frequency that needs
to be accurately simulated. All masses start at x̄ = 0, masses one and two start stationary,
mass three has an initial velocity of ẋ3 = 5m/s For all time steps the system should converge.

Sampling at varying frequencies

Sampling is done at three different frequencies, 50Hz and 1Hz. The sampling at 50Hz is
a lot higher than the highest natural frequency and should create accurate results for every
DOF. It is expected that the excitation force can be distinguished in both cases since the
frequency of this force is much lower than the lowest sampling frequency.
The ODE solver function, ’ODE45’, from Matlab is used as a comparison and its output
sampling frequency is set at 50Hz to guarantee a smooth plot.
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Figure A-2: Third DOF at 50Hz NB sampling
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In A-2 the system is sampled at 50Hz. The Newmark-beta solution produces the same results
as the ODE45 function for the low frequency motions, but for the high frequency motions it is
seen that a lag occurs and a phase error accumulates. This error is can be contributed to the
assumption that accelerations are constant over every time step. To determine the influence
of the lag is run without damping, so the motions do not decay over time, if damping is
present the motions decay over time and the offset becomes smaller due to the decrease in
total motions. Without damping figure A-4 is obtained in which the solution obtained with
the Nb solution is subtracted from the ODE solution. It is seen that the offset does not in-
crease and that it goes down after a maximum phase lag of 180 degrees is reached, indicating
that the phase lag further increases. To check the assumption that the phase error is caused
by the assumption of constant accelerations the system is also run with a sample frequency
of 100Hz. The phase error created using this sampling frequency is also plotted in figure A-4
and is seen to increase much slower. This is a logical result since the error created by assum-
ing constant accelerations per time step becomes smaller when the time step becomes smaller.
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Figure A-3: Third DOF at 1Hz NB sampling

In figure A-3 a much larger time step of 1Hz is used. This causes large differences in the results
because the system is no longer able to calculate motions of the highest natural frequency,
which is under sampled. Also the motions of the other DOFs are not accurately tracked. Low
frequency motions created by the varying force can still be clearly distinguished.
In all of the cases it is seen that the solver used to simulate the systems converges, as is to be
expected of the Newmark-beta method as implemented. The solver works for both high and
low frequencies, but it is observed that an error accumulates when the sampling frequency gets
close to the natural frequency of a DOF of the system. It is found that even with a sampling
frequency 30 times higher than the natural frequency of a DOF a 180 degrees phase lag is
obtained after 75 seconds, which is within 120 cycles of the DOF with the highest natural
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A-1 Newmark-beta numerical solver 89

frequency. Even though the system lags, the amplitude of the motions does not increase as
seen in figure A-4. It is also seen that when a sampling frequency is chosen close to or larger
than a system natural frequency the motions of the system at that natural frequency cannot
be obtained, but motions of the same system at a lower frequency are still accurately obtained.
Based on the results from the simulations and the comparison with the ODE45 results from
Matlab the Newmark beta method is assumed capable of solving structural dynamic systems.
The time step used for the calculations has to be chosen low compared to the frequencies of
interest so accurate results are obtained.
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Figure A-4: Offset between NB solution and ODE solution at the third node when sampling at
50Hz and H100z
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Appendix B

Approximate model verification

In this case the natural frequencies of a clamped-free beam will be extracted from the Finite
Element Method (FEM) model and compared to an analytical solution, which can be found
in books like (Thomson and Dahleh, 1998).

Natural frequencies of a clamped-free beam

The first case consists of the same hollow cylinder used in the hinged-hinged static case. For
the Euler-Bernoulli beam equation 2-5 can be used. Distributed load q(z, t) is set to zero so
the following equation results.

EI
δ4w

δz4 + ρA
δ2w

δt2
= 0 (B-1)

The four boundary conditions of a clamped-free beam are now determined (Thomson and
Dahleh, 1998). On the left hand side at the beam, at z = 0, the beam is clamped. This
means the beam cannot move or rotate

w (z) = 0 dw
dz

∣∣∣∣
z=0

= 0 (B-2)

At the right hand side, at z = L, the beam is free. This means the beam can move and rotate,
but the moment and shear force at z = L are equal to zero

d2w

dz2

∣∣∣∣∣
z=L

= 0 d3w

dz3

∣∣∣∣∣
z=L

= 0 (B-3)

The general solution to equation B-1 is given by equation B-4 (Thomson and Dahleh, 1998).
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92 Approximate model verification

W (z) = A cosh (β z) + B sinh (β z) + C cos (β z) + D sin (β z) (B-4)

