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Abstract

The thesis presents the research on automated offshore wind turbine (OWT)
installation. The aim of the project is to find innovative and cost-effective
methods for installing and maintaining OWTs.

Utilization of wind energy grows quickly in the past two decades. The
trend of increasing turbine size reduces the costs of installation and grid
connection per unit energy produced. However, the growing installation
height challenges the OWT installation. The target of the present thesis
is to develop novel algorithms of real-time state estimation and control of
the installation of bottom-fixed and floating OWTs (including individual
components like blades or pre-assembled subsystems), by state-of-the-art
automatic control theories, aiming for improved efficiency, increased opera-
tion safety, and reduced installation cost.

In the present thesis, two installation strategies are studied, i.e., single
blade installation to a bottom-fixed OWT with a monopile foundation us-
ing a jackup vessel and tower-nacelle-rotor preassembly installation to a
spar foundation using a catamaran. Depending on the level of onshore pre-
assembly, they are two opposite extremes among all installation strategies.
The former strategy has a wider application with the lowest operational effi-
ciency, while the latter has the fewest offshore lifts but requires more specific
equipment. The major emphasis is on automated single blade installation.
Since blade is the component with the most complex aerodynamics char-
acteristics and its installation is the most time-consuming and expensive,
the research can be extended to other components can be easily solved.
Furthermore, part of the effort is put on improving the performance of the
novel wind turbine installation concept using a catamaran proposed by SFI
MOVE.

A user-friendly numerical modeling framework for the offshore installation
is developed for control design purposes. Various OWT installation models
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iv Abstract

have been investigated. Several controllers and estimators have been devel-
oped. Time-domain simulations and sensitivity studies have been conducted
to verify the performance of the proposed algorithms.

This work was supported by the Research Council of Norway (RCN) through
the Centre for Research-based Innovation on Marine Operations (CRI MOVE,
RCN-project 237929), and partly by the Centre of Excellence on Autonomous
Marine Operations and Systems (NTNU AMOS, RCN-project 223254).
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Chapter 1

Introduction

1.1 Background and motivation

Utilization of wind energy grows quickly in the past two decades. A trend of
steadily increasing wind energy’s share of the worldwide electricity supply is
noticed. Compared with onshore wind energy, offshore wind is stronger and
more steady, resulting in higher and steadier energy production. In addition,
OWTs do not occupy limited land areas and damage untouched nature. As
most energy is consumed in developed cities, another advantage of OWT is
the short distance between the wind farms and these cities. Furthermore,
new industries and more jobs are created by this new business area.

In 2017, wind energy has the largest installed capacity and remains the
second largest form of power generation capacity in Europe; see Figure 1.1.
The percentage of offshore wind energy increase year by year; see Figure 1.2.

Figure 1.1: (Left) the growth of total power production in Europe 2005–2017,
(right) cumulative installed onshore and offshore wind energy. Source: Wind Eu-
rope (2018).

3



4 Introduction

Wind energy occupies more than half of the new installed capacity in 2017.
In a long-term perspective, the amount of installed wind power capacity
until 2050 will meets 50% of EU’s electricity demand, of which 60% would
be offshore wind (Wind Europe 2017). Thus, the offshore wind industry is
promising.

Figure 1.2: Wind energy annual installation 2000-2030 (in GW), source: Zervos
& Kjaer (n.d.).

The price of electricity from offshore wind was typically two to three times
greater than electricity from onshore wind in 2017 (Stehly et al. 2017). The
first reason is the cost on design and construction of foundations. More-
over, OWT installation, including lifting and mating operations, is expen-
sive (Kaiser & Snyder 2013). For an offshore wind farm project, capital
expenditures (CapEx) and operational expenditures (OpEx) are the two
main categories of the expenses. The assembly and installation cost is the
third largest element in CapEx, accounting for 19% for bottom-fixed OWT
and 11.3% for floating OWT. Because of the limitations of lifting and mon-
itoring equipment, spending time waiting for the required weather window,
by the offshore construction vessel, is not uncommon. However, the research
on OWT installation is still not well addressed.

Shown in Figure 1.3(a), the wind turbine installation time is greatly re-
duced in the past two decades. This is not only because of the growing
rated power capacity per unit turbine, but also technical advance and in-
creasing gained project experience. The trend of reduction in installation
time is more remarkable for larger OWTs. However, it is noticed that the
reduction of turbine installation time per MW (55%) is much smaller than
that of the foundation installation time per MW (87%). Comparing with
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the foundation installation, there is still a lot of room for improvement of
OWT superstructure installation, including tower, nacelle, and rotor.

(a)

(b) (c)

Figure 1.3: (a) Wind farm installation days per megawatt of installed capacity,
(b) monopile installation days per MW, (c) turbine-only installation days per MW.
Source: Lacal-Arántegui et al. (2018).

OWTs are categorized into bottom-fixed and floating wind turbines depend-
ing the foundation structures, e.g., monopile, gravity base, jacket as bottom-
fixed foundations and single point anchor reservoir (spar), semi-submersible,
tension leg platform as floating ones; see Figure 1.4.

The OWT installation can be conducted by either jack-up or floating instal-
lation vessels depending on the water depth for operation. At the moment,
jack-up works up to 40-50m of water depth. Floating installation vessel
should be used for deeper water depth. The challenges for floating installa-
tion vessel is the wave induced motions which cause pendular oscillation to
the payload through crane fixed on the vessel.

For a mainstreamed horizontal-axis three-blade wind turbine, the total num-
ber of the blades for each wind turbine is three. There exist several instal-
lation strategies depending on the level of onshore preassembly; see Fig-
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(a) Bottom-fixed OWT (b) Floating OWT

Figure 1.4: Various OWT foundations, source: Jiang et al. (2017).

ure 1.5. For example, (i) the blades can be installed to the hub separately,
namely single blade installation; (ii) two blades can be preassembled on the
hub with a bunny-ear configuration; (iii) all blades are assembled on the
hub and the rotor is installed as a whole; (iv) all wind turbine components
are preassembled and installed with one lift. The selection of the installa-
tion methods is a tradeoff among many aspects. The increasing number of
offshore operations demands longer operation window, resulting in stricter
requirement for the weather and onboard equipment. Hence, onshore pre-
assembly shortens the expensive offshore operations. Typically, the most
efficient solution is a fully preassembled structure with tower, nacelle, hub,
and blades as a whole. However, such installation strategy faces two main
challenges.

First of all, wind turbines are becoming bigger. The capability of wind tur-
bines has more than doubled since 2001, while the number of wind turbines
is 20% less (Energinet 2018). The trend of increasing turbine size reduces
the costs of installation and grid connection per unit energy produced; see
Figure 1.6. The records of OWT sizes have been broken again and again.
The height of the current GE’s Haliade-X 12 MW OWT reaches 260 meters,
and the diameter of the rotor is 220 meters. The growing installation height
and weight challenge the crane devices and lifting operation for most of the
installation vessels. In addition, the communication between the crane op-
erator and personnel in the hub is weakened.

Secondly, the deck utilization ratio reduces with the increasing level of pre-
assembly. In other words, more turbine components can be carried from
onshore to offshore installation site if components are not pre-assembled,
resulting in shorter overall transport time; see Figure 1.5(a). However, the
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(a) Pieces separately (b) Bunny-ear configuration

(c) Pre-assembled rotor (d) Pre-assembled turbine

Figure 1.5: Various OWT installation strategies.
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Figure 1.6: The trend of continued increasing in turbine size, source: Froese
(2016).

offshore operation time is longer due to the increasing number of lifts and
mating operations. Therefore, the level of preassembly is a tradeoff among
deck usage, vessel selection, crane equipment, weather, etc.

At the current stage, the OWT installation heavily depends on the crew’s
experience and real-time weather. For example, the project is managed
trough manual communication between the crane operator and the crew at
the nacelle for connection. Straining by the crew is necessary in the final
aligning and bolting process. Installation can only be conducted in calm
seas. Therefore, automated installation procedures will help to increase the
efficiency and to reduce the risk to the operators.

1.2 Problem description and objectives

The present work is a part of the Project 5 “OW: Installation of Offshore
Wind Power Systems” in Center for Research-based Innovation on Marine
Operations in Virtual Environment (SFI MOVE). The eight-year project
started in 2016 and is funded by the Research Council of Norway. The aim
of the project is to find innovative and cost-effective methods for installing
and maintaining OWTs.

The target of the present thesis is to develop novel algorithms of real-time
state estimation and control of the installation of bottom-fixed and float-
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ing OWTs (including individual components like blades or pre-assembled
subsystems), by state-of-the-art automatic control theories, aiming for im-
proved efficiency, increased operation safety, and reduced installation cost.
Two installation strategies are studied, i.e., single blade installation to a
bottom-fixed OWT with a monopile foundation using a jackup vessel and
tower-nacelle-rotor preassembly installation to a spar foundation using a
catamaran. The major emphasis is on automated single blade installation.
Since blade is the most complex structures among all components and its
installation is the most time-consuming and expensive, the research on other
components can be easily solved. Furthermore, part of the effort is put on
improving the performance of the novel wind turbine installation concept
using a catamaran proposed by SFI MOVE.

The research will focus on the following problems:

• Single blade installation to a bottom-fixed OWT with a monopile foun-
dation using a jackup vessel:

– Understand the challenges and dynamics during wind turbine
installation.

– Propose simplified state-space models for the operations.

– Develop a high-fidelity simulation-verification model of the pro-
cess.

– Design automated control schemes for the blade installation, in-
cluding the control laws and observers.

– Real-time motion estimation based on GPS and IMU measure-
ments.

– Verify the controllers and observers through classic Lyapunov
method, simulations, and sensitivity study.

– Investigate the operational criteria during the mating operation.

• Tower-nacelle-rotor preassembly installation to a spar foundation us-
ing a catamaran installation vessel:

– Develop control algorithm for the active roll reduction system.

– Develop control algorithm for the hydraulic system lifting grip-
pers.

The research methodologies in the thesis are theoretical calculation and nu-
merical simulation. A numerical MATLAB/Simulink toolbox is developed
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to simulate the OWT installation process for control design purpose, in-
cluding the dynamics of different parts in the installation system, turbulent
wind field, aerodynamic loads, and wave conditions. Code-to-code verifica-
tion has been conducted to design controllers. Lyapunov’s direct method
and stability proves are applied in the control designs. Sensor fusion tech-
niques are adopted to design state estimators.

From an overall perspective, the present thesis investigates novel automated
wind turbine installation, which can accelerate the overall installation effi-
ciency and broaden the application of wind energy.

1.3 List of publication and contributions

The thesis is based on a collection of several papers. The list and the main
contributions of the work of the papers is given below.

Single blade installation to a bottom-fixed OWT with a monopile
foundation using a jackup vessel

[Paper A1] Zhengru Ren, Zhiyu Jiang, Roger Skjetne, and Zhen Gao
(2018). Development and application of a simulator for OWT blades in-
stallation. Ocean Engineering, 166:380–395.

Contribution: In this paper, the development of a modularized blade in-
stallation simulation toolbox for the purpose of control design in MAT-
LAB/Simulink is presented. The toolbox can be used to simulate several
blade installation configurations for both onshore and OWT installation.
The key features and equations of the different modules, exemplified by
a single blade installation operation. Code-to-code verification results are
presented and discussed with both quasi-steady wind and three-dimensional
turbulent wind field.

[Paper A2] Zhengru Ren, Roger Skjetne, and Zhen Gao (2019). A crane
overload protection controller for blade lifting operation based on model
predictive control. Energies, 12(1):50.

Contribution: In this paper, nonlinear model predictive control (NMPC)
schemes are proposed to overcome the sudden peak tension and snap loads
in the lifting wires caused by lifting speed changes in a lumped-mass payload
lifting and a wind turbine blade lifting operation, respectively. A simplified
three-dimensional crane-wire-payload model is adopted to design the opti-
mal control algorithm. The direct multiple shooting approach is applied to
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solve the nonlinear programming problem. High-fidelity simulations of the
lifting operations are implemented based on a turbulent wind field with the
MarIn and CaSADi toolkit in MATLAB. By well-tuned weighting matrices,
the NMPC controller is capable of preventing snap loads and axial peak
tension, while ensuring efficient lifting operation.

[Paper A3] Zhengru Ren, Zhiyu Jiang, Roger Skjetne, and Zhen Gao
(2018). An active tugger line force control method for single blade installa-
tions. Wind Energy, 21:1344–1358.

Contribution: In this paper, an active control scheme is proposed to control
the tugger line forces acting on a blade during the final installation stage
before mating. A simplified 3 degree-of-freedom blade installation model
is developed for the control design. An extended Kalman filter is used to
estimate the blade motions and wind velocities. Feedback linearization and
pole placement techniques are applied for the design of the controller. Sim-
ulations under turbulent wind conditions are conducted to verify the active
control scheme, which effectively reduces the blade root motions in the wind
direction.

[Paper A4] Zhengru Ren, Roger Skjetne, Zhiyu Jiang, Zhen Gao, and
Amrit Shankar Verma (2019). Integrated GNSS/IMU hub motion estimator
for offshore wind turbine blade installation. Mechanical Systems and Signal
Processing, 123:222–243.

Contribution: In this paper, a hub motion estimation algorithm for the
OWT with a bottom-fixed foundation using sensor fusion of a global navi-
gation satellite system (GNSS) and an inertial measurement unit (IMU) is
designed. Two schemes are proposed based on a moving horizon estima-
tor, a multirate Kalman filter, an online smoother, and a predictor. The
moving horizon estimator mitigates the slow GNSS sampling rate relative
to the hub dynamics. The multirate Kalman filter estimates the position,
velocity, and accelerometer bias with a constant GNSS measurement delay.
The online smoothing algorithm filters the delayed estimated trajectory to
remove sudden step changes. The predictor compensates the delayed esti-
mate, resulting in real-time monitoring.
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Tower-nacelle-rotor preassembly installation to a spar foun-
dation using a catamaran vessel

[Paper A5] Jiafeng Xu, Zhengru Ren, Yue Li, Roger Skjetne, and Karl
Henning Halse (2018). Dynamic simulation and control of an active roll
reduction system using free-flooding tanks with vacuum pumps. Journal of
Offshore Mechanics and Arctic Engineering, 140:061302.

Contribution: This paper demonstrates a dynamic simulation scheme of an
active roll reduction system using free-flooding tanks controlled by vacuum
pumps. Vacuum pumps and air valve stabilized the waveinduced roll motion
by controlling the water levels in the tanks through a feedback controller.
A simplified control plant model for the vacuum pumps is proposed where
higher order behaviors are neglected and the external wave-induced load is
unknown. A parameter-dependent observer and a backstepping controller
are adopted to estimate the external load and to reduce the roll motion.
The system stability is proved by Lyapunovs direct method. The perfor-
mance of the entire system is evaluated in terms of roll reduction capability
and power cost.

[Paper A6] Zhiyu Jiang, Zhengru Ren, Zhen Gao, Karl Henning Halse, and
Peter Christian Sandvik (2018). Mating control of a wind turbine tower-
nacelle-rotor assembly for a catamaran installation vessel. Proceedings of
the 2018 International Ocean and Polar Engineering Conference, 584–593.

Contribution: In this paper, the mating control of a wind turbine tower-
nacelle-rotor assembly for a catamaran installation vessel using an active
heave compensator is studied. The installation of a rotor-tower-assembly
onto a spar foundation is considered with a focus on the mating process of
a tower-nacelle-rotor assembly. The spar foundation has been pre-installed
at a representative site in the North Sea, and the catamaran has thrusters
regulated by a dynamic positioning system. The active heave compensator
can effectively reduce the relative heave velocity and the risks of structural
damage during the mating process.

Other works

The following first-authored papers are not closely relevant to the thesis
topic. Therefore, they are excluded from the present thesis. Additionally,
the co-authored papers are also not included.
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[Paper B1] Zhengru Ren, Roger Skjetne, and Øivind K̊are Kjerstad (2015).
A tension-based position estimation approach for moored marine vessels.
IFAC-PapersOnLine, 48(16):248–253.

[Paper B2] Zhengru Ren, Roger Skjetne, and Vahid Hassani (2015). Super-
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1.4 Thesis organization and overview

The thesis is written in the form of a collection of articles. Figure 1.7 shows
how these papers interconnect in the scope of the present thesis. In the first
part of the present thesis, the research background, research motivation,
system modeling, control objectives, simulation results, and discussion are
illustrated. The specific part of every paper is placed in the particular
chapters.

The research is categorized into two main topics:

• The first topic is the single blade installation to a bottom-fixed OWT
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using a jackup vessel. The research starts from the modeling processes,
i.e., the model for control design in MATLAB/Simulink (Paper A1).
According to the analysis results, control algorithms and state estima-
tors are developed to improve the levels of automation (paper A2–A5).
The algorithms are verified by numerical simulations and sensitivity
studies.

• The second topic is the concept of floating OWT preassembly instal-
lation using a catamaran. The research procedures of the second topic
are similar to those in the first topic. The roll-reduction system (Pa-
per A6) and active heave compensator (Paper A7) are decoupled. A
modeling and control design is proposed.

Figure 1.7: Interconnection of the papers in the thesis.

The summary part of this thesis consist of the following chapters:

Chapter 2 presents an overview of the wind turbine installation practices
and illustrates the motivation of the research. The system configuration
of both single blade installation system and catamaran installation concept
are introduced. The operational criteria are discussed. The problem of
single blade installation is categorized into four stages, including lifting,
stabilizing, transporting, and mating. The actuators, sensors, and control
objectives for each stage are presented. Moreover, the problem statement
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of roll reduction tanks and active heave compensation for the catamaran
vessel are shown.

Chapter 3 addresses the modeling of both systems. A comparison of state-of-
art simulation tools is given. The single blade installation is firstly modeled
in HAWC2. A simulation toolbox is proposed to provide high-fidelity simu-
lation verification model for the purpose of control design. An overview of
the proposed modeling toolbox is presented. The simplified control design
models for single blade installation system, roll reduction system, and active
heave compensator are then given.

Chapter 4 presents the simulation results to verify the proposed controllers
and estimators. Aerodynamic loads of the proposed toolbox in steady wind
are verified through code-to-code verification results. Both time-domain
simulation and sensitivity studies are conducted to test the optimal lifting
scheme using model predictive control, automatic single blade installation
using active tugger line force control, hub motion estimator, roll-reduction
tank control, and active heave compensator.

Chapter 5 summarizes the main contributions from this study, presents the
major contributions, and discusses future research directions.

The second part contains the published conference and journal papers, that
are included in the thesis.



Chapter 2

System description and
problem statement

2.1 Problem 1: Single blade installation using au-
tomatic control

2.1.1 System description

A monopile-type wind turbine is selected as the example of the research.
Monopile installation has been studied in Li et al. (2014), Li, Acero, Gao &
Moan (2016), Li, Gao & Moan (2016). Consider a scenario that the monopile
foundation has been driven into the seabed, gravel and rock materials are
placed on the seabed at the foundation location to protect the supporting
structure against scouring. Transition piece, tower, nacelle, hub, and blades
are installed subsequently in several lifting operations. In the present stage,
the installation vessels are commonly used jackup vessels; see Figure 2.1.

Single blade installation is a method of OWT blade installation, that al-
lows for a broader range of installation vessels and lower crane capabilities.
Specialized commercial products are developed to reduce the blade motion
and to expand the operational limits, resulting in successful installations
under higher wind speeds, such as LT575 Blade Dragon (Liftra 2018) and
the Boom Lock technology (HighWind 2018).

The typical single blade installation procedure is shown in Figure 2.2. If the
weather forecast satisfies the predefined conditions, the operation starts by
rotating the hub to a horizontal position for wind turbines with a conven-

17
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(a) Sideview (Espinoza 2016) (b) Upward view (RWE Innogy GmbH
2014)

Figure 2.1: Single blade installation.

tional gear transmission. The blade is seized by a yoke at its center of mass
and lifted to the hub height by the crane winch servo motor through the
lift wire from the deck. The relative motions between the blade root and
hub are closely monitored. If the motions are within the allowable prede-
fined limits, then the mating process is executed. Tugger lines are used to
constrain the blade motions. Typically, the tugger lines are passive without
control. After the guide pins on the blade root enters the flange holes on
the hub, the blade is bolted by the crew and the lifting gear is retracted.
Then, the mating process is finished. If the conditions are not acceptable,
the blade is lowered to the deck and the aforementioned steps are repeated
when the weather is within allowable limits. In total, three lifts are involved
for the three blades if the single blade installation technique is applied.

2.1.2 System configuration

The objective is to apply feedback control to the single blade installation to
enhance the level of automation, operational efficiency, and safety. Before
designing control algorithms, the installation process with the involvement
of automatic control should be thoroughly understood. The entire single
blade installation is categorized into four stages based on the various con-
trol objectives, i.e., (1) lifting the blade to the specified hub height, (2)
stabilizing the blade in a turbulent wind field, (3) transporting the blade to
the hub, and (4) mating the blade root to the hub; see Figure 2.3.

To simplify the problem, some states are neglected, resulting in different
system configurations in specific stages, including the actuators and sensors,
as summarized in Table 2.1.
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Figure 2.2: Flowcharts of the typical single blade installation (Jiang, Gao, Ren,
Li & Duan 2018).

2.1.3 Operational criteria

The entire single blade installation procedure is divided into two problems,
i.e., the lifting problem (Stage 1) and the mating problem (stages 2–4).

Stage 1: Lifting problem

The lifting operations are conducted according to pragmatic experiences
and short-term weather forecast. In Stage 1, the vertical position of the
blade and the axial tension on the lift wire are two important responses for
the operation safety. A case study of the danger of lifting operation is shown
in Figure 2.4. Sudden lowering and lifting-off operations are conducted to a
suspended NREL 5MW reference wind turbine blade with constant speeds.

The large peak wire rope tension in the initial stages of the lifting and
lowering of a payload is risky for safety hazards. The larger sudden tension
occurs at the beginning of the lifting operation due to significant winch
speed acceleration. Jerking occurs more easily at a higher lifting speed.
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Figure 2.3: Diagram of the four stages during the single blade installation.

Snap loads, which occur when the axial tension decreases below zero, may
cause the maximum tension exceed the lift wire strength. Furthermore, the
magnitude of the blade motion is enlarged when snap loads occur, resulting
in a potential impact damage between the blade and deck. Thus, optimal
lifting control is desired to reduce the dynamic tension on the lift wire during
the lifting-off and lowering operations.

Stages 2–4: Mating problem

In stages 2–4, the horizontal position and orientation of the suspended blade
are critical. Specially, the mating operation in Stage 4 is determined by the
relative motion between the blade root and hub. The influence is two-fold,
i.e., the relative displacement and relative velocity. A successful mating
operation can be executed if both the relative displacement and velocity
satisfy the predetermined criteria. Additionally, the orientation of the blade
root should be constrained to ensure the blade root face to the hub mating
flange.

The relative displacement affects the success rate (Jiang, Gao, Ren, Li &
Duan 2018). If the outcrossing rate is below the safe boundary, the mating
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Table 2.1: Actuators and sensors in different stages of single blade installation.

Stage Actuators Sensors

1 Crane servo motor
Blade COG motion
Lift wire length and changing rate

2 Tugger line force
Position and orientation of the blade
Position of the crane tip

3
Tugger line force
Crane boom rotation

Position and orientation of the blade
Position of the crane tip

4 Tugger line force
Position and orientation of the blade
Position of the crane tip
Position and acceleration of the hub

operation is considered to a successful alignment; see Figure 2.5. The rela-
tive velocity influences the impact velocity, which may damage the guide pin
(Verma et al. 2018, Verma, Vedvik, Haselbach, Gao & Jiang 2019). There
are two sorts of impact damages, i.e., the sideways impact and head-on
impact; see Figure 2.6. The potential consequence of sideways impact is
bending the guide pin. With very large head-on impact speed, the guide
pin can deform to an S-shape. Then, the blade should be lowered to the
deck and repaired before the next mating attempt. Such failures reduce the
overall operation efficiency. According to the finite element analysis results
using Abaqus/explicit, the extreme values for the relative motion in specific
axis over a period can be determined.

For a monopile wind turbine, the relative motion between the blade root
and hub is mainly influenced by the wind and waves. Both the mean wind
speed and turbulence intensity affect the motion of the suspended blade.
The hub motion is influenced mainly by the wave-induced loads and partly
by the wind field.

The number of the installed blades influences the hub motion. There are
three mating conditions (MCs) for Stage 4, as illustrated in Figure 2.7.

• MC1: The nacelle and hub have been assembled on the tower. The
wind turbine yaw system rotates the nacelle to the mating direction,
and the rotor is rotated to an orientation such that the selected flange
face on the hub opposes the suspended blade root horizontally.

• MC2: After successfully bolting the first blade, the rotor rotates 120
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Figure 2.4: The lift wire tension history of a suspended blade with constant (a)
lowering speeds, (b) lifting-off speeds. Source: Ren et al. (2019).

deg to let the second flange face the mating orientation. The second
blade is ready to be mated.

• MC3: The rotor is rotated to horizontally align the third hub after
bolting the second blade. The third blade is ready for the mating
operation.

The influence of the installed blades is small. Taking a 5MW NREL refer-
ence wind turbine as example, the first fore-aft natural frequencies in MC1,
MC2, and MC3 are 0.258, 0.249, and 0.239 Hz, respectively. The weight
of each blade, approximately 17 tonnes, is much lower than the total mass
of the structure without blades (1162 tonnes). Therefore, the total stiffness
and the first fore-aft eigen-frequency are slightly reduced by the additional
blades. Even though the eigenperiod moves towards the wave periods, the
blades have a damping effect that increases with the number of installed
blade and the blade pitch angle. The amplitude of the hub oscillation is en-
larged with higher mean wind speed and the resulting aerodynamic loads.
The pendulum motion of the blade has a dominant period of 10-12s.

2.1.4 Control objectives

The control objectives and performance criteria are summarized as follows.

In Stage 1, the crane servo motor is the actuator. The tugger lines are
assumed to be released with the lifting operation. Therefore, tugger lines
do not provide restoring forces unless wind-induced blade displacement is
higher than expected. The blade orientation variance caused by the lifting
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Figure 2.5: Schematic of the blade alignment plan, source: Jiang, Gao, Ren, Li
& Duan (2018).

operation and the wind-induced loads are assumed to be insignificant, and
the lifting or lowering operation is so short that wind-induced motion is not
affected.

In stages 2–4, the blade horizontal motion is significant. Pendular motion
is dominated by the wind-induced loads. Active tugger line force control
is introduced to stabilize the blade motion and reduce the relative motion
between the blade root and hub.

Stage 1: Lifting

• Operational objectives: Control the winch servo motor to lift the blade
from deck to the hub height.

• Control objectives:

1. Reach the desired setpoint lifting speed in the shortest time pos-
sible within the constraints;

2. Protect overload tension and reduce dynamic tension by control-
ling the winch speed;

3. Prevent winch servo motor burnout by limiting the winch accel-
eration;

4. Prevent negative elongation and snap loads;

5. Reduce the wire rope wear;

6. Limit the maximum speed of the servo motor;

7. Reach the desired wire rope length.
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Figure 2.6: Impact damages to the guide pin, source: Verma, Jiang, Ren, Gao &
Vedvik (2019).

• Performance criteria: The dynamic tension on the lift wire should be
minimized; the lift wire elongation and winch servo motor acceleration
and speed should be smaller than the operational limits.

Stage 2–4: Stabilizing

• Operation objectives: Stabilize the suspended blade in the air.

• Control objectives: Control the tension forces on the tugger lines to
stabilize the suspended blade in the turbulent wind field.

• Performance criteria: The displacement of the blade COG in the mean
wind direction and its orientation.

2.1.5 Hub motion estimation in Stage 4

To calculate the relative motion between the blade root and hub, the pro-
posed controllers require highly accurate real-time estimates of the motion,
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Figure 2.7: Three monopile configurations before single blade installation.

as studied in Maes et al. (2018). Real-time hub motion estimation is also
important to achieve successful mating. An illustrating example for a 5MW
NREL reference wind turbine hub motion in the water depth 30 m is pre-
sented in Figure 2.8.

