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Abstract

Larger wind turbines are being developed to fill the growing demand for green energy. Wind turbines
that need to be installed in the next decade will reach a capacity of 15 MW, with an approximate
rotor diameter of 240 meters. The currently used wind turbine installation vessels cannot install
these larger wind turbines; hence, investments need to be made. An opportunity arises from the
oil and gas industry: investments in this industry are decreasing. Thus, the floating monohull fleet
working in this industry will need repurposing in the upcoming decade.

In this thesis, the operational limit of a single blade installation with a floating monohull crane
vessel is sought. An installation method is proposed where taglines are used to compensate vessel
motions and wind loads on the blade. Motion compensation with taglines is a technology that is
already being used in the industry, which makes it attractive to contractors who are hesitant to
use new technologies. The proposed installation concept uses three different compensation systems,
allowing the blade motions to be decoupled and controlled separately. One of the compensation
systems is selected and investigated in more detail in this research. The selected compensation
system compensates for the blade motion in y- and yaw-direction with two dynamically controlled
taglines horizontally attached from the blade to the crane boom.

The operational limit is determined for the final installation stage, the mating phase between
the blade and the hub. The alignment of the blade and the hub is modeled in frequency- and time-
domain. From these models, it can be concluded that the control system can limit the y-motions
at the blade root below typically accepted motion limits, when the wave direction is limited to an
interval of 150-210◦, for a sea state up to a wave height of Hs= 5.6 m and wave peak period Tp of
10 s. However, this is only true when the predisplacement of the blade towards the crane boom is
larger than the maximum crane tip displacement.

Based on these preliminary findings, it seems that floating installation of turbine blades could be
feasible with proper tagline control. Further investigation, involving dynamic control in all degrees
of freedom, is therefore recommended.
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1 | Introduction

In the Paris Agreement of 2015, a goal was set: the global temperature rise should stay below 2◦,
preferably 1.5◦. To achieve this, the European Commission estimates that we will need 450GW
of installed offshore wind power by 2050 [12]. In 2019 there was an installed capacity of 22GW,
which means that around 53,500 8-MW offshore wind turbines (OWT) must be installed in the
upcoming 30 years. The capacity of OWTs keeps increasing; see Figure 1.0.1. If the wind turbine
size is increased, a smaller quantity of turbines needs to be installed to achieve the goals for 2050.
However, new challenges arise with the increasing capacity. To obtain the extra power, the rotor
radius, and hub height increase in size. The increasing heights and masses bring challenges for the
transportation and installation of the OWTs.

Figure 1.0.1: Capacity and turbine size growth over the past decades and future expectations [1]

GustoMSC is a design and engineering consultancy for mobile offshore units and equipment. Gus-
toMSC has a significant market share in the engineering and design of jack-up vessels. Currently,
many OWTs are installed using jack-up vessels that the company designed. Since the market is
growing and wind turbine sizes are increasing, larger wind turbine installation vessels will be re-
quired. To meet the future demands, GustoMSC is exploring new methods for OWT installation
by looking into installation possibilities with floating vessels.

Currently, all operable offshore wind turbine installation vessels (OWTIV) are jack-up vessels.
These jack-up vessels are expensive vessels per tonnage of variable load in comparison with floating
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monohull vessels. Due to the increasing dimensions of the future turbines, and the increasing
installation depths, significant investments are required to acquire higher capacity jack-up vessels.
Since significant investments need to be made, finding a more economically feasible solution might
benefit the sector. An opportunity arises from the Oil and Gas (O&G) industry. Due to decreasing
investments in the O&G sector in recent years [13], the existing fleet needs repurposing in the
upcoming decades. Should installation of wind turbine blades with floating vessels prove to be
feasible, the investments could be directed to repurposing the existing O&G fleet to floating wind
turbine installation vessels.

At present, several installation methods have been used to install the rotor nacelle assembly
(RNA). In industry, single blade installation is the most frequently used method to install wind
turbine blades. The blades are installed one by one instead of installing several blades in one lift.
Having to transport single blades makes the transportation of the blades practical and the lifting
and control of the blade during the lifting operation easier and thus safer. The main benefit of
using single-blade installation is that the blades can be detached from the hub for maintenance
when needed, while the hub and the other blades can stay on the tower.

This thesis considers the single blade installation of a 15MW wind turbine blade with a monohull
crane vessel. The wave-induced vessel motions will be problematic during the installation of the
blade, especially during the mating phase, when the blade root is connected to the wind turbine
hub. In this final phase of installation, the motions of the blade need to be very small to ensure a
safe installation.

1.1 Problem description

At present, taglines are used during the installation of wind turbine blades to keep the blade stable
in space and compensate for wind-induced blade motions. The benefit of using tagline systems is
that the system is relatively cheap compared to other stabilizing systems, and the system can be
used on every vessel. Additionally, contractors have a significant say in the installation method
used during the operation, and they are often hesitant to use new installation technologies due to
unknown risks.

Wind turbines are not yet being installed with monohull vessels due to their sensitivity to wave
loads. The combination of the wave-induced vessel motions and the large operation height results
in large motions that need to be compensated during the installation. To find the feasibility of
installing wind turbine blades while using a monohull crane vessel, an installation method must be
found that compensates for the wave-induced motions while preferably using known compensation
systems like taglines.
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1.2 Research objective

GustoMSC is a pioneer in offshore engineering. Therefore, they want to investigate the feasibility of
installing OWTs with floating monohull crane vessels. New techniques are expected to be necessary
to install the 15MW wind turbines with the monohull vessel due to its sensitivity to wave loads.
A solution needs to be found to compensate for the vessel motions to guarantee safety during
installation.

This project aims to find the operational limits of single-blade installation with a monohull
crane vessel while reducing the blade motions with actively controlled taglines. The main research
question is as follows:

“How can the blade motions during a single blade installation with a floating monohull crane vessel
be reduced with a dynamic tagline system, and what would the operational limits of the installation
be?”

Several sub-questions need to be answered to find an adequate answer to the main research question:

1. What is the optimal configuration of the taglines and other control elements for the stability
of the blade during installation?

2. On which critical phase of the installation should the operational limits be based?

3. What are the motion boundaries of the blade for safe blade installation during the critical
phase?

4. Which factors will influence the blade motions, and to what extent should they be considered
in a numerical model?

5. What is the most appropriate numerical modeling strategy that yields sufficiently accurate
results regarding the blade motion envelope?

1.3 Report outline

Chapter 2 aims to give a summary of the currently used installation methods and to introduce
the lifting concept that is used in this research. The lifting concept for this research is described
by specifying the vessel and blade data used and describing the blade installation method with
a monohull vessel. Chapter 3 focuses on the modeling of the critical phase of the installation.
The compensation systems are discussed in more detail, the main assumptions are stated, and the
modeling strategy is discussed. In Chapter 4, the control system for the taglines is discussed. In
Chapter 5, the frequency domain model set-up is described, and the operational limits according
to this model are given. In the next chapter, a non-linearity is introduced. A time domain model
is needed to include this in the system. In Chapter 6, the time domain model is described and
verified. The chapter concludes with the results from the time domain model. The results of the
frequency and time domain calculations are compared and discussed in Chapter 7. A discussion
about the results is given in Chapter 8. The report ends with the conclusions and recommendations
following from this project in Chapters 9 and 10.
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2 | Concept design of lifting
operation

2.1 Methods for rotor-nacelle assembly installation

There are several ways of installing wind turbine blades and nacelle. In this section, the existing
installation methods are named, and the advantages and disadvantages are discussed.

The main difference between the methods is the number of lifts needed to install the tower
and rotor nacelle assembly (RNA). An offshore wind turbine can be divided into multiple parts for
installation; the components that are used in practice are shown in Figure 2.1.1.

2.1.1 Single blade installation

In the first two methods in Figure 2.1.1, every blade is installed separately after installing the tower
in one or two lifts and installing the nacelle and hub; this is called single blade installation. The
installation is done by first lifting and connecting the tower in one or more pieces to the transition
piece. After that, the nacelle is lifted and installed on top of the tower. The installation is finalized
by lifting every blade and connecting them to the hub one by one. A blade is connected using pins,
as is shown in Figure 2.1.2. Generally, two slightly longer pins guide the blade into the hub, where
the other pins fall into place, then the blade can be connected safely to the hub.

In order to install every blade with the same procedure, the rotor must turn 120◦, so the
connection point of the hub is at the same location. There are three ways to install single blades:
vertical, horizontal, and diagonal. The three different methods are displayed in Figure 2.1.3.

(a) Vertical [14] (b) Horizontal [15] (c) Diagonal [16]

Figure 2.1.3: Single blade installation methods
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Figure 2.1.1: Installation methods [2]

Figure 2.1.2: Connection of a tubine blade to the hub (figure from GustoMSC)
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Currently, the OWT blades are mainly installed horizontally, which has two main reasons. One
is that when a blade is picked up horizontally, the blade can be lifted by the pickup tool while
gravity works in its favor, and thus less force needs to be added to hold the blade in place. The
blade has to be picked up and held in position using friction between the blade and the pickup tool
with vertical or diagonal installation. The blade must be strong enough to withstand these specific
loads, and the pickup tool needs to be more advanced. Another reason horizontal installation is
used more often is that the blade is better manageable, sway and yaw movements of the blade
can be controlled using taglines. For diagonal installation, the control over the blade position is
more complex because the blade needs to be under the right angle for installation. With vertical
installation, the blade needs to be lifted eccentrically to avoid the cable coming into contact with
the hub. The blade and pickup toll tend to rotate around its center; however, this motion can be
controlled by using tuggerlines from the deck [17].

For single blade installation the following advantages and disadvantages must be considered:

Wind-induced loads The wind-induced loads on one blade during installation are easier to predict
than the wind-induced loads on a structure with several blades attached.

Mass The weight of one blade is small in comparison with other methods.
Transportation Transportation can be done very efficiently because a scaffolding can be used

for the blades.
Maintenance When maintenance needs to be done on a blade, the blade can be disconnected

easily since they were installed one by one.
Installation speed According to Ahn’s research assessment on different offshore installation vessels,

the vessels that have installed with the single blade installation method were
the vessels with the highest turbines per day rate in the past [2].

Lifting amount Single blade installation requires the largest amount of lifts needed to install
one turbine.

Electricity in hub Turning the hub to position it for the next blade costs electricity, getting the
power to the top of the turbine is not easy.

2.1.2 Bunny-ears installation

A second method is to connect two of the blades to the rotor onshore and installing the nacelle
and two blades in one lift. Figure 2.1.4 shows a “bunny-ears” construction being transported
to the installation site. For the “bunny-ears” installation method, the following advantages and
disadvantages must be considered:
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Lifting amount This method requires one or two lifts less than with single lift installation.
Electricity in hub There is no power needed in the top of the wind turbine to rotate the hub.
Transportation Is less efficient, resulting in the ship having to go back to the port to collect

new wind turbine parts more often.
Lifting complexity The lifting operation is more complex than a single blade installation because

the mass in the crane increases, and two blades are subject to wind loads.
Two different in-
stallation methods

The last blade needs to be up-ended and installed vertically, so two different
installation procedures are needed to install one turbine.

Figure 2.1.4: Bunny-ears installation [3] Figure 2.1.5: Three pre-installed blades [4]

2.1.3 Three pre-installed blades

The fourth method stated in Figure 2.1.1 consists of the installation of a tower, nacelle, and a rotor
hub with three pre-installed blades. All the blades are connected to the hub onshore. On location,
the tower and nacelle are installed, after which the hub with its three blades is installed in one lift.
In Figure 2.1.5 an installation of the hub with three blades is displayed. For the installation with
three pre-installed turbine blades, the following advantages and disadvantages must be considered:

Lifting amount This method requires only one lift to install the hub and all blades.
Electricity in hub There is no power needed in the top of the wind turbine to rotate the hub.
Transportation Is less efficient, resulting in the ship having to go back to the port to collect

new wind turbine parts more often.
Logistics Port logistics are more complex due to the large size and shape of the structure.
Lifting complexity The lifting procedure is complex because the hub-blade structure needs to be

lifted into the air, then rotated 90◦, and then installed.
Wind loads During the installation, the wind-induced forces on the hub-blade structure are

hard to predict.
Maintenance When a blade needs to be taken off of the turbine for maintenance, there is a

probability that the entire hub needs to be taken off and transported to shore
instead of just one blade.
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2.1.4 Single lift installation
The last method in Figure 2.1.1 is to pre-assemble the entire OWT onshore and install the wind tur-
bine in one lift. For the installation with three pre-installed turbine blades the following advantages
and disadvantages must be considered:

Lifting amount This method requires only one lift to complete the entire installation on site.
Experience It has not been done many times before; therefore there is less historical data

to base the operation on.
Transportation Transportation to the site is not an easy procedure. A sheer leg crane vessel

can transport one OWT. If multiple OWTs are wished to be transported, a new
vessel needs to be designed to transport the OWTs.

Structural integrity The entire structure of the OWT must be suitable for such an operation, espe-
cially the connection between the tower and the RNA must be checked.

2.1.5 Alternative installation methods
There are many disadvantages to each method. Therefore, new installation methods are still being
developed. In this subsection, several developments are discussed.

Floating installation with a dummy tower - Heerema

The first floating installation is scheduled to be done by Heerema. They plan to assemble the
RNA on a dummy tower onboard, after which the total RNA is lifted and installed on the wind
turbine tower. The procedure is shown in Figure 2.1.6. This has the following advantages, and
disadvantages should be considered:

Transportation Can be done relatively efficiently because the blades can be transported with a
blade rack.

Electricity in hub The power needed to turn the hub can be connected easier using the dummy
tower.

Ship motions The dummy tower moves with the ship. The installation of the RNA is easier
to do since the crane and optional tagline system are subject to the same ship
motion.

Ship motions Only one lift has to be done to the real OWT tower
Accessibility during
the installation

The installation of the blades on the deck gives the advantage that all is easily
accessed

Maintenance When a blade needs to be exchanged for maintenance or repair, the nacelle has
to come off entirely instead of only one blade.

Collegian risk The crane and dummy tower must have a sufficient distance between each other
to minimize the chance of collegian between the RNA on the dummy tower and
the crane.