When the general solution is substituted into the boundary conditions, from equations B-2 it
is easily found that

A + C = 0 (B-5)

B β + D β = 0 (B-6)

and from the right hand boundary conditions, with substitution of the solved left-hand bound-
ary conditions

Aβ2 cosh (β L) + B β2 sinh (β L) + Aβ2 cos (β L) + B β2 sin (β L) = 0 (B-7)

β3 (A1 sinh (β L)−A1 sin (β L) + B1 cosh (β L) + B1 cos (β L)) = 0 (B-8)

When equation B-7 and B-8 are set equal to each other, the terms β2 and β3 can be excluded
because β can not be equal to zero. After some rewriting it is found that

cosh (β L) cos (β L) + 1 = 0 (B-9)

which can be written like
cos (β L) = − 1

cosh (β L) (B-10)

Equation B-10 can now be solved to find the values for β L. As can be seen from figure B-1
the amount of intersections is infinite, this is to be expected because a continuous system
always has an infinite number of natural frequencies. In this thesis the focus will be on the
lower natural frequencies, because those are the frequencies that are expected to contribute
the most to the motions of Vertical Transport System (VTS). With the calculated values for
β L, equation B-14 can be used to find the natural frequencies of the clamped-free beam. A
solution is assumed in the following form

w(z, t) = W (z)eωt (B-11)

Using this solution a fourth order differential equation is obtained which can be written as

d4y

dx4 − β
4y = 0 (B-12)

In this equation β is defined as

β4 = ρA
ω2

EI
(B-13)

The natural frequencies of the beam can be found from B-13 when it is rewritten like

ωn = βn
2
√

EI
ρA

= βn
2L2

√
EI

ρAL4 (B-14)

The first few resulting natural frequencies can be found in table B-1, where the analytically
found natural frequencies are compared to the frequencies found from the FEM model.

Finding the natural frequencies of the FEM model is done by taking an undamped system
without any external forces. This way the system can be written like a Multiple Degrees Of
Freedom (MDOF) system.
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Figure B-1: Visualisation of equation B-10

Mẅ(z, t) + Kw(z, t) = 0 (B-15)

The real part of the general solution to this equation is found as

w(t) =
N∑
i=1

X̂i sin (ωi t+ φi) (B-16)

In this equation N is the amount of Degrees Of Freedom (DOFs), ωi are the natural frequen-
cies. X̂i are the eigenvectors multiplied with some unknown constant that depends on the
initial conditions of the system and φi are phase angles that depend on the initial conditions
of the system. Equation B-16 can be rewritten as a system of N linear equations

(
−ω2

i M + K
)
X̂i = 0 (B-17)

From equation B-17 the natural frequencies can be derived by taking the determinant of(
−ω2

i M + K
)

= 0. The natural frequencies are found as the positive roots of this equation.
In this case the natural frequencies have been derived using the Matlab function ’eig(K,M)’.
This functions return the squared natural frequencies and the eigenvectors of the system. The
first six natural frequencies of the clamped-free beam have been determined using a beam
modelled as a hollow cylinder with the same specifications as the hollow cylinder used in the
second case treated in subsection 3-2-1. Specifications of the beam used in this case can be
found in table 3-2. For this case the beam in the FEM model has been divided into 3m long
elements. The difference in natural frequency per node has been calculated by equation B-18.

difference = 100% ∗ ωanalytical − ωFEM
ωanalytical

(B-18)

Results have been summarized in the following table.
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Mode Analytic [ω] FEM [ω] Difference [%]
1 2.62 2.62 0.00
2 16.43 16.43 0.01
3 46.01 46.02 0.03
4 90.15 90.24 0.10
5 149.03 149.40 0.25
6 222.62 223.83 0.54
7 310.9 314.038 1.00

Table B-1: Natural frequencies of a 30m clamped-free beam solved both analytically and nu-
merically

From table B-1 it can be seen that the analytically calculated natural frequencies come very
close to the natural frequencies calculated from the FEM model. When the mode increases
and the natural frequencies get larger the difference between the analytically and numerically
found natural frequencies starts to increase rapidly.
The increasing difference in the calculated could be decreased by improving the accuracy of
the FEM model. This can be done by increasing the amount of elements by decreasing the
length per element. In this thesis it has been assumed that the natural frequencies from
the lowest nodes will have the biggest influence on the results, therefore it is assumed that
found difference will have very little influence on the end result. The accuracy of the model,
influenced by the length of the chosen elements will have to be kept in mind in further
simulations.
From the same table it can also be seen that all of the natural frequencies are positive and
real which means the system is stable.
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Appendix C

Signal fit

Calculation methods to compare the fit of signals.