From the simulation results, it is easy to notice that the vertical motion of
the hub is negligible. Hence, only horizontal motion is of importance. GPS
is the most commonly used sensor to measure the horizontal displacement.
However, some shortages exist. Since the first fore-aft natural period of the
structure is approximately 4 s, the GPS delay is significant for real-time
estimation. Another issue is the sampling frequency of the GPS. The low
sampling frequency, i.e. 1 Hz, is not sufficient to provide smooth and ac-
curate hub displacement in a real-time motion estimator. The oscillation
amplitude depends on the wave period and significant wave height. Reso-
nance happens near the first fore-aft natural frequency, ranging from 0–1.5
m. Hence, the sensor noise of a low-cost GPS influences the measurement.
An alternative to GPS for position measurement is the double integration
of the acceleration measurements from an inertial measurement unit (IMU).
However, the existence of sensor bias deteriorates the results. To overcome
these shortages, sensor fusion approaches are adopted to provide accurate
motion estimation with high sampling frequency. A study should be con-
ducted to handle the GPS noise, GPS time delay, GPS low sampling rate,
accelerometer noise, and accelerometer bias.
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Figure 2.8: The history of the hub position for the proposed OWT with respect
to the equilibrium, Hs = 2 m, Tp = 8 s, βwave = 30◦, Swave =75, Uw = 8 m/s,
TI = 0.146, and STI = 94. Source: Ren, Skjetne, Jiang, Gao & Verma (2018).

2.2 Problem 2: Tower-nacelle-rotor assembly in-
stallation using a catamaran

2.2.1 System description

To shorten the offshore operation period, tower-nacelle-rotor assembly in-
stallation with only one lift is another possible solution. The tower, nacelle,
and rotor have been assembled onshore and carried to the installation site by
a catamaran. The installation can be accomplished with only one lift. The
installation strategy is suitable for both bottom-fixed foundations and float-
ing foundations. The device to compensate the relative motion between the
lifted preassembly and foundation is still an open question. In the current
stage, an innovative conceptual design proposed by SFI MOVE is studied
in Jiang, Li, Gao, Halse & Sandvik (2018); see Figure 2.9.

A flowchart of the installation process is illustrated in Figure 2.10. When
the operational weather condition is satisfied based on weather forecast, the
installation starts. The catamaran gets connected to the floating foundation
via the sliding grippers. A wind turbine assembly is first lifted up from the
deck and then transported to the aft by the lifting grips. The relative motion
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(a) Sideview

(b) Upward view (c) Sideview

Figure 2.9: Tower-nacelle-rotor assembly concept, source: Jiang, Ren, Gao, Sand-
vik, Halse, Skjetne et al. (2018).

between the bottom of the tower bottom and the top of the foundation is
monitored. If the relative motion satisfies the predefined criteria, the mating
operation is executed. After successful mating on the floating foundation,
the tower bottom is bolted on the foundation. At the end of the operation,
the foundation is released. Only one lift is required for each OWT, resulting
in a higher installation efficiency. The concept is suitable for both bottom-
fixed and floating OWT installation. The gripper design has been studied
in Rasekhi Nejad et al. (2018).

2.2.2 Operational criteria

Similar to the single blade installation approach, the relative motion at
the mating point is critical, i.e., between the top of the floating founda-
tion and bottom of the OWT assembly (Jiang, Li, Gao, Halse & Sandvik
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Figure 2.10: Flowcharts of the preassembly installation using a catamaran,
source: Jiang, Li, Gao, Halse & Sandvik (2018).

2018). According to the proposed design, the gripper restrains the relative
horizon motion between the foundation and installation. As the horizontal
preassembly motion is fixed relative to the vessel, only the relative vertical
motion between the tower bottom and foundation top is concerned.

The influences are two-fold. First, the relative velocity determines the im-
pact velocity and impact force between the structures. The mating flange
and guiding pins could be damaged when the impact velocity higher than the
limits. Secondly, the operation successful rate is influenced by the relative
displacement. The possibility of successful plugin enhances with reduced
relative displacement. Meanwhile, the amplitude of the relative vertical dis-
placement oscillation is proportional to that of the relative vertical velocity.
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2.2.3 Control objectives

There are two stages in the operation, i.e., lowering and mating. The pre-
assembly should be firstly lowered to the foundation slowly at required time
instant to achieve the final mating operation. Additionally, the control ob-
jective of the mating operation is that the relative motion between the tower
bottom and the spar top mating point in the vertical global axis should be
remained with a constant distance by controlling the hydraulic cylinder mo-
tion. In the lowering stage, the heave compensator should not only cancel
the relative motion between the spar top and preassembly bottom, but also
slowly lower the preassembly to the spar foundation. In the mating stage,
the heave compensator should be controlled to minimize the relative mo-
tion between the foundation top and preassembly bottom by controlling the
height of the lifted assembly.

The design includes two subsystems, including (i) a roll reduction system
and (ii) a hydraulic active heave compensator. Both systems cooperate to
reduce the relative motion between the tower bottom and foundation top.

Offshore lifting operation is critically influenced by the ship roll motion.
Hence, a roll-reduction system is designed, to its best, to reduce the motion
of the payload. The typical U-shape tank is not applicable due to the special
structure of a catamaran (Moaleji & Greig 2007). In addition, the relative
vertical motion at bow is also the vessel heave and pitch motion, wind-
induced loads, and environment-induced foundation motion. A hydraulic
active heave compensator is then adopted to reduce the relative vertical
motion between the foundation and preassembly.

Roll-reduction tanks

To reduce the roll motion in the phase of onsite installation, a free-flooding
tank is installed on each side of the catamaran. The tanks are simplified
as two symmetric cuboids with a constant cross section profile and a hatch
opening on the bottom of each tank; see Figure 2.11. The tank hatches are
opened downward into the water. The air duct on the top of the chamber
is connected to a vacuum pump. The pump is a part of a larger control
system, which controls the air flow to both tanks. The inlet flow from one
side is not necessarily equal to the outlet flow to the other side due to the
requirement of the pressure levels in both tanks.

• Control objectives: Regulate the roll angle caused by the wave loads
to zero by actively controlling the tanks.
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• Control input: Vacuum pump.

• Performance criteria: Vessel roll motion amplitude.
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Figure 2.11: Diagram of the roll reduction system. Source: Xu et al. (2018).

Active heave compensator

A variable-displacement-controlled hydraulic cylinder is responsible to con-
trol the vertical motion of the preassembled wind turbine. The diagram of
the concept is presented in Figure 2.12. A hydraulic system is considered
for the AHC consisting of a motor, a pump, valves, hydraulic fluid, and a
hydraulic cylinder. We assume that the real-time position and orientations
of the catamaran and the spar has been well measured.

• Control objectives: Reduce the relative heave motion between the
bottom center of the tower and top center of the floating foundation
in the global z-axis when exposed to oscillatory wave motions.

• Control input: Pump displacement.

• Performance criteria: Relative heave motion between the bottom of
the tower and the top of the foundation.
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Figure 2.12: Diagram of the active heave compensator, modified from Jiang, Ren,
Gao, Sandvik, Halse, Skjetne et al. (2018).
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Chapter 3

System modeling

In this section, the modeling of the single blade installation system, roll-
reduction tanks, and active heave compensator are presented.

3.1 Single blade installation system using a jackup
vessel

Figure 2.1(b) illustrates the free-body diagrams of a typical lifting and mat-
ing phase of a single blade installation operation.

3.1.1 State-of-the-art simulation tools and their limitations

The modeling of a blade installation process under the wind and wave loads
contains the hydrodynamics of jackup vessel, aerodynamics of lifted blade,

(a) Lifting model (b) Mating model

Figure 3.1: The free-body diagram of the single blade installation process.

33



34 System modeling

multibody dynamics, necessary components, such as tugger lines. In ad-
dition, some features are preferred to design state estimation and control
algorithms, i.e., (i) open-source, (ii) user-friendly interface, and (iii) easy
implementation of control algorithms.

Currently, various aeroelastic codes are available to simulate the dynamics of
offshore wind turbines during normal operation, not during the installation
phase. For example, HAWC2 (Larsen & Hansen 2007), FAST (Jonkman &
Buhl Jr 2005), and Bladed (Bossanyi 2009). To ensure the computational
efficiency, most of them are developed based on blade element momentum
(BEM) theory. The approach is limited to the homogeneous induction cases,
which means uniform axial, stationary inflow, and radial independence. The
basic assumptions are quasi-steady state and annuli independence. The ro-
tor area is discretized into a finite number of annuli, which are assumed to
be radially independent from each other. Engineering corrections due to
blade tip loss, dynamic inflow, dynamic wake are applied. An alternative
approach is the marine operation software according to multi-body dynam-
ics, such as SIMA, DeepC, and Sesam from DNV GL. The advantages and
shortages of these simulation tools are listed in Table 3.1.

Table 3.1: Comparison of existed simulation tools.

Item
Aeroelastic SW Marine operation SW

FAST HAWC2 SIMA
Aerodynamic loads Yes Yes No

Bottom-fixed OWT Instl. No Yes Yes
Floating OWT Instl. No No Yes

Open-source Yes No No
Control algorithm DLL/Simulink DLL/Simulink JavaScript

FAST and HAWC2 are designed for operational wind turbines, and not
suitable for marine operation simulations. However, HAWC2 simulates the
dynamic system with elements and connections between elements, result-
ing in the feasibility of modeling a steady-state installation process. The
results are used to validate the proposed MATLAB/Simulink toolbox for
aerodynamics.

The marine operation analysis software family from DNV-GL includes Sesam,
Sima, and DeepC. Their core codes are SIMO and Riflex. Complex marine
operations can be simulated. The aerodynamic module for SIMO is devel-
oped in Zhao et al. (2018). However, the control logarithms can be only
implemented with external java script.
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MATLAB/Simulink has been the most popular platform for control engi-
neers and researchers. It is powerful due to the large amounts of available
toolboxes, user-defined functions, and a great number of solvers. MSS tool-
box (MSS. Marine Systems Simulator 2010) is widely used in the research
on the dynamic positioning (DP) system. However, there still lack specific
modules to simulate marine operations.

3.1.2 Modeling in HAWC2

The installation process is first modeled in HAWC2 as a basis in the code-
to-code verification.

Suspended blade

The crane tip is modeled as a fixed point in space. The yoke is considered
as a rigid-point mass fixed on the mass center of the suspended blade. The
lift wire, slings, and tugger lines are modeled as wire ropes. Each wire rope
is divided into a number of light-weight beam elements interconnected with
bearings (Jiang, Gao, Ren, Li & Duan 2018). When the distance between
the first and last beams is less than the length of all beams, the wire is
loose due to gravity, and the axial tension on the wire is almost negligible.
Otherwise, the rope is straight with axial elongation. Positive tension is
achieved due to the Hooke’s law. Hence, a tensile spring is modeled in
HAWC2.

The Taylor’s hypothesis of frozen turbulence is adopted and assumes that
the advection of a field of turbulence past a fixed point can be taken to be
entirely due to the mean flow, as the contribution from the turbulent circu-
lation is small. A turbulence box is defined with evenly distributed points
that moves along its length direction in the mean wind speed. The wind
velocity at a point is interpolated based on the values of the neighborhood
nodes. Mann’s model is used to generated the turbulent wind field (Mann
1998). The parameters of the single blade installation system are tabulated
in tables 3.2.

Monopile foundation

From low fidelity to high fidelity, the three most used soil-pile interaction
models are the apparent fixity model, the coupled spring model, and the
distributed spring model. Differences among the models are mainly from
the modeling of the soil-pile interaction below the mudline. In our study,
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Table 3.2: Parameters of the single blade installation system.

Parameters Unit Value

Position of the crane tip m [0, 0,−110]>

Hook maE)ss mh ton 1
Yoke mass my ton 50
Blade mass mb ton 17.74
Blade moment of inertia about COG Ib kg·m2 4.31e6
Blade length m 62.5
Blade root center POS {B} m [−0.089,−20.51, 0.145]>

Sling connection point POS {B} m [0.089,±4.5, 1.855]>

Length of lift wire m 9.2
Stiffness of lift wire N/m 5.59e8
Length of slings m 9.0
Stiffness of slings N/m 1e8
Lift wire and spring damping ratio - 1%

Tugger line connection point POS {B} m [0.089,±4.5,−0.145]>

Tugger line length lt m 10
Stiffness of the tugger lines N/m 1e8

the distributed spring model is adopted. The p-y model (Matlock & Reese
1960) is used in the simulation. The soil, modeled as elastic springs, is
layered with different effective weights and angles of internal frictions. As
defined by the American Petroleum Institute (2000), the soil resistance is a
function of the pile displacement at a given point along the pile. Each layer
is modeled as an uncoupled nonlinear spring with a layer-specific stiffness
as shown in Figure 3.2. The soil has higher initial modulus of subgrade
reaction with increasing depth. Timoshenko beams are used to model the
pile, the transition piece, the tower, and the hub. The parameters of the
wind turbine foundation is summarized in Table 3.3.

3.1.3 Simulation toolbox in MATLAB/Simulink

To overcome all shortages of presently existed tools, a modularized blade
installation simulation toolbox for the purpose of control design is devel-
oped in MATLAB/Simulink, namely MarIn (Marine Installation) (Ren,
Jiang, Skjetne & Gao 2018b). The open-source toolbox contains all nec-
essary modules and functions for bottom-fixed OWT installation. In ad-
dition, it is compatible with MSS toolbox for simulation of floating OWT
installation. Various modules are contained in the toolbox. The functions
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Figure 3.2: Diagram of the monopile foundation.

Table 3.3: Parameters of the wind turbine foundation.

Parameter Unit Value

Substructure length m 36
Foundation length m 30
Tower length m 77.6
Monopile diameter m 6
Monopile mass tonnes 571.0
Tower mass tonnes 347.5
Nacelle mass tonnes 240.0
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Figure 3.3: An overview of the proposed toolbox to simulate the blade installation
process.

are modularized by subsystems in the MATLAB/Simulink environment.
The specific parameters are given using the user interfaces. By connecting
the modules with the relation shown in Figure 3.3, the complex simula-
tion verification model is modeled. The toolbox is available on the website
https://github.com/NTNU-MCS/MarIn .

Coordinate systems

To keep consistence with other research on marine control systems, the
following 3-dimensional reference frames and 6 degrees of freedom (DOFs)
motions are adopted in the toolbox.

� Global north-east-down (NED) geographic reference frame f N g: The
origin On is placed on the free sea surface with the x-axis pointing to
the north, y-axis pointing to the east, and z-direction being downward.
The orientations about the x-, y-, and z-axes are roll (� ), pitch (� ),
and yaw ( ), respectively. The NED reference frame is assumed to be
an inertial frame.

� Vessel body-fixed frame f Vg: The origin Ov coincides with the vessel
center of gravity (COG). The positive directions of xv-, yv-, and zv-
axes, direct from aft to fore along the longitudinal axis of the vessel,

https://github.com/NTNU-MCS/MarIn
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starboard, and downward. The orientation of the vessel are denoted
by roll (φv), pitch (θv), and yaw (ψv), respectively.

• Crane-fixed reference frame {C}: The origin Oc is laid at the projec-
tion of the crane boom center on the free sea surface. The xc-axis
points from Oc to the projection of the crane tip on the free sea sur-
face. The zc- and zv- axes are in the same direction. The reference
frame {C} is obtained by rotating {V } with a crane boom angle β
about the zv-axis.

• Blade body-fixed frame {B}: The origin Ob is placed at the blade
COG. The yb-axis points from the root center to the tip center in the
spanwise direction, and the xb-axis is directed from the leading edge
to the trailing edge in the chordwise direction. The angular velocities
about the xb-, yb-, and zb-axes are p, q, and r, respectively. Note that
the y-axis is chosen as the longitudinal axis along the blade so that
rotation about y results in a blade pitch angle, being consistent with
the blade pitch during turbine operation.

• Aerodynamic frame at node i ∈ {0, 1, · · · , n} in the body-fixed frame
{Bi}: The origin Obi is at the geometric center of the blade ith cross
section. The ybi-axis shares the same direction as the yb-axis. The
xbi-axis and zbi-axis are considered as a combination of a planar trans-
lation and a rotation about the yb-axis. The aerodynamic twist, i.e.,
the angle between xbi and xb, is denoted by θy,i.

• Mean-wind coordinate system {W}: The origin Ow is located at the
lower-right corner of the wind turbulence box. Ow is placed at a preset
point in {N}. The xw-axis points in the wind inflow direction, i.e.,
the box’s length, and zw is directed downward, i.e., the box’s height.
The wind velocities in the xw-, yw-, and zw-axes are uw, vw, and ww,
respectively. The box orientation about {N} is constant, i.e., φw, θw,
and ψw are constants.

Coordinate transformation

The following order is adopted to transform a vector from one frame to
another:

{W} ↔ {N}
{
↔ {V }
↔ {B} ↔ {Bi}

The transformations are bidirectional. The position, orientation, and veloc-
ity vectors are defined in Table 3.4. The displacement vector of crane tip
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Figure 3.4: Reference frames used in the wind turbine installation.
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Figure 3.5: Body-fixed and aerodynamic coordinate systems. The solid line and
the dashed line are the outline of the ith blade element with and without rotation
θy,i, respectively.

pulley relative to the crane base in {V } is achieved by Denavit-Hartenberg
(DH) matrix or direct calculation.

Table 3.4: Variables in the corresponding frame adopted in the MarIn toolbox.

Position in Rltv. orientation to {N} Translational vel. Angular vel.

{N} p = [x, y, z]> - vn = [ẋ, ẏ, ż]> -
{B} pb = [xb, yb, zb]> Θbn = [φ, θ, ψ]> vb = [u, v, w]> ωb = [p, q, r]>

{W} pw = [xw, yw, zw]> Θwn = [φw, θw, ψw]> vw = [uw, vw, ww]> -

A vector, position or translational velocity, is transformed between the co-
ordinate systems, from {B} to {A}, by multiplying by the rotation matrix
Ra
b , i.e., the notation is similar to Fossen (2011)

va = Ra
b (Θab)v

b, (3.1)

where va and vb ∈ R3 are two vectors in {A} and {B}, Θab denotes a
vector of the Euler angles between {A} and {B}, and the rotation matrix
Ra
b rotates from the coordinate system {B}, expressed by the subscript, to

the frame {A}, denoted by the superscript. The inverse transformation is
given by the matrix Ra

b (Θab)
−1 = Ra

b (Θab)
> = Rb

a(Θab).
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Dynamic equation

The module interaction and aerodynamic loads are according to the New-
ton’s second law and the cross-low principle, respectively. The wire cables
are modeled as tensile springs with specific damping coefficients, which only
provide tension with positive elongations. The kinetics of the blade and yoke
in {B} about its COG is given by

Mbν̇b +Cb(νb)νb = gbb + τ bs + τ bt + τ bw, (3.2)

where the mass matrix is Mb =

[
(mb +my)I3 03

03 Ib

]
, mb is the mass of

the blade, my is the mass of the yoke, Ib ∈ R3×3 is the inertia matrix,
and gbb ∈ R6 is the gravity force and moment vector in {B}, i.e., gbb =[
Rn
b
>[0, 0, (mb +my)g]>

[0, 0, 0]>

]
. The Coriolis matrix is then expressed as Cb =

−C>b =

[
(mb +my)S(ωb) 03

03 −S(Ibωb)

]
, where the skew-symmetric matrix

S(λ) for a vector λ = [λ1, λ2, λ3]> ∈ R3 is defined as S(λ) =




0 −λ3 λ2

λ3 0 −λ1

−λ2 λ1 0


.

The external load vectors from slings, tugger lines, and wind-induced loads
in {B} are denoted by τ bs , τ bt , and τ bw ∈ R6, respectively. They are

τ bs =

ns∑

i=1

[
Rn
b
>fsiB

S(pbsi − pbCOG)Rn
b
>fsiB

]
, (3.3)

τ bt =

nt∑

i=1

[
Rn
b
>ftiB

S(pbti − pbCOG)Rn
b
>ftiB

]
, (3.4)

where pbsi and pbti are the positions of the connecting points of the slings
and tugger lines on the blade in {B}, respectively, fsiB and ftiB are the
restoring forces acting on the blade in {N} acting on the specific sling and
tugger line.

Aerodynamic loads

A single blade installation is a scenario with low inflow speed. The blade is
separated into a number of segments along its longitude axis. When the yaw
angle is small, the total loads are the integration of the loads acting on each
segments and the force component in the yb-axis is negligible according to
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the cross-flow principle. The total wind-induced loads acting on the main-
body COG are given by

τ bw =

[ ∑n
i=0 f

b
w,i∑n

i=0

[
S(pbC1/4,i

− pbCOG)f bw,i +mb
w,i

]
]
, (3.5)

where the resulting force and moment vector acting at the ith node in the
blade main-body frame {B} are given by

f bw,i = Rwi
b
>



−Di

0
Li


 , mb

w,i = mwi
w,i =




0
Mi

0


 . (3.6)

Based on the airfoil theory (Anderson Jr 2010), the lift force Li, drag force
Di, and pitching moment Mi acting on the ith blade cross-section, are given
by

Li =
1

2
ρaCl(αi,T/Ci)AiV

2
i , (3.7)

Di =
1

2
ρaCd(αi,T/Ci)AiV

2
i , (3.8)

Mi =
1

2
ρaCm(αi,T/Ci)AiV

2
i , (3.9)

where the subscript i refers to the ith node, T/C denotes the thickness/chord
ratio, ρa is the air density, Ai is the wing area which is the multiplication
of the chord length and the length of the blade cross-section, and Cl, Cd,
and Cm denote the lifting coefficient, the drag coefficient, and the pitching
moment coefficient, respectively. The inflow speed is Vi = |L[Rbi

n (vwi −
vC1/4,i

)]|, where L =

[
1 0 0
0 0 1

]
, and vC1/4,i

are the velocity vector of the

ith center of pressure in {N}, respectively.

The angle of attack at the ith segment αi is given by

αi = α+ θy,i, (3.10)

with α = fa
(
π + atan2(wbwi − wCb

1/4
, ubwi − ubC1/4

)
)
, where fa is a function

that maps an angle to the range [−π, π).

Turbulent wind field

The wind turbulence boxes are generated by importing and reshaping the bi-
nary files from TurbSim (Kelley & Jonkman 2006, Jonkman & Kilcher 2012),
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with preset discrete points along the length, width, and height. TurbSim is
a free stochastic turbulence simulator. Additionally, the binary turbulence
file generated by HAWC2 is also supported. The position of a point in {N}
is transformed to the position in {W}. The box move forwards along its
length in a speed same to the mean wind speed.

Hub motion

The hub is located on top of the monopile and its motion is mainly due
to the monopile vibrations under the wave loads, while the blade motion
is influenced by the wind loads. Since the wind-induced loads have minor
effects to the monopile vibration and hub oscillation, the hub motion is
assumed to be independent on the suspended blade motion. The hub motion
is first generated by HAWC2 and imported to Simulink as a source.

3.1.4 Control design model

Before designing state estimation and control algorithms, simplified mathe-
matics state-space models should be proposed to design control algorithms.
The single blade installation process can be categorized into two models,
i.e., the lifting model and the mating model.

Blade lifting model

In the blade lifting model (Ren et al. 2017, 2019), the blade vertical posi-
tion should be considered. A reduced model is adopted for the optimization
problem in a three-dimensional NED coordinate system. The crane is as-
sumed to be rigidly fixed on the vessel. The masses of the hook, yoke, and
blade are considered to be concentrated at the blade COG, i.e., the total
mass is m = mh+my+mb, where mh is the mass of the hook. Furthermore,
the lift wire and slings are considered as one unit without the consideration
of the lift wire control; it provides a restoring force on the moving blade.
We assume that the ropes are replaced by a lightweight rope, i.e., its mass
is assumed to be zero. The blade COG is suspended by the rope, which is
connected to the winch through a pulley fixed at the crane tip. Hence, ten-
sile springs are employed to model the wire ropes. The unstretched length
of the spring l̄1 denotes the distance between the pulley and blade COG.
Tugger lines are released at a speed such that only vertical lifting is allowed.
Because the lifting operation is executed over a short period, the horizontal
wind-induced load is assumed to be restrained by tugger lines and can be
disregarded. A 3DOF lifting model, with an elastic wire rope and a con-
trollable winch, is deduced based on the Newton–Euler method in the NED
coordinate system.
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To shorten the equations, four vectors are defined correspondingly: the
position of the blade COG rl = [x, y, z]>, the position of the pulley rp =
[xp, yp, zp]

>, the translational velocity of the blade COG ul = [ẋ, ẏ, ż]>,
and the velocity of the pulley up = [ẋp, ẏp, żp]

>. Additional two vectors
are defined to shorten the equations. The relative position vector from the
pulley to payload ∆1 and its time derivative ∆2 are respectively defined as
∆1 := rl − rp and ∆2 := ul − up. Disregarding wind-induced loads, the
simplified control design model for the considered blade lifting operation is
produced,

ṙl = ul, (3.11a)

Mlu̇l = −A(rl, rp, l1, v1)∆1 + gl, (3.11b)

l̇1 = v1, (3.11c)

v̇1 = u, (3.11d)

where Ml = diag(m, m, m), A(rl, rp, l1, v1) = alI3×3, with

al = γEAr
|∆1| − l̄1
l1|∆1|

+
dl
|∆1|

(
∆>1 ∆2

|∆1|
− v1),

γ is the modified coefficient of a stranded wire, E stands for the Young’s
modulus, Ar denotes the cross-sectional area of the rope, l1 = l̄1 + lb, lb
denotes the length of rope between the winch and pulley, δ = |∆1| − l̄1 is
the elastic elongation, gl = [0, 0,mg]> is gravity, v1 := l̇1 denotes the wire
length changing rate, and dl is the damping coefficient.

Blade mating model

Since the pendular motions are of primary importance during the mating
process, only the horizontal motion and orientation are considered in the
mating model (Ren, Jiang, Skjetne & Gao 2018a, Ren, Jiang, Skjetne, Gao
et al. 2018). The free-body diagram is presented in Figure 3.6.

The mating model is based on several assumptions as follows:

• The controller can stabilize the blade near the desired position and
orientation, and the motion oscillation is small compared to the length
of the tugger lines;

• The tugger lines are modeled as linear springs that provide positive
restoring force in the direction from the blade yoke connecting point
to the pulley on the boom;
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Figure 3.6: Free-body diagram of the mating model.

• The wind and wave directions do not significantly change during the
installation.

A 3DOF simplified single blade installation model about the blade COG is
given by

η̇ = Rν, (3.12a)

ḃ = − 1

Tb
b+wb, (3.12b)

Mν̇ = R>(g0 + b+But) + τw, (3.12c)

where η = [x, y, ψ]> ∈ R2 × S denotes the position and orientation of the
blade COG in the {N}, ν = [u, v, r]> ∈ R3 refers to the linear velocity and
the updating rate of the Euler angle in {B}, b = [b1, b2, b3]> ∈ R3 is a state
vector used to estimate the forces and moments resulting from the model
uncertainty and environmental disturbance, and Tb = diag{Tb1, Tb2, Tb3} is
a constant diagonal matrix. The transformation matrices R and R1 from
{B} to {N} is given by

R(ψ) =




cosψ − sinψ 0
sinψ cosψ 0

0 0 1


 and R1(ψ) =

[
cosψ − sinψ
sinψ cosψ

]
. (3.13)

Note that the rotation matrix R in the horizontal plane satisfies

R−1 = R>, Ṙ = RS(r), where S(r) =




0 −r 0
r 0 0
0 0 0


 . (3.14)
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M = diag(m,m, Ib) ∈ R3×3 denotes the mass matrix of the system where
m = mb + mh + my is the total mass of the blade, hook, and yoke, Ib
is the blade’s moment of inertia at COG about the yaw motion, g0 =
[−mg

l (x−xp),−mg
l (y−yp), 0]> represents the gravity-induced restoring force

where l =
√

(x− xp)2 + (y − yp)2 is the distance between the crane tip and
the blade COG in xy-plane, and ut = [u1, · · · , uσ]> ∈ Rσ is the control
input vector, where σ is the total number of tugger lines, and ui ∈ R is the
ith tugger line horizontal force input, with i = 1, · · · , σ.