Control during final
lift

Controlling the movements of the RNA during the lift to the tower is hard and
complex because taglines cannot be connected to the blades, which makes it
hard to gain momentum with the taglines, and the wind induced loads on the
structure is hard to predict.
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Figure 2.1.6: Arcadis installing the RNA using a dummy tower [5]

Vertical installation frame - TWD

Temporary Work Design has developed a frame to install wind turbine blades using a frame to
guide the blade vertically to the hub. The frame during installation is shown in Figure 2.1.7. The
main goal of this method is to install blades when the weather is not ideal. The system would be
equipped with a dynamic stabilizing system to steady the blade. This design has several objections.
The frame can only install blades, so a vessel is needed to install the nacelle and hub, which means
a lifting procedure is needed either way. To use this robust method, electricity power is needed in
the hub to rotate the hub, which will make the installation more complex. When the environmental
loads increase, the wind turbine motions will also increase. The tower will have significant motions,
especially when two blades are installed and the third blade is installed. The dynamic compensation
system needs to be able to compensate for those movements.

Figure 2.1.7: Vertical installation frame by TWD [6] Figure 2.1.8: Climbing crane
by Lagerwey [7]
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Climbing crane - Lagerwey

The climbing crane by Lagerwey is a crane that moves upwards and installs the wind turbine piece-
by-piece. The final blade installation is shown in Figure 2.1.8. This could be an excellent alternative
to install wind turbine blades with a mechanism attached to the wind turbine itself. However, the
concept is not yet proven in an offshore environment.

2.1.6 Lifting operation for this research
For OWT blade installation, the single blade installation method is most frequently used in industry
nowadays. The main advantage of this method, compared to the other installation methods, is that
it requires the least complex lifting operation, the transportation of the parts is considerably easy,
and maintenance to a blade can be done without uninstalling the entire hub or nacelle. The
downside of single blade installation compared to other lifting methods is that more lifts are needed
to complete the entire installation. Since contractors are reluctant to use new installation methods,
installation methods that are already being used are preferred. Since the installation of OWT blades
with a monohull crane vessel is an operation that has never been performed before, the complexity
of the operation is an essential factor. Hence, single blade installation is the installation method
that seems to be the best fit for blade installation with a floating monohull crane vessel.
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2.2 Equipment

The single blade installation of this project is done with a large monohull crane vessel and a 15MW
wind turbine blade. In this section, the vessel specifications are given, and the blade characteristics
are described.

2.2.1 Vessel specification
Due to decreasing investments, the monohull fleet currently working for the oil and gas industry
will need repurposing in the next decade. This research investigates if a monohull crane vessel can
be used to install OWTs, and thus if these O&G vessels can be repurposed into installing wind
turbines. A specific monohull crane vessel must be selected. In a constant sea state, the wave
induced motions on a ship decrease when ship size increases. Hence, the installation is more likely
to be feasible with a larger vessel. To start with research on wind turbine blade installation with a
floating monohull vessel, the GustoMSC Ensys XL is selected. The Ensys XL is a 280 m long, 55
m wide monohull crane vessel shown in Appendix B. Further specifications are given in Appendix
A. When the single blade installation proves to be feasible with this large vessel, further research
can be done to explore the possibilities for installation with smaller vessels.

The loading condition of the vessel affects the wave response of the vessel. Different loading
conditions must be evaluated to determine which loading condition will be used for the first cal-
culations. The least favorable loading condition will be used in the initial calculations to get a
conservative but realistic result. In the literature review previous to this report [18], a model is
used to determine the most probable maximum (MPM) (of a 3-hour reference period) displacements
of the crane tip in a sea state with a significant wave height Hs = 2.0 m and a peak period Tp of
4-10 s. This model can be used to determine the MPM displacements per loading condition. The
four loading conditions creating the operational envelope are a combination of a high or low GM
and draft. For each loading condition the MPM displacement in x-, y-, and z-direction with a sea
state with Hs = 2 m, Tp = 8, and a wave heading of 180◦±15◦ is given in Table 2.2.1. From this
data, it can be concluded that the loading condition with a low draft and a high GM is the most
conservative. Hence, this is the loading condition that will be used in this research.

Table 2.2.1: MPM displacement in x-, y-, and z-direction for Hs = 2 m, Tp = 8 s, and a wave heading of 180◦±15◦,
for four loading conditions

Loading
condition

MPM
x-displacement [m]

MPM
y-displacement [m]

MPM
z-displacement [m]

High draft, high GM 1.06 0.16 0.26
High draft, low GM 0.88 0.08 0.23
Low draft, high GM 1.42 0.38 0.4
Low draft, low GM 1.24 0.09 0.33

2.2.2 Blade specifications
Currently, wind turbines of approximately 8MW are being installed. However, companies like
Siemens Gamesa and General Electrics are developing future offshore wind turbines of 12 to 15
MW. This research focuses on the installation of future wind turbines. Hence, the IEA 15MW
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reference wind turbine is used. The IEA 15MW reference wind turbine blade is 117 meters long
and weighs about 65 tons. Further general information of the wind turbine blade is added in
Appendix A.2, the blade node and segment data is given in Appendix A.3 and A.4.

2.3 Environmental conditions

An offshore operation is usually weather restricted, which means that the operation can be executed
up to specific environmental conditions. The environmental conditions of an offshore operation
can generally be divided into wind and wave conditions. These conditions are often described
with the characteristics of a power spectrum. For this project, the operational limits are sought
for the installation of wind turbine blades with a floating vessel. To direct the research, and
environmental envelope is formulated. The environmental envelope reaches up to the operational
limits of wind turbine blade installation with a jack-up vessel. First, the wave conditions of the
environmental envelope are defined, then the wind conditions, and then the definition of operational
limits according to the DNV standard “DNV-OS-H101” is given.

2.3.1 Wave conditions
A sea state can be expressed with the spectrum of the wave amplitude versus the wave frequency.
The wave environment in the North Sea is generally expressed with a JONSWAP-spectrum (Joint
North Sea Wave Observation Project). The shape of this spectrum can be indicated with the
significant wave height Hs, the mean value of the third-highest wave amplitudes, and the peak
period Tp. The mean wind speed is the limiting factor during installation with a jack-up vessel.
In order to aim this research at the same operational limits, the complementing significant wave
height is taken for the limiting wind speed during the jack-up operation. The limiting wind speed
is 10 m/s, the complementing significant wave height is approximately 2 m, based on GustoMSC
experience. According to the empirical formulas presented in L. Li’s paper in 2015, a peak period
of 4-10 s would result in a 95% non-exceedance level for a sight in the middle of the North Sea
[19], these are the wave conditions that will be considered in this research. The wave direction in
respect to the vessel is shown in Figure 2.3.1.

Figure 2.3.1: Wave direction in respect to the vessel
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2.3.2 Wind conditions
The wind is a combination of a mean wind speed and a random gust: V (t) = V10 + V (t). The
amplitude of the varying part of the wind speed can be described with a Kaimall-spectrum. The
shape of the Kaimall spectrum is dependent on the mean wind speed over the last 10 minutes.
Since the limiting mean wind speed during a jack-up blade installation is 10 m/s, this research will
not consider the mean wind speeds exceeding 10 m/s.

2.3.3 Weather window
Criteria for the weather restricted operations are given in the DNV standard “DNV-OS-H101 Marine
Operations, General”[8]. To define an operational limit, the duration of the operation is important.
The reference period TR of the operation is defined as:

TR = TPOP + TC (2.1)

where TPOP is the planned operation time, and TC is the estimated maximum contingency time.
The planned operation time TPOP should be based on a reasonable conservative assessment of
similar operations. The estimated contingency time TC is 50% of TPOP when there is extensive
experience with the operation.

Every piece of equipment and part of the installation has its operational limit. The operational
limiting criteria OPLIM is the lowest limiting weather condition of the entire operation and the
equipment.

To account for uncertainty in monitoring and forecasting of the environmental conditions, the
forecasted operational criteria OPWF should also be determined. The OPWF is defined as OPWF =
αOPLIM , where α is dependent on whether the operational limit is a limiting wind or wave condition
and what the reference period of the operation is. In this case, the limiting weather condition will
be wave dependent. The operation will last less than 12 hours. In the North Sea, with a significant
wave height of Hs = 1 m, α = 0.65, and for Hs = 2 m, α = 0.76.

The TR, TPOP , and TC are shown in Figure 2.3.2. During this time, several weather forecasts
are done. If the weather exceeds the OPWF , the operation will be stopped.

Figure 2.3.2: Illustration of the weather window (DNV-OS-H101 [8])
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2.4 Concept selection

A concept lifting arrangement must be chosen for the single blade installation with a floating
monohull crane vessel. Six concepts were proposed in the literature review on the determination of
the optimal blade installation method with a floating vessel [18]. Each concept is based on using a
limited amount of new technologies since the contractors have a large say in the used installation
method of the wind turbines, and they are generally hesitant to use new technologies because it
involves unknown risks. In all of the concepts, taglines were used to stabilize the blade. In the
report, one concept was concluded to be the most feasible. The general steps of installation are
illustrated in Figure 2.4.1 and 2.4.2 and can be described with the followed:

1. A blade gripper is attached to the crane hook. The taglines from the base of the crane are
connected to the blade gripper.

2. The blade gripper is lifted from the deck and moved to the blade scaffolding, where the blade
gripper picks up a blade from the scaffolding.

3. The crane rotates, and the blade is positioned parallel to the deck.

4. The blade is lifted upwards to hub height and horizontally aligned with the hub.

5. By monitoring the relative motion between the hub and the blade root, a moment is sought
to move the blade closer to the hub and connect it to the hub. This final stage is called the
mating phase.

The blade position is controlled with three compensation systems during the lifting procedure:
two horizontal taglines to the crane boom, the blade gripper, and a crane line and taglines to
the crane tip. Each compensation system works in one direction of the blade motions, x-, y-, or
z-direction. By using three compensation systems in three directions, the motions of the blade are
decoupled, which means that each direction can be controlled with a separate compensation system.
A further explanation about the three control systems in the concept is discussed in Section 3.2.

2.5 Motion criteria during the critical phase

Two parts of the installation are most critical since much precision is needed to guarantee safety
and structural integrity: when the blade is picked up from the scaffolding and the mating phase
when the blade is connected to the hub. To determine the operational limits of the total system,
the lowest environmental limits of the total system need to be sought. First, the critical phase
with the lowest expected limits is selected, followed by a further elaboration of the motion criteria
during this phase.

2.5.1 Critical phase selection

During the picking-up phase, the blade gripper must be positioned and connected to a blade in the
scaffolding. The blade’s center of gravity needs to be positioned precisely under the main hoist for
stability during the installation. Lifting the blade out of the scaffolding needs to be done cautiously
to avoid damage to the blade or the scaffolding.
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Figure 2.4.1: Top view of installation method

Figure 2.4.2: Frond view of installation method
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The mating phase is critical because there is a very small allowance for motions of the blade
root while the connection between the blade root and the hub is made.

During the blade installation with a floating vessel, vessel motions will cause the crane to move.
During the mating phase, the crane is operated at a large height where the crane tip motions can
significantly impact the motions of the blade. During the picking-up phase, the crane tip motions
can be compensated easier due to the large length of the crane line. Since the motion criteria for
the mating phase is very small, this is the selected critical phase.

2.5.2 Motion criteria
The blade root has to be connected to the wind turbine hub in the mating phase. The pins of the
blade need to fit precisely into the the wind turbine hub holes. Then, they need to be tightened by
the crew inside the wind turbine hub. A motion limit is set on the allowed distance between the
blade root and the hub, the distance is schematically shown in Figure 2.5.1. The maximum allowed
distance dhb is stated to be is 0.2 m in the thesis report of K. de Leeuw, made in cooperation with
Van Oord BV [20]. The mating procedure lasts for a maximum period of 30 minutes [21].

Figure 2.5.1: Distance between hub center and blade root center dhb
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2.6 Conclusion

Multiple installation methods have been used in the industry for the installation of the rotor nacelle
assembly. The single blade installation method is selected for further research to install wind turbine
blades with a floating monohull crane vessel. Single blade installation is advantageous since, during
blade maintenance, the entire hub or nacelle does not need to be decoupled to remove the blade
from the turbine. Additionally, the single blade installation is the most used installation method,
making it attractive for contractors who are hesitant to use new installation techniques.

The monohull crane vessel for this project is the GustoMSC EnsysXL. This vessel is a 280 meters
long monohull crane vessel. The wind turbine blade used in this project is the blade of the IEA
15MW reference wind turbine.

Offshore installations are often weather restricted. The operational limit is the limiting wind
or wave condition with which the operation can be realized safely. An environmental envelope is
defined to find the operational limit of the single blade installation. The considered environmental
envelope consists of wind and wave conditions that complement the operational limits of a single
blade operation performed by a jack-up vessel.

A lifting concept with three dynamic controlled systems is proposed. The concept results from
the literature review previous to this report. Each control system is designed to stabilize the position
of the blade in a different direction. This concept is deemed most optimal for the stabilization of
the blade position in space. Hence, this is the answer to the first subquestion. The three control
systems will be discussed in more detail in Chapter 3.

The operational limits of the installation are based on one part of the installation; this is the
critical phase. The selected critical phase of this installation is when the blade is aligned with the
wind turbine hub, and the blade root is connected to the hub. This phase is deemed most critical
due to the large operating height and the small motion criteria. This is the answer to the second
subquestion.

The motion criteria are based on the distance between the blade root center and the center of
the hub. The distance between the two must be less than 0.2 m. This is the answer to the third
subquestion.
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3 | Modeling of lifting arrangement

To find the operational limits, the critical phase of the lifting installation must be modeled. First,
the degrees of freedom of the system are defined in Section 3.1. Then, the three control systems
introduced in the previous chapter are discussed in 3.2, one of the systems is selected for the rest
of the research. Assumptions need to be made for the control system model, these are described
in Section 3.3. Then, all the equations of motion of the system are derived in Section 3.4. The
chapter concludes with the discussion of the modeling strategy in Section 3.5.