C-1 Root Mean Square (RMS)

The RMS of a signal is a way to calculate the mean of the square root of a signal. It is
calculated by equation C-1

xrms =
√

1
n

(
x2

1 + x2
2 + ...+ x2

n

)
(C-1)

The Root Mean Square Error (RMSE) is a way to compare two datasets, for example a
dataset predicted by a model and the actual data. The RMSE can be calculated by equation
C-2. Because the RMSE has the same units as the analysed data it can be easily interpreted.

xrmse =
√

1
n

(
x̂2
t − x2

t

)
(C-2)

In this equation x̂ is the observed data and x is the original input data without noise con-
tamination.

C-2 Variance Accounted For (VAF)

Another way to calculate the fit between an observer and the original data is to calculate
the VAF. The VAF is used to determine the correctness of an observer by comparing the
real output with the observer output and is calculated by equation C-3. (?) The VAF is
calculated by taking the variance of the difference between the original signal and the signal
created by the observer divided by the variance of the original signal. When two signals have
a perfect fit the VAF will be 100%.
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96 Signal fit

vaf =
(

1− var (x− x̂)
var (x)

)
(C-3)

In the formula x is the original data without noise contamination and x̂ is the observer data.
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Appendix D

Force adaptive Kalman filter

In this chapter the ability of the Kalman Filter (KF) to observe measured angles, accelerations
and forces is checked.

D-1 Validation

In this section the performance of the discrete system as well as the performance of the KF
is tested. A comparison is made between the continuous and discrete state-space system in
order to confirm that discretizing the system does not extremely influence its behaviour. Also
it is checked whether the KF is stable and converges.

D-1-1 Force adaptive Kalman filter

To check whether the KF that is designed is stable, a simulation of the Vertical Transport
System (VTS) is observed using the filter described in this section. The model used to
generate the data is the same model that is used to build the observer. The initial conditions
of the system that is being observer are the same as the initial conditions of the observer.

Creating measurement data

To create measurement data the non-linear approximate model from chapter 3 is run for
3000s, which is roughly equal to fifteen times the period of the lowest natural frequency. At
this point in time the speed at which the tip of the system moves varies very slowly and the
system is assumed to have reached a steady-state, as explained in section 3-4. The model
was run with a constant current of 0.5m/s. Each section is divided into 10 elements, the
booster stations are not divided and are simulated as one beam element each. This creates a
system with 60 nodes and twice that amount of Degrees Of Freedom (DOFs). The inputs of
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98 Force adaptive Kalman filter

the system used to generate the measurement data are contaminated with process noise.
After creating the simulation data, the angles, accelerations and relative flow velocities are
extracted at the top and bottom of each booster station. This simulation data are the
measurements used in this section. The standard deviations of the sensor noise mentioned in
subsection 2-1 are multiplied with a normally distributed white noise and are added to the
measurements to create noisy measurements. The relative flow velocities velocities are put
into the Morison equation to create force measurements influenced by noise.

Kalman filter setup

The observer is linearised and discretized as described in this chapter. All elements lengths,
masses and stiffnesses are equal to that of the system used to generate the simulation data. In
this section it is only validated that the KF converges and it is able to observe the measure-
ment data. Standard deviations for the measurements can be found in section 2-1, standard
deviations used in the process noise are found in the table below, table D-1.

Parameter Value Unit
Standard deviation model angles 1 · 10−4 rad
Standard deviation model accelerations 1 · 10−5 m/s2

Standard deviation model forces 10 N

Table D-1: Standard deviation model

The standard deviations of the process noise are chosen by hand to be close to the standard
deviation of the sensor noise.

Angles

The system is checked when starts with the same initial conditions as those that are used as
an input to the KF. At the tip of the VTS, at the clump weight the angle is being measured.
The variation of the angle over time can be seen in figure D-1.
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Figure D-1: Plot of angles
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It is seen that the measurements, the observer angle and the actual angle from the original
system only deviate very little. A closer look is taken in figures D-2 and D-3.
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Figure D-2: Startup angles
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Figure D-3: Steady state angles

From figures these it can be seen that the filtered angles follow the measurements closely. At
the start there is an offset between the original angles and the observed angles. This offset is
confirmed by the simulation done in subsection 4-1-2 and is caused by the discretizing of the
system. The discretizing causes the system to lag behind the original simulation. Using the
current covariances the KF is not able to mitigate this offset until a steady-state is reached
as seen in figure D-3.
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Figure D-4: Plot of angles