By introducing pretension which is generated by gravity due to the blade
initial displacement, ui can be both positive and negative. Used to transfer
the tugger line force inputs to the generalized control force and moment
acting on the blade in {N}, a general form of control configuration matrix
B is given by

B(α1, · · · , ασ) =
[
B1(α1) · · · Bσ(ασ)

]
, (3.15)

whereBi(αi) = [− cosαi,− sinαi, rti cosαi cosψ]>, rti is the moment arm of
the tugger line force ui with respect to the COG in yb, and αi is the tugger
line inclination in the horizontal plane. In two-tugger-line configuration,
σ = 2, rt1 < 0 and rt2 > 0. By Assumption 1, the angle αi is considered to

be unchanged in a short term, i.e., α̇1 = α̇2 u 0 and αi = sin−1
(
yyi−ybi

li

)
,

i = 1, 2. The sign of αi depends on rti and the diameter of the crane boom.

The wind-induced force in the body-fixed reference frame at an airfoil seg-
ment depends on the inflow velocity relative to the blade segment at yb,
given by ubwr(y

b) = ubw − ubb(yb), where ubw = [Uw cos(ψ − βw), Uw sin(ψ −
βw), 0]> ∈ R3 is the wind velocity in {B}, Uw ∈ R and βw ∈ R are the mean
wind speed and direction, and ubb(y

b) is the velocity at the corresponding
blade segment center of pressure at yb. Assumption 3 meets the cross-flow
principle. According to the cross-flow principle and neglecting the blade
velocity, i.e., ubb(y

b) = 0, the wind loads acting on the blade COG in {B} is
simplified to a following form

τw =



fwx
fwy
mw


 =



cwxU

2
w cos2(ψ − βw)

0
cwψU

2
w cos2(ψ − βw)


 , (3.16)

where cwx and cwψ are the generalized aerodynamic coefficients from the
curve fitting of quasi-steady analysis results in surge and yaw respectively.
For the sake of simplification, βw = 0 is used in the following paper, i.e.,
the mean wind velocity vector is uw = [Uw, 0, 0]> in {N}. The turbulent
wind speed is considered as a zero-mean system disturbance.
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The global positions of the tugger line connection points to the crane boom
and yoke are pbi = [xbi, ybi, zbi]

> and pyi = [xyi, yyi, zyi]
>, where i ∈ {1, 2}

is the index of the tugger lines. The position of the crane tip pulley is pp =
[xp, yp, zp]

>. Due to the vertical displacement of the pulley, the positions of
the tugger line base points are given by

pbi = pOb
+


R1(ψ)

[
0
rti

]
+R1(αi)

[
−lti

0

]

0


+




0
0

∆hbi


 , (3.17)

where pOb
is the position of Ob in {N}, lti denotes the tugger line length,

and ∆hbi is the pulley’s vertical displacement.

Hub motion estimation model

The hub horizontal motion can be modeled in two approaches (Ren, Skjetne,
Jiang, Gao & Verma 2018). One approach is to set acceleration as a state,
and the estimate can output filtered acceleration. Hence, the state-space
representation is then given by




ẋ1

ẋ2

ẋ3

ẋ4


 (t− τd) =




0 I 0 0
0 0 I 0
0 0 0 0
0 0 0 0







x1

x2

x3

x4


 (t− τd) +




0 0
0 0
I 0
0 I



[
wc(t− τd)
wb(t− τd)

]
,

(3.18a)

[
pgps(t)

fimu(t− τd)

]
=

[
I 0 0 0
0 0 R> −R>

]



x1

x2

x3

x4


 (t− τd) +

[
vg
va

]
(t), (3.18b)

where τd is the delay of GPS signal due to communication and computation,
x1 = [xh, yh]> denotes the position vector indicating the location of the
sensors at the hub, x2 = [vhx, vhy]

> = ẋ1 is the velocity vector in {N}, x3 =
[ahx, ahy]

> = ẋ2 is the acceleration vector in {N}, x4 = −ba+g = [bax, bay]
>

with ba = Rbba refers to the combined bias and gravity vector, wc ∼ (0,Qc)
and wb ∼ (0,Qb) with Qc and Qb ∈ R2×2, va = Rvba ∼ (0,Qa), and vg ∼
(0,Qg) with Qg ∈ R2×2. The diagonal elements of Qg ∈ R2×2 and Qa ∈
R2×2 represent the covariances of the GPS noise and accelerometer noise,
respectively. Two-dimensional GPS and IMU measurements are denoted by
pgps(t) ∈ R2 and fimu ∈ R2.

Another approach is to let the acceleration be an input that drives the
position/velocity dynamics. The aim of this model is to design the MHE.
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Similar to Σ1, the model is reduced according to



ẋ1

ẋ2

ẋ4


 (t− τd) =




0 I 0
0 0 I
0 0 0





x1

x2

x4


 (t− τd) +




0
I
0


Rfimu(t− τd) (3.19a)

+




0 0
I 0
0 I



[
wa

wb

]
(t− τd),

z(t) =
[
I 0 0

]


x1

x2

x4


 (t− τd) + vg(t), (3.19b)

where x4 = −ba +Rg = [bax, bay]
>, and z(t) = pgps(t).

3.2 Tower-nacelle-rotor assembly installation us-
ing a catamaran

Spar-type foundation is selected as the research objective. The wind turbine
superstructures have been preassembled onshore. After carrying them to
the installation site, the catamaran gets connected to the spar foundation
via the sliding grippers. The hydraulic heave compensator lifts the tower-
nacelle-rotor assembly in the body-fixed vertical axis.

The spar and installation vessel are simulated as rigid bodies with force re-
sponse amplitude operators (RAOs) calculated by WAMIT. Both the cata-
maran and spar foundation are floating structures, which are exposed to
complex environments, including, waves, current, and wind. The horizon-
tal position of the catamaran vessel is maintained by the DP system. The
spar is moored by three mooring lines, which are simulated with a finite
element method (FEM) model. Current-induced loads are calculated by
defining the current profile from the free sea surface to the seafloor. The
spar and vessel are only influenced by the surface current. A sliding gripper
is modeled as a pair of planar springs fixed on the vessel in the body-fixed
frame; see Figure 3.7. The controllers of the roll reduction tanks and ac-
tive heave compensator are developed independently. The parameters of
the catamaran and spar foundation are summarized in tables 3.5–3.6. The
rotor-nacelle-tower assembly is considered as a lumped mass which is rigidly
connected to the catamaran vessel. In the study, a 10 MW wind turbine is
adopted with the height of 115 meters and weight of 1200 tons.
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Figure 3.7: Diagram of the sling gripper at the interconnection height.

Table 3.5: Parameters of the catamaran.

Parameter Symbol Value

Length overall (m) LOA 144
Molded breadth (m) B 60
Draft (m) Tc 8.0
Displacement mass (tonnes) ∆c 18502.9
Vertical centre of gravity (COG) above baseline (m) KGc 28.6
Body origin in global coordinate system (m) (Xc,Yc,Zc) (64,0,0)
Number of wind turbines on board Nw 4

Table 3.6: Parameters of the spar before mating.

Parameter Symbol Value

Diameter at top (m) Lbd1 9.5
Diameter at waterline (m) Mbd1 14
Draft (m) Ts1 70
Vertical position of COG (m) ZsCOG1 -51.8
Displacement mass (tonnes) ∆s1 11045
Vertical position of fairlead (m) Zf1 -15
Vertical position of mating point
(m)

Zm 20

Heave natural period (s) Tn3 17.4
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Table 3.7: Parameters of the roll-reduction tanks.

Parameter Value

Tank length, width and height (m) (15− 30)× 8× 8
Tank torque arm (m) 24
Hatch area (m2) 15
Valve area (m2) 1

3.2.1 Roll reduction tanks

The vacuum pump is modeled as a linear system without time-delay effects
and with a maximum power output. The target catamaran is simplified as
a single degree-of-freedom roll model.

The one-dimensional simplified model is given by

φ̇ = p, (3.20a)

ṗ =
1

It
(−Tφ−Dp+ τtank + d), (3.20b)

V̇water,1 = Cv1sgn(∆ph1)/
√
|∆ph1|, (3.20c)

V̇water,2 = Cv2sgn(∆ph2)/
√
|∆ph2|, (3.20d)

Ṅair,1 = u1, (3.20e)

Ṅair,2 = u2, (3.20f)

where φ is the vessel roll angle, p denotes the roll velocity, It stands for the
total moment of inertia of the catamaran, T indicates the linear restoring
torque coefficient, D refers to the linear damping coefficient τtank is the
torques exerted by the loss/gain of buoyancy from tanks on both sides,
Vwater,i is the water volume in the ith tank, ∆phi is pressure difference around
hatch, Cvi = Cd,iAhatch,i

√
2/ρ indicates the combined discharge coefficient,

Cd,i is the discharge coefficient, Ahatch,i refers to the opening area of the
hatch, ρ denotes water density, Nair,i is the air transfer, and ui refers to the
air transfer rate. The slowly-varying state d includes the wave-induced roll
moment τwave and additional biases, such as the weightlessness effect, fluid-
memory effect, and moment of inertia variation of the tanks. Coefficient
Cd for the inlet and outlet flows are assumed to be two distinctive time-
invariant average values of the steady states. The parameters used in the
simulations are tabulated in Table 3.7.
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3.2.2 Active heave compensator

A simplified variable-displacement controlled cylinder is considered for the
hydraulic system. As illustrated in Figure 2.12, the cylinder will act as an
equivalent of the actual system using a set of cylinders. The position of the
cylinder is regulated by the oil pumped into and out of it. In the spar body-
fixed reference frame {S}, the origin point Os is located at the spar’s COG
with zs-axis downwards, while the xs- and ys-axes are not of importance
due to the axial symmetry around the longitudinal zs-axis.

The main assumptions for the modelling are as follows:

• The reacting force from the hydraulic actuator does not influence the
vessel motion;

• There is a rigid connection between the hydraulic cylinder and the
wind turbine assembly. The vertical position of the wind turbine as-
sembly in {V } is lifted by the displacement of the hydraulic cylinder;
see Figure 2.12;

• Hydraulic fluid density is constant;

• Pipeline distance is neglected;

• The effective bulk modulus of the hydraulic fluid is constant.

The position of the tower bottom in the global reference frame pb becomes

pb = pv +R(Φ)(pbh + dh), (3.21)

where pv stands for the position of the body origin of the catamaran in the
global coordinate, pbh is the position of the hydraulic lifting device in the
body-fixed frame, and dh = [0, 0,−lh]> with lh > 0 refer to the moving
distance of the lifting grippers.

The velocity vb of the tower bottom in the global frame is given by

vb = vv +R(Φ)S(ωv)(p
b
h + dh) +R(Φ)vh, (3.22)

where vv is the velocity of the body origin of the catamaran in the global
coordinate, and vh = [0, 0,−l̇h]>. The load pressure P is defined as

P =

{
P1 − Pr, if P1 > Pr

Pr − P2, if P2 > Pr,
(3.23)
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Table 3.8: Parameters of the hydraulic system.

Parameter Symbol Value

Cylinder cross-section area (m2) A 0.39
Bulk modulus (-) β 2e9
Fluid leakage coefficient (-) cl 1e-7
Mass of the hydraulic piston (tonnes) mh 1
Friction coefficient (Ns/m) fc 1e5
Volume of fluid in the pipeline (m3) V0 0.5

where Pr denotes the return pressure, considered constant, and P1 and P2

are the pressures on the two chambers of the cylinder.

The state-space equation of the one-degree variable displacement controlled
cylinder system is

l̇h = vh, (3.24a)

v̇h =
1

m
(−fcvh + PA+ Fext), (3.24b)

V

β
Ṗ = −Avh − clP + u, (3.24c)

where vh denotes the moving velocity of the lifting grippers, m is the total
mass including the mass of the hydraulic cylinder mh and the mass of the
turbine assembly mt, fc is the friction coefficient, A is the cross-section
area of the cylinder, Fext is the external force due to gravity of the turbine
assembly, V = V0 + Alh is the effective volume of the cylinder, V0 is the
fluid volume in the pipelines, β is bulk modulus of the hydraulic fluid, cl is
the fluid leakage coefficient, and u is equivalent to the axis rotating speed
of the pump ω times pump displacement Dp.
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Chapter 4

Main results and
contributions

This chapter briefly reviews the main results in the thesis. Numerical
simulation-verification models are first developed by using the proposed
MarIn (Marine Installation) toolbox in Section 4.1. The performance of
the automated single blade installation system is then presented in sec-
tions 4.2.1–4.2.3. The results of the roll-reduction system and active heave
compensator are shown in Section 4.3.1 and Section 4.3.2, respectively.

4.1 Numerical simulation toolbox for offshore op-
erations

The MarIn toolbox is verified through code-to-code verification tests. The
tests are conducted using the HAWC2 and MATLAB/Simulink with the
NREL 5 MW reference wind turbine. Structural and aerodynamic coeffi-
cients are correctly read from the HAWC2 files, such as mass matrix, aero-
dynamic coefficient lookup tables, and COG position. Both steady wind
fields and turbulent wind fields are simulated. The wind-induced loads are
quadratic according to the wind speed, which agrees with the expectation.

Two illustrating examples of simulation verification models (SVMs) are
given to present the applications of the proposed toolbox. The aforemen-
tioned single blade installation and preassembly installation are simulated
in MATLAB/Simulink, respectively, shown in figures 4.1–4.2. For the cata-
maran scenario, the MSS toolbox (MSS. Marine Systems Simulator 2010)
is combined with the MarIn toolbox.

55
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(a) Lift wire, hook, and slings.

(b) Blade, tugger lines, turbulent wind field, and wind load.

Figure 4.1: Illustration of the single blade installation model. Source: Ren et al.
(2017).
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(a) Catamaran, spar, and dynamic positioning system.

(b) Gripper.

Figure 4.2: Illustration of the preassembly installation model.



58 Main results and contributions

A series of code-to-code verification tests are conducted to verify that the
proposed code models the blade with realistic parameters and coefficients.
The tests are conducted using the HAWC2 and MATLAB/Simulink with
the NREL 5 MW reference wind turbine blade.

The aerodynamic coefficients and wind-induced loads acting on the blade
with respect to different wind speeds, roll angles, and yaw angles are pre-
sented in Figure 4.3. The pitch angle is set to 10, 30, 50, 60, and 90 degrees.
The proposed model calculates the wind load quadratically according to
the wind speed. In the figures, curves from the HAWC2 and the proposed
Simulink model agree well. Therefore, the results confirm that the Simulink
module calculates the aerodynamic coefficients and force correctly.
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Figure 4.3: (Left) Aerodynamic coefficients Cl, Cd, Cm, w.r.t. θ and yb; (Right)
lift force and drag force per unit length. (In the legend, H and M denote the results
from HAWC2 and the proposed toolbox, respectively. The numbers represent the
pitch angles in deg.) Source: Ren et al. (2017).
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The total loads acting on the blade are verified with respect to various wind
speeds and blade pitch angles. The resulting forces at the steady states are
presented in Figure 4.4. It is noticed that the wind-generated forces Fx and
Fz are well-fitted and are proportional to the square of the mean wind speed.
Deviations between the HAWC2 and proposed model occur in the subplot
Fy. This is because of the different mechanics used in simulation, that is,
Timoshenko beam elements in HAWC2 and the rigid body with assumed
zero sway force in the proposed model. Comparing with the magnitudes of
Fx and Fz, the deviation in Fy is very small and considered negligible for
the intended use of our model.

0

50

H10 M10 H40 M40 H70 M70 H90 M90

-0.2

0

0.2

0 5 10 15 20
-50

0

(a) ψ = 0 deg

0

50

H10 M10 H40 M40 H70 M70 H90 M90

-0.2

0

0.2

0 5 10 15 20
-40

-20

0

(b) ψ = 30 deg

Figure 4.4: Total force acting on the blade in {B}. (In the legend, H and
M denote the results from HAWC2 and the proposed toolbox, respectively. The
numbers represent the pitch angles in deg.) Source: Ren et al. (2017).

4.2 Automated single blade installation using a
jackup vessel

4.2.1 Optimal blade lifting control

The optimal lifting control is verified by a NREL 5 MW wind turbine blade.
The system parameters has been introduced. Class C turbulent winds with
corresponding turbulence intensity (TI) are adopted in the simulations. Ap-
plying nonlinear model predictive control (NMPC) technique, the dynamic
tension on the lift wire is significantly reduced to almost less than 40% of
those resulting from a conventional PD controller. The simulation results
are shown in Figure 4.5.

The NMPC controller significantly reduces the dynamic tension at the start
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Figure 4.5: Comparison of the time-domain simulation results of the tension on
the lift wire: (left) mean wind speed 8 m/s, TI = 0.174, (right) mean wind speed
12 m/s, TI = 0.146. Source: Ren et al. (2019).

and end of a lifting operation with or without system uncertainties, such
as poorly estimated stiffness and mean wind speed. The statistic results in
Figure 4.5 show that the system uncertainties do not significantly influence
the controller’s performance. The robustness of the proposed NMPC law is
therefore satisfactory.
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Figure 4.6: Comparison of the maximum dynamic tensions resulting from the
NMPC and PD controllers: (left) mean wind speed = 0 m/s, (right) mean wind
speed = 4-12 m/s (upper: startup, lower: slowdown). Source: Ren et al. (2019).

4.2.2 High-fidelity hub motion estimation

The monopile foundation is under the wave loads and induced large motions
at the hub position. The hub motion estimators (HMEs) are developed
based on the integration of GNSS and IMU. The time-domain estimation
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performance are presented in Figure 4.7. Both HME1 and HME2 greatly
improves the GPS measurement in terms of both the accuracy and sam-
pling rate. The estimation algorithms provide high-frequency real-time hub
motion state estimates of the installation process. The GPS delay is com-
pensated.
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Figure 4.7: Estimation performance of the hub motion estimator: (upper) po-
sition estimate, (lower) velocity estimate, Hs = 2 m, Tp = 6 s, βwave = 30◦,
Swave = 10, Uw = 8 m/s, and TI = 0.146.

Taking the natural periods 4, 6, and 8 seconds as examples, the influence
of the oscillation amplitudes on the various estimation schemes are shown
in figures 4.8–4.10. It is easy to notice that the mean square errors (MSEs)
of both position and velocity estimates increase with the motion amplitude.
The extended Kalman filter (EKF) fails to accurately monitor the motion
when Na ≥ 0.1. Use of only the multirate Kalman filter (MKF) without
shift register yields medium performance results as compared with HME1
and HME2. With the correction by the predictor, the delay increases when
the multirate Kalman filter (MKF) updates with the delayed IMU specific
force measurement from shift register.
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For an OWT with a first fore-aft natural period 4 s, HME2 estimates the
position better when the oscillation amplitude is less than 0.3 m, whereas
HME1 shows better performance when the amplitude is larger than 0.3 m;
see Figure4.8. For an OWT with a 6-second natural period, the performance
boundary is at an amplitude of 1 m; see Figure 4.9. Normally, the hub
motion amplitude is located in the yellow envelope. Hence, both the HME1
and HME2 will improve the estimation performance over a single MKF.

4.2.3 Suspended blade stabilization

The time-domain results of the controller in Ren, Jiang, Skjetne & Gao
(2018a) are presented in Figure 4.11. Compared with the passive scheme,
the active control scheme significantly reduced the blade surge motion in
the wind direction. Compared to the blade surge motion, the sway and
heave motions in the y- and z-directions are small, with the absolute motion
maxima below 0.2 m.

The statistic results of a series of 600-second simulations are illustrated in
figures 4.12–4.13. The standard deviation and the motion maxima are used
as the main criteria for evaluating the effect of active control. Considering
the fact that the most critical motion is in the inflow direction x and the
spanwise-direction motion y is relatively small, the active control scheme
reduces the overall motion effectively. The controller greatly reduced the
motion by more than 90% in the inflow direction, both at the COG and
root center. The z-axis motion at the blade COG is also effectively reduced
by the control scheme. However, the z motion at the blade root center is
almost the same in the two cases. Therefore, it is concluded that the z
motion depends on the blade roll motion, which is not controlled in this
paper. Though the motion standard deviation and motion maxima is larger
in the spanwise direction y, the active controller still provides beneficial
performance improvement.

4.3 Tower-nacelle-rotor assembly installation us-
ing a catamaran

4.3.1 Roll reduction tanks

According to the internal model principle, reference signal or external dis-
turbances can be asymptotically tracked if the external generator model is
suitably reduplicated in the feedback path of the closed-loop control system.
The control algorithm is developed with Lyapunov stability proof and an
exosystem which is employed as a disturbance observer.
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Figure 4.8: MSE of hub motion estimates using different methods in various hub
motion amplitudes, natural period 4 seconds.
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Figure 4.9: MSE of hub motion estimates using different methods in various hub
motion amplitudes, natural period 6 seconds.
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Figure 4.10: MSE of hub motion estimates using different methods in various
hub motion amplitudes, natural period 8 seconds. Source: Ren, Skjetne, Jiang,
Gao & Verma (2018).
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Figure 4.11: Time histories of the blade root center displacement relative to the
mean position using the SVM, Uw = 10 m/s and TI=0.157. Source: Ren, Jiang,
Skjetne & Gao (2018a).

The time-domain results are shown in Figure 4.14. The observer estimates
the wave-induced disturbance well after the initialization period. An im-
proved performance is achieved after the tank length is increased from 15
m to 20 m. The controller largely reduces the amplitude of the roll motion.
The control performance is improved by increasing the control gains. How-
ever, the aggressive control also amplifies the energy input and challenges
the physical capability of the actuators.

4.3.2 Active heave compensator

The time-domain simulation results of the relative displacement and velocity
between the spar top and preassembly bottom are presented in Figure 4.15.
Without AHC, responses of the tower bottom were derived from rigid body
motions of the catamaran, and the catamaran’s heave and pitch motions
contribute to the tower-bottom heave responses. The spar-top motion is
dominated by heave resonance of the spar, which is smaller than the tower
bottom motion. The AHC minimizes the relative heave motion. After
employing the AHC, the relative velocity is on the order of 0.2 m/s, which is
expected to be handled by the protection system during the mating process.
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Figure 4.12: Standard deviation of the motions at the blade root center and the
blade COG; Uw = 6−12 m/s, average of five 600-second simulations. Source: Ren,
Jiang, Skjetne & Gao (2018a).
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(a) Uw = 6 m/s (b) Uw = 8 m/s

(c) Uw = 10 m/s (d) Uw = 12 m/s

Figure 4.13: Motion maxima of the blade-root center and the blade COG; Uw =
6− 12 m/s, average of five 600-second simulations. Source: Ren, Jiang, Skjetne &
Gao (2018a).

(a) H s = 3.6 m, L tank = 15m, and Tp =
12 s

(b) H s = 3.6 m, L tank = 20m, and Tp =
12 s

Figure 4.14: Controller performance of the anti-roll tanks. Source: Xu et al.
(2018).
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Figure 4.15: Time history of the relative heave displacement and velocity between
the spar top and the tower bottom, H s=2.0 m, Tp=10 s, � wave =0 deg (left) without
AHC (right) with AHC. Source: Jiang, Ren, Gao, Sandvik, Halse, Skjetne et al.
(2018).
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Chapter 5

Conclusions and
recommendations for future
work

The thesis aims to improve the operational efficiency of OWT installation by
introducing automated control. Two OWT installation strategies are stud-
ied, i.e., single blade installation to a bottom-fixed OWT with a monopile
foundation using a jackup vessel and tower-nacelle-rotor preassembly in-
stallation to a spar foundation using a catamaran vessel. The operational
criteria in all stages are analyzed and discussed. Several controllers and
estimators have been developed. Various single blade installation models
have been investigated. Time-domain simulations and sensitivity studies
have been conducted to verify the performance of the proposed algorithms.

5.1 Contributions

Single blade installation to a bottom-fixed OWT with a monopile
foundation using a jackup vessel

• The entire single blade installation process is categorized into four
stages, i.e., the lifting (Stage 1), stabilization (Stage 2), transporting
(Stage 3), and mating (Stage 4).

• A user-friendly numerical modeling framework for the OWT blade
installation is developed for control design purposes. Necessary mod-
ules are included in the toolbox, such as crane, hook, blade, wire rope,
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winch, several payloads, aerodynamic loads, and turbulent wind field.
Being compatible with the widely used MSS toolbox, the proposed
modeling framework can be adopted to simulate all sorts of onshore
and offshore wind turbine installation processes.

• To facilitate the design of the observer algorithm and control law,
the blade installation system was simplified as two 3DOF control de-
sign models for different stages and control objectives, the blade lift-
ing model (Stage 1) and blade-hub mating model (Stages 2–4). In
the lifting model, the hook, yoke, and blade are modeled as a 3DOF
lumped-mass rigid-point payload. The lift wire and slings are modeled
as a generalized tensile spring. In the mating model, the blade 3DOF
horizontal model are considered. Tugger lines are involved to restrain
the displacement.

• A nonlinear model predictive controller is adopted to optimize the
lifting problem, by limiting the sudden overloads and avoiding snatch
loads.

• A closed-loop scheme for active tugger line force control is developed
to stabilize the pendular motion of the suspended blade in a turbulent
wind field. An extended Kalman filter, a state feedback linearization
and feedforward compensation algorithm, and pole placement tech-
niques are utilized to design the controller. A third-order reference
model was adopted to provide smooth position and velocity trajecto-
ries in real time.

• Two highly precise GNSS/IMU integration schemes are proposed to
estimate the real-time OWT hub motion. The state observer filters the
noise in the GPS and the IMU, overcomes the GPS delay, and achieves
high-frequency displacement and velocity monitoring functionalities in
real time. The systems include a multirate Kalman filter, an online
RTS smoother, a moving horizon estimator, and a predictor.

Tower-nacelle-rotor preassembly installation to a spar foun-
dation using a catamaran vessel

• The roll reduction tank and the hydraulic heave compensator are mod-
eled for control design.

• The control algorithm of the roll-reduction control system is developed
for the catamaran installation vessel. The wave-induced moment to
the vessel in a feedback system is estimated by an exosystem.
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• The active heave compensator is developed to reduce the relative ver-
tical motion between the OWT preassembly and the spar foundation.
Singular perturbation theory is used to handle the fast natural fre-
quency of the hydraulic system.

5.2 Conclusion

Code-to-code verification studies with HAWC2 are conducted to prove the
effectiveness and correctness of the proposed model. The proposed controller
successfully prevents the sudden peak tension, tension dynamics, and the
axial oscillation. The NMPC controller still performs well when the lift wire
stiffness is poorly modeled or the suspended blade is exposed to a turbulent
wind field. Time-domain simulation results, in turbulent wind conditions,
show that the proposed automatic single blade installation scheme using ac-
tive tugger line tension control worked well. The active control scheme can
effectively reduce the blade-root surge motion standard and maxima devi-
ations, resulting in an expediting mating operation. Sensitivity studies are
conducted to shows that the hub motion estimates agree well with the real
values for position, velocity, acceleration, and bias in various configurations
and environmental conditions. The performance of the state estimators
is affected by the oscillation amplitude and the natural period of the hub
structure.

Vacuum pumps with active stabilization controller provide optimal filling
in these tanks based on input from the ship movement. For vessels which
operate mostly at low speed and a relatively calm sea state, the proposed
roll reduction system provides great performance with minor cost. Bigger
tank is required for severe sea state. The active heave compensator can
effectively reduce the relative heave velocity and can potentially improve
the safety of the mating process.

5.3 Recommendations for future work

To future improve the automation level of wind turbine installation, the
following extensions of the topics treated in this thesis, are well suited for
future work.

• The simulation verification model can be improved by including more
complex models and functions. For example, complex aerodynamic
effects can be integrated into the system, such as wake.

• To further improve the lifting system performance when exposed to
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higher wind speeds and model uncertainties, the further research em-
phasis is on adaptive and robust optimal control schemes, e.g., tube-
based model predictive control. In addition, NMPC applications to
the blade lifting operation using a floating installation vessel for deep
water installation is recommended to be investigated.