3.1 Definition of degrees of freedom

Before making the model, the degrees of freedom (DOF) need to be defined. The entire installation
consists of a vessel, a crane, the blade, and the crane- and taglines. All the degrees of freedom are
shown in Figure 3.1.1 and 3.1.2. The degrees of freedom per body are:

Equipment Modeled as DOF Generalized coordinate

Vessel Rigid body 6 xs(t), ys(t), zs(t), φs(t), θs(t), ψs(t)
Blade Rigid body 6 xb(t), yb(t), zb(t), φb(t), θb(t), ψb(t)
Crane Rigid body (fixed on vessel) 0
Crane line Spring 2 θc(t), γc
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Figure 3.1.1: Side and front view of the installation vessel with blade [9]

Figure 3.1.2: The top view of the installation vessel with blade

3.2 The compensation system concept

There are three separate compensation systems at work in the proposed lifting concept. When the
motion of the blade is divided into six degrees of freedom, all degrees of freedom are stabilized
using three different compensation systems: in z- and θ-direction with lines to the crane tip, x-
and φ-direction with the blade gripper, and y- and ψ-direction with horizontal taglines to the crane
boom. The first two systems are shown schematically in Figure 3.2.1 and the last system is shown
in Figure 3.2.2.
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3.2.1 Overview and selection of compensation systems
The compensation in z- and θ-direction are done with the main crane line and possibly more taglines
to the top and bottom of the crane. However, compensating for the heave of the vessel is already
widely executed in industry and thus is not the compensation system that will carry the focus of
this research.

Compensation in the x-direction is challenging to execute with taglines to the vessel, which
means the gripper itself or a line to an external point would need to compensate for the motions.
The compensation for φb is mainly solved by gravity, and the blade gripper is attached to the crane
hook where it hinges. The gravity will keep the φb-angle constant. Since the compensation in the
x-direction is not done with taglines but rather with the blade gripper itself, this will not carry the
focus of this research.

(a) Side view of vessel with compensation in z- and θ-direction

(b) Side view of vessel with compensation in x-direction

Figure 3.2.1: Compensation systems in x-, z-, and θ-direction
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Figure 3.2.2: Top and frond view of vessel with compensation in y- and ψ-direction

The y-motion of the blade is mainly caused by the roll, sway, and yaw motions of the vessel, as
shown in Figure 3.2.2, and also to a smaller extent due to the wind loads. The global yaw angle
of the blade is caused by the yaw motion of the vessel and the yaw angle of the blade around its
z-axis. Since two horizontal taglines can control these motions to the crane boom, this will be the
focus of this research.

The y-displacement of the blade is compensated with the total force applied on the blade by
the two horizontal taglines, the ψ is compensated with the difference between the forces applied by
the two taglines times the length of the blade gripper lbg.

Ftl = F1 + F2 (3.1)
Mtl = (F1 − F2)lbg (3.2)

With this approach, the y- and ψ-displacement can be decoupled. Hence, a separate feedback
control system can be designed for both the y- and ψ-displacement.
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Figure 3.2.3: Situation 1 (top): Forces on the blade in y-direction without pretension.
Situation 2 (bottom): Forces on the blade in y-direction with pretension.

3.2.2 Pretension
The blade can only be controlled by pulling taglines from one side. To provide a semi-controllable
force in the opposite direction, a pretension is applied with the taglines. Then, the blade can be
controlled with a pulling force towards the boom and with a gravitational force dependent on the
crane line angle θc and crane line length lc in the opposite direction. The forces with and without
pretension are shown in Figure 3.2.3, where Ftag is the y-force of both taglines combined, and
Fg = mbglc sin θc, where mb is the blade mass, lc the length of the crane line, g the gravitational
constant, and θc the angle of the crane line. There will always be tension in both directions when
an adequate pretension is applied. When the blade displacement due to the pretension is smaller
than the crane tip motions during an operation, there is no control in the positive y-direction of
the blade.

The displacement in the y-direction can be controlled as long as the displacement due to the
pretension is larger than the crane tip motions in the y-direction. However, the blade’s speed and
acceleration in positive y-direction depend on the crane line angle θc, which is dependent on the
pretension and the crane tip motion.

In this project, a pretension is applied on both the taglines to displace the blade 2 meters
towards the crane boom.
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Figure 3.2.4: Schematic illustration of side-view of the winch system

3.2.3 Winches
The taglines of the compensation system are controlled by two winches on the bottom of the crane.
Both winch mechanisms have two deflecting sheaves, as shown in Figure 3.2.4. To determine the
needed capacity of the winches, the torque and torque speed need to be found.

The mean force provided by one winch used for the static displacement of the blade 2 m to the
left is Ft = 1

2mbg
ldisp
lc

= 118 kN. Applying a 1.5 dynamic load factor, the maximum force applied
during the installation is approximately 180kN. To compensate for efficiency losses and provide
extra capacity, a winch is needed to pull a force of 200 kN. If a drum radius of 1 m is assumed, the
torque of the winch should be at least 200 kNm.

The speed at which the winch should be able to pull is the relative speed between the blade
and the crane boom at the location of the taglines. Since the blade is aimed to have little to no
displacement, the speed of the boom is most important. In the literature review, a model was used
where the most probable maximum motions of the crane tip were determined [18], the results of
these calculations are used. To be conservative, the speed of the crane tip in the y-direction is
considered: a maximum velocity of 0.76 m/s in three hours for a wave direction of 150◦, an Hs of
2 m, and a Tp of 10 m. For a winch with a drum radius of 1 m, a torque speed of 0.76/2π · 60 = 7
rpm is required.

In the overview of standardized offshore winches by Seatools, the power of 200kN and a speed
of 7 rpm lays within the range of the winch capacity that they can provide [22]. Hence, in this
project, the capacity of the winches is not assumed to be a limiting factor.
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3.3 Assumptions

Assumptions need to be made to make a model. These are the most important ones for this project:

• Rigid body motions are used for the vessel and blade body motions.

• The weight of the blade and blade gripper is small compared to the crane’s capacity. Hence,
the deflection of the crane is neglected. The vessel body and the crane structure are assumed
to be one rigid body.

• Tower dynamics are not considered. Realistically, the wind turbine hub has motion due to
wave load excitation at the bottom of the tower. This is not taken into account; the wind
turbine hub is assumed to have a constant position.

• The crane line is simplified to a massless bar attached from the crane tip to the blade.

• Wind loads on the vessel and blade gripper are neglected.

• The blade is assumed to be lifted directly above its center of gravity.

• Tagline forces are modeled as an external point load on the blades. The mass, stiffness, and
damping of the lines are not considered.

• The tagline forces are modeled as a force in the y-direction. This means the angle of the
taglines in the x-y-plane and z-y plane is not considered.

• The hydrodynamic damping on the vessel is assumed to be 5% of its critical damping in the
roll direction. The aerodynamic damping on the blade is assumed to be 1% of its critical
damping in the y-direction.

• No measurement noise or errors are considered in the measurements of the feedback control
systems of the taglines.

• The weight of the blade, blade gripper, and crane hook is added together and is seen as one
body.

• The blade motion in xb-direction is assumed to be fully compensated by the compensation sys-
tem in the blade gripper. Also, the pitch motion θb of the blade is assumed to be compensated
by the taglines to the crane tip.
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3.4 Equations of motion

Figure 3.4.1: Pendulum model
with moving base and a horizon-
tally applied tagline force

For the compensation system in the y-direction, the position of the
blade root in the y-direction must be determined. The y-motion of
the blade root can be expressed with the crane tip motion (yct,zct),
the angle of the crane line (θc), the yaw angle of the ship (ψs) and
the yaw angle of the blade (ψb). With the tagline control system,
only the θc and ψb can be controlled, and the vessel motions are
external disturbances on the blade. The equations of motion (EOM)
of the θc and ψb can be determined with the Lagrangian method.
This is done in the following steps:

1. The degrees of freedom of the system are already defined in
Section 3.1. However, for the y-motion of the blade, only
the crane tip motions and the crane line angle are important,
illustrated in Figure 3.4.1. Therefore, the crane tip motion in
y-direction (yct) and in z-direction (zct) are used in the EOMs.
The blade’s global yaw angle depends on its yaw angle ψb and
the yaw angle of the ship ψs. The time variable position of
the blade needs to be determined using the available degrees
of freedom.

2. The kinematic (T ) and potential energy (V ) of the system
have to be determined.

3. Compute the Lagrangian (L) of the system:
L(qi, q̇i, t) = T − V

4. Computing the equations of motion using the Euler-Lagrange’s
equation, shown in Equation 3.3, where the qi is the general-
ized coordinates: θc and ψb. The q̇i is the time derivative of
the generalized coordinates: θ̇c and ψ̇b.

Fext(qi) =
d
dt

(
∂L

∂q̇i

)
− ∂L

∂qi
(3.3)

The motions of the blade can be expressed in terms of the vessel yaw motion ψs and angular
crane line motions θc, the position of the blade r and the velocity ṙ, and the yaw angle of the blade
in the global axis system ψblade:

r = (yct + lc sin θc)j + (zct − lc cos θc)k

ṙ = (ẏct + lcθ̇c cos θc)j + (żct + lcθ̇c sin θc)k

ψblade = ψb + ψs

ψ̇blade = ψ̇b + ψ̇s

The kinetic energy of the blade (T ) can be determined as given below.

T =
1

2
mbṙ

2 +
1

2
Izz,bψ̇

2
blade (3.4)
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The potential energy of the blade (U) can be determined as stated below.

U = mbg(zct + lc(1− cos θc)) (3.5)

This makes the Lagrangian:

L =
1

2
mbl

2
c θ̇

2
c +mblcθ̇c(ẏct cos θc + żct sin θc) +

1

2
mb(ẏ

2
ct + ż2ct)

+
1

2
Izz,b(ψ̇

2
b + ψ̇2

s) + Izz,bψ̇sψ̇b −mbg(zct + lc(1− cos θc))

(3.6)

Solving Equation 3.3 with L for θc and ψb, is done as followed:

0 =
d
dt

(
∂L

∂θ̇c

)
− ∂L

∂θc

=
d
dt

(
mbl

2
c θ̇c +mblc(ẏct cos θc + żct sin θc)

)
−
(
mblcθ̇c(−ẏct sin θc + żct cos θc) +mbglc sin θc

)
= mbl

2
c θ̈c +mblc(ÿct cos θc + z̈ct sin θc) +mblcg sin θc

(3.7)

0 =
d
dt

(
∂L

∂ψ̇b

)
− ∂L

∂ψb

=
d
dt

(
Izz,b(ψ̇b + ψ̇s)

)
= Izz,b(ψ̈b + ψ̈s)

(3.8)

While solving Equation 3.3, a linearization is applied: cos θc = 1 and sin θc = θc. This generates an
error smaller than 1% as long as the angle θc is smaller than 8◦. Terms where two displacement,
velocity, or acceleration motions are multiplied with each other, are neglected since the outcome
will be much lower than the other terms.

The crane tip accelerations and yaw accelerations of the vessel translate into moments around
the blade z-axis. Additionally, wind disturbances can also affect the blade position. Hence, the
loads induced by the wind disturbances should also be included in the equations of motion. The
wind loads that are considered are the wind load in the y-direction of the blade Fy,wind, and the
moment the wind induces around the blade z-axis Mz,wind. The last external loads on the blade
that are considered are the loads applied by the taglines: the force in y-direction Ftl (Equation
3.1), and the moment around the z-axis Mtl (Equation 3.2). The EOMs can be written in a matrix
equation:[

mbl
2 0

0 Izz,b

] [
θ̈c
ψ̈b

]
+

[
mbglc 0

0 0

] [
θc
ψb

]
=

[
−mblcÿct + (Fy,wind + Ftl)lc
−Izz,bψ̈s +Mz,wind +Mtl

]
(3.9)
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3.5 Modeling strategy

In this section, the difference between frequency and time domain modeling will be explained, the
modeling strategy is given, and all the differences between the frequency domain model and the
time domain model are listed.

3.5.1 Frequency and time domain modeling
Regular wave elevations are described as a constant sinusoidal formula. Within linear theory, an
irregular wave elevation can be described as a summation of a large number of wave components:

ζ(t, x) =

N∑
j=1

Aj sin (ωjt− kjx+ εj) (3.10)

where Aj , ωj , kj , and εj are respectively the wave amplitude, circular frequency, wave number, and
random phase angle between 0 and 2π.

For deep water waves, the amplitude of the waves can be expressed in terms of a spectrum
Sζ(ω), see Equation 3.11. The relation between the wave amplitude in the frequency domain and
time domain is illustrated in Figure 3.5.1. The sea state is assumed to be stationary for a period
of time between 0.5 and 10 hours. This is called a short-term description of the sea.

1

2
A2
j = Sζ(ωj)∆ω (3.11)

where ∆ω is a constant frequency step in the spectrum.
The linear response of a vessel to wave elevation can be described with a frequency dependent

transfer function, see Equation 3.12 where ηa(ω) and ζa(ω) are respectively the frequency dependent
vessel motion amplitude and wave elevation amplitude. In Equation 3.13, the derivation of the
relation between the wave amplitude spectrum Sζζ(ω) and the response spectrum Sηη(ω) is given
with three steps.

RAO(ω) =
ηa(ω)

ζa(ω)
(3.12)

Sηη(ω)dω =
1

2
η2a(ω)

=

∣∣∣∣ηa(ω)

ζa(ω)

∣∣∣∣2 · 1

2
ζ2a(ω)

=

∣∣∣∣ηa(ω)

ζa(ω)

∣∣∣∣2 · Sζζ(ω)dω

Sηη(ω) = |RAO|2 · Sζζ(ω)

(3.13)

This method can be used to describe any linear motion response on the vessel. As was mentioned
in Section 2.3, the wind can also be partly described with a spectrum. The response to the dynamic
part of the wind can thus also be described with a response spectrum. When one body is subjected
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to both wind and wave loads, the response due to both is summed up to find the total response to
the environmental conditions.