The error percentage, plotted in figure D-4, is calculating by taking the absolute value of the
error between the original system and the observer system and dividing this over the absolute
original angle. For the measured error the same approach is used, but using the absolute
error between the measured (noise contaminated) error and the original angle. When the
angle goes through zero during start up this results in some peak values. Looking at the
figure it is confirmed that the offset error that occurs during start up is disappears and
from 1500s the observations are more accurate than the measurements. This is confirmed by
calculating the Root Mean Square Error (RMSE) from 1500s to 3000s. The RMSE of the
measured angles and the original angles equals 0.002 deg, the RMSE of the observed angles
and the original angles is 8.5 · 10−4 deg.
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Accelerations

Also the accelerations are checked at the tip of the system. The accelerations of the system
first show some variations but then quickly approach zero as can be seen in figure D-8.
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Figure D-5: Plot of accelerations

After the first second the accelerations rapidly vary for some time before they stabilize. In
figure D-6 the start up behaviour is looked at more closely.
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Figure D-6: Startup accelerations
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Figure D-7: Steady state accelerations

From this figure it is seen that with an amount of 20 measurements per second the accelera-
tions vary very fast. This start up behaviour makes it hard for the KF to observe the system
and it causes the observations to fully follow the measurements, since the measurement noise
is small compared to the actual accelerations. In figure D-7 it can be seen that the filtered
accelerations in the steady-state phase are still equal to the measurements.

Because the accelerations quickly approach zero the acceleration error, shown in figure D-8
shows very little information. The acceleration error is calculated the same way as the angle
error from the previous subsection.
The accelerations reach a steady state after 1000s of simulating. Calculating the RMSE
of both the original signal and the measurements and the original signal and the observed
signal starting from 1000s emphasizes the bad fit. The RMSE of the original signal and the
measurement signal is found to be 4.30 · 10−4m/s2. For the RMSE of the original signal and
the observed signal a value of 4.27 · 10−4m/s2 is calculated, which makes the observed signal
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Figure D-8: Error in filtered angles compared to true values

compared to the original signal only slightly better than the measurement signal compared
to the original signal.

Forces

The forces measured at the booster stations converge to a steady state in a way similar to
the angles. From figure D-9 it is seen that, just like was the case with the angles, the force
varies little after 1500s.
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Figure D-9: Plot of force

When the start up and steady-state behaviour is observed more closely it can be seen that in
the start up phase the observed force is offset from the original system. The closer observations
are found in figures D-10 and D-11.

Even though during start up the observed force deviates from the original system, in steady
state the force is observed well. From these figures the performance of the covariance values
of the KF is also well demonstrated. The error covariance in the observer of the force is
high compared to that of the observer covariance of the angles. But because the performance
of the KF depends on the relation of the covariance of the measurements compared to the
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Figure D-10: Startup force
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Figure D-11: Steady state force

covariance of the observer it is seen that the observed force is stable and of low error. The
error between the measured signal and the original signal and the measured signal and the
observed signal is shown in figure D-12.
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Figure D-12: Force errors

The error is calculated in the same way as it was calculated in subsection D-1-1. The error
at start up is large, but after the force observations converge the error drops below the
error percentage of the measurements. This is confirmed by calculations of the RMSE of the
measured signal and the original signal and the RMSE of the observed signal and the original
signal. Calculations of the RMSE are done from 1000s to 3000s. The RMSE of the original
signal and the measurement signal is found to be 42.8N . For the RMSE of the original signal
and the observed signal a value of 12.6N is found, which is an improvement of a factor 3.4.

D-1-2 Force adaptive Kalman filter

The force adaptive KF appears to work well. In this case the model used to generate data and
the observer model are equal, which can create a result much better than would be the case
if the model used to create measurements is a (partially) unknown data generation model.
The force used in the system will fully depend on the performance of the KF, so when the
force process covariance constant is chosen to be much lower than the force measurement
covariance constant. The most important observation that is made from these observations is
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that the force adaptive KF works in a stable way and is able to combine measurements and
observer estimations.
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Appendix E

Additional simulation results

First the case of a simulation generated by VIVID is written. As a second an extra simulation
of the riser going to steady-state with a constant current and with waves. Contrary to the
case in subsubsection 5-2-3, no Vortex Induced Vibrations (VIV) are present, so no damping
amplification factor has been used.