• The most critical horizontal relative motion has been greatly reduced
by the proposed active tugger line control schemes. In future research,
the vertical motion at the blade root should be reduced through more
effective tugger line placement and corresponding controller.

• Hub oscillation is a periodic motion. Innovative observer design con-
sidering the periodic states can benefit the estimation performance.

• The acceleration is proportional to the external loads. Instead of
position estimation, external load estimation using a system of IMUs
is a promising topic. Additionally, the load and response estimates
can be improved by placing a number of sensors at different places of
the payload.

• Extreme motion and load prediction in short term is recommended to
study for improved decision support during the operations. To ensure
a sufficiently long reaction time for the operators, the warning should
be based on prediction. Estimator design, prediction algorithms, and
actuator control to ensure data robustness and satisfied performance
are worthy to study.

The following topics are interesting for future more autonomous marine
operations:

• Compared to today’s autonomous systems, a human has superior judg-
ment, higher flexibility, and better overview in complex scenarios.
Though the development moves towards unmanned autonomous func-
tions, meaningful human control and human-in-the-loop control will
be interesting topics of research for many decades. though the topic
is far outside the scope of this thesis, an interesting research question
is how autonomous control functions and decision support functions
can be integrated to ensure meaningful human control.

• The present marine operations are typically conducted by a single ves-
sel. Alternatively, different (and possibly smaller) vessels can collab-
orate in some operations. Novel and efficient designs for wind turbine
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installation can be developed. The bigger preassembled wind turbine
can be installed with cooperation by several small vessels. A setup
of multiple load-lifting systems (e.g., two vessels each with a crane)
cooperating on lifting and moving a payload is recommenced for study.

• The cooperative marine operations typically require a maximized com-
munication between the vessels. However, in some situations, the com-
munication is reduced or becomes missing. In control theory there are
many results on how cooperative dynamical systems can safely con-
tinue with reduced or intermittent communication. Interesting ques-
tions are therefore the modeling of the distributed system and intelli-
gent control of the individual vessels to complete the overall operation
with reduced communication.
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A B S T R A C T

In an offshore environment, offshore wind energy resources are more available and stable, but the investment
cost is much higher than that of onshore wind. The installation cost is a crucial factor of the investment. With the
increasing number of planned and approved offshore wind farms, offshore wind turbine installation and relevant
operations have received tremendous attention. Therefore, expediting the turbine-structure mating operations
through a higher level of automation in offshore wind turbine installations may provide important economic
benefits. To achieve a higher automation level and reduce the weather waiting time during the installation of
offshore wind turbines, a flexible simulation-verification framework with high fidelity is needed. However, state-
of-the-art wind turbine numerical analysis code is neither convenient nor open enough for applications con-
cerning the design and verification of control algorithms. MATLAB/Simulink is among the most widely utilized
numerical platforms by control engineers and researchers. This paper describes the development of a mod-
ularized blade installation simulation toolbox for the purpose of control design in MATLAB/Simulink. The
toolbox can be used to simulate several blade installation configurations, both onshore and offshore. The paper
presents the key features and equations of the different modules, exemplified by a single blade installation
operation. Code-to-code verification results are presented and discussed with both quasi-steady wind and three-
dimensional turbulent wind field.

1. Introduction

With the growing interest and need for clean energy, wind energy
has become increasingly popular in recent years. Wind turbines are
categorized into onshore wind turbines and offshore wind turbines
(OWTs) based on their installation locations. Because of their high in-
itial installation and lifespan maintenance costs, the price of offshore
wind energy remains more than three times higher than onshore wind
energy (Moné et al., 2017). Installation expenses significantly influence
the cost of offshore wind energy. Hence, techniques that can make the
OWT installation more efficient are of great value.

For wind turbine blade installation, several approaches have been
developed. For example, assembled rotor installation, bunny-ear con-
figuration, and single blade installation are often used (Kaiser and
Snyder, 2010; Zhao et al., 2018; Kuijken, 2015). The selection among
these approaches is a trade-off among the equipment capacity, number
of offshore lifting operations, weather, etc. All these factors influence
the offshore operational time, deck usage, and the overall installation
cost. As the example of this paper, single blade installation is a wind

turbine blade installation method that is especially suitable for large-
scale OWTs, as individual lifts of the blades are much easier than
maneuvering of a full rotor-tower-nacelle assembly offshore. This
method also facilitates deck usage and requires low crane capacity of
the installation vessel. Blades are lifted and mated separately. When the
weather conditions allow the operation, one blade is held by a yoke and
lifted by a crane from the deck, with the blade root approaching the
hub. After moving the blade to the mating position at the hub, the
mating operation proceeds if the blade root motion is limited within a
specified range. The single blade installation approach provides a more
efficient deck utilization and reduces the transportation time, for in-
stance, by allowing more turbine components to be carried in one trip.
The disadvantage is that this installation approach typically requires
more operation time. Using state-of-the-art lift equipment, the single
blade installation approach is only allowed to be conducted up to a
mean wind speed of approximately −8 12 m/s at the hub height
(Gaunaa et al., 2014). Hence, increasing the weather window for the
installation work and making the lifting operation more time efficient
will greatly reduce the installation costs.
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Research on intelligent marine operations are seeing increasing at-
tention (Johansen et al., 2003; Fang et al., 2014; Skaare and Egeland,
2006; Ren et al., 2018; Wang et al., 2018; Tian et al., 2018). The typical
objectives are to enhance the overall efficiency, ensure safety, broaden
the operating window, and, ultimately, gain economic benefits. Because
single blade installation approach demands large amount of offshore
working time, the installation cost can be reduced if the mating op-
erations are accelerated by enhancing the automation level for the
blade installation system. To the best of the authors' knowledge, no
studies have looked into such issues. Therefore, there is an urgent need
for highly efficient and user-friendly simulation tools for use during the
controller design process for marine installations.

To start a control design for such a complex process as an OWT
installation, a numerical model is surely needed. Open-source
MATLAB/Simulink toolboxes, such as the MSS GNC and MSS Hydro
toolboxes (Perez et al., 2006; MSS. Marine Systems Simulator, 2010)
and MSS MarPowSim (Bø et al., 2015), are widely applied for marine
control systems, e.g., the dynamic positioning of surface vessels and
power management systems. However, these toolboxes lack modules to
model wind turbine installations. Commercial software for marine op-
erations, such as SIMA (MARINTEK, 2016; Jiang et al., 2015), are
widely used during analysis and design. However, their closed-source
policy and tedious customization of external dynamic-link libraries
(DLLs) for the design of control systems weaken their applicability to
control design and analysis. State-of-the-art aeroelastic codes for de-
signing of wind turbines under normal operations, including HAWC2
(Larsen and Hansen, 2007), FAST (Jonkman and Buhl, 2005), and
Bladed (Bossanyi, 2009), are based on blade element momentum (BEM)
theory. Complex aerodynamic performances, such as blade tip flow,
wake dynamic inflow, and dynamic stall, are modeled. Code-to-code
comprehensive simulations (Jonkman et al., 2008), prove that these
codes agree well with each other. Single blade installation has been
studied using HAWC2 (Gaunaa et al., 2014; Jiang et al., 2018). Taking
HAWC2 as an example, although they can interface with MATLAB/Si-
mulink through TCP/IP or use some DLLs to implement simple control
laws, there are disadvantages. First, setting up the interface and de-
bugging the model are often time consuming. Furthermore, limitations
of the supported modules restrict its flexibility and complexity, except
for the blade, during modeling. Other limitations include fixed time
steps and cumbersome user interfaces. In addition, numerous codes and
toolboxes, for example, wind turbine gearbox (Haastrup et al., 2011), a
wind turbine sub-model in an in-house computational fluid dynamics
(CFD) code (Hallanger and Sand, 2013), and a computational aero-
elastic tool with the Boundary Element Method (Calabretta et al.,
2016), have been developed that are relevant to wind turbine simula-
tions. None of these, however, is able to simulate blade installation.

This paper presents the development of an open-source object-or-
iented simulation-verification blade installation modeling toolbox tar-
geting the design and analysis of automation and control functions. The
code is developed primarily for wind turbine blade installation, but it
can also be used in related fields with simple modifications. The re-
sulting functions and modules are integrated in the MarIn (Marine
Installation) toolbox, which is under development within the SFI MOVE
center at NTNU. The modularized code in MATLAB/Simulink can be
used in place of commercial software with verified numerical correct-
ness.

The main contributions of this paper are the development of an
object-oriented MATLAB/Simulink-based simulation verification
toolbox for the blade installation of OWTs and a verification of the
model against the mainstream commercial software HAWC2.

The paper is structured as follows. In Section 2, the problem for-
mulation and development guidelines are proposed. In Section 3, re-
levant coordinate systems and coordinate transformations are in-
troduced. The models of the wire ropes, winches, and hook are
presented in Section 4. The blade dynamics, wind velocity with tur-
bulence model, and wind-induced loads are presented in Section 5.

Code-to-code verification with steady wind is conducted in Section 6 to
confirm that the code calculates the correct aerodynamic loads acting
on the blade. In Section 7, a single blade installation process is modeled
as an example, and time-domain simulations are conducted to verify the
model. Finally, the conclusion summarizes the paper.

Notations: In this paper, scalars, vectors, and matrices are denoted
with normal lowercase letters, bold lowercase letters, and bold capital
letters, respectively. x stands for the Euclidean norm, i.e., = ⊤x x x2 .
The overline a denotes the upper bound of a variable a, and In and 0n
are the identity matrix and the zero matrix of size, respectively. A no-
menclature is given Appendix A.

Color codes in figures: To avoid confusion, the colors in the fol-
lowing diagrams have the following meanings:

• Blue: Coordinate frame

• Red: Load (force/moment)

• Green: Wind velocity

Superscripts and subscripts: Normally, the superscripts denote the
coordinate systems. To simplify the expression, the global reference
frame is adopted without any superscripts. The subscripts below have
the following corresponding meanings:

• b Blade

• h Hook

• l Lift wire

• m Winch motor

• p Pulley (crane tip)

• r Wire rope

• s Slings

• t Tugger line

• TI Turbulence intensity

• w Wind

• y Yoke

2. Blade installation framework

2.1. Description of single blade installation

In this section, a commonly used single blade installation config-
uration is introduced to help the reader understand the necessary
components in the toolbox and the basic ideas utilized during the
modeling of such a process. The configuration of a single blade lifting
operation is depicted in Fig. 1. In this example, a monopile foundation

Fig. 1. The mating phase during a single blade installation (Image source: RWE
GmbH (RWE Innogy GmbH, 2014)).
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is considered, which has been hammered into the seabed. The sup-
porting structures, including the transition piece, tower, and hub, were
assembled subsequently. A jackup installation vessel is assumed to be
conducting the single blade installation operation. The vessel-mounted
crane is responsible for lifting a blade by wire ropes. A lift wire connects
the crane tip and the hook, and the hook connects to a yoke with slings.
A turbine blade is held by the yoke and suspended in the air. Tugger
lines connecting the crane boom to the yoke are used to reduce the
blade's pendulum motion. The crane-wire-hook-blade system is exposed
to a windy environment with both a mean wind load and dynamic wind
loads.

When the weather window allows the installation to be conducted,
the hub is first rotated to the desired orientation such that the flange
holes on the hub are ready to mate with the guide pins on the blade
root, normally horizontally. Then, the blade is lifted from the deck to
the hub elevation by controlling the boom winch and corresponding lift
wire length. Afterward, the crane is rotated to move the blade hor-
izontally to a position near the final mating point while the blade's
motion is monitored. If the motion stays within the allowable range, the
final mating operation is executed by manually inserting the guide pins
into the flange holes. After bolting the blade and the hub, the in-
stallation is finished.

During the mating process, if the relative motions between the blade
root and hub are too large, guide pins can be damaged which causes
unnecessary delays. Visual guidance is needed, and banksmen are often
used to give orders to the crane operator and to assist the final mating
process. The need for banksmen poses potential risks in such activities.
If sensorial or automated guidance can be used to automate the process,
such risks can be lowered substantially.

2.2. Model assumptions

From the above description, the main components of the blade in-
stallation process are

• Physical components: vessel, crane, winch, lift wires, slings, tugger
lines, hook, yoke, blade;

• Environmental components: wind turbulence simulator, and wind-
induced loads.

The proposed toolbox can be applied to simulation of blade in-
stallation using either a jackup or a floating vessel. To install blades
with a jackup is a simplified scenario, and the crane boom is fixed in
space. The simplified configuration is illustrated in Fig. 2. For a floating
installation vessel, the real-time crane tip position can be calculated by
a coordinate transformation of the vessel's position and orientations and
the crane configuration. Because the wind-induced loads acting on a
blade are substantially smaller than the vessel's inertial and gravity

loads, the influence of the crane on the vessel is neglected. Given the
light weight of the blade system (less than 100 tonnes), it is acceptable
to assume that the load and load effects on the crane caused by its
payload can be disregarded. The crane flexibility can be modeled which
affects the stiffness of the rigging system and hence the wire tension.
Normally, an equivalent stiffness of the wire rope can be used to model
the crane flexibility, in which the crane flexibility can be considered
together with the actual flexibility of the rope.

Remark 1. Note that for high-fidelity numerical models for engineering
design and risk assessment, such effects should not be neglected and
instead should be considered. However, for the purpose of control
design, one can typically reduce the fidelity of the model by
disregarding fast stable dynamics to produce a simplified model
capturing the most important dynamics. The control system, with its
actuators, will typically dominate the loads on the plant and make it
behave according to the specified control objective. That is also why it
is very important to include a realistic model of the control functions
when performing detailed analysis of loads and load effects.

The length of the lift wire is a sum of the wire between the crane
winch drum and the crane tip and the wire between the crane tip and
the hook. Two slings connect the hook to the yoke. We assume that the
crane, hook, and blade are all rigid bodies and that the yoke mass is
located at the blade COG. The primary objectives for active turbine
installation operations are to stabilize the payloads and to move the
payloads with desired trajectories. Global loads and motion analysis are
of importance, while the local structural analysis with attention on
structural flexibility is disregarded. Therefore, the rigid-body dynamics
are the focus instead of the BEM technique adopted by operational wind
turbines.

The hook dynamics is modeled in 3 degrees of freedom (DOFs), and
the blade motion is simulated in 6 DOFs. The NREL 5MW reference
turbine blade is taken as an example hereafter in this paper (Jonkman
et al., 2009). The mass of the yoke is concentrated at the COG of the
blade. Two tugger lines are placed symmetrically about the blade COG
on the yoke. The other ends of the tugger lines are fixed to the vessel,
which moves with the vessel. Lift wires, slings, and tugger lines are
modeled as tensile springs with specific damping coefficients, therein
merely providing tension with a positive elongation.

2.3. Toolbox overview

With the simplified assumptions, the main modules in this toolbox
correspond to the vessel, crane, wire rope, hook, blade, wind generator,
and wind-induced loads. The proposed toolbox consists of a framework
to simulate the blade installation with a relatively high fidelity for
control design purposes. The modeling procedure is object oriented,
therein interconnecting blocks with Newton-Euler mechanics. All
components should be easy to assemble to achieve different config-
urations. The inputs/outputs (I/O) are tabulated in Tables A.5-A.10; see
Appendix C for more details.

The configuration of an example system is presented in Fig. 3. The
vessel is an optional component for offshore wind turbine blade in-
stallation. For an installation operation conducted with a floating
vessel, the position of the crane tip and the ends of the tugger lines are
movable. For simulating an installation using a jackup vessel rigidly
fixed to the seabed, the vessel model is skipped, and the boundary
conditions of the crane tip and the tugger lines are imposed. The crane
tip and the hook are the ends of a lift wire. The restoring force can be
calculated based on the elongation and stiffness. The same calculations
are applied to the slings and the tugger lines. The total force acting on
the hook is the restoring force from the lift wire and slings by dis-
regarding the wind-induced loads. The external loads acting on the
blade are the wind-induced loads and restoring forces from the corre-
sponding connected wires.

The proposed toolbox is able to model not only single bladeFig. 2. Single blade installation setup.
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installation but also other complex installation configurations. With the
combination of individual blade modules, bunny-ear configuration and
assembled rotor configurations are realizable by fixing the root end to a
hub or rotor, which is modeled as a point mass. The external wind-
induced loads acting on the entire payload can then be calculated.

The latest version of the proposed toolbox can be download as a .zip
file at https://github.com/NTNU-MCS/MarIn.

3. Coordinate systems and coordinate transformation

3.1. Coordinate systems

We use the convention that all the coordinate systems follow the
right-hand rule. To sum up the wind-induced load, the blade is divided
into n segments with +n 1 nodes along the span. The blade root and tip
are nodes numbered with 0 and n, respectively. The wind turbulence
data are pre-calculated information in a box-shape structure, where the
wind box runs in its length direction.

Four coordinate systems are briefly defined as follows:

• Global north-east-down (NED) geographic coordinate system N{ }:
The origin On is placed on the free sea surface with the x-axis
pointing to the north, y-axis pointing to the east, and z-direction
being downward. The orientations about the x-, y-, and z-axes are
roll (ϕ), pitch (θ), and yaw (ψ), respectively. NED is assumed to be
an inertia frame.

• Blade body-fixed frame B{ }: The originOb is placed at the blade COG.
The yb-axis points from the root center to the tip center in the
spanwise direction, and the xb-axis is directed from the leading edge
to the trailing edge in the chordwise direction. The angular velo-
cities about the xb-, yb-, and zb-axes are p, q, and r, respectively.
Note that the y-axis is chosen as the longitudinal axis along the blade
so that rotation about y results in a blade pitch angle, being con-
sistent with the blade pitch during turbine operation.

• Aerodynamic frame at node ∈ ⋯i n{0,1, , } in the body-fixed frame:
The origin Obi is at the geometric center of the blade ith cross section.
The ybi-axis shares the same direction as the yb-axis. The xb-axis and
zb-axis are considered as a combination of a planar translation and a
rotation about the yb-axis. The aerodynamic twist, i.e., the angle
between xbi and xb, is denoted by θy i, .

• Mean-wind coordinate system W{ }: The origin Ow is located at the
lower-right corner of the wind turbulence box. Ow is placed at a
preset point in N{ }. The xw-axis points in the wind inflow direction,
i.e., the box's length, and zw is directed downward, i.e., the box's
height. The wind velocities in the xw-, yw-, and zw-axes are uw, vw,

and ww, respectively. The box orientation about N{ } is constant, i.e.,
ϕw, θw, and ψw are constants.

The NED reference frame is a widely used coordinate system in
ocean engineering, such as, the control of dynamic positioning vessels,
moored vessels, autonomous underwater vehicles (AUVs), and remotely
operated vehicles (ROVs). The blade body-fixed frame is also called the
main-body coordinate system. The configuration is shown in Figs. 4–5.
The wind shear is not considered. For the single blade horizontally
positioned, the vertical variation in wind speed due to wind profile is
not important, since the blade vertical movement is limited.

Remark 2. The reference frames B{ }i are only used to compute the
aerodynamic loads; these frames otherwise do not enter the calculation
loop.

Remark 3. Euler angles are used to show the rotation relation between

Fig. 3. Model overview.

Fig. 4. Global, body-fixed, and mean-wind coordinate systems for the blade
installation model (Image source: HeavyLiftNews).

Fig. 5. Body-fixed and aerodynamic coordinate systems. The solid line and the
dashed line are the outline of the ith blade element with and without rotation
θy i, , respectively.
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the coordinate frames. Rotations about the fixed x-, y-, and z-axes are
named roll, pitch, and yaw. For the sake of consistency and clarity, the
roll, pitch, and yaw are denoted by ϕ, θ, and ψ, respectively, regardless
of the coordinate systems. The variables in the above-mentioned
reference frames are tabulated in Table 1.

3.2. Transformation between coordinate systems

A vector, position or translational velocity is transformed between
the coordinate systems, from B{ } to A{ }, by multiplying by the rotation
matrix Rb

a, i.e.,

=v R vΘ( ) ,a
b
a

ab
b (1)

where va and ∈vb 3 are two vectors in A{ } and B{ }, Θab denotes a
vector of the Euler angles between A{ } and B{ }, and the rotation matrix
Rb

a rotates from the coordinate system B{ }, expressed by the subscript,
to the frame A{ }, denoted by the superscript. The inverse transformation
is given by the matrix = =− ⊤R R RΘ Θ Θ( ) ( ) ( )b

a
ab b

a
ab a

b
ab

1 .
In this paper, the following order is adopted to transform a vector

from one frame to another: ↔ ↔ ↔W N B B{ } { } { } { }i . The transforma-
tions are bidirectional. Therefore, the wind velocity is transformed to
the aerodynamic frame to represent the realistic wind-induced loads by
three transformations, i.e., first from W{ } to N{ }, then from N{ } to B{ },
and finally from B{ } to B{ }i . The relations between the vectors in the
above-mentioned coordinate systems are tabulated in Table 2. The
variables Rb

n and Rw
n are short for R Θ( )b

n
bn and R Θ( )w

n
wn , respectively.

Additionally, position transformations between the coordinate sys-
tems are expressed by

→ = +p R p dB N{ } { }: ,b
n b

b
n (2)

→ = +p R p dW N{ } { }: ,w
n w

w
n (3)

where the distance vectors between the coordinate origins are

= − = −d d p p ,b
n

n
b

O On b (4)

= − = −d d p p ,w
n

n
w

O On w (5)

= =

=

⊤ ⊤

⊤

[ ] [ ]
[ ]

p , p px y z x y z and

x y z

with , , , , ,

, , .

On O O O O O O O O

O O O

n n n b b b b w

w w w (6)

4. Ropes, winches, and hook

4.1. Wire rope, sling, and tugger line

The lift wires, slings, and tugger lines are modeled as tensile springs,

which only provide tension when the axial elongation is positive. The
self weight of the rope is disregarded. Without loss of generality, a
tensile spring between points A and B, with an initial length lAB between
points A and B, is presented as an example. Define = −l p pAB A B, where
pA and ∈pB

3 are the positions of the ends of the wire. If the mass of
the wire rope is negligible, the restoring force (Ren et al., 2017) in the
global frame, ∈fA

3 , is modeled as

= −⎛
⎝

− ⎞
⎠

f l
l

κ δ k δ d d δ
d t

( ) ,A AB r AB r
AB AB

AB (7)

where l
l
AB
AB

decomposes the total force into three components in the
NED frame. The restoring acting coefficient κ is

= ⎧
⎨⎩

≥κ δ δ( ) 1 0,
0 otherwise.AB

AB

(8)

The axial elongation is

= −lδ l .AB AB AB (9)

The elastic stiffness of the wire rope kr is a function of its length, as
well as the characteristics of the wire rope, e.g., material, diameter, and
strand construction, given by (Ren et al., 2017)

=k γ EA
l

,r r
r

1 (10)

where E denotes the Young's modulus, Ar refers to the cross-sectional
area of the rope, and l1 is the overall initial length of the rope. For a lift
wire or a tugger line, the initial overall length is = = +l l l l l(or )l t AB1 0,
where l0 is the length of the rope between the corresponding winch and
pulley, which is assumed to be a constant. For a sling, there is no
connected winch, i.e., = =l l ls AB1 . To sum up,

= ⎧
⎨⎩

+
l

l l
l

lift wire/tugger line,
sling.

AB

AB
1

0

(11)

A general form of the modified coefficient for a stranded wire γr is
deduced in (Feyrer, 2007), given by

∑=
+=

γ z α
v α

E Acos
1 sin

,r
i

n
ri ri

ri ri
ri ri

0

3

2

r

(12)

where nr is the number of wire layers counted from the inside, with
=i 0 for the center wire, and zri, Eri, Ari, αri, and vri are the number of

wires in layer i, the Young's modulus, the cross-sectional area, the lay
angle, and the Poisson ratio of a wire in the ith wire layer, respectively.
A specific example of Eqn. (12) is =

+
γr

α
v α

cos
1 sin

r
r r

3
2 when all the strands

share the same lay angle and Poisson ratio.
The tension on the rope is = ffr A . According to Newton's third

law, the reaction force at the other end of the rope is

= −f f .B A (13)

This rope model is implemented in the MarIn module called Lifting
equipment/Wire rope.

4.2. Winch

A winch is connected at the end of a lift wire or a tugger line. The
winch rotational acceleration is based on the friction, external load

Table 1
Variables in the corresponding frame.

Position in Relative orientation to n{ } Translational velocity Angular velocity

N{ } = ⊤p x y z[ , , ] – = ⊤v x y z[ ˙ , ˙ , ˙ ]n –

B{ } = ⊤p x y z[ , , ]b b b b = ⊤ϕ θ ψΘ [ , , ]bn = ⊤v u v w[ , , ]b = ⊤ω p q r[ , , ]b

W{ } = ⊤p x y z[ , , ]w w w w = ⊤ϕ θ ψΘ [ , , ]wn w w w = ⊤v u v w[ , , ]w w w w –

Table 2
Vector transformation among the above-mentioned coordinate systems. In the
table, = ⋅a b( ) .
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acting on the wire, and the torque input acting on the winch (Egeland
and Gravdahl, 2002). The external load is positive or zero. The winch
model is given by

=l r ω˙ ,m m1 (14a)

= − + +ω
J

d ω f r T˙ 1 ( ),m
m

m m r m m (14b)

where ωm denotes the angular velocity of the winch motor, rm is the
radius of the winch motor, Jm represents the moment of inertia of the
winch, dm refers to the damping coefficient of the torsional damper, and
Tm is the torque acting on the winch by the motor (usually viewed as the
control input to the winch).

This winch dynamics is implemented in the MarIn module called
Lifting equipment/Winch.

4.3. Hook

The hook is modeled as a 3-DOF rigid-body point. All the forces act
on the COG. The gravity is not negligible; therefore, the mass of the
hook, mh, should be considered. Air resistance is negligible. The kinetic
model of the hook, presented in Fig. 6, is given by Newton's second law
according to

=p v˙ ,h h (15a)

∑ ∑= + +
= =

M v g f f
n n

˙ ,h h h
i

l

li
i

s

si
1 1

B A (15b)

where ph and are the position and velocity vectors of the hook mass
center in the global reference N{ }, =M m m mdiag{ , , }h h h h is the hook
mass matrix, = ⊤g m g[0,0, ]h h is the hook gravity vector, nl and ns are
the numbers of the connected lift wires and slings, and fliB and fsiA are
the restoring forces acting on the hook from the lift wires and slings in
N{ }, respectively. The subscripts A and B are used to distinguish the pair
of reacting forces at both ends of a rope. To remain consistent, the
higher points are labeled A, and the lower points are labeled B. See
Fig. 6 for an illustration.

This hook dynamics is implemented in the MarIn module called
Lifting equipment/Hook.

5. Blade dynamics

It is assumed that the mass of the yoke concentrates on the COG of
the blade, and the moment of inertia of yoke is disregarded. Hence, the
blade and the yoke are considered as one body. Hereafter, the blade
dynamics is the dynamic of the entire blade-yoke system.

5.1. Blade 6DOF kinematics

The kinematic dynamics for the blade (Fossen, 2011) is given by

=η J νΘ˙ ( )b bn b, (16)

= ⎡
⎣⎢

⎤
⎦⎥

×

×
J

R
T

Θ
Θ

Θ
( )

( ) 0
0 ( )

,bn
b
n

bn

bn

3 3

3 3 (17)

where ∈ ×J 6 6 is a transformation matrix and

= ⎡
⎣⎢

⎤
⎦⎥

= ⎡
⎣⎢

⎤
⎦⎥

η
p

ν
v
ωΘ , .b

n

bn
b

b
b (18)

This rotation matrix is implemented in the MarIn module called
Basic functions/Euler angles to rotation matrix (z-y-x).