In a frequency domain calculation, non-linear effects cannot be considered. A non-linear effect
is an effect or motion that cannot be described as a summation of sinusoidal terms, as described
in Equation 3.10. A time domain simulation is required when a non-linear effect must be included
in a calculation, and a linearization of the non-linear effect is not possible. For reproducing and
verification of results, a time domain simulation uses randomness seeds to determine the random
part of the simulation, like the εj in Equation 3.10. With the Fourier transform theorem, a time
series can be transformed to the frequency domain. The Fourier transfer function reads:

Y (jω) =

∫ ∞
−∞

y(t)e−jωt dt = F{y(t)} (3.14)

The benefit of using frequency domain calculations is that the simulation’s running time is
considerably lower than for time domain simulations. However, if more detail is required with
non-linear effects, time domain simulations must be done.

Figure 3.5.1: Illustration of the connection between time and frequency domain representation of a long crested short
term sea state [10]
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3.5.2 Strategy
Finding the operational limits of the blade installation is the goal of this research; to find these,
the maximum blade root displacements must be determined for varying environmental conditions.
The quickest way to find the maximum displacement of the blade is to use linear theory and model
it in the frequency domain. The benefit of doing calculations in the frequency domain is that the
motion and responses of a system can be determined in a short period of time because a frequency
model does not take long to run. Statistical values can be deduced from the spectra, which can
give a quick insight into the workings of the system. With those statistical values, the operational
limits of the system can be determined. The downside of frequency domain calculations is that,
since linear theory is used, all non-linear effects cannot be included in the calculations.

Looking at the tagline system, there are multiple non-linearities that are not included in the
frequency domain calculations. One non-linearity is selected to be investigated in this research.
In the frequency domain, the taglines can apply push and pull forces on the blade. However, the
taglines are only able to apply pulling forces. The lifting concept includes a pretension on the
taglines; this enables the blade to reach the reference position as long as the pretension causes a
sufficient displacement towards the crane boom. However, the speed and acceleration of the blade
in the opposite direction of the taglines are dependent on the blade mass and the angle of the crane
line, which are both not directly controllable during the operation.

The controller parameters are dependent on the linearized system. This means the equation
of motion needs to be determined for the blade y-position and blade angle ψ with one degree of
freedom. Then, the operational limits can be determined within the frequency domain. To include
the influence of the non-linearity of only having pulling taglines, time domain calculations must be
done to confirm the operational limits and find new ones if the limits determined in the frequency
domain are incorrect.

3.5.3 Differences between the time and frequency domain model
Two models will be made to determine the blade root displacements during the mating phase of
a single blade installation: one in the frequency domain (FD) and one in the time domain (TD).
These are the differences between the frequency and time domain model:

• In the TD model, the taglines are only able to apply pulling forces. In the FD model, the
taglines both push and pull.

• Wave and wind loads are assumed to be independent in the FD model. In the TD model, this
is not necessarily true.

• The relative wind speed at the blade is dependent on the speed of the wind and the speed of
the blade itself. In the FD model, the speed of the blade is neglected. In the TD model, the
speed of the blade is considered during the load calculation.

• In the TD model, springs are attached to the vessel body in xs-, ys- and ψs-direction to
resemble a DP-system. The spring in xs- and ys-direction generate a natural frequency
similar to the natural frequency in FD. The rotational spring in ψs-direction induces a natural
frequency not considered in the FD model.

• In the calculation of the wind induced loads, the speed of the wind is squared. In the FD
model, the wind speed is linearized, some of the wind loads are not considered. In the TD
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model, linearization is not necessary, and thus the wind loads are determined over all the
relative wind speed.

• The disturbance forces induced by the crane tip motions on the blade are linearized in the
FD model. They are not linearized in the TD model.

• The PID-controller parameters are based on the linearized equation of motion of the y-
displacement of the blade, which is also used in the FD model. The stability and performance
is thus based on this linearized equation of motion. In the TD model, the same parameters
are used but the motion of the blade y-displacement is not the same as the linearized EOM.
The performance and the stability of the feedback systems might differ between the FD and
TD models.

• The forces applied by the taglines on the blade work in the opposite direction on the crane
boom. This is neglected in the FD mode; the tagline forces on the body are assumed not to
influence the vessel motions. These forces on the vessel are included in the TD model.

3.6 Conclusion

In this chapter, the degrees of freedom of the system are defined, 14 degrees of freedom for the entire
vessel, crane line, and blade model. Of the three compensation systems proposed in the previous
chapter, one is selected: the compensation system for the blade motions in y- and ψblade-direction.
With two taglines horizontally to the crane boom, the motions of the blade have to be compensated.
A pretension is applied on the taglines to displace the blade towards the boom.

For a numerical model, assumptions need to be made. Some of the most important ones are:

1. Rigid body motions are used to determine the vessel and blade motions.

2. The tagline forces are modeled as external point loads on the blade, the tagline and winch
mechanism are not considered.

3. The tagline forces only work in the y-direction.

4. In the feedback systems for the taglines, no measurement noise or errors are considered.

The equations of motion of the blade motions, dependent on the crane line angle θc and the
blade yaw angle ψb, are formulated. The EOMs are:[

mbl
2 0

0 Izz,b

] [
θ̈c
ψ̈b

]
+

[
mbglc 0

0 0

] [
θc
ψb

]
=

[
−mblcÿct + (Fy,wind + Ftl)lc
−Izz,bψ̈s +Mz,wind +Mtl

]
Then, the modeling strategy is discussed. This section answered subquestion 5, which was stated

in the introduction. The most appropriate numerical modeling strategy is to first model the system
in frequency domain and then model it in time domain after including the non-linearity of only
pulling taglines. The operational limits should be determined with both models. The differences
should be discussed to decide on how to define the operational limits.
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4 | Tagline control

The taglines attached to the blade are controlled with two feedback systems. The force that should
be applied by the taglines is dependent on both the y- and ψ-displacement of the blade. In Section
4.1, an introduction is given about the feedback controllers that are used for the taglines. The
main components of the feedback loop are: the plant, the disturbance, and the controller. They are
discussed respectively in Section 4.2, 4.3, and 4.4. The controller parameters are found with loop
shaping. The loop shaping process and the results of the loop shaping process are given in Section
4.4.1.

4.1 Feedback control

The taglines are controlled with a feedback control system, schematically drawn in Figure 4.1.1.
The terms in the figure are:

Abbreviation Description

r Reference position of the blade, the desired position of the blade

ym
The measured position of the blade, what the sensors measure the position
of the blade to be

e error between the reference and measured position of the blade

Controller (C) PID-controller, based on the input error a force is determined that should be
applied to get the blade back to the reference position

u Force determined by the controller to get the blade to the reference position
Disturbances (D) Disturbance loads on the blade induced by the wind and the crane tip motions

Plant (P ) The blade responds to the forces applied by the controller and the disturbances,
the new position of the blade is the output

y New position of the blade

As was mentioned in Section 2.4, the y- and ψ-motion of the blade are decoupled. Hence,
two separate single-input single-output (SISO) control systems are required. The controller for
y-displacement determines the total force in y-direction needed to position the CoG of the blade in
the correct position. The controller for ψ-displacement determines the moment that is needed to
bring the angle back to its reference angle.
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Controller Plant

Disturbances

u

Measurements

r e y

−

ym

Figure 4.1.1: Basic feedback control system

4.1.1 Laplace-domain analysis
Within the feedback control system, the controller and plant transfer functions are described in
the Laplace domain. The Laplace transformation of a periodic signal y(t) is similar to a Fourier
transformation; however, the periodic signal y(t) is multiplied with e−σt before taking the Fourier-
transform. The non-integratable signals can also be considered, this is called the Laplace-transform
with variable s = σ + jω. The Laplace-transform function reads:

Y (s) = L{y(t)} =

∫ ∞
0

y(t)e−st dt (4.1)

4.1.2 PID-controller
The controller is a PID-controller, schematically drawn in Figure 4.1.2. A PID-controller has three
components that decrease the error between the reference position and the measured position. It
corrects the proportional, derivative and integral error e with respectively a constant gain kp, kd,
and ki as followed shown in Figure 4.1.2.

P kpe(t)

I ki
∫
e(τ)dτ

D kd
de(t)
dt

∑e(t) +
+

+

u(t)

Figure 4.1.2: PID-controller

Proportional control corrects linearly for the error between the reference and measured position
of the blade. Integral control corrects for the static mistake of the system, the error is integrated
over time and thus the static mistake is compensated. The derivative control responds to the
speed of the error, it damps the control signal. The performance and robustness of the system are
dependent on the gain size. Hence, the appropriate gain sizes need to be sought to get the wished
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result. Bode, Nyquist, and sensitivity plots can be used to find the appropriate gain sizes during
the loop shaping process. However, firstly, the disturbances and the plant transfer functions need
to be defined.

4.2 Plant transfer functions

The plant for the control system in y- and ψ-direction need to be defined. The plant is a linearized
display of the blade motion. The plant of the feedback system is a transfer function between the
yb and an applied force, and the ψb and the applied moment. Since the feedback systems are
single-input single-output systems, the plant must be based upon one degree of freedom.

4.2.1 Y-direction compensation
Two taglines are attached from the blade to the crane boom to manage the motion of the blade in
the y-direction and compensate for the motions of the crane tip in the y-direction and wind loads
on the blade. The summation of the two tagline forces is the force that will stabilize the blade. The
system is simplified to a pendulum with a moving base, as shown in Figure 3.4.1. The force of the
taglines works in the horizontal direction on the blade. As determined in Section 3.4, the equation
of motion of the pendulum is:

ml2c θ̈c(t) +mblcgθc(t) = Mext(t) (4.2)

where Mext(t) is the external moment on the blade induced by the controller and the disturbances.
In this case the external load consists of the total tagline force, the wind force in y-direction, and
the force induced by the crane tip motion.

The plant Py of the feedback system contains the transfer function between the y-position of
the blade and the horizontally applied force on the mass. The EOM the yb-position of the blade is
introduced by substituting θc = yb/lc:

mblcÿb(t) +mbgyb(t) = Fext(t)lc (4.3)

Taking the Laplace transform for of Equation 4.3 and writing it as the transfer function between
the yb-position of the blade and a force F applied on the blade, gives:

Py(s) =
yb
F

=
1

mbs2 +mb
g
lc

(4.4)
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4.2.2 Yaw-compensation
The plant transfer function of the blade yaw motion is based on the equation of motion of the ψb
is given in Section 3.4. For the feedback system the EOM for the ψ-motion is:

Izzψ̈b(t) = Mext(t) (4.5)

The external moment Mext(t) is the moment applied on the blade around its z-axis by the taglines,
the wind, and the ship yaw moment. The plant equation, or transfer function of ψ to M , in
Laplace-domain is:

Pψ(s) =
ψb
M

(s) =
1

Izzs2
(4.6)

4.3 Disturbance loads

It is essential to first quantify the external forces induced on the blade to design the control system.
Both the waves and the wind will (in)directly apply a load on the blade during the installation. A
power spectrum is sought for the loads on the blade in y- and ψb-direction. In the EOM determined
in Section 3.4, the crane tip motion and the vessel yaw motion were already included as an external
force. The wind loads on the blade are dependent on the shape and angle of the blade and will also
be quantified in this section.

4.3.1 Disturbance in blade y-direction
The wave loads on the ship induce ship motions, the linear response of the ship can be described
with a response amplitude operator (RAO) shown in Appendix C. The software program called
WAMIT is used to determine the frequency dependent wave induced forces Fj and hydrodynamic
coefficients of the vessel, akj , bkj , and ckj . The program uses a diffraction analysis where first
order potential flow is used to solve the hydrodynamic coefficients in terms of frequency. With the
calculated wave forces and the hydrodynamic coefficients, the RAO of the ship can be determined
for different wave headings. The wave headings are shown in Figure 2.3.1.

The vessel motions translate into crane tip motions which need to be compensated by the control
system to ensure a constant blade position. Hence, the crane tip motions should be investigated.
Because the crane is assumed to be rigid, the crane tip motions can be determined using the vessel
RAOs and rigid body dynamics:

s = xsi + ysj + zsk + ω × r

with

ω = φsi + θsj + ψsk

r = Xcti + Yctj + Zctk

where i, j, and k are unit vectors along the x-, y-, and z-axis. This results in the following
expression:

s = (xs + Zctθs − Yctψsi + (ys − Zctφs +Xctψs)j + (zs + Yctφs −Xctθ)k (4.7)
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The disturbance load on the blade in y-direction caused by the crane tip motions in y-direction
is given in Equation 3.9 as: −mblcÿct. To translate wave spectra to a spectrum for yct acceleration,
the RAOζÿct is needed to find the disturbance load on the system. The RAOζÿct is calculated using
the previously explained rigid body dynamics.

The wave spectra Sζζ discussed in Section 2.3 that form the environmental envelope can be
multiplied with the RAOζÿct to find the crane tip acceleration spectrum (Equation 4.8), and then
the disturbance spectrum (Equation 4.9). The disturbance power spectrum is given in Figure 4.3.1
for a wave direction of 165◦, a significant wave height of Hs = 2 m, and a peak period Tp = 4-10 s.

Sÿctÿct(ω) = |RAOζÿct(ω)|2Sζζ(ω) (4.8)

SFwFw
(ω) = m2

bSÿctÿct(ω) (4.9)

The wind loads also apply a force on the blade. The force on one segment of the blade can be
determined with the drag and lift of the blade. The drag and lift force are dependent on the angle
of attack of the wind on the blade. The equation for the lift and drag force are:

FL,i =
1

2
ρaAiCl(AOAi, (t/c)i)V

2 (4.10)

FD,i =
1

2
ρaAiCd(AOAi, (t/c)i)V

2 (4.11)

where ρa is the air density in kg/m3, Ai is the area of the segment calculated withAi = Chordi+Chordi+1

2 ·
(yend,i − ybegin,i), Cl and Cd are the lift and drag coefficient dependent on the angle of attack
which is determined with the wind angle, twist of the blade, and the pitch angle of the blade:
AOAi = θw − twisti + θp, V is the wind speed in m/s. The lift and drag force can be projected
on the y-axis to determine the force in y-direction per segment. Then, the force on each segment
added up:

Fy,i = FL,isin(θw)− FD,icos(θw)

Fy,wind =

bladeend∑
i=0

Fy,i
(4.12)

If the angle of the twist and pitch of the blade do not change over time, the force in the
y-direction can also be described as follows:

Fy,wind =
1

2
ρaV

2(t)ξf

ξf =

blade end∑
i=0

Ai(CL,i sin(AOA(twisti))− CD,i cos(AOA(twisti)))
(4.13)

The wind speed is a random process around a mean wind speed: V (t) = V0 + v(t). Assuming
the time variant wind speed is small, the v2(t) term in Equation 4.13 can be linearized to: V 2(t) =
V 2
0 + 2V0v(t). This indicates that the mean force due to a constant wind can be determined

with Equation 4.14. The mean blade force in y-direction for a mean wind speed of 2-10 m/s and
a wind inflow angle of 10◦ is calculated using the blade parameters given in Appendix A.3 and
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presented in Table 4.3.1. The variable part of the wind speed can be determined using a Kaimal-
spectrum dependent on the mean wind speed V0 as shown in Equation 4.15, with the turbulence I,
a turbulence length scale l, and frequency f .