E-1 Constant current without vortex induced vibrations

In this extra case the ability to observe the system without VIV as it converges to a steady-
state is checked. For this case the same simulation as in 3-4 is used. For the simulation data
created by VIVID a time step of 0.1 seconds has been used.

0 500 1000 1500 2000 2500 3000

Time [s]

0

50

100

150

200

D
ef

le
ct

io
n 

[m
]

Deflection of VTS tip per simulation

Reference simulation
Simulatie 111
Simulatie 112
Simulatie 121
Simulatie 122
Simulatie 211
Simulatie 212
Simulatie 221
Simulatie 222

Figure E-1: Deflection of tip of VTS multiple simulations

The deflection of the tip of the system is seen in figure E-1. It can be seen that none of the
observations manages to achieve a 100% fit compared to the original simulation. The observer
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approaches the original simulation but does not reach the same deflection.

Simulation noise Root Mean Square Error (RMSE) [m] Variance Accounted For (VAF) [%]
low low low 1.805 99.50
low low high 1.553 99.63
low high low 4.466 99.79
low high high 4.703 99.79
high low low 3.358 99.26
high low high 3.263 99.28
high high low 2.443 99.78
high high high 2.594 99.79

Table E-1: RMSE and VAF for 3000s simulations
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Appendix F

Full riser deflections

Simulation of the full length riser made by the approximate model at different time steps.
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Figure F-1: Riser simulation at t = 10s
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Figure F-2: Riser simulation at t = 100s
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Figure F-3: Riser simulation at t = 200s
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Figure F-4: Riser simulation at t = 1500s
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Figure F-5: Riser simulation at t = 3000s
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Appendix G

Integrated accelerations

In this appendix the accuracy of an accelerometer without a model is tested. Accelerometer
data is generated by the approximate model, run at a time step of 0.05s and with each section
divided into elements with a maximum length of 100m. The model is run for 3000s with a
constant current of 0.5m/s evenly spread along the riser.
The accelerations are obtained at the tip of the system, the point of which the position needs
to be monitored. The accelerations are integrated twice by calculating the area under the
acceleration data after every time step to obtain the velocity and then the same is done to
calculate the positions. It is assumed that the accelerations are linearly distributed over each
time step.
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Figure G-1: Obtained positions after integration over 3000s

In figure G-1 the resulting positions are seen, as well as the actual position of the system,
shown as ’model’. When no noise at all is added to the accelerations, shown in the figure as
’no noise’, the resulting offset is about two times the size of the actual offset of the model.
This result can only be achieved by using data generated by the model, since measurement
data is always contaminated with noise.
Measurement data is generated adding a random generated normal distributed signal, multi-
plied with the accelerometer standard deviation from 2-1, to the acceleration signal. When
the measurement data is integrated to obtain the positions it is clear that no useful data can
be obtained this way. It must be noted that the acceleration drift is lower than predicted
in (Zwahlen et al., 2010), this can be explained by the low accelerations in the system. At
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the start a peak, with an amplitude of 0.2m/s2, in accelerations is seen when the current is
introduced. This peak decays and after about 50 seconds a deceleration with an amplitude
of 1mm/s2 is left which goes to zero. Since all of the accelerations are very small, the drift is
mainly created by sensor noise.
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List of Acronyms

SMT Seafloor Mining Tool

MSV Mining Support Vessel

VTS Vertical Transport System

OMA Operational Modal Analysis

SONAR SOund Navigation And Ranging

LBL Long Baseline system

SBL Short Baseline system

USBL Ultra Short Baseline system

IMU Inertial Measurement Unit

DSM Deep Sea Mining

VIV Vortex Induced Vibrations

FEM Finite Element Method

EKF Extended Kalman Filter

KF Kalman Filter

OMA Operational Modal Analysis

EMA Experimental Modal Analysis

UKF Unscented Kalman Filter

EnKF Ensemble Kalman Filter

GPS Global Positioning System
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120 Glossary