5.1.1. Blade rotation matrix
Three Euler angles are sufficient to represent an arbitrary rotation in

3D space. There are 12 sequences to do this. However, the rotation
matrix is singular when the second orientation equals ± ∘90 , namely,
the gamble lock. Instead of the widely applied roll-pitch-yaw sequence
(Diebel, 2006), the rotation sequence is modified in case of a singularity
of the rotation matrix. For a blade installation process, the yaw angle
and pitch angle may practically become ± ∘90 . In addition, it is rea-
sonable to assume that the blade span would not be assembled verti-
cally, i.e., the roll angle would not reach ± ∘90 . Therefore, the rotation
matrix for the blade is based on a pitch-roll-yaw sequence, and the
rotation matrix from the body-fixed frame B{ } to the global frame N{ }
becomes

=R R R RΘ( )b
n

bn z ψ x ϕ y θ, , , (19)

=
⎡

⎣
⎢
⎢

− ⎤

⎦
⎥
⎥

⎡

⎣
⎢
⎢

−
⎤

⎦
⎥
⎥

⎡

⎣
⎢

−

⎤

⎦
⎥

cψ sψ
sψ cψ cϕ sϕ

sϕ cϕ

cθ sθ

sθ cθ

0
0

0 0 1

1 0 0
0
0

0
0 1 0

0

=
⎡

⎣

⎢
⎢

− − +
+ −

−

⎤

⎦

⎥
⎥

cψcθ sψsϕsθ sψcϕ cψsθ sψsϕcθ
sψcθ cψsϕsθ cψcϕ sψsθ cψsϕcθ

cϕsθ sϕ cϕcθ
.

Moreover, the wind-induced load transformation from B{ } to B{ }i is
defined by

= ⊤R R α([0, , 0] ),b
wi (20)

where α is the angle of attack (AOA) of the dashed airfoil outline
without aerodynamic twist θy i, shown in Fig. 5. The details will be
presented in the following.

Remark 4. Note that the rotation matrix Rb
wi here is not for a

coordinate transformation. It is responsible for transforming the
wind-induced forces, i.e., the drag force and the lift force, to the
body-fixed frame B{ }. The superscript wi here is another coordinate used
to express the lift force and drag force. Because it only appears once, the
formal definition is omitted to keep the paper clear and short.

5.1.2. Angular updating rate
The matrix T Θ( )bn transforms the body-fixed angular velocity to the

Euler angle update rate, given by

=
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

+
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

+
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

− ⊤ ⊤ ⊤T R R Rθ
ϕ

ψ
Θ Θ( ) ˙

0
˙

0

˙
0
0

0
0
˙

.bn bn y θ y θ x ϕ
1

, , ,

(21)

Removing Θ̇bn from both sides yields

=
⎡

⎣

⎢
⎢

− ⎤

⎦

⎥
⎥

−T
cθ cϕsθ

sϕ
sθ cϕcθ

Θ( )
0

0 1
0

.bn
1

(22)

Hence,

=
⎡

⎣

⎢
⎢

−
−

⎤

⎦

⎥
⎥

T
cθ sθ

tϕsθ cθtϕ
sθ cϕ cθ cϕ

Θ( )
0
1

/ 0 /
.bn

(23)

Remark 5. Note that this update law will cause drift because T Θ( )bn is
only a first-order approximation (Diebel, 2006). However, the drift is

Fig. 6. Free-body diagram of the lift wire and hook.
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small with restoring forces acting on the payload. Hence, this
simplification is suitable for control design.

5.2. Blade kinetics

A turbine blade is free to move in 6 DOFs. Assume that the yoke and
the blade are rigidly fixed to each other. The yoke COG coincides with
the blade COG as a single body. We disregard the moment of inertia of
the yoke, while the air resistance is included in the relative motion of
the wind load. The overall kinetics of the blade and yoke in B{ } about its
COG is given by

+ = + + +M ν C ν ν g τ τ τ˙ ( ) ,b b b b b b
b

s
b

t
b

w
b (24)

where ∈gb
b 6 is the gravity force and moment vector in B{ }, i.e.,

= ⎡
⎣⎢

+
⊤

⎤
⎦⎥

⊤ ⊤
g R m m g[0,0, ( ) ] ,b

b b
n

b y

(25)

τs
b, τt

b, and ∈τw
b 6 are the external load vectors from slings and tugger

lines and wind-induced loads in B{ }, i.e.,

∑ ⎡
⎣⎢

⎤
⎦⎥

=
−=

⊤

⊤
τ

R f

S p p R f

n

( )
,s

b

i

s b
n

si

si
b

COG
b

b
n

si1

B

B (26)

∑ ⎡
⎣⎢

⎤
⎦⎥

=
−=

⊤

⊤
τ

R f

S p p R f

n

( )
,t

b

i

t b
n

ti

ti
b

COG
b

b
n

ti1

B

B (27)

where psi
b and pti

b are the positions of the connecting points of the slings
and tugger lines, respectively. The mass matrix is

= ⎡
⎣⎢

+ ⎤
⎦⎥

M
I

I
m m( ) 0

0
,b

b y

b

3 3

3 (28)

where mb is the mass of the blade, my is the mass of the yoke, and
∈ ×Ib

3 3 is the inertia matrix. The mass of the blade mb is given by

∑ ∑= =
= =

m m ρ lΔ ,b
i

n

bi
i

n

bi bi
0 0 (29)

where ρbi is the mass per unit length at the ith node,

=

⎧

⎨
⎪

⎩
⎪

− =

− = ⋯ −

− =

+ −

−

l

r r i

r r i n

r r i n

Δ

( ), 0,

( ), 1, , 1,

( ), .

bi

b b

b i b i

b n b n

1
2 ,1 ,0

1
2 , 1 , 1

1
2 , , 1 (30)

in which rb i, with = ⋯i n0, , denotes the axial distance from the posi-
tion of the ith node to the blade root center.

For a vector = ∈⊤λ λ λ λ[ , , ]1 2 3
3 , the matrix S λ( ) (Fossen, 2011) in

Eqns. (26) and (27) is given by

=
⎡

⎣

⎢
⎢

−
−

−

⎤

⎦

⎥
⎥

S λ
λ λ

λ λ
λ λ

( )
0

0
0

.
3 2

3 1

2 1 (31)

The Coriolis matrix (Fossen, 2011) then becomes

= − = ⎡
⎣⎢

+
−

⎤
⎦⎥

⊤C C
S ω

S I ω
m m( ) ( ) 0

0 ( )
.b b

b y b

b b

3

3 (32)

The blade dynamics is implemented in the MarIn module called
Payload/Suspended blade.

5.3. Wind field

Unlike an operational turbine, the wind-induced motion to the
different sections of the blade is small. When calculating the aero-
dynamic loads, the blade is assumed to be divided into a group of n
small segments with +n 1 nodes, enumerated from 0 to n. The total

wind-induced load to the blade is basically the integration of local two-
dimensional elemental loads acting along the span according to the
cross-flow principle.

During a single blade installation, the wind-induced loads are the
main external disturbance. Because the lengths of the blade are often
greater than 60m for a 5MW turbine, a time-varying wind velocity
should be considered. The wind load limits the weather window;
therefore, uniform wind is not sufficient to calculate the wind-induced
load in this case. The wind velocity at a point in space x y z( , , ) at time t,
denoted by v x y z t( , , , )w , is the sum of the mean wind speed and the
turbulence, i.e.,

= +v v R vx y z t t x y z t( , , , ) ( , ) ( , , , ),w w w
n

TI (33)

where = ⊤v Rt U t( ) [ ( ), 0,0]w w
n

w is the mean wind velocity vector in N{ },
Uw is the mean wind speed, and v x y z t( , , , )TI is the spatio-temporal
turbulence velocity at x y z( , , ).

5.3.1. Wind turbulence
The Taylor's hypothesis of frozen turbulence is adopted and assumes

that the advection of a field of turbulence past a fixed point can be
taken to be entirely due to the mean flow, as the contribution from the
turbulent circulation is small. This only holds if the relative turbulence
intensity (TI ) is small, that is, ≪ 1U

U
e
w

, where Ue refers to the eddy ve-
locity.

A turbulence box is assumed in a space with evenly distributed
points inside that moves with the mean wind speed Uw in the length
direction, i.e., xw-axis. The size of the turbulence box is × ×N N Nwx wy wz
with intervals Dwx, Dwy, and Dwz along the corresponding axes, where
N N,wx wy and Nwz are the numbers of points in the xw-, yw-, and zw-axes,
respectively (Mann, 1998). The wind turbulence boxes are generated by
importing and reshaping the binary files from TurbSim (Kelley and
Jonkman, 2006; Jonkman and Kilcher, 2012), with preset discrete
points along the length, width, and height. TurbSim is a free stochastic
turbulence simulator (Turbsim, 2017). Additionally, the binary turbu-
lence file generated by HAWC2 is also supported. According to a rule of
thumb in aeroelastic simulations, the grid sizes are chosen to be smaller
than the blade root diameter in order to capture the effects of wind
speed variation of the turbulent wind field on the blade loads.

A blade is a smooth interpolation of a number of cross sections. The
position of a point in N{ } is transformed to the position in W{ }. To re-
main consistent, the wind force is considered to act on the center of
pressure C1/4 based on the wind velocity at C1/4. The position of C1/4 at
the ith cross section in N{ } is defined by = ⊤p x y z[ , , ] .C i C i C i C i, , , ,1/4 1/4 1/4 1/4

The wind velocity vector at the ith node in N{ },
= ⊤v p t u v w( , ) [ , , ]wi C i wi wi wi,1/4

, is interpolated by a 3D lookup table with
the following relation:
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w
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with

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

∫
=

+ −

−

−

p
x t U τ d τ x
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z t z

( ) ( )

( )
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,C i
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,
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1/4

1/4

1/4

1/4 (35)

where Ωx mann
w

, , Ωy mann
w

, , and Ωz mann
w

, are the generated turbulence boxes
for the xw-, yw-, and zw-directions, respectively.

This turbulence is implemented in the MarIn module called
Environment/3D wind generator with turbulence.
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5.3.2. Wind-induced loads acting on a blade
A centerline is defined in the main-body coordinate system. Because

the NREL 5MW reference wind turbine blade does not have a prebend,
the centerline is almost a straight line. The aerodynamic center C /1

2 of a
cross section lays on the centerline with a rotation θy i, about the yb-axis
in the main-body xb-zb coordinate plane. The centerline connects all
C /1

2 from the blade root to the blade tip. The root is defined using a
circular shape. The shape of the main blade body is a series of airfoils
with various chord lengths, geometric centers, and thickness/chord
ratios (T/C). Define =T/Ci

t
C

i
i
, where Ci and are the chord length and

the maximum thickness of the ith airfoil section. In a quasi-steady
analysis, the aerodynamic coefficients are a function of the AOA and T/
C. The structural parameters and aerodynamic coefficients can be ob-
tained by interpolation though data from the reference turbine. The
aerodynamic load calculation is based on the following assumptions:

• Rigid structure: blade vibration is negligible.

• Vertex shedding or dynamic stall can be ignored.

The lift force, drag force, and pitching moment acting on the ith

node, denoted by Li, Di, and Mi, are calculated with airfoil theory
(Anderson, 2010) and an integration along the span. This gives

=L ρ C α A V1
2

( , T/C ) ,i a l i i i i
2

(36)

=D ρ C α A V1
2

( , T/C ) ,i a d i i i i
2

(37)

=M ρ C α A V1
2

( , T/C ) ,i a m i i i i
2

(38)

where the subscript i refers to the ith node, ρa is the air density, and Cl,
Cd, and Cm denote the lifting coefficient, the drag coefficient, and the
pitching moment coefficient, respectively. The inflow speed is

= −L R v vV [ ( )]i n
bi

wi C i1/4, , where = ⎡
⎣⎢

⎤
⎦⎥

L 1 0 0
0 0 1 , and vC i1/4, are the ve-

locity vector of the ith center of pressure in N{ }, respectively. Note that
the relative velocity here contributes to the air resistance. The wing
area is

=

⎧

⎨

⎪

⎩
⎪

=

=

+

−

−

− −

−

− + +

A

i

i n

if 0,
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otherwise.
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2
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,1 ,0 1

, , 1

, , 1 , 1 , 1
(39)

The AOA at the ith segment αi is given by

= +α α θ ,i y i, (40)

with

= + − −( ( ))α f π w w u uatan2 , ,a wi
b

C
b

wi
b

C
b

1/4 1/4 (41)

where fa is a function that converts an angle to the range −π π[ , ),
y xatan2( , ) is the multi-valued inverse tangent function, and −w wwi

b
C
b

1/4

and −u uwi
b

C
b

1/4 denote the relative wind velocity at the ith blade seg-
ment center in B{ }. For small αi in the range [-45,45] deg, a series of
aerodynamic coefficients w.r.t. the AOA has been calculated and stored
in a lookup table. For high αi, in the ranges [-180,-45] and [45,180]
deg, the aerodynamic coefficients are calculated as flat plates, which
are given by

=C α α α( , T/C ) 2cos( )sin( ),l i i i i (42a)

=C α C α( , T/C ) (T/C )sin ( ),d i i d i i
2 (42b)

= −C α α( , T/C ) sin( )/4,m i i i (42c)

where C (T/C)d is the maximum value for Cd with respect to T/C (Bak

et al., 2013). The coefficients for an arbitrary AOA are then found by
interpolation.

When the yaw angle is small, the force component in the yb-axis is
negligible according to the cross-flow principle. Consequently, the re-
sulting force and moment vector acting at the ith node in the blade
main-body frame B{ } are given by
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Therefore, the total wind-induced force and moment acting on the
main-body COG are given by
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These wind-induced loads are implemented in the MarIn module
called Payload/Wind-induced load acting on the blade.

6. Code-to-code verification of the blade model with quasi-static
analysis

In this section, a series of code-to-code verification tests are con-
ducted to verify that the proposed code models the blade with realistic
parameters and coefficients. The tests are conducted using the HAWC2
and MATLAB/Simulink with the NREL 5MW reference wind turbine.
The aerodynamic coefficients are read from the HAWC2. dat file, to
obtain the same wind loads and perform a fair comparison study. A
brief summary of the blade is tabulated in Table 3. In the simulations of
this section, the wind velocity is constant without turbulence. In the
next section, we will introduce turbulence and conduct testing with
more realistic wind loads.

6.1. Test 1. mass and moment of inertia

The mass, the moment of inertia, and the COG position are

Table 3
Basic parameters of a single blade installation configuration with the NREL
5MW turbine blade.

Parameter Symbol Unit Value

Mass of blade mb ton 17.74
Length of blade lb m 61.5
Mass of yoke my ton 20
Mass of hook mh ton 1
Length of lift wire 1 ll m 10
Stiffness of lift wire 1 kl N/m 1e8
Damping of lift wire 1 dl N.m/s 1e4
Length of sling 1 ls1 M 9.2
Stiffness of sling 1 ks1 k/m 1e8
Damping of sling 1 ds1 N.m/s 1e4
Length of sling 2 ls2 M 9.2
Stiffness of sling 2 ks2 N/m 1e8
Damping of sling 2 ds2 N.m/s 1e8
Length of tugger line 1 lt1 m 9.17
Stiffness of tugger line 1 kt1 k/m 1e7
Damping of tugger line 1 dt1 N.m/s 0
Length of tugger line 2 lt2 M 9.17
Stiffness of tugger line 2 kt2 N/m 1e7
Damping of tugger line 2 dt2 N.m/s 0
Length, width, and height of the

turbulence box
Nwx , Nwy , Nwz – 65536, 32, 16

Grid size of the turbulence box Dwx , Dwy, Dwz m 4, 4, 4
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calculated by a user-defined function init_blade_hawc2. The function
reads the structural coefficients from HAWC2 files. This test attempts to
verify that the function init_blade_hawc2 reads the correct parameters
from the HAWC2 data files and calculates the correct mass matrix and
COG position. The results are tabulated in Table 4. From the results, the
init_blade_hawc2 function outputs are close to those from HAWC2.

6.2. Test 2. Aerodynamic-coefficient lookup tables

Due to the rotation of the centerline and axial-varying thickness, the
aerodynamic coefficients along the blade span are also varied. The in-
it_blade_hawc2 function reads the aerodynamic coefficients to construct
lookup tables for the aerodynamic force modules. For the NREL 5MW
reference turbine blade, the resulting aerodynamic coefficients w.r.t.
blade AOA and T/C are shown in Figs. 7–9. The curves agree with the
results in Ref. (Jonkman et al., 2009). Therefore, the init_blade_hawc2
function is accepted to correctly read the aerodynamic coefficients from
the HAWC2 data files.

6.3. Test 3. Aerodynamic coefficients and force along the blade axis

We conducted tests to verify the wind-induced load acting on the
blade with respect to different wind speeds, roll angles, and yaw angles,
i.e., the algorithm proposed in Section 5.3.2. The blade is fixed at 90m
above the sea surface with =ψ 0 deg and =ψ 30 deg, respectively. The
horizontal wind speed at the height of 90m is 10m/s in the global
negative x-direction. The pitch angle is set to 10, 30, 50, 60, and 90°.
The wind speeds up during the first 20 s, and the results are the cor-
responding values at 100 s. For the HAWC2 model, the wind-induced
load quadratically increases with a slight delay at the later stage. After
the wind speed reaches a steady value, the wind-induced load is con-
stant. The proposed model calculates the wind load quadratically ac-
cording to the wind speed. The aerodynamic coefficients and forces are
illustrated at various spanwise cross-planes as shown in Figs. 10–13. In

the figures, curves from the HAWC2 and the proposed Simulink model
agree well. Therefore, the results confirm that the Simulink module
calculates the aerodynamic coefficients and force correctly.

6.4. Test 4. Total wind-induced load acting on the blade

The total load acting on the blade is tested with respect to various
wind speeds and blade pitch angles. The wind speed is from 0 to 20m/s
with a 1m/s interval. The pitch angle is from °10 to °90 with a 10 deg
interval. The blade yaw is °0 , i.e., the wind loads are at their maxima in
this situation. The resulting forces at the steady states are presented in
Fig. 14. From the results, it is noticed that the wind-generated forces Fx

Table 4
Mass and moment of inertia verify the NREL 5MW blade.

Parameters HAWC2 outputs Proposed user-defined function

Mass (kg) 17704 17740
Position of COG in B{ } (m) [0.145 0.022 20.561] −[ 0.1454 0.089 20.507]
Inertia at the root center in B{ } (kg.m2)

I I I I I I[ , , ; , ]xx yy zz xy xz yz
⎡
⎣⎢− − −

⎤
⎦⎥

e e e
e e e

1.1808 7 2.6714 4 1.1817 7
6.556 4 1.417 3 7.166 3

⎡
⎣⎢− − −

⎤
⎦⎥

e e e
e e e

1.1776 7 2.6837 4 1.1776 7
6.515 4 1.491 3 7.097 3

Fig. 7. Cl lookup table w.r.t. airfoil thickness/chord ratio and AOA for the NREL
5MW wind turbine blade.

Fig. 8. Cd lookup table w.r.t. airfoil thickness/chord ratio and AOA for the
NREL 5MW wind turbine blade.

Fig. 9. Cm lookup table w.r.t. airfoil thickness/chord ratio and AOA for the
NREL 5MW wind turbine blade.
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and Fz are well-fitted and are proportional to the square of the mean
wind speed. This observation corresponds well with (Gaunaa et al.,
2014). Deviations between the HAWC2 and the proposed model occur
in the subplot Fy. This is because of the different mechanics used in
simulation, that is, Timoshenko beam elements in HAWC2 and the rigid
body with assumed zero sway force in the proposed model. Comparing
with the magnitudes of Fx and Fz, the deviation in Fy is very small and
considered negligible for the intended use of our model.

The same issue appears in simulations with = °ψ 30 , whose results
are presented in Fig. 15.

7. Case study: single blade installation model

After confirming the performance of each module individually,
the overall single blade installation model is built. A single blade
installation is performed with a yoke that grabs and holds the blade
around the center of gravity. The yoke is lifted by lift wires from a
crane and stabilized by tugger lines symmetrically arranged around
the COG on the blade axis.

The model is, to a certain degree, of low fidelity due to the lack of

Fig. 10. Aerodynamic coefficients Cl, Cd, Cm, =ψ 0 deg, w.r.t. θ and yb. (In the
legend, H and M denote the results from HAWC2 and the proposed toolbox,
respectively. The numbers represent the pitch angles in deg.)

Fig. 11. Lift force and drag force per unit length =ψ 0 deg, w.r.t. θ and yb,
wind speed= 10m/s. (In the legend, H and M denote the results from HAWC2
and the proposed toolbox, respectively. The numbers represent the pitch angles
in deg.)

Fig. 12. Aerodynamic coefficients, =ψ 30 deg, Cl, Cd, Cm w.r.t. θ and yb. (In the
legend, H and M denote the results from HAWC2 and the proposed toolbox,
respectively. The numbers represent the pitch angles in deg.)

Fig. 13. Lift force and drag force per unit length, =ψ 30 deg, w.r.t. θ and yb,
wind speed=10m/s. (In the legend, H and M denote the results from HAWC2
and the proposed toolbox, respectively. The numbers represent the pitch angles
in deg.)

Fig. 14. Total force acting on the blade in B{ }, =ψ 0 deg. (In the legend, H and
M denote the results from HAWC2 and the proposed toolbox, respectively. The
numbers represent the pitch angles in deg.)
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complex aerodynamic effects. This increases the run-time performance
of the model while maintaining the most important dynamic effects for
the purposes of control design and analysis.

7.1. Modeling procedure

All modules and basic functions are packaged as an individual
package of MarIn toolbox, which will be integrated into MarIn in the
future; see Fig. 16. The single blade installation model, presented in Figs.
B.22-B.23, is given as an example of the use of this toolbox. Newton-
Euler mechanics is used to connect the modules in the inflow direction.

7.2. Test 5. Equilibrium point in steady wind

First, tests concerning the equilibrium points in an environment
with constant wind speed are conducted. For the nonrotating blade
studied under a constant wind speed, the displacements of the root
center, the COG, and the tip center around their equilibrium positions
approximately follow a quadratic relation with the wind speed. This
observation is aligned with (Gaunaa et al., 2014; Jiang et al., 2018).
The position of the crane and the lengths of all the wire ropes are fixed.
The blade leading edge is downward, i.e., the pitch angle is equal to
−90°and = − ⊤πΘ (0) [0, /2,0]bn . The mean wind direction is in the x-
axis, i.e., = ⊤Θ [0,0,0]wn .

A constant wind speed starts acting on the blade with a 5-s ramp
increasing. The results are presented in Figs. 17 and 18. The

Fig. 15. Total force acting on the blade in B{ }, =ψ 30 deg. (In the legend, H and
M denote the results from HAWC2 and the proposed toolbox, respectively. The
numbers represent the pitch angles in deg.)

Fig. 16. Interface of the toolbox in Simulink library browser.

Fig. 17. Displacements of the equilibrium point of the root center, the tip
center, and the COG, under various mean wind speeds without turbulence.

Fig. 18. Equilibrium positions of the blade centerline in the x-y horizontal
plane under constant mean wind speeds without turbulence.

Fig. 19. Position of the blade root center, =U 12w m/s, =TI 0.146.
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displacements of the root center, COG, and tip center all satisfy quad-
ratic relations.

7.3. Test 6. Time-domain simulation with wind turbulence

In practical situations, the wind speed is not constant. Therefore, a
complex turbulent wind field is used in the simulation. The external
loads are caused by the wind field with spatio-temporal turbulence; see
Jiang et al. (2018) for more details. The mean wind speed is set to
12m/s, and =TI 0.146. The seed number is set to 94.

The simulations are conducted with a personal computer with an
Intel Core i7 3.6 GHz CPU using MATLAB version R2017b. The solver in
Simulink is more powerful and flexible than aerodynamic software. A
variable step size and the maximum step size can be set to ensure both
accuracy and efficiency. For a 1000-s simulation, the average compu-
tation time is 710 s. Therefore, the proposed simulation model is fast
enough for the simulation. The histories of the blade root position, COG
position, and tip position are presented in Figs. 19–21. As shown, the
motions in the x-direction are dominant, and the pendulum mode
(0.1 Hz) of the blade system is visible in the time series of the blade
root. Under the turbulent wind condition, the blade root and the blade
tip experience significantly larger motions compared to the blade COG.
For the blade root, the displacement has a 553.6% increase in x, 152.0
%increase in y, and 2482.2% increase in z. The motion at the blade tip
is even larger, whose displacement experiences a 823.3% increase in x,
303.1 %increase in y, 4701.1% increase in z.

8. Conclusion and future research

In this paper, a numerical modeling framework for blade installa-
tion for wind turbine is presented. A single blade installation model is
given along with an example. The model is based on the Newton-Euler
method. The hook, blade, lift wire, sling, tugger line, winch, and wind
are modeled. Code-to-code verification studies are conducted to prove
the effectiveness and correctness of the proposed model. This model
presents a starting point for future research on OWT installation and
related control and monitoring functions.

The model will be integrated with other modules to verify con-
trollers for various scenarios of single blade installation as well as other
marine operations with emphasis on crane operation. In the future, a
structured and more comprehensive MarIn toolbox will be proposed
specifically for marine operations.
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Appendix A. The I/O and parameter description

Table A.5
I/O and important parameters for the winch module.

Module name Winch Symbol Dimension

Inputs Wire length changing rate (m/s) l̇1 [1]
Outputs Wire length (m) l1 [1]
Parameters Initial wire length (m) l (0)1 [1]

Fig. 21. Position of the blade tip center, =U 12w m/s, =TI 0.146.Fig. 20. Position of the blade COG, =U 12w m/s, =TI 0.146.
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Table A.6
I/O and important parameters for the wire rope module.

Module name Wire rope Symbol Dimension

Inputs Positions of both ends (m) p p,A B ×[3 1]
Wire length (m) l1 [1]
Wire length changing rate (m/s) l̇1 [1]

Outputs Forces at both ends (N) f f,A B ×[3 1]
Parameters Wire stiffness (N/s) dr [1]

Wire damping (N.s/m) kr [1]

Table A.7
I/O and important parameters for the hook module.

Module name Hook Symbol Dimension

Inputs Force input from the connected wires (N) f f,li siB A ×[3 1]
Outputs Position of the hook (m) ph ×[3 1]
Parameters Initial position of the hook(m) p (0)h ×[3 1]

Initial velocity of the hook(m) v (0)h ×[3 1]
Hook mass (kg) mh ×[3 1]

Table A.8
I/O and important parameters for the wind generator module.

Module name 3D wind generator with turbulence Symbol Dimension

Inputs Mean wind speed (m/s) Uw [1]
Position of the given point(m) pC i,1/4 × n[3 ]

Outputs Wind velocity at the given points (m/s) νwi × n[3 ]
Parameters Position of the turbulence box center (m) pOw [3]

Orientations of the turbulence box (rad) Θwn [3]
Turbulence data structure – structure

Table A.9
I/O and important parameters for the wind-induce loads.

Module name Wind-induced loads Symbol Dimension

Inputs Position and orientations of the blade (m,rad) ηb [6]
Wind velocity at the centers of pressure of the airfoil segments (m/s) νwi × n[3 ]
Velocity at the centers of pressure of the airfoil segments (m/s) vC1/4 × n[3 ]

Outputs Wind-induced load in the body-fixed frame (N,N⋅m) τw
b [6]

Parameters Blade aerodynamic coefficient structure – –
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Table A.10
I/O and important parameters for the suspended blade module.

Module name Suspended blade Symbol Dimension

Inputs Force input from the connected wires (N) f f,si tiB B × n[3 ]
Wind-induced load (N,N⋅m) τw

b [6]
Outputs Position and orientations of the blade (m,rad) ηb [6]

Position of the positions of the connecting points of the connected wires (m) p p,si ti × ×n n[3 ], [3 ]s t

Position of the centers of pressure of the airfoil segments (m) pC i,1/4 × n[3 ]
Position of the blade aerodynamic centers (m) pC i,1/2

Parameters Initial position and velocity of the blade η (0)b [6]
Yoke mass my [1]
Blade data structure – –
Positions of the connected points to the slings and tugger lines in B{ } p p,si

b
ti
b × ×n n[3 ], [3 ]s t

Appendix B. Modeling of single blade installation in Simulink

The blue labels in Figs. B.22-B.23 are the section numbers in which the specific modules use equations.