Fy,0 =
1

2
ρaξfV

2
0 (4.14)

Svv(ω) =
4I2V0l

(1 + 6 ωl
2πV0

)5/3
(4.15)

The relation between the varying wind speed and the moment on the blade can be determined
with:

HFyv =
Fy
v

= ρaξfV0 (4.16)

The spectrum for varying y-force on the blade is calculated with Equation 4.17. Using the blade
parameters and I=0.14 and l=340.2 m, the SFy,windFy,wind

for a mean wind speed of 2 to 10 m/s is
shown in Figure 4.3.1.

SFy,windFy,wind
(ω) = |HFyv|2Svv(ω) = |ρaξfV0|2Svv(ω) (4.17)

Table 4.3.1: Mean force in blade y-direction due to a mean wind speed of 2-10 m/s

V0 [m/s] 2 3 4 5 6 7 8 9 10

Fy0 [N] 164.5 370.1 658.0 1028.1 1480.5 2015.1 2632.0 3331.1 4112.5

Figure 4.3.1: Force spectrum of wave and wind induced forces on the blade
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4.3.2 Disturbance on the ψb-motion of the blade

The moment induced on the blade due to the ship yaw motion, from Equation 3.9, is: −Izz,bψ̈s.
Hence, to determine the wave induced loads on the blade in ψb-direction, the spectrum Sψ̈sψ̈s

is
needed. Since the RAOs of the vessel motions are known from the WAMIT data, the RAOψsζ

is known. With this, the response spectrum of the vessel yaw motion can be determined using
Equation 4.18. Then, the Sψ̈sψ̈s

can be determined using Equation 4.19. Using the equation of
motion, the moment spectrum can be determined with Equation 4.20. The moment spectrum
induced by the vessel motions is shown in Figure 4.3.2

Sψsψs(ω) = |RAOζψs(ω)|2Sζζ(ω) (4.18)

Sψ̈sψ̈s
(ω) = ω4Sψsψs

(ω) (4.19)

SMz,waveMz,wave(ω) = I2zz,bSψ̈sψ̈s
(ω) (4.20)

The ψ-angle of the blade is also influenced by wind loads. When the force in y-direction due to the
wind per segment (Equation 4.12) is multiplied with the distant from the segment to the CoG of
the blade, the wind induced moment on the blade can be determined.

Mz,wind =

blade end∑
i=0

Fy,iyi (4.21)

If the angle of the twist and pitch of the blade do not change over time, the moment around the
z-axis can be described as followed:

Mz =
1

2
ρaV

2(t)ξm

ξm =

blade end∑
i=0

Aiyi(CL,isin(AOA(twisti))− CD,icos(AOA(twisti)))
(4.22)

As discussed in the previous section, the wind speed is partly a mean force and partly time
dependent V (t) = V0 + v(t). Assuming the time variant wind speed is small, the V 2(t) term in
Equation 4.22 can be linearized to: V 2(t) = V 2

0 + 2V0v(t). This indicates that the mean moment
due to a constant wind can be determined with Equation 4.23. The mean blade moment around
the z-axis for a mean wind speed of 2-10 m/s and a wind inflow angle of 10◦ is calculated using
the blade parameters given in Appendix A.3 and presented in Table 4.3.2. The variable part of the
wind speed can be calculated with Equation 4.15.

Mz,0 =
1

2
ρaξmV

2
0 (4.23)

The relation between the varying wind speed and the moment on the blade can be determined with:

HMzv =
Mz

v
= ρaξmV0 (4.24)
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Figure 4.3.2: Moment spectrum around the blade z-axis due to wind and wave loading

The spectrum for varying z-moment on the blade is calculated with Equation 4.25. Using the
blade parameters and I=0.14 and l=340.2 m, the SMz,windMz,wind

for a mean wind speed of 2 to 10
m/s is shown in Figure 4.3.2.

SMz,windMz,wind
(ω) = |HMzv|2Svv(ω) = |ρaξmV0|2Svv(ω) (4.25)

Table 4.3.2: Mean moment around blade z-axis due to a mean wind speed of 2-10 m/s

V0 [m/s] 2 3 4 5 6 7 8 9 10

Mz0 [kNm] 107.2 241.3 428.9 670.2 965.1 1313.5 1715.6 2171.4 2680.7

4.4 Controller parameters

The gain sizes of the PID-controller need to be found. They can be defined during a loop shaping
process. In this section, the main objectives of the loop shaping process are described, then the
resulting gain sizes are given.

4.4.1 Loop shaping process

The appropriate gain sizes of the PID-controller are found by shaping the loop transfer function
L(s); this is the multiplication of the control- and the plant transfer function:

L(s) = P (s) · C(s) = P (s) · 1
1
s (kps+ ki + kds2)

(4.26)

where P (s) is the Py(s) and Pψ(s) determined in Section 4.2.
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There are two loop shaping methods to consider: tracking or disturbance rejection. In a tracking
problem, the controller is focused on tracking a given input. In our system, the reference position of
the blade is one position. Hence, the focus of the controller is not necessarily to follow a reference
point. Hence, this is not an adequate starting point for the loop shaping.

Disturbance rejection focuses on designing a control system for a random disturbance in a
known frequency range. It uses a reference position for the blade; in the mating procedure, this is
the location just in front of the wind turbine hub. All external forces due to crane tip motions and
wind are categorized as a disturbance. The goal of the control system is to let the disturbances
affect the plant as least as possible.

Several aspects must be considered during the loop shaping process. Here is a summation of
the aspects:

1. To ensure the system’s stability, the closed-loop poles must have a negative real part. The
closed-loop transfer function gives the relation between the input and output of the closed-
loop:

Gyu(s) =
L(s)

1 + L(s)
(4.27)

2. In the Nyquist plot, the curve must not cross or encircle the critical point. The critical point
is the point where the angle of the loop transfer function 6 L(iω) is equal to -180◦, and the
magnitude of L(iω) = −1. The signal is 180◦ out of phase at this critical point and has a
magnitude larger than 1; this means the system would be unstable.

3. The bandwidth of the closed-loop transfer function. The closed-loop transfer function resem-
bles how the controller can keep the blade at the reference position. At the frequency where
the loop transfer function crosses 1 and keeps decreasing, the controller influence on the blade
decreases exponentially. Since the motion of the crane tip is the disturbance that will be
considered, the largest frequency that will be taken into account is associated with the RAO
of the crane tip motion in the y-direction.

4. Increasing the bandwidth lowers the gain margin. The gain margin gm and phase margin φm
should have an appropriate size to provide robustness in the control system. There will be
differences between the simplified model of the plant and the actual installation vessel. By
having a sufficient gain and phase margin, the chance of sustaining stability in the real system
increases. A reasonable phase margin is between 30◦-60◦, a reasonable gain margin between
2-5 [23].

5. The load sensitivity function resembles how much the blade position reacts to a disturbance
load. It is desirable to keep this effect as low as possible to induce minimum displacement for
a disturbance load. The load sensitivity function is as follows:

Gdy(s) =
P (s)

1 + P (s) · C(s)
(4.28)

A disturbance load is the load induced by motion of the crane tip or the wind loads.

Taking all of the criteria into account, the constants Kp, Ki, Kd and ωlp of Equation 4.29, and
the system properties are concluded and shown in Table 4.4.1 and Table 4.4.2.
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The gain margin of both systems is infinite; this suggests that the bandwidth could be increased
infinitely without the system becoming unstable. However, there are many high frequencies at work
in practice, and thus, a higher bandwidth is not feasible. The ωlp is the lowpass frequency; the
sensitivity to high frequency signals is filtered out by adding this to the equation. In the following
subsection, this will be elaborated further.

The phase margin for the yaw system is larger than what was deemed appropriate. However,
the phase margin could not be decreased because the plant transfer function Pψ is just a mass in
space without a spring or damping term in the equation of motion.

u(s) =
1

s

(
Kps+Ki +Kds

2 ωlp
s+ ωlp

)
(4.29)

Table 4.4.1: PID-controller parameters for y-compensation

Kp Ki Kd ωlp [rad/s] gm φm poles

2.28e+06 3.05e+05 4.25e+06 2 Inf. 38◦ 0.00 + 0.00i
-0.24 + 0.00i
-0.70 + 1.18i
-0.70 - 1.18i
0.00 + 0.63i
0.00 - 0.63i

Table 4.4.2: PID-controller parameters for ψ-compensation

Kp Ki Kd ωlp [rad/s] gm φm poles

2.36e+09 2.44e+09 5.56e+08 2 Inf. 75◦ 0.00 + 0.00i
-263.16 + 0.00i
-235.69 + 0.00i
-22.52 + 0.00i
-3.34 + 0.00i
-1.61 + 0.00i

4.4.2 Lowpass filter

Many high frequencies are at work in offshore structures or vessels, caused by the onboard generators
and machines, which is why sensors typically have high frequency noise in their signals. The
derivative control goes to infinity for an infinite frequency, thus a large response can be induced
by these high frequencies. A lowpass filter decreases the derivative control for high frequencies to
prevent large responses to non-intended excitations. Even though these frequencies are not at work
in the frequency and time domain model, a lowpass filter is added. The lowpass filter is set at
ωlp = 2 rad/s since the wind and wave excitation are both below 2 rad/s and no response is needed
for higher frequencies.
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4.5 Conclusion

In this chapter, the components of the feedback system in Laplace-domain are defined. The plant
transfer function is formulated, the disturbance loads by crane tip displacements and wind loads
are defined in frequency domain. Based on the plant transfer function and the disturbances, a loop
shaping process is followed with which the gain sizes of the PID-controller are defined.
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5 | Frequency domain model

The operational limits according to frequency domain calculations can be found now that the terms
for the plant, disturbance, and controller of the feedback systems are defined. First, a model
description will be given in Section 5.1. Then, the results are given and discussed in Section 5.2.

5.1 Model description

With the transfer function of the plant and controller in place, the performance of the feedback
system can be mapped out in the frequency domain. First, the system’s performance in y-direction
will be considered, followed by a look into the ψ-compensation system.
The following assumptions are made to perform the frequency domain analysis:

• All results are based on the steady-state performance of the system; transient effects are not
considered.

• The taglines can apply both push and pull forces.

• The controllers are assumed to be stable.

• The relative wind speed caused by the swinging of the blade is neglected.

• Any influence that the blade motions or the tagline forces on the crane boom have on the
vessel motions are neglected.

5.1.1 Y-compensation power spectra and maxima
The disturbance power spectrum on the blade induced by several wind and wave conditions is given
in Figure 4.3.1. The disturbance sensitivity function is the transfer function between disturbance
and blade y-displacement. Hence, the blade y-displacement spectrum can be determined with 5.1.

Sybyb(ω) =

∣∣∣∣ Py(ω)

1 + Cy(ω)Py(ω)

∣∣∣∣2 SFwFw
(ω) (5.1)

To distinguish the effect of using feedback controlled taglines, the blade displacement is also
determined for a case where no control is used on the taglines. Then, the motion spectrum of the
blade is determined without using the feedback loop and the controller:

Sybyb(ω) = |Py(ω)|2SFwFw
(ω) (5.2)
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The most probable maximum displacement of the blade in the y-direction can be determined
using its power spectrum with Equation 5.3 for a reference period of 30-minutes. The N is the
number of cycles in the reference period, determined with N = 1800/Tp. This calculation of the
most probable maximum value assumes that the maximum values are Rayleigh distributed, narrow-
banded and that the maximum values are independent of each other.

yb,mpm ≈ σyb
√

2 lnN

σyb =
√
m0

m0 =

∫ ∞
0

ω0Sybyb(ω)dω

(5.3)

5.1.2 ψ-compensation power spectra and maxima
The yaw of the blade induces a displacement of the blade root; the blade root displacement should
be contained to keep it within the criteria boundaries. To inspect the frequency sensitivity, the
power spectrum of the blade root displacement is determined with the power spectrum of the wind
induced moment around the blade z-axis, the disturbance sensitivity function between the wind
moment and the ψ, and the distance between the blade CoG and the blade root lbr:

Sψψ(ω) =

∣∣∣∣ Pψ(ω)

1 + Cψ(ω)Pψ(ω)

∣∣∣∣2 SMzMz
(ω) (5.4)

Sybrybr (ω) = |lbr|2 Sψψ(ω) (5.5)

To compare the feedback controlled system results, a response spectrum is determined for the
non-controlled yaw motion. Since the EOM for ψb does not include any spring term, the blade’s
maximum y-displacement will become very large because the blade does not have any force to
counter a spinning motion. To prevent the blade from spinning, a spring term of kψ,b = 4 · 106

Nm/rad is added, for which the natural frequency of ψb becomes approximately 15 s. Then, the
equation for the plant Pψ becomes:

Pψ(ω) =
1

Izzs2 + kψ,b
(5.6)

The blade root displacement spectrum without control is:

Sybrybr (ω) = |Pψ(ω)lbr|2SMzMz
(ω) (5.7)

For the situation with and without control, the ybr,mpm is determined as:

ybr,mpm ≈ σbr

√
2 lnN

σyb =
√
m0

m0 =

∫ ∞
0

ω0Sybrybr (ω)dω

(5.8)
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5.1.3 Blade root displacements for combined wind and wave loads
When both the wind and wave spectra are combined, a double peaked load spectrum is applied
to the blade. The ympm can therefore not be determined with a number of cycles N . When both
wind and wave loads are applied to the system, the most probable maximum can be approximated
as follows:

ytot,mpm =
√
y2b,mpm + y2br,mpm (5.9)

where yb,mpm is the blade displacement in y-direction due to the crane tip displacement in the
y-direction, and ybr,mpm is the blade root displacement due to the wind induced moment on the
blade.