MDOF Multiple Degrees Of Freedom

SDOF Single Degree Of Freedom

DOF Degree Of Freedom

DOFs Degrees Of Freedom

ODE Ordinary Differential Equation

MEMS MicroElectro Mechanical Systems

RMS Root Mean Square

VAF Variance Accounted For

RMSE Root Mean Square Error

List of Symbols

ε Axial strain
Φ Discrete state-space system update matrix
Ψ Discrete state-space input update matrix
ν Kinematic viscosity
ρ Sea water density
σ Bending stress
θ Rotation at node
ξ Dimensionless distance
ζ Damping ratio

x̂k Kalman filtered states
x̄ State-space deflections and rotations in x-direction
L Lagrangian
T Kinetic energy
V Potential energy
A Prediction matrix
B External influence matrix
Dt Detectability matrix
H Observer update matrix
I Identity matrix
Km Stiffness matrix
Kp Geometric stiffness matrix
M Mass matrix
O Observability matrix
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Cd Drag coefficient
Cm Inertia coefficient
D Diameter
di Switching term used to add or remove observer states
dL Element length
E{vk} Expected value of vk
Izz Inertia
k Beam curvature
Kk Kalman gain
L Cylinder length
M Bending moment
ma Added mass
mc Element combined mass
Q Process noise covariance matrix
q Distributed force load
R Measurement noise covariance matrix
R(t) Reaction force
ucu Flow velocity
v Motions in z direction
vk Gaussian distributed white process noise
w Motions in x direction
wk Gaussian distributed white measurement noise
xw Deflection and rotation vector in x direction
yk Observer states
zk Measurement states
A Cut-through area
E Yougs modulus
e Residual
F Force
g Gravitational constant
I Inertia
P Error covariance matrix
Re Reynolds number
T Tension force
V Shear force
V Volume

0 Initial conditions
cu Current components
drag Drag component
in Inner riser
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max Maximum
o Outer
sea Seawater
sl Slurry
st Steel
tip Last node of the riser
− A-priori state estimate
T Transform of a matrix
◦ Degrees

S.C.W. de Jong Confidential Master of Science Thesis


	Front Matter
	Cover Page
	Title Page
	Signatures
	Table of Contents
	List of Figures
	List of Tables

	Main Matter
	Introduction
	Background
	Problem analysis
	Research questions
	Approach
	Thesis Layout

	Literature
	Subsea measuring
	Acoustic positioning
	Fibre-optics
	Inertial measurement units
	Angular sensors
	Current velocity meter

	Riser model
	Reference frame
	Beam theories
	The Euler-Bernoulli beam
	Boundary conditions
	Added mass
	Damping
	Tension force
	Drag force
	Wave forces
	VIV
	Booster stations
	Slurry transport
	Marine Growth
	Finite element method

	Vertical transport system parameters
	Riser sections
	Booster stations

	The Kalman filter
	VIVID
	Finite element model
	Vortex induced vibrations
	Effective tension
	Ordinary differential equation solver

	Conclusion

	Approximate model
	Beam finite element model
	Discrete beam matrices
	Inertia
	Damping matrix
	External force matrix
	Matrix assembly

	Verification
	Static
	Dynamic

	Approximate model sensitivities
	Time step
	Element size

	Comparison to VIVID
	Setup
	Deflections
	Tension
	Natural Frequencies

	Conclusions

	Implementation of Kalman Filter
	Kalman filter states
	State-space representation
	Discrete state-space representation

	Force adaptive filtering
	Force matrix reduction

	Observability and controllability
	Observability
	Detectability
	Controllability

	Verification
	Model setup
	KF setup
	Results

	Conclusion
	System discretization
	Observability
	Verification


	System sensitivities
	Loading measurement data
	Node distributions
	Measurement noise

	Process noise sensitivity
	Process noise and covariance
	Observer
	Simulation results

	Varying measurement frequency
	Sensor bias
	Conclusions
	Varying noise
	Varying measurement frequency
	Biased sensors


	Filtered performance and improvement
	Filtered performance
	Constant current and vortex induced vibrations
	Varying current

	Improvement
	Varying observations
	Noise and covariance
	Results

	Conclusion
	Filtered performance
	Improvement


	Conclusions
	Conclusions about the approximate model
	Conclusions about the Kalman filter
	Sensitivities
	Improvement
	Discussion

	Recommendations
	Future research
	Improve approximate model
	Alternative filters
	Model validation
	Increase dimensions
	Sensor accuracy
	Sensor distribution
	Process noise covariance
	Influence of waves

	Royal IHC
	Cost effectiveness



	Appendices
	Newmark beta numerical solver
	Newmark-beta numerical solver
	Derivation
	Verification


	Approximate model verification
	Signal fit
	RMS
	VAF

	Force adaptive Kalman filter
	Validation
	Force adaptive Kalman filter
	Force adaptive Kalman filter


	Additional simulation results
	Constant current without vortex induced vibrations

	Full riser deflections
	Integrated accelerations

	Back Matter
	Bibliography
	Glossary
	List of Acronyms
	List of Symbols