Figure B.22. Illustration of the single blade installation model - Part I: lift wire, hook, and slings.
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Abstract: Lifting is a frequently used offshore operation. In this paper, a nonlinear model predictive
control (NMPC) scheme is proposed to overcome the sudden peak tension and snap loads in the
lifting wires caused by lifting speed changes in a wind turbine blade lifting operation. The objectives
are to improve installation efficiency and ensure operational safety. A simplified three-dimensional
crane-wire-blade model is adopted to design the optimal control algorithm. A crane winch servo
motor is controlled by the NMPC controller. The direct multiple shooting approach is applied to
solve the nonlinear programming problem. High-fidelity simulations of the lifting operations are
implemented based on a turbulent wind field with the MarIn and CaSADi toolkit in MATLAB.
By well-tuned weighting matrices, the NMPC controller is capable of preventing snap loads and
axial peak tension, while ensuring efficient lifting operation. The performance is verified through a
sensitivity study, compared with a typical PD controller.

Keywords: offshore wind turbine; offshore operation; lifting operation; blade installation;
model predictive control

1. Introduction

The rapid development of offshore wind farms has been noticed with a trend of continued
increasing in turbine size. The favor of larger offshore wind turbines (OWTs) results in decreasing
costs of installation and grid connection per unit energy produced [1]. This comes with new challenges
in offshore OWT installation. Single blade installation is a method of OWT blade installation,
which allows for a broader range of installation vessels and lower crane capabilities. One blade
is lifted in one lifting operation. Passive and active single blade installation methods have been
studied [2–7].

Typically, the lifting operations are conducted according to pragmatic experiences and short-term
weather forecast. The large peak wire rope tension in the initial stages of the lifting and lowering of a
payload is risky for safety hazards. Extensive research has been conducted on effective crane and winch
control. Various simplified models have been developed to model the crane and payload systems,
e.g., Lagrangian models [8,9], Newton–Euler equations [10], and partial differential Equation [11].
Normally, the axial wire rope elongation is disregarded due to the its high stiffness. The ship-mounted
crane systems have more complicated dynamic characteristics, with a higher number of degrees of
freedom (DOFs) in the control system. A high-fidelity simulation-verification OWT blade installation
model for the control purpose is developed in [4]. However, the model is unnecessarily complex
for design of control laws. The ordinary studied payloads are lumped mass [12,13] and distributed
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mass [14]. Though wire rope elongation is always neglected in transportation mode, it is an important
issue in e.g., heave compensation through a wave zone during moonpool operations [15–19].

Model predictive control (MPC) is a widely applied optimal control technology. The MPC
controller provides real-time feedback by optimizing the future plant behavior in a finite horizon.
Considerable effort has been devoted to improving its robustness and performance [20–25].
The performance of the nonlinear model predictive controller (NMPC) depends on the computation
interval, initial guess, programming algorithms, etc. The stability can be ensured through a careful
selection of designed parameters [26]. Direct methods transform a continuous system of infinite
dimension into a discrete nonlinear programming system of finite dimension. The direct methods can
be categorized into sequential and parallel-in-time approaches. Direct single shooting is a sequential
approach, with a strong requirement to the initial guess, especially for highly nonlinear systems.
However, the shortages of the parallel-in-time approach are the unnecessarily strong nonlinearity of
the optimization problem and the poor convergence behaviors to the desired reference trajectory [27,28].
Optimization theories have been widely used in marine research [29–31]. To effectively solve the
programming problem using embedded platforms, automatic code generation is a widely discussed
issue. A number of user-friendly codes have been developed, where C++ codes for embedded systems
can be generated automatically by several published quadratic programming solvers [32–34].

Though efforts have been made to improve the level of automation for blade mating
operations [3,5,18,35,36], studies are lacking on constrained optimal blade lifting operations from
the deck to improve safety and performance. An NMPC framework for lifting a lumped-mass payload
was presented by the authors in [37]. In this paper, we extend the NMPC scheme for a winch servo to
reduce the abrupt wire tension load increase and to avoid snap loads resulting from a suspended blade
at the initial stages of lift-off (and also lowering) operation. This makes the transfer to the next phase,
moving the blade towards the hub safer and more efficient. The main advantages of NMPC are that an
optimal control action is achieved, where the performance and efficiency can be targeted by proper
tuning of an objective function, while at the same time adhering to constraints that for other methods
must be handled through implementation of logics. The lifted blade should reach the desired height in
a specified speed abstaining from possible dangers. An optimal control problem is formulated for the
lifting process of a blade, with implementation in a well-proven optimization solver. The performance
and properties of the method, compared to a standard proportional-derivation (PD) crane lifting
control law, are then demonstrated in a simulation study with a high-fidelity numerical model. In [37],
only a simplified lifting system was considered, with a lumped-mass payload and known parameters,
whereas wind-induced loads, motor dynamics, hook, and slings were neglected in the simulations.
The extensions made in this paper therefore consist of deriving a reduced model for a more realistic
blade payload in a lifting control design. Based on this, we design an NMPC controller to solve the
formulated constrained optimal lifting problem in a turbulent wind field. Compared to a lumped-mass
payload, a blade has more complex dynamics and aerodynamic characteristics. Simulations are finally
conducted in turbulent wind fields with different mean wind speeds, as well as varying parametric
uncertainties, and the simulation results are discussed.

The paper is structured as follows. In Section 2, the problem formulation is proposed with a
description of the system and an illustrative example. A simplified model of the NMPC controller is
introduced in Section 3. Basic concepts and theories concerning the direct multiple shooting approach
are introduced in Section 4. Simulation results and comparative studies with a proportional-derivative
(PD) controller are presented in Section 5. Finally, conclusions are drawn.

Notation: |x| and |x|A, respectively, denote the Euclidean vector norm and weighted Euclidean
vector norm, i.e., |x|2 = x>x and |x|2A = x>Ax with A = A> > 0. The vector inequality of b ∈ Rn

is denoted by b � b � b, i.e., component-wise inequalities bi ≤ bi ≤ bi hold for i = 1, · · · , n.
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Overlines and underlines, b, b ∈ Rn, stand for vectors containing all the lower and upper limits of the
elements in b, respectively. The saturation operator sat : R→ R is denoted by

sat(a) =





a if a ≥ a,

a if a < a < a,

a if a ≤ a.

(1)

2. Problem Formulation

2.1. System Description

A jackup vessel is considered hereafter for the single blade installation operation. The legs have
been lowered into the seafloor and the jack-up vessel has been lifted out of water, which provides a
stable platform for lifting operations. The blade lifting operation is conducted by a rigidly fixed boom
crane on the vessel. The blade is seized by a yoke through a lift wire and two slings; the configuration
is shown in Figures 1 and 2. A hook connects the lift wire and two slings. The yoke and crane boom are
fastened by two horizontal tugger lines, constraining the blade motion within the horizontal plane due
to the wind-induced loads. The lengths of the tugger lines are adjusted with the blade. Active tension
force control on the tugger lines, such as [3], is not considered. The blade is first lifted up from the
deck of the jackup or a barge, in which the lift wire gradually takes the gravity of the blade and
the wind-induced dynamic loads. The blade is then lifted from a low position up to the hub height.
During this phase, the main dynamic loads are the wind loads acting on the blades. If the lifting speed
changes, the lift wire experiences the inertial loads on the blade. There are always gravity loads acting
on the blade. When the blade is close to the hub height, one may reduce the lifting speed and adjust
the position of the blade root for the final connection.

In this paper, we consider a scenario in which the blade starts in the air with a zero lifting speed.
The supporting force from the deck is not considered. The lifting speed is increased to the target
value and then reduced to zero when it reaches the specific hub height. The payload motion can be
estimated by various methods, e.g., GPS and inertial measurement unit (IMU) sensor fusion algorithm
and motion capture systems.

Figure 1. Single blade installation (Image source: RIPR [38]).
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Figure 2. Free body diagram of the blade lifting operation.

2.2. System Modeling

The blade installation simulation framework used is developed in MATLAB and Simulink [4], in
which necessary modules for blade installation are included, e.g., wire rope, suspended blade, hook,
winch, and wind turbulence. This approach has been applied to analyze and verify active single blade
installation methods [3].

The hook and blade are modeled in 3DOF and 6DOF, respectively. Lift wires function as
single-direction tensile springs that can only provide tension when the axial elongation is greater than
zero. A turbulent wind field is generated by the Mann model in HAWC2. Because of the geometric
complexity, the wind-induced loads are calculated according to the cross-flow principle. The total wind
loads acting on the entire blade are the sum of the lift and drag forces measured at each airfoil segment.

An National Renewable Energy Laboratory (NREL) 5MW wind turbine blade is selected as the
payload for a case study [39]. Due to physical limitations, the winch cannot reach a reference speed
infinitely fast, nor exceed the designated safe speed. Hence, we assume the occurrence of saturation for
both winch acceleration and winch speed. The main system parameters used are tabulated in Table 1.

Table 1. Parameters of the single blade installation system.

Parameter Symbol Unit Value
Mass of the blade mt ton 17.74
Mass of the yoke mt ton 20
Mass of the hook mh ton 1

Initial length of the lift wire l̄1(0) m 40
Length of the rope positioned in front of the pulley lb m 60

Length of the slings ls m 9.17
Elastic module EA N 2.375× 109

Modified coefficient γ - 0.5
Initial lifting speed l2(0) m

s 0
Desired lifting speed v1d

m
s ±1.2

Winch speed boundary [v1, v1]
m
s [−1.2, 1.2]

Winch acceleration boundary [u, u] m
s2 [−2, 2]

A local Earth-fixed, assumed inertial, reference frame is adopted with the x-, y-, and z-axes
pointing in northern, eastern, and downward (NED) directions, respectively. Translational velocities
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measured along the axes are denoted ẋ, ẏ, and ż. The orientations about the fixed axes are given by
roll, pitch, and yaw angles, denoted φ, θ, and ψ, respectively.

2.3. Case Study

Since the blade is lifted off at a low level where the wind speed is low and the lift-off operation
happens in a short duration of a few seconds, we consider a blade lift without aerodynamic loads.
At the start of the simulation, the suspended blade is stabilized at an equilibrium point by the lift wire,
slings, and tugger lines without oscillation in the lift wire. When a sudden lifting or lowering action is
executed at 100 s, the lifting speed is changed to the constant desired speed v1d in a very short time.
The wire tension history is shown in Figures 3 and 4 for lifting and lowering, respectively.

100 100.5 101 101.5 102
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300

400
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900

1000

1100

Figure 3. The lift wire tension history of a suspended blade with constant lifting-off speeds.

In the figures, the only changing parameter is the setpoint lifting speed. It is observed that snap
loads or sudden peak tensions are excited in the first 0.5 s, followed by the occurrence of damped
oscillations due to the axial damping. The larger sudden tension occurs at the beginning of the lifting
operation due to significant winch speed acceleration. The magnitude of the dynamic tension increases
with the lifting speed.

In the tension history curves, there are some high-frequency peaks of minor amplitude, which are
induced by the slings. The tension deviation caused by the blade’s motion in the horizontal plane is
very small compared to the peak values. The amplitude of the oscillation decreases slowly.

Jerking occurs more easily at a higher lifting speed. A sudden tension maximum is dangerous.
Snap loads, which occur when the axial tension decreases to below zero, are induced during this
lifting operation. The maximum tension, on the other hand, may exceed the lift wire strength. Thus,
the minimum value for the axial elongation of the wire should always be non-negative. The restoring
force does not act on the payload due to the negative axial elongation when snap occurs. Furthermore,
the magnitude of the blade motion is enlarged when snap loads occur, resulting in a potential impact
damage between the blade and deck.



Energies 2019, 11, 50 6 of 22

100 100.5 101 101.5 102

100

200

300

400

500

600

700

800

900

1000

1100

Figure 4. The lift wire tension history of a suspended blade with constant lowering speeds.

In practice, the lifting speed should be changed gradually from 0 to the setpoint speed to prevent
the zero tension in the lift wire. In this paper, we show how constrained optimization conveniently can
be designed to achieve this while simultaneously satisfying relevant constraints in the control system.

2.4. Problem Statement

The objective is to design a safe and efficient lifting scheme using constrained optimal control to
achieve the necessary lifting performance. In more detail, there are seven optimal targets:

(a) Reach the desired setpoint lifting speed v1d from zero speed in the shortest time possible within
the constraints,

(b) Protect overload tension and reduce dynamic tension by controlling the winch speed,
(c) Prevent winch servo motor burnout by limiting the winch acceleration,
(d) Prevent negative elongation and snap loads,
(e) Reduce the wire rope wear,
(f) Limit the maximum speed of the servo motor,
(g) Reach the desired wire rope length.

The tugger lines are assumed to be released with the lifting operation. Therefore, tugger lines
do not provide restoring forces unless wind-induced blade displacement is higher than expected.
We assume that the blade orientation variance caused by the lifting operation and the wind-induced
load is insignificant, and the lifting or lowering operation is so short that wind-induced motion is
not affected.

A lifting process is divided into three phases: the startup region, the steady region, and the
slowdown region; see Figure 5. The control objective of each region is tabulated in Table 2. Region I
denotes the startup stage, wherein the payload speeds up to the desired lifting speed v1d from initial
winch speed v1(0) = 0. Sudden overloads or snap loads mainly occur at the beginning of Region I.
In Region II, spanning from the end of the startup stage to the outset of the slowdown stage, a steady
motion is performed. The purpose of this stage is to ensure the desired lifting speed, i.e., v1(t) = v1d.
The controller should be deactivated during this stage due to the low dynamic tension. Instead,
a simple proportional controller is used in this phase for its simplicity. Region III is the slowdown stage,
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where the controller is again activated. The lifting speed should be reduced to zero. Dynamic tension
mainly occurs in the initial period. In addition to all requirements for Region I, the desired wire rope
length should be achieved. The controller is switched off at the end of Region III.

Figure 5. Example of the lifting problem in different regions.

Table 2. Objectives for Regions I and III.

Objective No. Region I Region III
(a) X X
(b) X X
(d) X X
(d) X X
(e) X X
(f) X X
(g) X

3. Reduced Model for Control Design

A reduced model is adopted for the optimization problem in a three-dimensional
north–east–down (NED) coordinate system [40]. The crane is assumed to be rigidly fixed on the vessel.
The masses of the hook, yoke, and blade are mh, my, and mb, respectively. We assume that the overall
payload mass mt is concentrated at the blade center of gravity (COG), where mt = mh + my + mb.
Furthermore, the lift wire and slings are considered as one unit without the consideration of the lift
wire control; it provides a restoring force on the moving blade. We assume that the ropes are replaced
by a lightweight rope, i.e., its mass is assumed to be zero. The blade COG is suspended by the rope,
which is connected to the winch through a pulley fixed at the crane tip. Hence, a tensile spring is
employed to model the wire rope. The unstretched length of the spring l̄1 denotes the distance between
the pulley and blade COG. Tugger lines are released at a speed such that only vertical lifting is allowed.
Because the lifting operation is executed over a short period, the horizontal wind-induced load is
assumed to be restrained by tugger lines and can be disregarded. A 3DOF lifting model, with an
elastic wire rope and a controllable winch, is deduced based on the Newton–Euler method in the NED
coordinate system. Four vectors are defined correspondingly:

the position of the blade COG: rt = [xt, yt, zt]
>,

the position of the pulley: rp = [xp, yp, zp]
>,

the translational velocity of the blade COG: ut = [ẋt, ẏt, żt]
>,

the velocity of the pulley: up = [ẋp, ẏp, żp]
>.

The total force acting on the payload is given by
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Mtu̇t = G + τtr + τtd, (2)

where the mass matrix is written as Mt = diag(mt, mt, mt), G, τtr, τtd are the gravity, restoring force,
and damping force, respectively. If the lifting speed changes quickly, the main reason for the large
dynamic tension is from the lifting wire. Then, the blade wind loads could be considered as quasi-static
loads. Hence, the controller is not developed to compensate the dynamic tension due to the disturbance
in wind.

3.1. Restoring Force

Additional two vectors are defined to shorten the equations. The relative position vector from the
pulley to payload ∆1 and its time derivative ∆2 are respectively defined as

∆1 := rt − rp, (3a)

∆2 := ut − up. (3b)

The restoring force of the lift wire τtr reacts with positive wire rope axial elongation, i.e.,

τtr = −κ(δ)krδ
∆1

|∆1|
, κ(δ) =

{
1, δ ≥ 0,

0, otherwise,
(4)

where κ denotes the restoring action coefficient, δ = |∆1| − l̄1 is the elastic elongation, and kr is the
stiffness. Determined by the material, diameter, and strand construction, the generalized stiffness of
the rope is modeled as

kr = γ
EAr

l1
, (5)

where γ is the modified coefficient of a stranded wire, E stands for the Young’s modulus, Ar denotes
the cross-sectional area of the rope, and l1 = l̄1 + lb, where we assume that the length of rope between
the winch and pulley lb is constant.

3.2. Damping

The wire rope has a small damping ratio, generally selected as 0.1–0.5% of the critical damping
value [41]. Hence, the damping force τtd is given by

τtd = −dl δ̇
∆1

|∆1|
= − dl
|∆1|

(
∆>1 ∆2

|∆1|
− v1)∆1, (6)

where v1: = l̇1 denotes the wire length changing rate, dl is the damping coefficient, and the elongation
changing rate δ̇ is given by

δ̇ =
∆>1
|∆1|

∆2 − v1. (7)

3.3. Winch Servo Motor

A variable-speed DC motor with motion feedback control is used as the winch servo motor to
follow the specific motion trajectory. The field voltage is employed as an input for the DC motor.
The produced magnetic torque Tm is proportional to the armature current i f , given by

Tm = kmi f = Tl + Td, (8)

where km is the motor constant, Tl is the load torque, and Td is the disturbance torque. The transfer
function between i f and the field voltage Vf is given by
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i f

Vf
(s) =

1
R f + L f s

, (9)

where R f and L f are the armature resistance and inductance. The transfer function between the winch
servo motor acceleration, u = v̇1, and Tl is given by

u
Tl
(s) =

s/rm

Jms + Bm
, (10)

where rm is the radius of the winch, Jm is the moment of inertial, and Bm denotes the viscous
friction coefficient. The low-level servo motor speed and torque control is not discussed in this
paper. We assume that the field-current-controlled motor can effectively track the signal u generated
from the proposed controller.

3.4. Model Summary

Under the aforementioned assumptions, disregarding wind-induced loads and substituting
Equations (4) and (6) into Newton’s second law (2), the simplified control design model for the
considered blade lifting operation is produced,

ṙt = ut, (11a)

Mtu̇t = −A(rt, rp, l1, v1)∆1 + G, (11b)

l̇1 = v1, (11c)

v̇1 = u, (11d)

where A(rt, rp, l1, v1) = at I3×3, with at = γEA |∆1|−l̄1
l1|∆1| + dl

|∆1| (
∆>1 ∆2
|∆1| − v1), and G = [0, 0, mtg]> is gravity.

The nonlinearity of the differential Equation (11) mainly derives from the function at.

4. Design of the Optimal Control

NMPC is adopted to solve the proposed constrained optimization problem. Numerical nonlinear
optimization involves finding suitable inputs for a complex nonlinear system that minimizes a specified
performance objective within system constraints. The direct multiple shooting approach is adopted
hereafter for discretization, and the ODE (11) is used for prediction.

4.1. Direct Multiple Shooting Method

A continuous optimal control problem is transformed into a nonlinear programming (NLP)
problem through a direct multiple shooting approach. According to the discretization of the
state variables and control inputs for finite dimensional parameterization of the path constraints,
shooting nodes and piecewise functions are adopted to approximate the variables. Then,
a quasi-Newton method is employed to solve it.

A time grid t0 < t1 < · · · < tN is generated over a time horizon [t0, t0 + T] by dividing the
period into N subintervals with a constant time step equal to the sampling time, i.e., δt = T/N.
To simplify the expression, x(tk) is denoted by xk, where tk = t0 + kδt. For a subinterval [tk, tk+1],
the state numerically updates with the explicit integrator F and approximates the solution mapping,
i.e., xk+1 = F(xk, uk). Two additional variables, si and qi, are introduced as discrete representations of
x and u, respectively, i.e., sk+1 = Fk(sk, qk). Zero-order hold is used as the feedback signal input from a
finite-dimensional NLP problem during subinterval [tk, tk+1]. The notations of the above processes are
presented in Figure 6.
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Figure 6. Illustration of direct multiple shooting.

A dynamic optimization problem with constraints can be solved using a multiple shooting
approach, which is formulated as

min
S,Q

1
2

N−1

∑
k=0

lk(sk, qk) + EN(sN), (12a)

s.t. x0 − s0 = 0, (12b)

F(tk+1; tk, sk, qk)− sk+1 = 0, k = 0, · · · , N − 1, (12c)

h(sk, qk) � 0, k = 0, · · · , N, (12d)

r(sN) � 0, (12e)

where S = [s1, · · · , sN ] denotes the state trajectory containing all the the state vector at the kth time
interval xk, Q = [q1, · · · , qN−1] refers to the control trajectory, equations (12b–12e) denote the initial
value, continuity condition, path constraints, and terminal constraints, respectively. The objective
function, which consists of an integral cost contribution (or Lagrange term) lk and an end time cost
contribution (or Mayer term) EN , can be chosen as, e.g.,

lk(sk, qk) = |sk − xre f
k |2Q + |qk − ure f

k |2R,

EN(sN) = |sN − xre f
N |2P ,

where Q,R, and P denote positive-definite diagonal weighting matrices.
An example of the path is given by

u � uk � u, k = 0, · · · , N − 1,

s � sk � s, k = 0, · · · , N − 1,

where s, s, u, and u are the lower and upper limits for state s and input u. The limits can be chosen
according to the critical operational conditions and physical actuator constraints. The desired trajectory
for sk and qk are denoted by xre f

k and ure f
k . Several established methods can be used to solve the NLP

problem, e.g., interior point methods [42–44] and genetic algorithms [45,46].
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4.2. NMPC Design

For the blade lifting problem, the NLP problems in Regions I and III are summarized in Table 3.

Table 3. Summary of the control algorithm for different regions.

Region Control Law

I

min
S,Q

N

∑
k=0

[kδ(
d

d t
|∆1| − v1)

2 + kd(v1 − v1d)
2] +

N−1

∑
k=0

kuu2, (13a)

s.t. u ≤ u ≤ u, k = 0, · · · , N − 1, (13b)

|∆1| − l̄1 ≥ 0, k = 0, · · · , N, (13c)
˙|∆|1 − v1d = 0, k = N; (13d)

II u = −kp(v1 − v1d); (14)

III

min
S,Q

N

∑
k=0

[kδ(
d

d t
|∆1| − v1)

2 + kd(v1 − v1d)
2 + kl(l̄1 − l̄1d)

2] +
N−1

∑
k=0

kuu2, (15a)

s.t. u ≤ u ≤ u, k = 0, · · · , N − 1, (15b)

|∆1| − l̄1 ≥ 0, k = 0, · · · , N, (15c)
˙|∆|1 − v1d = 0, k = N, (15d)

l̄1 − l̄1d = 0, k = N; (15e)

In Table 3, kp > 0 is the gain of the P controller, and ku, kδ, and kd are the weights for different
components in the cost function. Quadratic objective functions are adopted. The physical meaning of
different equations are explained as follows: in equations (13a) and (15a), ( d

d t |∆1| − v1)
2, (v1 − v1d)

2,
(l̄1 − l̄1d)

2, and u2 penalize the relative speed between the payload and winch, the deviation between
the real-time winch speed and the desired final winch speed, the difference between the real-time lift
wire length and the desired final length, and the winch input, respectively. The corresponding targets
of these terms in Section 2.4 are (b,e), (a,f), (g), and (c), respectively. The objectives of the inequality
constraints (13b) and (13c) are (c) by limiting the control input and (d) by ensuring that elongation is
always non-negative. The selection of the boundary values u and u depends on characteristics and
configuration of the winch. The equality constraints (13d) and (15e) ensure that the lifting speed and
lift wire length reach their specified values at the final time.

For the proposed model in (11), there are eight states and one control input. The initial prediction
is significant for the computational efficiency and stability. Figures 7 and 8 show an example of the
weight selection with respect to the time interval tk, k = 0, · · · , N − 1. Sudden tension peaks occur
at the beginning of the start up and slowdown phases. Hence, high weights are selected for kδ at the
beginning period to prevent significant sudden overload, and similarly high weights are needed for kd
at the end of the period to achieve desired lifting speed.
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Figure 7. An example of the normalizing weights for Region I with respect to the subinterval number.
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Figure 8. An example of the normalizing weights for Region III with respect to the subinterval number.
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4.3. Stability Considerations

Define new states as x1 = |∆1| − l̄1 − mgl1
γEA , x2 = ẋ1 = d

dt |∆1| − (1 + mg
γEA )v1 with d

d t |∆1| = ∆>1 ∆2
|∆1| ,

x3 = l1 − l1d, and x4 = ẋ3 = v1 − v1d. The dynamics are given by

ẋ1 =x2, (16a)

ẋ2 =− 1
|∆1|3

(∆>1 ∆2)
2 +

1
|∆1|

∆>2 ∆2 +
1
|∆1|

∆>1 ∆̇2 − (1 +
mg

γEA
)u, (16b)

ẋ3 =x4, (16c)

ẋ4 =u− v̇1d(t). (16d)

The vector form is

ẋ = f (t, x, u), x(t0) = x0, t ≥ t0 ≥ 0, (17)

where x = [x1, x2, x3, x4]
> and u is constrained, i.e., u ∈ U.

Function f is twice continuously differentiable. For x = 0, we have that |∆1| = l̄1 +
mgl1
γEA is a

constant, l1 = l1d, and v1 = v1d. Hence, d
dt |∆1| = 0, ∆>1 ∆2 = 0, |∆2|2 = 0. When the crane pulley is

fixed, ∆̇2 = u̇t = 0. In addition, if u = 0, we get f (t, 0, 0) = 0 for all t ≥ t0. From (13b) and (15b),
u = 0 is included in U, and U is a compact and convex set. Hence, system (16) has a unique solution
for any initial condition x0 and piecewise continuous input u(t), t ≥ 0. Furthermore, the Jacobian
linearization of the nonlinear system (16) is stabilizable. In our case, starting in Region I at zero velocity
and Region III from a constant desired speed, a feasible solution is a matter of accelerating slowly
enough. Hence, feasibility solutions always exist so that there exists at least one input profile Q for
which all the constraints are satisfied. Therefore, according to the Theorem 1 in [47], the closed-loop
system (16) with optimal control problem (13) and (15) is asymptotically stable, if a sufficiently small
sampling time δt is adopted and there exist no disturbances.

4.4. Overview of the Control System

A block diagram of the control scheme is presented in Figure 9. As several controllers are proposed
in Table 3, a switching logic outputs a signal σ to determine the working controller used for a specific
period. The switching rule is given in Algorithm 1, where σ = 0 denotes that all controllers are
switched off and σ ∈ {1, 2, 3} is the index of the corresponding controller; µ ∈ (0, 1) is a coefficient
setting the boundary of Controller I. The feedback to the controller I is the position and velocity of the
payload, length of lift wire, and winch servo motor speed. The feedback to the PD controller is the
length of lift wire and winch servo motor speed.

Figure 9. Block diagram of the hybrid control scheme.



Energies 2019, 11, 50 14 of 22

In addition, an observer is needed to filter the sensor noise and estimate unmeasured states
in practical applications [48]. Observer design is not the emphasis of this paper and therefore
not considered.

Algorithm 1 Switching rule.

Data: (l1, v1, µ, l1d, v1d, ls)
Initialize: σ = 0,
if operation starts

if (σ = 0 or 1) and v1 < µv1d

σ = 1
elseif (σ = 1 or 2) and v1 ≥ µv1d

σ = 2
elseif (σ = 2 or 3) and 0 ≤ |l1 − l1d| ≤ ls

σ = 3
end

else
σ = 0

end
Return: σ

5. Simulations and Results

5.1. Simulation Overview

The simulations are conducted in MATLAB. The structural parameters used are tabulated in
Table 1. The limits of the winch loads are considered to be expressed by the maximum acceleration.
The wind field with turbulence starts acting on the blade with a ramp over the first five seconds. Class C
turbulent winds with corresponding turbulence intensity (TI) are adopted in the simulations [49].
CaSADi and MarIn toolboxes are used to solve the NLP problems. The ipopt solver is adopted.