5.1.4 The operational limits
The operational limits for a wave direction of 165◦ and 150◦ can be determined using the linear
theory. Since there is no y-motion when the wave direction is 180◦, the operational limit for this
wave direction is infinity.

To find the significant wave height with which the most probable maximum y-displacement
reaches the motion limit of 0.2 m, the following equation can be used:

Hs,lim =
0.2Hs

ytot,mpm
(5.10)

where Hs,lim is the maximal significant wave height, Hs is the significant wave height used in
the calculations, and ytot,mpm is the most probable maximum value determined with the original
significant wave height. The maximal significant wave height can be found for each peak period.
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5.2 Frequency domain results

The results following from the equations given in Section 5.1 are given in this section. The most
probable maximum displacements are determined for several wind and wave conditions with and
without using feedback controlled taglines.

5.2.1 Y-compensation maxima

In Figure 5.2.1, the most probable maximum y-displacement of the blade is for a situation with and
without feedback controlled taglines is shown subject to several wind and wave conditions. The
maximum distance between the blade root center and the center of the hub is 0.2 m, as discussed in
Section 2.5.2. The yb,mpm is constantly below this maximum displacement for wave spectrum with
a Tp ranging from 4 to 10 s and a wave direction from 150◦ to 180◦, and a mean wind speed up to
10 m/s. When no feedback controlled taglines are used, the most probable maximum displacement
stays below the criteria for a peak period lower than 5 s with a wave direction of 165◦or 150◦, or a
wind speed below 8.5 m/s.

Figure 5.2.1: Most probable maximum displacement of blade root in y-direction with and without feedback controlled
taglines (30-minute reference period)
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5.2.2 ψ-compensation maxima

The most probable maximum blade root displacement ybr,mpm due to several wind and wave con-
ditions are given in Figure 5.2.2 for a blade with and without feedback controlled taglines. The
most probable maximum displacement of the blade root does not exceed the criteria of 0.2 m for
any wind speed or wave condition within the environmental envelope. When no feedback control
and only a spring system is used, the maximum wind speed for which the ybr,mpm stays below the
criteria is 3 m/s. The ybr,mpm does not stay below 0.2 meters for any wave condition with a wave
direction of 165◦or 150◦. For the calculation of the blade root displacement it was assumed that
the yaw angle of the blade was small. For angles smaller than 8◦, the error of this assumption is
less than 1%. For larger angles, the error due to this assumption becomes larger than 1%. For a
blade root displacement larger than 3.7 m, the yaw angle of the blade is larger than 8◦, and thus is
the result not accurate anymore.

Figure 5.2.2: Most probable maximum blade root displacement ybr per wind and wave condition with and without
feedback controlled taglines (30-minute ref. period)
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5.2.3 Blade root displacement due to the combined force in y-direction
and moment around the z-axis of the blade

The most probable maximum y-displacement of the blade root for a wave direction of 165◦ and
150◦, a peak period of 4-10 s for the wave spectrum, and a mean wind speed of 10 m/s is shown in
Figure 5.2.3. When feedback control is used, the ytot,mpm values are very similar to the maximum
values induced by the crane tip displacements. When no feedback control is used, the ybr,mpm
surpasses the criteria limit with every peak period of the waves. This is caused by the 10 m/s wind
speed, which already induces a blade root displacement of 3.2 m.

Figure 5.2.3: ybr,mpm per wave direction, wave peak period, and with a mean wind speed of 10 m/s (30-minute ref.
period)

5.2.4 Operational limits
By applying Equation 5.10 on the ytot,mpm, found by applying a wind environment with a mean
wind speed of 10 m/s and varying wave loads, the limiting wave height can be found for each peak
period. The limiting significant wave height for peak periods equal or below 8 s or with a wave
direction of 165◦, are larger than 14.7 m. High waves with a relatively short period will induce
non-linear wave loads not considered within linear theory. For a wave angle of ψ = 150◦, and a
peak period Tp of 9 and 10 s, the limiting significant wave heights are respectively 8.4 m and 5.4
m.
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6 | Time domain model

To include the non-linearities of only pulling the taglines and to the coupling terms of the blade
motions, two time domain simulations needs to be done. The time domain model is made in
aNySIM, the general theory behind the software is explained in Section 6.1. An overview of the
input and output values of the model is given in Section 6.2. The model is verified by doing several
load cases and comparing the RAOs of the vessel to the RAOs from the WAMIT data. This
verification is discussed in Section 6.3. The modeling of the taglines is a separate submodel, the
numerical modeling of the taglines is discussed in Section 6.4. A selection of the results of the
simulations are given in Section 6.6.

6.1 General theory behind aNySIM

The time domain simulations are done using the software aNySIM, a program developed by MARIN
(Maritime Research Institute the Netherlands). This software is developed for analysis of multibody
dynamics in offshore operations.

Classically, ship motions are calculated with Equation 6.1. The ship motions are assumed to
be harmonic, with a frequency dependent added mass akj , and a frequency dependent damping
coefficient bkj . In aNySIM the non-linear responses are also considered, which means the simple
mass-damper-spring analysis cannot be used.

6∑
j=1

(Mkj + akj) ẍj + bkj ẋj + ckjxj = Fk with k, j = 1, 2 . . . 6 (6.1)

To include the non-linear effects the impulse response theory is applied, resulting in Equation 6.2,
where mkj is the frequency independent added mass, and the Rkj the retardation function. The
Fk includes all arbitrarily in time varying external forces.

6∑
j=1

(Mkj +mkj) ẍj +

∫ t

−∞
Rkj(t− τ)ẋ(τ)dτ + cjkxj = Fk(t) with k, j = 1, 2 . . . 6 (6.2)

The relation between the frequency domain and the time domain quantities are as followed:
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akj = mkj −
1

ω

∫ ∞
0

Rkj(t) sinωt dt (6.3)

bkj =

∫ ∞
0

Rkj(t) cosωt dt (6.4)

The retardation functions and the coefficients of added inertia can be derived by taking the inverse
Fourier-transform of Equation 6.3 and 6.4. This means that, at one frequency, the Rkj and mkj

can be derived from the frequency dependent coefficients:

Rkj(t) =
2

π

∫ ∞
0

bkj(ω) cosωt dt (6.5)

mkj = akj(ω
′) +

1

ω′

∫ ∞
0

Rkj(τ) sinω′tdt (6.6)

Three different time simulation solvers can be used for simulation: Heun Runge-Kutta (RK2),
Runge-Kutta 4 (RK4), and Cash-Karp (RK45). The accuracy and stability of the computed y(t1)
is improved by using more derivations of function f . With RK2, the average of two derivatives is
used to estimate y(t1). In RK4, four derivatives are used, and in RK45 six derivative functions are
used. Each derivation takes time in to simulate, hence, solving with RK45 is three times slower
than RK2. However, the RK45 is usually more precise and has a larger stability range.

6.2 Overview aNySIM model

The input values for the model are:

1. The hydrodynamic data generated by WAMIT
2. Vessel properties
3. Environmental conditions, the environmental window is discussed in Section 2.3.
4. Blade information
5. Taglines and control systems
6. Solver settings

Finding the y-motions of the blade is the final goal of the model, the motions of the vessel and
the blade in 6DOF are determined using the input values mentioned above. The simulations are
run for two wave directions: 165◦ and 150◦. Since there are two non-linearities to take into account,
the simulations are run with taglines which can exclusively pull, and with and without constraints
on the x-displacement of the blade.

To compare the results with and without constraints on the x-direction of the blade, the same
randomness seed is used for each simulation. The randomness seed determines the random phase
angle of the wind and waves. By using the same randomness seed, the results are not influenced
by having a different statistical distribution of the phase angle.
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6.3 Model verification

The vessel model needs to be verified with the load cases listed below. The principle of each load
case is explained and the outcome is compared to the results from the frequency domain analysis.
Since the non-linearity of the total model will be in the tagline system, there should be minimal
differences between the frequency and time domain calculation results in these load cases.

1. Still water load case

2. Static heel and decay load case

3. RAO comparison with frequency- and time domain determined vessel motions

After verifying the vessel model, the blade model and wind loads need to be verified, this is
described in the last paragraph of this section.

6.3.1 Still water load case
In the still water load case, the vessel hull is simulated in still water. The hull should have no
motion in the water, since there are no waves and no other external forces. The test is successful if
the body does not have any initial motion. The center of gravity (CoG) of the vessel, the mass and
the displacement are checked through this test. The data on the vessel is given in Appendix A.

6.3.2 Static heel and decay load case
The natural period of the vessel model in roll and pitch, and the metacentric height in longitudinal
and transverse direction are tested in the “Static heel and decay load case”. A constant moment is
applied around the vessel x-axis to which the body will find a static roll angle. After some time the
moment is removed and the body will go back to its original position. After finding its equilibrium
position, the body will decay with its natural roll frequency. The same is done for the y-axis to find
the static pitch angle and the natural pitch frequency. The heel angle and natural period resulting
from the load case, the analytical data, and the difference between the two, are given in Table 6.3.1.
The analytical results and model results are approximately equal.

Table 6.3.1: Analytical and load case model results of static heel and decay test

Analytical Model result Difference

T44 [s] 12.7 12.8 0.08%
T55 [s] 10.6 10.7 0.1%

Static roll angle [◦] 4.12 4.12 0.0%
Static pitch angle [◦] 0.305 0.309 1.3%
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6.3.3 RAO comparison with frequency- and time domain determined
vessel motions

The wave response of the vessel model can be checked by comparing the frequency- and time
domain determined response amplitude operator (RAO) of the six degrees of freedom of the vessel.
The RAOs determined in frequency domain are obtained using analytical expressions and the
hydrodynamic data from WAMIT. The RAOs determined from the time domain model are obtained
by use of a white noise spectrum and taking the Fourier transform of the simulation.

The RAOs of the 6DOF of the vessel obtained for a wave heading of 165◦ and 180◦ are given in
Figure 6.3.1 and 6.3.2, in both figures the RAOs from the frequency domain calculations are also
given. The wave heading is defined as shown in Figure 2.3.1. To bring the RAOs in perspective the
wave peak period Tp of 4-10 s, that will be considered later in the research, is highlighted in the
figures.

Several differences can be noted between the time domain calculated RAOs and the frequency
domain determined RAOs.

• For the surge motion in x-direction, the peak of the frequency domain is higher than the
time simulations peak. This is mainly due to the inaccuracy of calculating the influence of
waves with a very long wave period on the vessel. Very long waves approach a still water
environment. The effect of long waves in a time domain simulation therefore approach zero,
while theoratically the effect keeps rising the closer the wave frequency comes to 0 rad/s.

• The sway motion in y-direction is approximately zero for all frequencies for a wave heading
of 180◦. For a wave heading of 165◦it is visible that the vessel motions fast increase when the
frequency gets below 0.2 rad/s.

• The heave motion curves of the frequency and time domain calculations are very similar.
The main difference is that the time domain curve does not start at 1. This is due to the
inaccuracy with frequencies near zero where

• The yaw motion RAO is very small for a wave heading of 180◦, both equal to zero m/m for
all frequencies. For a wave heading of 165◦ the expected yaw motion is non-zero, in the time
simulations the yaw-motion has a different RAO than the frequency domain determined RAO.
A natural frequency is visible in the RAO in time domain. This natural frequency is caused
by a rotational spring that was added to the vessel to resemble a DP-system. A DP-system
will also have a low-frequent natural frequency, hence, the natural frequency stays in the time
domain model.
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Figure 6.3.1: RAOs determined in frequency domain and by time simulations of the 6DOF of the vessel with a wave
heading of 180◦

Figure 6.3.2: RAOs determined in frequency domain and by time simulations of the 6DOF of the vessel with a wave
heading of 165◦
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6.3.4 Blade model verification
The blade model can be verified by plotting the wind induced moment on the blade according to the
frequency domain calculations and the Fourier transform of the time domain model. The spectrum
of the wind induced moment on the blade determined in time and frequency domain is shown in
Figure 6.3.3. As can be seen, the spectra are very similar.

Figure 6.3.3: Spectrum of wind induced moment on the blade with a mean wind speed of 6 m/s

6.4 Tagline modeling

In the aNySIM software, there is no standard way to model the PID-controlled taglines. A submodel
is made to include the PID-controlled taglines in the model. This numerical submodel is made in
Python; it calculates the forces on the blade for each time step.

The tagline forces are calculated based on the error, time derivative of the error, and the integral
over the past errors of the y-displacement and ψ-angle of the blade. Both the taglines carry half of
the force needed for compensation in y-displacement. They also both provide for half of the needed
moment to compensate for the ψ-displacement. The integral over the error is determined over the
last 20 seconds of the simulation. The tagline forces are determined with:

Ftl,i =
1

2
Fy,i ±

1

lbg
Mψ,i (6.7)

Fy,i = (yi − yref ) kpy +

j=i∑
j=i−20sec

((yj − yref )∆t) kiy +
yi − yref

∆t
kdy (6.8)

Mφ,i = (ψi − ψref ) kpψ +

j=i∑
j=i−20sec

((ψj − ψref )∆t) kiψ +
ψi − ψref

∆t
kdψ (6.9)

where i is the current time step, Fy,i is the needed force to compensate for the y-displacement, lbg is
the length of the blade gripper, Mψ,i is the needed moment to compensate for the ψ-displacement,
yi and ψi are the current y- and ψ-position of the blade, yref and ψref are the reference y- and
ψ-position of the blade, ∆t is the time step of the time simulation, kpy, kiy, and kdy are the
PID-controller gains for the controller for the blade y-position, and kpψ, kiψ, and kdψ are the
PID-controller gains for the controller for the blade ψ-position.
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6.4.1 Saturation check

The taglines can only adjust a pulling force on the blade; the minimum force of a tagline is Fmin = 0
N. The maximum applicable force is dependent on the winch limitation. Assuming the winches can
provide enough torque and torque-speed, the maximum force is neglected. When the demanded
pulling force from the controller is smaller than 0 N, the output will saturate at 0 N until the force
increases again.