The simulation scenario involves lowering a suspended NREL 5 MW wind turbine blade 10 m.
The initial wire length is l̄1 = 40 m, the final desired length is l̄1 = 50 m, and the final desired
lifting speed is v1d = 1.2 m/s. The control horizon is topt = 4 s with 40 subintervals. The following
parameters are used for the different regions:

(a) Region I: Start a lifting with an initial wire length and initial speed, and reach a desired speed
in topt:

• l̄1(t0) = 40 m,
• v1(t0) = 0 m/s,
• v1(t0 + topt) = v1d = 1.2 m/s.

(b) Region II: Stabilize the lifting speed to the desired value:

• v1(t) = v1d = 1.2 m/s.

(c) Region III: Stop the lifting operation with the following initial speed, and reach the desired lift
wire length in topt:

• v1(t1) = 1.2 m/s,
• v1(t1 + topt) = 0 m/s,
• l̄1(t1 + topt) = 50 m.

Tugger lines are released with a speed of vtug, i.e.,
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vtug,i =
zt − ztug,i

ltug,i
v1, (18)

where subscript i is the index of the tugger line, ztug is the vertical position of the tugger line connection
point to the crane boom, and ltug is the length of the tugger line.

5.2. Basic PD Controller

To compare the NMPC controller performance, PD controllers are used. These open-loop
controllers accelerate the winch servo motor to the desired speed. Due to physical limitations of
the actuator (winch servo motor), saturation modules are applied to bound the lifting acceleration and
velocity. A lowpass filter is used as a reference model. In summary, the combination of the lowpass
filter and PD controller is given by

l̇d = −ωv1(ld − lre f ), (19a)
˙̄l1 = sat (v1) , (19b)

u =

{
sat
(
−ω2

v1(l̄1 − ld)− 2ζv1ωv1v1
)

, Reg. I, III,

sat (−kv1(v1 − v1d)) , Reg. II,
(19c)

where lre f and ld denote the final reference and desired trajectory for the lift wire length, ζv1 is the
relative damping ratio, and ωv1 is the natural frequency. Select ζv1 = 1 to ensure critical damping.
Different ωv1 values are assigned to different regions. In Region II, ωv1 can be smaller than ωv1 in
Regions I and III. In the simulation, ωv1 = 0.57 in Region I and III and kp = 0.5 in Region II.

5.3. Comparative Simulation Results

By well-tuned weighting matrices, the simulation results are illustrated in Figures 10–14. In the
simulations, γ = 0.5 is used in the NMPC controller. Each bar presents the mean value of five
simulations with different turbulence seeds.
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Figure 10. Performance of the PD controller with saturating elements and NMPC controller.
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45 50 55 60 65 70

4.5

5

5.5

6

6.5

Figure 11. The field voltage, γ = 0.5, mean wind speed 0 m/s, TI = 0.

Note that this is not an accurate value because the overall stiffness is influenced by the slings.
The simulations feature a difficult scenario with a short Region II. Typically, the Region II operation
can be much longer than five seconds, so that the transient effect in the lifting wire tension may die
out. Hence, the maximum dynamic tension in the results simulated here may be higher than those
with a longer Region II. The controller is switched off at the end of Region III.
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Figure 12. Comparison of the time-domain simulation results of the tension on the lift wire, γ = 0.5,
mean wind speed 0 m/s, TI = 0.
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Figure 13. Comparison of the time-domain simulation results of the tension on the lift wire, γ = 0.5,
mean wind speed 8 m/s, TI = 0.174.

Both the PD controller and NMPC controller are successful at lifting the payload to the desired
position at the required speed. However, much less dynamic tension is generated by the NMPC
controller than by the PD controller. The PD controller generates a smoother control input profile that
is unable to cancel out the axial oscillation. The lift natural frequency of the wire tension is the same
for both simulations. Because the NMPC controller significantly reduces the tension on the lift wire,
the amplitude oscillation of the servo motor field voltage input is much lower for the NMPC scheme.

45 50 55 60 65 70
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400

450

Figure 14. Comparison of the time-domain simulation results of the tension on the lift wire, γ = 0.5,
mean wind speed 12 m/s, TI = 0.146.
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Before the start of the lifting operation, the blade is stabilized by the tugger lines, and the tension
oscillation is not remarkable. In Region I, the NMPC controller eliminates most of the oscillation.
In Region II, the tension oscillation is caused by interactions between the wind-induced load and the
tugger lines. However, the tension oscillation is acceptable in this region. Although the axial tension is
not perfectly canceled out in Region III, the NMPC controller performs better than the PD controller.
Due to the small wire rope damping ratio, the dynamic tension continues to oscillate after reaching the
desired lifting speed. Additionally, because of the higher wind loads, the magnitude of the tension
oscillation after the end of the lifting operation increases with higher mean wind speed. It is evident
that the amplitude of oscillation is effectively reduced by the proposed NMPC scheme.

The NMPC approach exhibits a superior capacity to regulate the dynamic oscillation, compared to
the PD controller. Thus, the NMPC algorithm succeeds to limit winch wear. However, its performance
can be further improved, as shown in [37] owing to the simplification of the reduced model.

5.4. Robustness Test of the Algorithm

The performance of an NMPC controller is determined by the fidelity of the selected control
design model. In our case, the most uncertain parameters are the lift wire stiffness and the neglected
wind speed. The effects of model uncertainty matter, as the lift wire stiffness is estimated. Hence,
a series of simulations are conducted to test their influence to the controller performance. The wire
stiffness is changed by γ = {0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65}, while the γ of the NMPC controller
remains set at γ = 0.5. The mean wind speed is used as a variable in the simulation, ranges from
4–12 m/s. The corresponding results are presented in Figures 15 and 16.
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0
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Figure 15. Comparison of the maximum dynamic tensions resulted by the NMPC and PD controllers,
mean wind speed = 0 m/s (upper: Region I, lower: Region III).

In Figure 15, we see that the dynamic tension caused by the NMPC controller is almost less
than 40% of those resulting from the PD controller. The NMPC controller significantly reduces the
dynamic tension at the start and end of a lifting operation, even when the stiffness is not well known.
In Figure 16, the performance variation of the PD controller resulted from the increasing stiffness
uncertainty increasing significantly, while the performance variation of the NMPC controller is small
under the same uncertainties. The mean wind speed does not weaken the NMPC performance,
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since the mean wind speed does not seem to influence the wire tension considerably. Wind loads are
compensated by the tugger lines. Therefore, the robustness of the proposed NMPC law is satisfactory.
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Figure 16. Comparison of the maximum dynamic tensions resulted by the NMPC and PD controllers
in a turbulent wind field, mean wind speed = 4–12 m/s (upper: Region I, lower: Region III).

5.5. Discussion

We found that the NMPC performance deteriorates with a large sampling interval. In this case,
the sampling rate does not satisfy the Nyquist–Shannon sampling theorem if the interval is greater than
twice the natural period of the axial oscillation (approximately 0.4 s), i.e., discrete measurements do
not approximate the underlying continuous responses. Using shorter sampling and control intervals,
not surprisingly, the performance of the control scheme is significantly improved, resulting in more
subtle control. Nonetheless, the computation speed depends on the computational capabilities of the
measurement and embedded systems. Hence, a trade-off must be made between hardware capabilities
and control performance. In the simulation results, we have chosen the sampling period as 0.1 s for
this trade-off. The variance in results observed at various lengths of time horizons is limited, as several
axial oscillation periods exist in the selected optimal horizon. Therefore, several tension oscillation
periods occur over an optimization horizon.

The control effort is determined by the weight matrices in the cost functions. The weights in the
Mayer term is more important than the weight values for the end step, since the latter only determines
one value among N + 1 values of the sum operator. The final performance could be prioritized by
enhancing it. The running time for the direct multiple shooting approach is longer than that of the
direct single shooting approach due to much fewer Karush–Kuhn–Tucker (KKT) conditions involved
in the single shooting approach [50]. On the other hand, its application is limited by the strong
dependence on the initial guess.

6. Conclusions

An NMPC algorithm is proposed as a mean for efficient and safe lifting operations of a wind
turbine blade, by limiting sudden overloads and snatch loads. The simplified model for control
design is derived using the Newton–Euler approach. The proposed algorithm has a simple structure.
According to the comparative study results, the proposed controller successfully prevents the sudden
peak tension, tension dynamics, and the axial oscillation. The NMPC controller still performs well
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when the lift wire stiffness is poorly estimated or the suspended blade is exposed to a turbulent
wind field.

To further improve the system performance when exposed to higher wind speed and model
uncertainties, the further research emphasis is on adaptive and robust optimal control schemes, e.g.,
tube-based model predictive control. In addition, NMPC applications to the blade lifting operation
using a floating installation vessel for deep water installation will be investigated.
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Abstract

Single blade installation is one of the methods for installing large wind turbine blades at an off-

shore site. During this installation, each blade is lifted by the main crane from the deck of an

installation vessel or a transportation barge with blade root approaching the hub. The blade

root is then bolted to the hub. The final mating phase is critical and requires high precision.

Tugger lines from the crane boom are connected to the suspended blade to reduce pendulum

motions. The entire process is typically completed without active tugger line force control. Due

to wind-induced blade loads, strict requirement on installation precision, and the limitations

imposed by the lifting equipment, the single blade installation operations are subject to weather

constraints. Therefore, developing techniques to reduce the blade motions and consequently

shorten the installation time is desired. In this paper, an active control scheme is proposed to con-

trol the tugger line forces acting on a blade during the final installation stage before mating. A

simplified three degree-of-freedom blade installation model is developed for the control design.

An extended Kalman filter is used to estimate the blade motions and wind velocities. Feedback

linearization and pole placement techniques are applied for the design of the controller. Simula-

tions under turbulent wind conditions are conducted to verify the active control scheme, which

effectively reduces the blade root motions in the wind direction.

KEYWORDS

extended kalman filter, feedback linearization, force control, pole placement, single blade

installation, wind turbine

1 INTRODUCTION

With increasing energy consumption and environmental concerns, renewable wind energy has received substantial scientific, societal, and indus-

trial attention in recent years. Many countries plan to enlarge the share of wind energy in their national energy portfolio.1 In 2016, wind energy

accounted for 51% of all new energy installed capacity in the European Union.2

Because of land resource limitations and better wind quality, offshore wind turbines (OWTs) are becoming increasingly popular. At present, most

offshore wind farms consist of wind turbines supported by monopiles, which are the most cost-effective type of support structure for shallow

water.3-7 However, the price of electricity from offshore wind can be approximately three to four times greater than electricity from onshore wind.8

For an offshore wind farm project, capital expenditures (CapEx) and operational expenditures (OpEx) are the two main categories of the expenses.

The assembly and installation cost is the third largest element in CapEx, accounting for 11.6%.8 Offshore installations, including lifting and mating

operations, are expensive. Because of the limitations of lifting and monitoring equipment, spending time waiting for the right weather window is not

uncommon.

Selecting the suitable installation method for OWTs is often a trade-off among several aspects, such as onshore and offshore assembly costs, crane

capacity, and deck usage of the transportation vessel. Different installation strategies exist, with varying numbers of pre-assembled components

and offshore lifts. For example, if the rotor and all three blades are assembled onshore, then only one offshore lift is required for the rotor assembly,

without the need for individual blade lifts.9 As the rotor diameters of the biggest wind turbines begin to reach 180 m, lifting an entire rotor assembly

offshore may face more challenges in addition to transportation issues. Large and high cranes have to be used.

Single blade installation is one of the alternatives for installing wind turbine blades at an offshore site. In this approach, one blade is lifted by the

main crane from the deck of an installation vessel or a transportation barge and attached to the nacelle on the top of the tower. Tugger lines are used

Wind Energy. 2018;1–15. wileyonlinelibrary.com/journal/we © 2018 John Wiley & Sons, Ltd. 1
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to connect the suspended blade to the crane boom to reduce pendulum motions, typically without any active control. Single blade installation allows

for the selection of a wider range of installation vessels with lower crane capacity. The deck space is more efficiently used, and a crane vessel can carry

more turbine components in a single trip. Nevertheless, single blade installation requires more offshore lifts than the assembled rotor approach, and

it is limited to a mean wind speed10 of 8 to 12 m/s. Recently, both the research community and industry have made efforts to understand the physics of

and to make improvements to the state-of-the-art single blade installations. The aerodynamics and aeroelastic behavior of a single blade at standstill

are studied in other studies.10-13 In Jiang et al,14 the motion characteristics of a blade installation model are identified, and the critical parameters

that influence the final blade installation stage are investigated. Meanwhile, specialized commercial products, such as LT575 Blade Dragon,15 allow

single blade installations to be conducted under higher wind speeds. Another example is the Boom Lock technology,16 which reduces the blade

motion and expands the operational limits.

In addition to the aforementioned tools, using automatic control to assist single blade installation is of interest. Successful applications of auto-

matic control are familiar in the fields of marine operations and wind turbine operations. Traditionally, marine operations are heavily dependent on

human interactions. With the advancements in automatic control, many operations can be performed with increased efficiency and reliability. In

the field of ship-mounted crane operations alone, various control strategies have been applied to reduce the motions of suspended cargoes,17-20

to reduce the roll motion,21 and to facilitate moonpool operations.22,23 For wind turbines, studies have primarily focused on the operating condi-

tions. Control strategies are developed concerning voltage control,24 generator speed regulation,25 and load reduction.26 However, to the authors'

knowledge, no active control scheme has been applied to regulate the tugger line forces for blade installation purposes.

In this paper, a closed-loop control scheme for single blade installation is proposed, which includes an extended Kalman filter (EKF) and a feedback

linearization proportional-integral-derivative (PID) controller. The active controller reduces the blade motions in the assumed scenarios and can

potentially be used to expedite the installation process. The remainder of this paper is structured as follows. The system description and problem

formulation are presented in Section 2. Additionally, a simplified control design model (CDM) with the blade motion described by three degrees

of freedom (DOFs) is introduced for designing the observer and the controller. A simulation verification model (SVM) with a 6DOF blade is also

introduced to verify the closed-loop performance. In Section 3, an EKF is designed to filter the measurement noise and to estimate the unknown

states, while the feedback linearization and pole placement techniques are applied in the control design. Section 4 presents the verification of the

control scheme using both the CDM and the SVM. A set of comparative studies are conducted to prove the active controller performance. Section

5 presents conclusions and recommendations for future studies.

Notations: In this paper, scalars, vectors, and matrices are denoted with normal lowercase letters, bold lowercase letters, and bold capital letters,

respectively.

2 PROBLEM FORMULATION

2.1 Description of the installation procedure

The installation of an offshore monopile-type wind turbine can be divided into several stages. The monopile is first hammered into the seabed,

followed by assembly of the transition piece, tower, nacelle, and blades. Three lifts are involved for the blades if the single blade installation technique

is applied. Before the blade installation begins, the hub is rotated to a horizontal position for wind turbines with a conventional gear transmission.

Then, the blade is seized by a yoke at its center of mass and lifted to the hub height by a crane vessel from the deck. At the final installation stage, the

blade root motions are closely monitored using an onboard motion capture device.27 If the motions are within the allowable limits, then the mating

process follows. Figure 1 illustrates a typical mating phase between the blade and hub. Tugger lines are used to constrain the blade motions. When

the guide pins on the blade root have entered the flange holes on the hub, the mating process is finished. Then, manual work is involved to bolt the

blade onto the hub, followed by retraction of the lifting gear. A detailed description of the procedure can be found in Jiang et al.14

The main wind direction is supposed to be constant. Two reference frames with right-hand coordinates are defined in the following:

• Global frame {G}: The origin Og is placed at the mean water level with the x-axis pointing in the constant main wind direction, the z-axis pointing

downward, and the y-axis according to the right hand rule. The rotations about the x-, y-, and z-axes are named roll (𝜙), pitch (𝜃), and yaw (𝜓),

respectively.

• Blade body-fixed frame {B}: The origin Ob is located at the blade center of gravity (COG). The yb-axis points in the spanwise direction, from the

root to the tip. The zb-axis points downward. The planar translational velocity in the body-fixed frame and the rotational velocity in yaw are

denoted by u, v, and r, respectively.

2.2 Control design model

To facilitate the design of an observer algorithm and a control law, we use a simplified CDM to describe the blade installation system. The following

fundamental assumptions are made in the analysis:

1. The position of the crane tip [xp, yp, zp]⊤ remains constant. Without loss of generality, we assume that [xp, yp]⊤ = [0,0]⊤.

2. Only the three planar motions are considered, ie, surge (x), sway (y), and yaw (𝜓).
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FIGURE 1 Illustration of the mating phase during a single blade installation. (Image source: RWE GmbH28) [Colour figure can be viewed at
wileyonlinelibrary.com]

3. The blade yaw angular velocity 𝜓̇ is small.

4. The blade motions in different DOFs at COG are independent, but the resulting translational motions at the blade root are also dependent

on the yaw motion.

Based on these assumptions, a decoupled 3DOF single blade installation model can be expressed as follows:

𝜼̇ = R𝝂, (1a)

ḃ = − 1
Tb

b + wb, (1b)

M𝝂̇ = R⊤(g + b + Bu) + 𝝉w , (1c)

U̇w = − 1
Tw

Uw + ww , (1d)

where 𝜼 = [x, y, 𝜓]⊤ ∈ R2 × S denotes the position and orientation of the blade COG in the global frame, 𝝂 = [u, v, r]⊤ ∈ R3 includes the linear

velocity and the updating rate of the Euler angle in the body-fixed frame, and Uw ∈ R is the mean wind speed. R is the transformation matrix from

the body-fixed frame to the global frame, and it is given by the following:

R(𝜓) =
⎡⎢⎢⎣

cos𝜓 − sin𝜓 0
sin𝜓 cos𝜓 0

0 0 1

⎤⎥⎥⎦
. (2)

Note that the rotation matrix R in the horizontal plane satisfies

R−1 = R⊤, Ṙ = RS(r), where S(r) =
⎡⎢⎢⎣

0 −r 0
r 0 0
0 0 0

⎤⎥⎥⎦
. (3)

M = diag(m,m, Ib)denotes the mass matrix of the system where m = mb + mh + my is the total mass combining the blade, hook, and yoke masses

and Ib is the blade's moment of inertia.

In Equation 1c, g = [−mg
l
(x − xp),−mg

l
(y − yp),0]⊤ represents the gravity-induced restoring force where l is the distance between the crane tip and

the blade COG. u = [u1, u2]⊤ ∈ R2 is the control input vector, where u1 and u2 are the tugger line horizontal force inputs. These can be both positive

and negative because of pretension. The pretension is generated by gravity due to the initial displacement of the blade. The control allocation matrix

B is used to transfer the tugger line force inputs to the generalized control force in the global frame. It is given by

B =
⎡⎢⎢⎣

−1 −1
0 0

−rt1 cos𝜓 rt2 cos𝜓

⎤⎥⎥⎦
, (4)

where rt1 > 0 and rt2 > 0 are the moment arms of the tugger line forces u1 and u2 with respect to the COG.
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𝝉w represents the wind load acting on the blade COG in the body-fixed frame. The mean wind velocity in the global frame is assumed to be uw =
[Uw,0,0]⊤. After coordinate transformation by the yaw angle𝜓 , the wind velocity in the body-fixed frame is ub

w = [Uw cos𝜓,−Uw sin𝜓,0]⊤. The wind

induced-force in the body-fixed frame at an airfoil segment depends on the inflow velocity relative to the blade segment at yb, given by ub
wr(yb) =

ub
w − ub

b
(yb), where ub

b
(yb) is the velocity at the blade segment center of pressure at yb. It is practical to assume that the blade motion is small and

negligible compared with the mean wind speed. Hence, ub
w is instead used directly to calculate the induced wind force. It should also be noted that

the wind-induced force in the yb-direction is negligible compared with the force in xb-direction and the moment in yaw. Thus, we assume that the

wind-induced load in sway (yb-axis) is zero, according to the cross-flow principle. To sum up, the simplified wind-induced load for the CDM is then

given by

𝝉w =
⎡⎢⎢⎣

fwx

fwy

mw

⎤⎥⎥⎦
=
⎡⎢⎢⎣

aU2
wcos2𝜓

0
bU2

wcos2𝜓

⎤⎥⎥⎦
, (5)

where a =
∑

i
ai =

∑
i

1

2
𝜌airC̄d(ti)sin2(𝛼i)Ai and b =

∑
i

airi according to a segmentation of the blade into n elements. Here, 𝜌air refers to the air density,

C̄d(ti) is the aerodynamic drag coefficient with respect to the relative thickness ti of the ith segment center, and 𝛼i is the angle of attack that depends

on the pitch 𝜃 and aerodynamic twist. Ai = (ri + 1 − ri)Ci is the wing area, where Ci is the chord length, and ri is the distance from the center of the

ith segment to the COG. The cross-flow principle10 is applied to calculate the wind loads on the blade, and interested readers are referred to Ren

et al29 for a verification using the HAWC230 numerical model. Simulation results in Ren et al29 has also proven the feasibility of the assumptions for

Equation 5.

A state vector b = [b1, b2, b3]⊤ ∈ R3 is used in the observer to estimate the forces and moments biases in {B} caused by the pretension, model

uncertainty, environmental disturbance, etc. Elements in vector b are assumed to be primarily due to the variation in the blade pitch, as illustrated

in Figure 2. After exerting the pretension on the tugger lines, the blade moves in the opposite direction of the incoming wind and becomes inclined

with respect to its original position. The inclination affects the blade pitch angle and the airfoil angle of attack along the blade. In addition, the model

uncertainty also has an impact on b. For example, the wind-induced load 𝝉w in Equation 5 is a simplified approximation since the blade aerodynamics

is very complex in a turbulent wind field.31,32 Therefore, the deviation of the total wind-induced loads in different DOFs is modeled as a slowly

varying Markov model in a vector form, Equation 1b, where Tb = diag{Tb1, Tb2, Tb3} is a constant diagonal matrix, with parameters Tb1, Tb2, Tb3 > 0

to be tuned during the observer design stage. The process disturbance wb = [wb1,wb2,wb3]⊤ ∈ R3 and the wind speed disturbance ww ∈ R are

Gaussian white noise processes. The wind speed disturbance is used to account for the location-dependent wind since an anemometer is generally

installed on the yoke; it is only able to measure the wind speed of one location.

The measurement equation is given by

y = Hx + v, (6)

where x = [𝜼⊤, b⊤, 𝝂⊤,Uw]⊤ ∈ R10 is the state vector, y = [x, y, 𝜓,Uw]⊤ ∈ R4 is the sensor measurement vector containing the position of the blade

COG and wind speed measurement from the anemometer, and v = [vx, vy , v𝜓 , vUw
]⊤ ∈ R4 is the Gaussian sensor white noise vector. The output

matrix H is given in Appendix A.

2.3 Simulation verification model

Rather than the simplified CDM that addresses the horizontal problem, an SVM in full 6DOF should be used to verify the controller performance.

The SVM considers the coupling of DOFs within a body and captures more physics of the system. Table 1 highlights the differences between the

SVM and the CDM. In the SVM, the blade is modeled as a 6DOF rigid body, and the lift wire, slings, and tugger lines are all modeled as linear tensile

FIGURE 2 Illustration of the variation in the blade pitch angle (solid line represents the assumed orientation, and dashed line represents a
possible orientation) [Colour figure can be viewed at wileyonlinelibrary.com]
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springs. The hook is modeled as a rigid point with three DOFs. Moreover, the lift wire and tugger lines are assumed to be rigidly fixed to the crane

tip and crane boom, respectively.

Ignoring the blade flexibility, the present blade model in SVM does not fully represent the aerodynamic loads acting on the blade. Figure 3 gives

a comparison of the numerical models on the aerodynamic force and moment distribution along the length of the NREL 5-MW blade. For the

rigid-blade case, there is a good agreement between the SVM model and the HAWC2 model; refer to Ren et al.29 For the flexible-blade case, only

HAWC2 is used, and the distributed lift forces experience harmonic oscillations; the deviations from the rigid-blade results become greater at the

blade tip which has more flexibility. Unlike a blade on an operating wind turbine, a blade during offshore installations experiences no cyclic motions

and has low moving speed, and usually the inboard part of the blade (radius<20 m) is more heavily loaded. Hence, the blade flexibility is expected to

have less impact on the integrated aerodynamic forces and moments. As the focus of this paper is on the development of control methods, we use

the rigid-blade model in estimation of the aerodynamic loading for the sake of simplification, ie, Equation 5.

2.3.1 Actuator dynamics

In the SVM, a sophisticated actuator model depends on industrial winch products33 suitable for such an operation, but this is beyond the scope of

this work. The ability of the tugger lines to supply the desired forces fast enough, dependent on the actuator characteristics. Due to the dynamic

responses and physical limitations of the winches, the control signal cannot reach any desired values or change at any desired rate. Additionally, the

TABLE 1 Components of the simulation verification model and the
control design model

Components Simulation verification model Control design model

Lift wire Yes Yes

Hook 3DOF No

Slings Yes No

Blade 6DOF 3DOF

Tugger lines Yes Yes

FIGURE 3 Comparison of the aerodynamic load distribution on a blade fixed at the root (𝜃 = 90 deg and Uw = 10 m/s) [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 4 Scenario of the final installation stage of a blade prior to mating. A, 3-D view and B, 2-D projection in the horizontal plane. The red
arrows stand for forces and moment; the blue lines denote the coordinate systems [Colour figure can be viewed at wileyonlinelibrary.com]

other ends of the ropes move with the connecting points on the yoke-blade structure, which makes the tension control process more complex. In

this study, the actuator process is simplified as a stable first-order dynamics,34 expressed in the frequency domain by

ui(s)
ucmd,i(s)

= Tiu

s + Tiu
, i ∈ {1,2}, (7)

where 1∕Tiu is the time constant of the lowpass filter which influences the speed of convergence, and ucmd,i is the control input command signal from

the proposed controller described in Section 3.3.

2.4 Problem statement

Figure 4A illustrates a typical scenario prior to the mating phase. The leading edge of the blade faces downward with a 90-deg pitch angle. This blade

orientation does not have minimal loading, but it is often adopted in practice due to the concerns for transportation and loading predictability when

wind direction changes.13 One lift wire is used to rigidly connect the hook and crane tip, and two slings are used to connect the hook and yoke. Two

horizontal tugger lines are connected to the blade with arm lengths of rt1 and rt2 relative to the blade COG.

Figure 4B presents a top view of the scenario. In the figure, g is the restoring force caused by the blade gravity, u1 and u2 are the horizontal

components of the tugger line forces. The global x-direction is critical for this configuration because large loads are exerted on the blade system.

The turbulent wind continuously affects the motion of the blade. The control objective is therefore to stabilize the blade in the main wind direction,

in particular the blade root position, by controlling the force inputs, u1 and u2, assuming these are control inputs (and disregarding the actuator

dynamics, which afterwords are individually controlled through a control allocation method).

To achieve this in practice, there is a need to apply a pretension by moving the blade with an initial offset before the mating operation. To move

the blade to a desired setpoint rd with required pretension, a reference filter should be used to generate a smooth trajectory to avoid a sudden

step change of the setpoint rd. After reaching rd and desired orientation, these are kept constant and the blade should be kept stable. The control

objective is thus to control the blade COG to track the desired position and orientation given by the reference filter. The ultimate goal is to reduce

the motion of the root center in order to ensure a successful mating operation.

3 DEVELOPMENT OF THE CONTROL ALGORITHM

3.1 System overview

In this work, the observer and the controller are designed independently by assuming the separation principle.35 The block diagram of the control

scheme is presented in Figure 5. At each time instant, an EKF receives the noisy measurements y from sensors to estimate the blade position and

orientation 𝜼̂, the blade velocity 𝝂̂, the wind velocity Ûw , and the bias compensation term b̂. When the controller is turned on at time t0, the EKF

provides the initial value for the reference model and controller. A reference module is applied to generate smooth trajectories of the real-time

desired position and velocity, denoted by 𝜼d and vd, to the preset setpoint where the blade is stabilized. All estimates and reference signal are fed

back into the feedback controller. The controller calculates the corresponding tension input u to the two tugger lines according to the error between

the estimated values and the desired trajectory, as well as some feedforward compensation of the estimated wind and bias loads.