6.4.2 Anti-windup

Anti-windup is a feature that prevents the integral error from building up after the minimum,
or maximum force is reached. For example, when the blade error is negative, the integral error∑i
j=i−20sec ((yj − yref )∆t) will keep decreasing whilst the taglines are no longer providing any

force. When the line can pull the blade again, the integral has increased so much that the pulling
force will stay at 0 N until the error has been positive for a longer time.

In the tagline submodel, the anti-windup is applied with a method called clamping. The clamp-
ing ensures that the controller force due to the integral is off when saturation at the Fmin occurs.
It consists of two steps:

1. When the PID-controller gives an output which is smaller than Fmin, the output is set to
zero by the saturation check. The first check of the clamping system is to see if the input and
output of the saturation check are equal. If they are, saturation took place; if they are not,
no saturation took place.

2. The second check is to see if the sign of the output of the PID-controller is equal to the sign
of the error; if so, the integrator is still adding to the output making the controller output
more negative and thus attempting to add pushing force.

When both of these checks are positive, saturation is happening, and the integrator is attempting
to make it worst, the ki is set to zero until the outcome of either step is not positive anymore.

6.5 Model description

The maximum blade root displacement is determined for the wind and wave conditions described
in Section 2.3. The time simulations are 30-minute long, with a run-up time of 200 seconds. The
maximum blade root displacements are firstly determined with wave loads acting on the vessel,
then with wind loads working on the blade, and finally with both wind and wave loads.

In each time series, the same randomness seed is used for the random phase of the waves and
wind. However, different time series are run to investigate the influence of the randomness seed on
the maximum blade root displacement by changing the randomness seed in the input of the time
simulation. The randomness seed changes the wave elevation’s random phase angles and the phase
angles of the varying part of the wind. The outcome is dependent on these variations. Hence, to
determine the reliability of the results of the performed time simulations, the influence of the ran-
domness seed on the results should be investigated. This is done by comparing the results of multiple
different time simulations with the same environmental conditions and a different randomness seed.
The maximum blade root displacement ybr,m is determined for ten different randomness seeds. The
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two situations that are investigated are the following two sets of environmental conditions:

Case 1: Tp = 10 s, φ = 150◦, V10 = 10 m/s, 3m predisplacement
Case 2: Tp = 6 s, φ = 150◦, V10 = 10 m/s, 2m predisplacement

To check the estimation of the winch capacity made in Section 3.2.3, the maximum torque and
torque speed is derived for three cases. The three cases are:

Case 3: Tp = 10 s, φ = 150◦, V10 = 10 m/s, 3m predisplacement
Case 4: Tp = 10 s, φ = 150◦, V10 = 10 m/s, 2m predisplacement
Case 5: Tp = 9 s, φ = 150◦, V10 = 10 m/s, 2m predisplacement

6.6 Results time domain simulation

The results following the 30-minute time simulations of the mating phase are given in this section.
The maximum blade root displacement in y-displacement due to several waves and wind loads are
given. First, the results due to wave loading are given, then the results due to wind loading are
given, and then the combined wind and wave load results are given.

6.6.1 Blade root displacement due to wave loads

The maximum values for sea states with Hs = 2 m, and Tp of 4, 6, 8, 9, and 10 s, and a wave
direction of 150◦ and 165◦, are shown in Figure 6.6.1. The pretension on the blade caused the
blade to displace 2m; however, for the run with a wave direction of 150◦ and a peak period of 10
s, the crane tip displaced more than 2 meters. To find the maximum blade root displacement for a
situation where the predisplacement of the blade is larger than the maximum crane tip displacement,
another run was done with a blade predisplacement of 3 meters.
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Figure 6.6.1: Maximum y-displacements per sea state

61



6.6.2 Blade root displacement due to wind loads

The maximum values of the y-displacement of the blade root, subjected to wind loads with a mean
wind speed of 2-10 m/s from a 90◦ wind angle, are shown in Figure 6.6.2. Looking into the time
simulations, it can be seen that the main displacement due to the wind loads is caused by the
yaw motion of the vessel, which results in an angle of the blade in the global axis system. The
RAOzeta,ψs

has a natural period at 0.1 rad/s due to the spring added to the system. The wind
loads on the blade are compensated by the tagline forces, which work in the opposite direction on
the crane boom. These wind compensating forces are working with the natural frequency of the
yaw motion, which causes the vessel to yaw.

Figure 6.6.2: Maximum y-displacement of blade root per mean wind speed

6.6.3 Blade root displacement due to combined wind and wave loads

The maximum displacement with a wind speed of 10 m/s is 0.042 m. To investigate the combined
impact on the blade motion, the system is subjected to wind and wave loads simultaneously. The
wave direction is 150◦, the peak period ranges from 4-10 s, and the mean wind speed is constant at
10 m/s from a 90◦ angle. In Figure 6.6.3 the maximum y-displacements of the blade root for only
the wave loads and the situation with both wind and wave loads are given. The results are also
given with a predisplacement of 3 meters for the situation with a peak period of the wave spectrum
is 10 s.
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Figure 6.6.3: Results for maximum blade root y-displacement with simultaneously simulated wind and wave loads,
the mean wind speed is 10 m/s, the wave direction is ψ=150◦, the results plotted per peak period of the wave
excitation spectra

6.6.4 Randomness seed variation
The maximum blade root displacement ybr,m for ten different randomness seeds are displayed in
Table 6.6.1. For case 1, the maximum blade root displacements range from 0.08 m to 1.70 m. This
means that for some cases, the blade root displacement stayed below 0.2 m, and for others, it went
over the criteria. Looking into time serie 6 of this case, it was visible that the crane tip had a
displacement of over 3 meters at a certain time and the taglines lost tension. In cases 1, 3, 5, and
9, one tagline lost tension at some point during the time simulation, which resulted in a higher
displacement of the blade root. All the results of the second case range between 0.039 and 0.043
meters, and the taglines never lose tension. The results are further discussed in Section 7.2.

Table 6.6.1: Maximum blade root displacements for two different sets of environmental conditions with ten different
randomness seeds

Number [#] 1 2 3 4 5 6 7 8 9 10

Case 1 ybr,m [m] 0.42 0.09 0.19 0.08 0.18 1.70 0.11 0.09 0.23 0.10
Case 2 ybr,m [m] 0.038 0.039 0.042 0.043 0.041 0.040 0.039 0.039 0.043 0.043
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6.6.5 Winch capacity
When a winch diameter of 1 meter is assumed, the maximum torque and torque speed of the winches
can be determined using the maximum force required to compensate for the blade motions for the
two cases. These values are shown in Table 6.6.2. The results are further discussed in Section 7.2.

Table 6.6.2: Needed winch capacity

Case Qmax [kNm] rpm [rpm]

3 260 5.6
4 215 5.6
5 170 3.2
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7 | Analysis of frequency and time
domain results

In this chapter, the results from the frequency domain calculations in Section 5.2 and the time
domain simulations in Section 6.6 are compared in Section 7.1 and the differences are discussed in
Section 7.2.

7.1 Analysis and comparison of results

The results from the frequency domain (FD) calculations and time domain (TD) simulations are
compared in this section. First, the impact of waves will be discussed, then the difference in wind
influence, and last, the results due to combined wind and wave loading.

7.1.1 Wave load impact, time- and frequency domain result
To compare the results of the FD and TD calculations, they are plotted in one figure. The most
probable maximum y-displacement of the blade with varying sea states with a 30-minute reference
period determined in the FD and the maximum y-displacement of the blade in a 30-minute TD
simulation are shown in Figure 7.1.1. As can be seen, the results of the FD and TD calculations
are close to each other. The difference between the TD and FD results stays approximately the
same when the peak period of the wave spectrum increases for a wave direction of 165◦. The TD
results are at each peak period a bit higher than the FD results. For a wave direction of 150◦, the
difference at a wave peak period of 10 seconds is very large when only 2 m predisplacement is used.
The results of TD and FD are close together when 3 m predisplacement is used. When the crane
tip displacement is greater than the predisplacement of the blade, the taglines lose tension, and
thus, the blade motion is not controllable anymore. With a larger predisplacement, the taglines
stay under tension, and thus the displacement of the blade in y-direction stays below the criteria.
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Figure 7.1.1: Y-displacement of blade root in frequency (f) and time (t) domain due to wave loads

7.1.2 Wind load impact, time- and frequency domain result
The most probable maximum blade root displacement due to wind loads with a mean wind speed of
2 to 10 m/s for a 30-minute reference period resulting from the FD calculations and the maximum
blade root displacement in TD simulations of 30-minutes are displayed in Figure 7.1.2.

There is a significant difference between the FD-determined most probable maximum displace-
ment of the blade root and the maximum blade root displacement resulting from the TD simula-
tions. The blade root displacement resulting from the FD calculations is approximately zero, while
the blade root displacement reaches up to 0.04 m for a mean wind speed of 10 m/s in the TD
simulations.

7.1.3 Impact of wind and wave loads time vs. frequency domain result
The results of the combined wind and wave loads for the FD calculations and TD simulations are
displayed in Figure 7.1.3. A constant mean wind speed of 10 m/s is used in each calculation. The
maximum blade root displacement of the TD simulations with a wave peak period of 4 - 8 s stays
constant at 0.042 m, which is the maximum displacement for a mean wind speed of 10 m/s. Again,
the TD ybr,m becomes significant for a wave peak period of 10 s when the predisplacement is 2 m
because the taglines lose tension. The TD ybr,m for a predisplacement of 3 m is near to the FD
determined results.
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Figure 7.1.2: Y-displacement of blade root in frequency- (f) and time- (t) domain due to wind loads, per mean wind
speed between 2-10 m/s

Figure 7.1.3: Y-displacement of blade root in frequency (f) and time (t) domain due to wind with V10 = 10 m/s,
and varying wave loads
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7.2 Observed differences discussion

In the calculations and simulations with only wave loads, the TD results are not far off the FD
calculated yb,mpm. The yb,mpm is a statistical value; hence, it is expected that one time simulation
with random phase periods will not have the same maximum displacement. However, the TD
results are consistent with a constant distance above the FD result. The yaw-motion of the vessel
causes this difference. The yaw-motion of the vessel has a natural frequency at 0.1 rad/s in the
TD simulations. In FD, the yaw-motion of the vessel does not have this natural frequency. Hence,
this motion has a minor influence on the results. The taglines can only pull in TD, while they
can apply any force in FD. This is only noticeable in the result caused by the wave spectrum with
a peak period of 10 s; there, the resulting y-displacement shoots up to 0.31 m. When a larger
predisplacement is applied on the blade, the result is again on the expected position.

When wind loads are applied to the blade, the blade root displacements in TD are higher than
the FD results. This is also caused by the yaw-motion of the vessel. In TD, the tagline forces
working on the blade work in the opposite direction on the crane boom. The fluctuating part
of the wind speed works at a low frequency, and the natural frequency of the vessel yaw-motion
is 0.1 rad/s. Thus, the wind compensation forces are exciting the vessel’s natural frequency in
yaw-direction.

When the wave and wind loads are simultaneously working on the body, the mean wind speed
is 10 m/s in each simulation. For a wave peak period of 4 to 8 s, the maximum displacement in
TD stays constant at the same value as when only the wind loads would be applied. The blade
root displacement grows when the waves have a wave peak period of 9 and 10 s. All results are
higher than the most probable maximum calculated in FD. This is mainly caused by the differ-
ence in response to the wind loads. Since the response is approximately zero for the wind loading
in FD, the wind has little influence on the FD results. The TD results show that the maximum
blade root displacement is not equal to the summation of the displacement due to wind and wave
loading. The maximum blade root displacement stays equal to the maximum displacement due to
wind loading until the wave-induced maximum displacement surpasses the wind-induced maximum.

The randomness seeds were investigated for two cases in the combined wind and wave simulation
in Section 6.6.4. The outcomes at a peak period of Tp = 6 s were always close to 0.04 m, while the
results for a peak period of Tp = 10 s were far apart. Based on these findings, it can be concluded
that the randomness seed can only make a big difference when the pretension is not larger than the
maximum crane tip displacement. When the needed predisplacement of the blade is determined
prior or during an operation, a margin should be build-in between the expected maximum crane
tip displacements and the predisplacement of the blade to secure safe installation.

The maximum required winch capacity for three cases are stated in Section 6.6.5. What can
be concluded from these results is that the winch capacity is dependent on the pretension that
is applied on the blade. However, the maximum predisplacement of the blade is limited by the
position and angle of the crane boom, since collision between the blade and the crane boom must
be avoided. Since the crane boom of the EnsysXL is very tall, it can be assumed that enough space
can be created between the blade and the crane boom for a predisplacement of 2 to 3 meters. For
a predisplacement of 3 meters, the maximum required torque is 260 kNm and the maximum winch
speed is 5.6 rpm, assuming a winch radius of 1 m.
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What should be noticed is that, when the pretension is large enough, all y-displacements for
combinations of wind and wave loading are under the 0.2 m maximum displacement. However, the
criterion for installation is a circle with a radius of 0.2 m. So whether the blade root center stays
within the 0.2 m radius circle is also dependent on the displacement in the z-direction. According
to the results, the y-displacement stays below 0.1 m, meaning the z-motion of the blade root could
have a maximum displacement of 0.17 m.
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8 | Discussion

Several assumptions were made in this project. Some of these assumptions will have had a more sig-
nificant effect on the project results than others. In this chapter, several assumptions are discussed
and questioned.

The tagline coupling forces

The tagline forces are assumed to be directed in the y-direction of the blade. However, when the
blade has motion in the x-direction, the taglines apply a vector force in y- and x-direction. This
would mean the forces determined by the feedback controller would not only be directed in the y-
direction and thus would not compensate the blade motions as it should. The same can be argued
for the blade motion in the z-direction. The blade motion in x-direction would also be excited due
to the angle of the taglines; this could cause possible instability.

Coupling of the three compensation systems

In the proposed lifting concept, three compensation systems are simultaneously at work. In this
project, one of the compensation systems for y- and yaw-compensation is researched. The blade’s x-
and pitch-motion are assumed to be fully compensated by the blade gripper and the taglines to the
crane tip. The compensation in the z-direction is not applied yet. The y- and yaw-compensation
performance might be affected when the other two compensation systems are also at work. The
combined stability and performance are not considered in this research.

No measurement noise or errors

Assuming the sensors of the feedback system can detect any motion perfectly and send it to the
controller without any noise or errors is a large assumption to make. The measurements of the
blade motions must be exact since the maximum displacement of the blade root is only 4% of its
diameter. If an error is made in the measurements, the feedback system will apply a fault force on
the blade, and the blade root displacement might become worse.

A rigid crane

The crane tip in this project has to be at least 175 meters high. Even though the Ensys XL
crane is placed on a pedestal of 80 m, the crane boom will still have some flexibility. The crane’s
flexibility will not significantly influence the working of the tagline compensation system since the
displacement of the crane tip is modeled as an unspecified disturbance. Hence, if the crane tip
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motion varies from the rigid body motion due to the crane flexibility, this will not affect the control
system of the blade.
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9 | Conclusion

In this thesis, the operational limits of a single blade installation with a floating monohull crane
vessel were sought. An installation method was proposed to install a single blade to the turbine hub
using a floating crane vessel and three separate control systems to limit the motions of the blade.
The control system minimizing blade motions induced by the roll motions of the vessel has been
investigated in more detail, as compensation in this degree of freedom was considered to be most
critical. In this compensation system, the position of the blade is controlled with two dynamically
controlled taglines towards the crane boom. The operational limits that needed to be determined
are based on the last phase of installation; the mating phase. During the mating phase, the typically
accepted motion limit is 0.2 m between the blade root center and the hub center, which means the
blade has a small motion window.

Both the wind- and wave-induced blade motions have been considered. The control param-
eters were determined based on the equations of motion of the blade, and the wind- and wave-
disturbances. The installation was modeled to find the operational limits during the mating phase.
Several of the most important assumptions that were made are:

• First order potential flow is used to determine the wave loading on the vessel.

• Rigid body motions are assumed for the vessel, crane, and blade body.

• The two compensation systems that are not modeled in detail are assumed to work. Hence,
the blade motions in these directions are assumed to be zero.

• No measurement noises are considered in the feedback loop of the tagline control system.

The modeling of the installation has been performed in both the frequency and time domain.
The latter model has been made to investigate the impact of some non-linearities, which could not
be effectively modeled in the frequency domain. The main conclusions resulting from the models
are:

• When the blade can only be pulled and not pushed by the taglines, there is no great conse-
quence for the displacement of the blade root if the crane tip motions stay below the predis-
placement of the blade towards the crane boom. The randomness sensitivity study showed
that a margin should be build-in between the expected maximum crane tip displacements and
the predisplacement of the blade to secure safe installation.

• The frequency domain calculated most probable maximum blade root displacement lies 1 to
3 cm lower than the results from the time domain simulations when the pretension on the
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blades is larger than the maximum crane tip displacement. The biggest difference between
the results from frequency and time domain is due to the yaw-motions of the vessel.

• When the operational limits of the installation are determined with linear theory, a feedback
system is capable of compensating for the blade motions in y-direction for an extensive range
of environmental conditions. If limiting the wave direction to an interval of 150-210◦, the
control system can limit the y-motions at the blade root below 0.2 m, up to a wave height of
Hs = 5.6 m and Tp of 10 s.

• The maximum winch capacity to displace the blade 3 meters towards the crane boom and
operate with a sea state of Hs = 2 m, Tp of 10 s, and wave direction of 150◦is 260 kNm with
a winch speed of 5.6 rpm.

To make a more accurate estimation of the operational limits, it is recommendable to include the
other two compensation systems in the model, include the taglines in the model as actual spring-
like lines instead of point loads, and investigate possible coupling effects between the compensation
systems.
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10 | Recommendations

In this project, the operational limits for a single blade installation with a monohull crane vessel are
sought. A concept lifting method is proposed and used to determine the maximum displacement
of the blade root in y-direction while being controlled by feedback-controlled taglines. Recommen-
dations for future research related to this project are:

• In this project, the focus was on compensating the blade motions in the y-direction. The
compensation of blade motions in x-, and z-direction should be investigated in order to make
a better estimation of the operational limits.

• When all three compensation systems are used, coupling forces will most probably occur
between the compensation systems. The effect of these coupling effects should be researched,
and possibly a decoupling strategy must be found.

• In this project, the tagline forces are modeled as point forces in the y-direction. If the blade
has a motion in the x-direction, the taglines work under an angle, and thus, the taglines will
apply a force on the blade in x- and y-direction. The force in x-direction is not considered in
this project. In further research, the coupling terms of the taglines should be determined.

• Since the blade root stays below the motion criteria in this criteria. Research should be done
to investigate the influence the size of the ship has on the operational limits.

• The sensors are assumed to work perfectly. Research should be done to determine the effect
of errors and noise in the feedback loop on the system’s performance.
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A | Vessel and Blade data

A.1 Vessel data

Table A.1.1: Vessel Properties from WAMIT data (*:from water line, midship, on the stern)

Property Abbreviation Value Unit

Length on waterline Lwl 257 m
Breadth B 60 m
Draft T 5.6 m
Waterplane area Awl 8652.5 m2

Longitudinal metacentric height GMl 434 m
Transverse metacentric height GMt 32.07 m
Displacement ∆ 4.32 ·104 m3

Inertia around x-axis Ixx 3.57·1010 m4

Inertia around y-axis Iyy 1.71·1011 m4

Inertia around z-axis Izz 1.60·1011 m4

Critical roll damping ccr,44 4.46·1010 m4/s
Crane tip x-coordinate* Xct 52.5 m
Crane tip y-coordinate* Yct 45 m
Crane tip z-coordinate* Zct 175 m

79



A.2 Blade data

Table A.2.1: Blade properties [11]

Description Abbreviation Value Unit

Length Lb 117 m
Blade mass mb 65.25 t
Root diameter dr 5.20 m
Distance CoG to blade root lbr 26.8 m
Nacelle and hub mass mnh 822 t
Hub height hhub 150 m
Inertia around z-axis Ib,zz 2.26 ·107 m4

Breadth blade gripper lbg 20 m
Summation of all segment areas times
the according coefficient for y-force ξf 65.8 m2

Summation of all segment areas times
the according coefficient for y-force times
the distance to the blade CoG

ξm 2171.4 m2
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A.3 Blade nodes

Table A.3.1: Nodes of IEA 15MW reference turbine blade [11]

Node Spanwidth
position [r/R] Chord [m] Twist [rad] Node Spanwidth

position [r/R] Chord [m] Twist [rad]

1 0.000 5.20 0.272 31 0.618 3.59 0.007
2 0.020 5.21 0.272 32 0.638 3.50 0.003
3 0.040 5.24 0.269 33 0.657 3.42 0.000
4 0.060 5.29 0.262 34 0.676 3.33 -0.004
5 0.080 5.36 0.250 35 0.695 3.24 -0.007
6 0.100 5.44 0.236 36 0.715 3.16 -0.012
7 0.125 5.55 0.215 37 0.734 3.07 -0.017
8 0.150 5.65 0.193 38 0.753 2.98 -0.022
9 0.169 5.71 0.176 39 0.772 2.90 -0.027
10 0.188 5.75 0.161 40 0.800 2.77 -0.034
11 0.207 5.77 0.147 41 0.819 2.68 -0.037
12 0.226 5.76 0.136 42 0.838 2.59 -0.038
13 0.245 5.70 0.125 43 0.856 2.49 -0.038
14 0.266 5.60 0.114 44 0.875 2.40 -0.038
15 0.287 5.46 0.103 45 0.894 2.30 -0.037
16 0.308 5.31 0.092 46 0.913 2.20 -0.036
17 0.329 5.15 0.083 47 0.931 2.09 -0.034
18 0.351 4.99 0.073 48 0.950 1.99 -0.032
19 0.373 4.85 0.065 49 0.975 1.85 -0.027
20 0.395 4.73 0.058 50 0.979 1.83 -0.027
21 0.417 4.60 0.051 51 0.981 1.81 -0.026
22 0.439 4.48 0.045 52 0.983 1.80 -0.026
23 0.459 4.37 0.039 53 0.985 1.78 -0.025
24 0.479 4.27 0.035 54 0.987 1.76 -0.025
25 0.498 4.16 0.030 55 0.989 1.72 -0.024
26 0.518 4.06 0.025 56 0.991 1.67 -0.024
27 0.538 3.96 0.021 57 0.994 1.58 -0.023
28 0.558 3.87 0.017 58 0.996 1.42 -0.023
29 0.578 3.77 0.014 59 0.998 1.10 -0.022
30 0.598 3.68 0.010 60 1.000 0.50 -0.022
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A.4 Blade segments

Table A.4.1: Segments of IEA 15 MW reference turbine blade [11]

Segment ybegin yend Area [m2] Segment ybegin yend Area [m2]

1 -26.80 -24.46 12.18 31 45.52 47.87 8.34
2 -24.46 -22.12 12.22 32 47.87 50.10 7.72
3 -22.12 -19.78 12.31 33 50.10 52.33 7.53
4 -19.78 -17.44 12.46 34 52.33 54.57 7.33
5 -17.44 -15.10 12.64 35 54.57 56.80 7.14
6 -15.10 -12.18 16.08 36 56.80 59.03 6.95
7 -12.18 -9.25 16.38 37 59.03 61.26 6.76
8 -9.25 -7.02 12.65 38 61.26 63.49 6.56
9 -7.02 -4.80 12.76 39 63.49 66.80 9.37
10 -4.80 -2.57 12.83 40 66.80 68.99 5.98
11 -2.57 -0.34 12.83 41 68.99 71.19 5.78
12 -0.34 1.88 12.76 42 71.19 73.38 5.57
13 1.88 4.33 13.83 43 73.38 75.58 5.37
14 4.33 6.78 13.54 44 75.58 77.77 5.15
15 6.78 9.23 13.18 45 77.77 79.96 4.93
16 9.23 11.67 12.80 46 79.96 82.16 4.71
17 11.67 14.26 13.09 47 82.16 84.35 4.48
18 14.26 16.84 12.70 48 84.35 87.28 5.61
19 16.84 19.42 12.36 49 87.28 87.70 0.78
20 19.42 22.00 12.05 50 87.70 87.95 0.45
21 22.00 24.58 11.73 51 87.95 88.20 0.45
22 24.58 26.89 10.21 52 88.20 88.45 0.45
23 26.89 29.19 9.96 53 88.45 88.70 0.44
24 29.19 31.50 9.71 54 88.70 88.95 0.44
25 31.50 33.80 9.48 55 88.95 89.20 0.42
26 33.80 36.11 9.25 56 89.20 89.45 0.41
27 36.11 38.46 9.21 57 89.45 89.70 0.37
28 38.46 40.81 8.99 58 89.70 89.95 0.31
29 40.81 43.17 8.77 59 89.95 90.20 0.20
30 43.17 45.52 8.55
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B | EnsysXL drawings
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Figure B.0.1: Side view of GustoMSC Ensys XL
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Figure B.0.2: Top view of GustoMSC Ensys XL
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C | RAO - low draft and high GM

Figure C.0.1: RAO for 6 degrees of freedom for a loading condition with a low draft and a high GM
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D | Bode and Nyquist

Bode and Nyquist plots are used during the loop-shaping process to find gain sizes for the controller.
The following functions have been plotted for both the y- and ψ-compensation controller:

The open loop transfer function L(s):

L(s) = C(s) · P (s) (D.1)

The sensitivity function S(s):

S(s) =
1

1 + C(s)P (s)
(D.2)

And the closed loop transfer function, or complementary sensitivity function, T (s):

T (s) =
C(s) · P (s)

1 + C(s) · P (s)
(D.3)

The Nyquist plot gives information about the stability of the system.
In the following sections, the final Bode and Nyquist plots are given for the compensation system

in y- and ψ-direction.
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D.1 Y-system

In the open loop and sensitivity curve from Figure D.1.1, a peak can be seen at a frequency of 0.62
rad/s. This is the peak for the natural frequency of the plant P . The peak has been cut-off the
graph because it goes to extreme heights. The peak is this large because there is no damping added
to the equation. If damping was added, the peak would be less high and the phase step would be
more smoothly.

The bandwidth of the system is at 9 rad/s. Since the gain margin is infinitely large, the system
does not become unstable when the bandwidth is increased.

Figure D.1.1: The open loop L function, and the sensitivity function S for compensation in y-direction
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Figure D.1.2: The closed loop function T , for compensation in y-direction

Figure D.1.3: Nyquist plot for ψ-compensation system
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D.2 ψ-compensation

The natural frequency of Pψ is 0 rad/s, as can be seen in Figure D.2.1, the open loop transfer
function rises when it comes closer to 0 rad/s. The bandwidth is 22 rad/s, this is a very high
frequency, and might give problems with sensors in an actual operation, for now, this is neglected.

Figure D.2.1: The open loop L function, and the sensitivity function S for compensation in ψ-direction
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Figure D.2.3: Nyquist plot for y-compensation system

Figure D.2.2: The closed loop function T , for compensation in ψ-direction
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D.3 Load sensitivity functions

The last criteria is to lower the disturbance sensitivity function as much as possible. The load
sensitivity function is made independent of the blade properties by determining them as followed:

Gdu,y =
Py(s)

1 + Py(s) · Cy(s)
· mg
lc

(D.4)

Gdu,ψ =
Pψ(s)

1 + Pψ(s) · Cψ(s)
· Izz

2π
(D.5)

After completing the loop shaping process, the dimentionless load sensitivity functions look as
followed:

Figure D.3.1: The dimensionless load sensitivity
function for y-direction

Figure D.3.2: The dimensionless load sensitivity
function for ψ-direction
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