3.2 Extended Kalman filter

Because the sensors only measure the noisy blade COG position and wind velocity, the blade velocity at the COG is obtained from an observer. A

model-based observer not only filters the measurement noise but also estimates the unmeasured states, ideally with no phase lag. An EKF with
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FIGURE 5 Block diagram of the active control scheme for single blade installation. The hat operator (·̂) denotes the estimation. The tilde (·̃)
indicates the error between the estimated and desired value (eg, 𝜂̃ = 𝜂̂ − 𝜂d)

discrete measurements is used to estimate the states of the simplified system modeled by Equation 1. A continuous model evaluated and measured

at discrete time instants is expressed as follows:

ẋ(tk) = f(x(tk), u(tk)) + Ew(tk), (8a)

zk = Hx(tk) + v(tk), (8b)

where x is the state variables to be estimated, u is the force input vector, zk refers to the sampled measurement vector at time tk, w is the white-noise

process presenting system disturbances, v is the Gaussian white noise of the sensor measurements, and f and H correspond to the state equation

vector and the output matrix, respectively. The subscript k refers to the kth time step tk. The time step length is h = tk − tk−1, and the vector elements

are x = [x, y, 𝜓, b1, b2, b3, u, v, r,Uw]⊤, u = [u1, u2]⊤, w = [wb1,wb2,wb3,ww]⊤, and v = [vx, vy , v𝜓 , vUw
]⊤. The discrete extended Kalman filter is briefly

described here, while a detailed description can be found in Brown and Hwang.36 At every time step, the prediction, correction, and propagation

processes are executed.

• Initialization:

x̂0|0 = x̂0, P0|0 = P̂0, (9)

where x̂0 and P̂0 are initial guesses of x(t0) and the covariance matrix var(x(t0)), with P̂0 normally chosen as a symmetric, positive definite matrix.

The hat (·̂) denotes the estimate.

• Prediction:

x̂k|k−1 = f(x̂k−1|k−1, u(tk−1)), (10)

Pk|k−1 = Fk−1Pk−1|k−1F⊤k−1 + Q, (11)

• Correction:

Kk = Pk|k−1H⊤(HPk|k−1H⊤ + Υ)−1, (12)

x̂k|k = x̂k|k−1 + Kk(zk − Hx̂k|k−1), (13)

Pk|k = (I − KkH)Pk|k−1(I − KkH)⊤ + KkΥK⊤
k , (14)

• Propagation:

x̂k+1|k = x̂k|k−1 + hf(x̂k|k, u(tk)) (15)

Pk+1|k = ΦkPk|kΦ⊤
k + ΓQΓ⊤, (16)

where Q ∈ R3×3 and Υ ∈ R4×4 are constant diagonal tuning matrices, corresponding to w and v, and

Fk = 𝜕f
𝜕x

||||x=x̂k|k ,u=u(tk ), Φk = I + h
𝜕f
𝜕x

|||| x=x̂k|k ,u=u(tk ), Γ = hE. (17)

The Jacobian matrix 𝜕f∕𝜕x used to handle the nonlinearities that exist in the process dynamics and the measurements is given in Appendix A.

3.3 State feedback control

The nonlinear system is transformed into a linear system through feedback linearization. The nonlinearity in the model is canceled, and classical PID

control algorithms can be applied. The simplified system possesses three decoupled DOFs and two control inputs, and it is hence an underactuated

system. In other words, fewer DOFs than those of interest (surge, sway, and yaw) can be controlled independently.
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The error vector between the current and desired position and orientation is defined as 𝜼̃ = 𝜼 − 𝜼d, where 𝜼d ∈ R3 is the desired position

and orientation. To overcome the underactation problem, we consider to control the blade root motion in the inflow direction and the yaw angle.

Hence, the error vector of the considered states is L𝜼̃, where the projection matrix is L =
[

1 0 0
0 0 1

]
. The relative degree for the system proposed

in Equation 1 is 2. Time derivative of 𝜼̃ is ̇̃𝜼 = R𝝂 − 𝜼̇d. The model is further transformed into the reduced form with only the controlled states by

multiplying by L on both sides of ̈̃𝜼, that is,

L ̈̃𝜼 = L
[

Ṙ𝝂 + RM−1(R⊤(g + b) + 𝝉w) − 𝜼̈d

]
+ LRM−1R⊤Bu. (18)

When Equation 3 is substituted into (18), the control input can be simplified as

u = −(LM−1B)−1
[

L
(

RS(r)𝝂 + M−1(g + b) + RM−1𝝉w − 𝜼̈d

)
− upid

]
, (19)

where upid = −KpL𝜼̃ − KdL ̇̃𝜼 − Ki ∫ L𝜼̃dt.

Furthermore, substituting the feedback linearization control law (19) into (18) gives

L ̈̃𝜼 = −KpL𝜼̃ − KdL ̇̃𝜼 − Ki ∫ L𝜼̃dt. (20)

Defining 𝜻 = ∫ L𝜼̃dt, applying a Laplace transformation to Equation 20, and using the pole placement technique yields

(s3 + Kds2 + Kps + Ki)𝜻(s) = (s + Λ)3𝜻(s) = 0, (21)

where Λ = diag(𝜆x, 𝜆𝜓 ). When the eigenvalues −𝜆x < 0 and −𝜆𝜓 < 0, the system achieves global exponential stability. By placing the poles on the

negative real axis, the system is exponentially decaying without oscillation. For a second-order system with integration, placing both the two poles

at the same point on negative real axis ensure a critical damping characteristic. All the three poles are selected with the same value. Hence, the PID

gain matrices are found by

Kp = diag
(

3𝜆x,3𝜆𝜓
)
, (22)

Kd = diag
(

3𝜆2
x ,3𝜆2

𝜓
)
, (23)

Ki = diag
(
𝜆3

x , 𝜆3
𝜓
)
. (24)

The eigenvalues ( − 𝜆x, − 𝜆𝜓 ) should be selected based on hardware capacity and the desired reaction speed. With increasing |𝜆x| and |𝜆𝜓 |, the

reaction speeds become higher, and the maximum error is smaller, but more powerful actuators are needed. Also, noise/uncertainties in the feedfor-

ward and cancellation terms in Equation 19 may be significantly amplified, severely reducing the closed-loop performance at high gains. According

to the control law, the feedforward terms in Equation 19 compensating g, 𝝉w, and b, accelerate the integral controller and improve the overall

performance.

3.4 Reference model

The reference model is used to generate real-time trajectories 𝜼d(t) and vd(t) = 𝜼̇d(t) to the controller, including the blade COG position, orientation,

and velocity. In this paper, the final setpoint position is where the blade is stabilized and the orientation vector is denoted by rd ∈ R2 × S. Contin-

uous and smooth trajectories are planned between the initial and final values to achieve a smooth control toward the final desired position and

orientation. A third-order filter is adopted as the reference model, which is given by

𝜼(3)
d

+ (2Δ + I)Ω𝜼̈d + (2Δ + I)Ω2𝜼̇d + Ω3𝜼d = Ω3rd, (25)

where 𝚫 = diag{𝜁1, 𝜁2} = diag{1,1} and 𝜴 = diag{𝜔n1, 𝜔n2} are the matrices of relative damping ratios and natural frequencies, respectively. The

parameters𝜔n1 and𝜔n2 should be tuned feasibly to the dynamic model.

4 SIMULATION RESULTS

4.1 Overview

Numerical simulations were conducted in the MATLAB/Simulink environment. First, the 3DOF CDM was used to tune the parameters for the

observer and controller. Then, the SVM was used to verify the control scheme in detail. Selected properties of the blade installation model and the

controller parameters are summarized in Table 2. The blade of the NREL 5 megawatt (MW) reference wind turbine37 is used.

Table 3 lists the four load cases considered, with the turbulence intensities (TIs) calculated according to the IEC standard.38 HAWC2 was used

to generate the wind turbulence box according to Mann's turbulence model.39 From the start of the simulations in MATLAB/Simulink, the wind
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TABLE 2 Parameters used for numerical simulations

Parameters Unit Value

Position of the crane tip m [0,0, −110]⊤

Hook mass mh ton 1

Yoke mass my ton 50

Blade mass mb ton 17.74

Blade moment of inertia about COG Ib kg∕m 4.31e6

Blade length m 62.5

Blade root center position in the body-fixed frame {B} m [ −0.089, −20.51,0.145]⊤

Position of the sling connection points in {B} m [0.089, ±4.5,1.855]⊤

Length of lift wire m 9.2

Stiffness of lift wire N/m 5.59e8

Length of slings m 9.0

Stiffness of slings N/m 1e8

Lift wire and spring damping ratio - 1%

Position of the tugger line connection points in {B} m [0.089, ±4.5, −0.145]⊤

Tugger line length lt m 10

Stiffness of the tugger lines N/m 1e8

Noise power in the position and orientation W/Hz 1e-8

Noise power in the wind speed sensor W/Hz 0.005

Sensor sampling rate Hz 100

Gain of the lowpass filter Tiu - 5

Diagonal matrix Tb - diag([5e6,1e5,2e5])

Constant Tw - 100

Tuning matrix Q - diag([1,1,1,1])

Tuning matrix Υ - diag([1e-9,1e-10,1e-12,0.005])

Eigenvalues of the PID controller [𝜆x, 𝜆𝜓 ] - [1,1]

TABLE 3 Load cases under turbulent wind conditions (Wind
Turbine Class C)38

Load Case 1 2 3 4

Mean wind speed (Uw) (m/s) 6 8 10 12

Turbulence intensity (TI) 0.202 0.174 0.157 0.146

turbulence box moves in the positive global x-direction, and it passes the blade installation model. For each wind speed, five simulations were con-

ducted using different random seed numbers to reduce statistical uncertainties. The seed numbers are 25, 48, 94, 242, and 596. Each simulation

lasted 1000 seconds. In the response statistics, the first 400 seconds were removed during postprocessing to avoid the start-up transient effect.

In the figures presented in Section 4.2, the legend “Real” denotes the simulated values without any sensor noises, the legend “Measured” stands

for the simulated values with sensor noises considered, and the legend “Estimated” refers to the values estimated by the observer which filters the

sensor noises.

4.2 Observer and controller performance

4.2.1 Control design model

The CDM is first adopted to verify the control scheme. The load case with Uw = 10 m/s and TI = 0.157 is selected as a representative case. The

observer and controller performance are presented in Figure 6A-D. The results show that the controller and the observer work well for the CDM, as

expected. The EKF is able to provide satisfactory estimates of the blade velocities and the wind velocity. The noise in the wind speed measurement

has been filtered. Because of the effect of the tugger line force control, the range of the blade motion in the x-direction remains below 0.01 m, and the

angular oscillation of the yaw motion is less than 10−3 deg. The tugger line force inputs u1 and u2 from the controller are positive, and their change

rates (time derivatives) are acceptable (<20.2 kN/s). Although the blade motion in the spanwise direction is not controlled, the v-displacement is

limited. This observation is consistent with the cross-flow principle, which neglects the wind speed component in the yb-direction during the wind

load calculation.
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(A) (B)

(C) (D)

FIGURE 6 Performance of the EKF estimation for the simplified blade model, Uw=10 m/s, TI=0.157. A, Blade COG position and orientation
estimation in the global frame; B, velocity estimation at the blade COG in the body-fixed frame; C, wind speed estimation in the global x-direction;
and D, control inputs to the tugger lines [Colour figure can be viewed at wileyonlinelibrary.com]

4.2.2 Simulation verification model

The SVM is used to test more realistically the performance of the proposed control and observer algorithms. The simulation results for the load case

with Uw ramp up from 0 to 12 m/s in 100-300 seconds are presented in Figure 7. For the SVM, the discrepancies between the estimated and real

blade motions and velocities are, as expected, greater than those for the CDM; see Figure 7A,B. However, the dynamic part of the blade oscillations

in the global x-axis has been effectively maintained at less than 0.1 m because of the active force control. For the estimated wind speed, there is

also a noticeable difference compared with the real wind speed, as shown in Figure 7C. Due to the spatial variation of the wind field, measurements

from one location of the anemometer are not adequate for fully describing the wind speed variation along the blade, and the wind speed estimate

therefore deviates. It is also seen to be somewhat noisy. Although the wind speed estimate is not accurate, it can still be used to accelerate the

disturbance rejection part of the controller and reduce the initial drift, since the mean estimated wind speed approximately tracks the actual wind

speed. Similar to the observation of the CDM, the tugger line forces are always positive during the simulations, and the change rates are still within

reasonable ranges (<7.25 kN/s). The change rates is smaller than those in Section 4.2.1 because of the actuator lowpass dynamics.

4.3 Comparison of active and passive schemes

4.3.1 Time histories

A set of comparative studies of the active control scheme with a typical passive single blade installation system were conducted to evaluate the

performance the proposed controller under various wind conditions. The passive system has the same structural properties as the SVM, but the

tugger lines are not actively controlled.

The time-domain results are compared in Figure 8 for the selected load case. For the passive system (dash-dot line in the figure), the blade surge

motion in the x-direction is dominant, and the motion maxima is within 2 m in this case, where motion maxima is defined by the difference between

the motion response maxima and its mean value. Compared with the blade surge motion, the sway and heave motions in the y- and z-directions are

small, with the absolute motion maxima below 0.2 m.

In contrast, when the active scheme is applied, the blade surge motion in the x-direction has a significant reduction. For the blade sway and heave

motions in the y- and z-directions, the response magnitudes are slightly reduced compared with those of the passive system. This result is reasonable

because the y- and z- motions are not controlled. In addition, the blade root sway motion is also affected by the controlled yaw motion, which is

further related to the controlled surge motion. Although the active control scheme is mainly effective in the x-direction, it thus also reduces the

motions of the other DOFs.
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(A) (B)

(C) (D)

FIGURE 7 Performance of the EKF estimation at the blade COG for the SVM, Uw=10 m/s and TI=0.157. A, Blade COG position and orientation
estimation in the global frame; B, velocity estimation at the blade COG in the body-fixed frame; C, wind speed estimation in the global x-direction;
and D, control inputs to the tugger lines [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Time histories of the blade root center displacement relative to the mean position using the SVM, Uw = 10 m/s and TI = 0.157

4.3.2 Statistical results

The statistics were obtained by averaging the results of five 600-second simulations. The standard deviation and the motion maxima are used as the

main criteria for evaluating the effect of active control. The mean value is always controlled accurately to the constant reference value.

As shown in Figure 9, the motion maxima in the x-direction is dominant, and the use of active control causes a significant reduction for both the

blade COG and root center. Under the investigated mean wind speeds from 6 to 12 m/s, the maximum reduction exceeds 90%. Reductions are also

observed in the y- and z-directions, albeit less prominent because of coupling with other DOFs. When the blade yaws about the z-axis, the rotational

center is close to the COG. Hence, the motion in one DOF of the blade root is more affected by other DOFs because of rigid body motions. For

example, the sway motion of the blade root center is more influenced than the blade COG by the yaw motion.
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(A) (B)

(C) (D)

FIGURE 9 Motion maxima of the blade-root center and the blade COG using the SVM; Uw = 6 − 12 m/s, average of five 600-second simulations

(A) (B)

(C) (D)

FIGURE 10 Standard deviation of the motions at the blade root center and the blade COG using the SVM; Uw = 6 − 12 m/s, average of five
600-second simulations
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Figure 10 compares the standard deviations of the response for the passive and the active schemes. Similar to the motion maxima, the standard

deviation has the greatest reduction in the x-direction at all wind speeds, but reductions are also observed in the y- and z-directions.

Overall, the statistical results are consistent with the time series of blade root motions. In the blade mating process, the blade root will be docked

into the hub, and the blade root motions in the xz-plane are closely associated with the success rate of the mating process. The proposed control

system considerably reduces the motion variations in the x-direction and indicates a potential for improved mating efficiency.

5 CONCLUSIONS AND FUTURE WORK

This paper proposes a closed-loop scheme for active tugger line force control for single blade installation. To facilitate the design of the observer

algorithm and control law, the blade installation system was simplified as a 3DOF control design model. Based on the reduced model, an extended

Kalman filter, a state feedback linearization and feedforward compensation algorithm, and pole placement techniques were applied to design the

proportional-integral-derivative controller. A third-order reference model was adopted to provide smooth position and velocity trajectories in real

time. In addition to the control design model, a simulation verification model that includes a 6DOF blade, other lifting components, and more real-

istic environmental load models was also developed. To verify the performance of the control system, time-domain simulations were conducted in

turbulent wind conditions.

It was found that the proposed actively-controlled tugger line system works well as tested with the simulation verification model. A comparison

with a passive system without control shows that the active control scheme can effectively reduce the blade-root surge motion standard and maxima

deviations. This observation indicates that the active tugger line control method can potentially expedite the blade mating process.

In future work, other scenarios of single blade installation is planned to be addressed. For example, flexibility of the crane tip should be considered

for the boundary condition of the lift wire, and other possible directions of the tension provided by the tugger lines should also be considered. In

addition to the blade-root motions, the monopile vibrations may also cause concern during the blade mating process. Thus, real-time measurement

of the monopile vibrations from available sensors, such as inertial measurement units (which steadily become better and cheaper), may be used

by the controller. For accurate representation of the aerodynamic loading on large wind turbine blades during installation, structural flexibility and

advanced computational methods such as the computational fluid dynamics method can be considered.
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APPENDIX A: LIST OF MATRICES
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a b s t r a c t

Offshore wind turbines (OWTs) have become increasingly popular for their ability to
harvest clean offshore wind energy. Bottom-fixed foundations are the most used founda-
tion type. Because of its large diameter, the foundation is sensitive to wave loads. For
typical manually assisted blade-mating operations, the decision to perform the mating
operation is based on the relative distance and velocity between the blade root center
and the hub, and in accordance with the weather window. Hence, monitoring the hub
real-time position and velocity is necessary, whether the blade installation is conducted
manually or automatically. In this study, we design a hub motion estimation algorithm
for the OWT with a bottom-fixed foundation using sensor fusion of a global navigation
satellite system (GNSS) and an inertial measurement unit (IMU). Two schemes are
proposed based on a moving horizon estimator, a multirate Kalman filter, an online
smoother, and a predictor. The moving horizon estimator mitigates the slow GNSS sam-
pling rate relative to the hub dynamics. The multirate Kalman filter estimates the position,
velocity, and accelerometer bias with a constant GNSS measurement delay. The online
smoothing algorithm filters the delayed estimated trajectory to remove sudden step
changes. The predictor compensates the delayed estimate, resulting in real-time monitor-
ing. HAWC2 and MATLAB are used to verify the performance of the estimation algorithms,
showing that a sufficiently accurate real-time position and velocity estimate with a high
sampling rate is achieved. A sensitivity study compares the accuracy of different algo-
rithms applied in various conditions. By combining both proposed algorithms, a sufficiently
accurate estimation can be achieved for a wider scope of practical applications.

� 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Offshore wind turbines (OWTs) have become increasingly popular because of their high energy production and quality.
Though sensitive to wave loads, bottom-fixed monopile foundations are the most common type, because of their simple
shape, their large diameter, and a structural design driven mainly by fatigue loads [1]. Several publications focus on passive
and active approaches to reduce the fatigue damages by, e.g., adding a tuned mass damper [2,3], controlling the blade pitch
for operating OWTs [4], and using a ball vibration absorber [5].
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Nonetheless, the price of the electricity from offshore wind energy was three times higher than that from onshore
wind energy in 2016 [6]. Large expenses for installation and maintenance are primary reasons for the high price.
Two important approaches to reduce the cost of OWT installation are to improve the installation efficiency and to
decrease the offshore waiting time between successive operations. Fifteen million euros is currently the extra cost of
waiting for lower wind speed windows for the construction of a middle-sized wind farm in Europe [7]. Hence, several
studies have been conducted with an emphasis on installation in high wind scenarios, thereby improving the installation
efficiency. Studies on the critical allowable weather conditions for wind turbine installations are found in the literature
[8–10]. In other studies [11,12], a closed-loop controller has been proposed to stabilize a suspended single blade. To
achieve an effective mating performance, the blade root should follow the hub motion to reduce their relative displace-
ment and relative velocity, consequently reducing the resulting impact force. Therefore, a method to monitor the hub
displacement in real time is acutely necessary. The advantages and disadvantages of more than 20 commercial wind tur-
bine condition monitoring systems, as well as their main functions, have been compared in the literature [13]. On-site
acceleration data are recorded by the wind turbine condition monitoring systems; however, hub displacement monitor-
ing is lacking [14].

To estimate a position trajectory, the most used strategies are the direct measurement from a global navigation satellite
system (GNSS) and the double integration of the acceleration measurement, after a coordinate transformation, using an iner-
tial measurement unit (IMU) [15,16]. However, neither method is sufficient to handle the positioning problem for a dynamic
system with high frequency. In this study, a global positioning system (GPS) is used as a representation of the GNSS, illus-
trating that vital shortages exist in the direct GPS measurement. A GPS receiver operates at a low sampling rate with inferior
accuracy and with a time delay from the communication and computation. For a slow dynamic system, the low sampling
rate and the time delay effects are insignificant, e.g., in the case of a dynamic positioning system of an offshore vessel. How-
ever, the wave-induced motion on the wind turbine foundation is not a slow dynamic system [17]. The delay of the GPS
receiver can be several hundred milliseconds, such that the intersample motion becomes significant. Therefore, a motion
estimator must consider the time delay. The challenge of using measurements from an IMU is that the bias in the acceler-
ation measurement results in a drift when integrated twice. The bias results from assembly flaws and the ambient condi-
tions, such as temperature and humidity [18].

Integration of displacement and acceleration using a navigation filter has been widely applied in various areas. Normally,
the estimation approaches are categorized into extended stochastic linear estimation techniques, deterministic complemen-
tary filter and nonlinear observer design techniques, and combinations of these techniques [19]. Linearized Kalman filters,
such as the extended Kalman filter (EKF) and the unscented Kalman filter, are widely used in practice, even though global
stability is typically not guaranteed [20,21]. Nonlinear observers with stronger stability properties, however, are case-
specific and lack generic design methodologies. An exogenous Kalman filter is a combination of a linearized Kalman filter
and a nonlinear observer, which ensures both global stability and low variance in the estimates [22]. Examples of the appli-
cation of these approaches are building deformation and earthquake monitoring [23–25], pedestrian navigation systems
[26], dead reckoning [27], dynamic positioning systems [16,28], and aerial applications [29,30].

In this study, two hub motion estimation algorithms based on a GNSS/IMU fusion are customized to monitor the hub’s
real-time displacement and velocity for an OWT with a bottom-fixed monopile foundation. Combining both algorithms
ensures sufficient accurate estimations for most practical applications.

This paper is structured as follows. In Section 2, the problem statement is proposed with foundation modeling and a moti-
vational example. The characteristics of the hub motion are analyzed, and the complexity of the estimation scheme is
reduced to ensure operational feasibility. In Section 3, the estimation model is proposed. In Section 4, two algorithms are
developed based on a moving horizon estimator (MHE), a multirate Kalman filter (MKF), an online smoother, and a predictor.
The algorithms monitor the OWT hub displacement and velocity in real time. In Section 5, HAWC2 and MATLAB are used to
verify the performance of the monitoring algorithms. Sensitivity studies are conducted to evaluate the estimation perfor-
mance. The conclusions are presented in Section 6.

Notation: Scalars, vectors, and matrices are expressed with normal letters, bold lowercase letters, and bold uppercase
letters, respectively. The hat notation, x̂, denotes the estimate of a state x. I and 0 are a 2� 2 identity matrix and a zero

matrix, i.e., I ¼ 1 0
0 1

� �
and 0 ¼ 0 0

0 0

� �
.

2. Problem formulation

An OWT with a monopile foundation without blades is simulated in HAWC2 to illustrate the problem. HAWC2 is an
aeroelastic code designed to calculate the wind turbine response in the time domain [31]. In this study, the north-east-
down coordinate system nf g and body-fixed reference frame bf g are adopted and assumed inertial (see Figs. 1,2). Both of
the frames follow the right-hand rule. The origin nf g is located at the projection on the free water surface by the center
of the cross-section of the substructure at rest. The x-axis points to the north, the y-axis points the east, and z-axis points
downward. The origin of bf g is placed at the location of the IMU, with the xb- and zb-axes are pointing to the hub and down-
ward, respectively. The relative roll, pitch, and yaw orientation of bf g in nf g are denoted as /h; hh, and wh, respectively.
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2.1. Modeling of the monopile foundation and support structures

From low fidelity to high fidelity, the three most used monopile models are the apparent fixity model, the coupled spring
model, and the distributed spring model. Differences among the models are mainly from the modeling of the soil-pile inter-
action below the mudline. In this study, the distributed spring model is adopted [32,33]. The p-y model [34] is used in the
simulation. The soil, modeled as elastic springs, is layered with different effective weights and angles of internal frictions. As
defined by the American Petroleum Institute [35], the soil resistance is a function of the pile displacement at a given point
along the pile. Each layer is modeled as an uncoupled nonlinear spring with a layer-specific stiffness as shown in Fig. 1. The
soil parameters can be found in Table 1. The soil has higher initial modulus of subgrade reaction with increasing depth.
Timoshenko beams are used to model the pile, the transaction piece, the tower, and the hub [36–38].

In the following, the environmental parameters are the mean wind speed Uw, the turbulence intensity TI, the wind tur-
bulence seed STI , the main wind direction bwind, the significant wave height Hs, the wave period Tp, the wave seed Swave, and
the wave heading bwave. Normally, wave conditions for offshore operations are selected as Hs 6 3 m and 4 s 6 Tp 6 10 s. The
IEC Class C wind turbulence model is chosen [41]. Structure parameters could be identified by various optimization
approaches [42–44].

Fig. 1. The single blade installation scenario with monopile foundation, tower, pre-assembled hub, suspended blade, and the distributed spring model.

Fig. 2. Proposed model in the horizontal plane.
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2.2. Illustrating example

An OWT with a 66-meter monopile foundation has been hammered into the seafloor to a depth of 36 m. The water depth
is 30 m. All support structures have been assembled except the blades. The damping ratio of the foundation is tuned to be 1%.
The hub is rotated to a fixed yaw wh ¼ 0�, ready for further installation operations. The foundation structure is exposed to a
JONSWAP wave spectrum. The structural and environmental parameters are tabulated in Table 2. The waves spread to
30 deg north of east. The measurements are ideal, without sensor noise, bias, or delay. The simulation is conducted for
2000 s. The time domain simulation results of the hub displacement and its fast Fourier transform (FFT) results are presented
in Figs. 3 and 4. Since no blade is considered in the proposed simulation, the main responses of the monopile and tower
mainly result from the wave loads. The resonant responses at the first eigenmode at 3–4 s due to wave loads are dominated.
Furthermore, the relative velocity between the hub and blade root is important when dealing with the final connection of the
blade to hub. The velocity of the hub might be large due to the high resonant frequency.

The influence of the installed blades to the first fore-aft natural frequencies is presented in Table 3. As the total mass on
top of the tower increases when more blades are installed, it slightly decreases the natural frequencies of the fore-aft modes.
However, for the studied 5-MW wind turbine, the influences on the natural frequencies are very small, since the blades are
lightweight (17 tonnes each) compared with total mass without blade (1158.5 tonnes), which includes the nacelle (240 ton-
nes), the tower (347.5 tonnes) and the monopile (571 tonnes).

Since the hub displacement spectra agree well with narrow-band spectra, a second-order wave-induced motion spectrum
is used to fit the spectra, with the following form:

S fð Þ ¼ af

f 2 þ bf þ c
; ð1Þ

where a; b, and c are the coefficients. The derivative is

dS fð Þ
df
¼
�a f 2 � c

� �
f 2 þ bf þ c

� �2 ; ð2Þ

which implies a maximum value S f �ð Þ ¼ a
2
ffiffi
c
p þb at f

� ¼ ffiffiffi
c
p

. In Section 5.3, the time series generated by Eq. (1) are used to test

the estimation performance. Moving the FFT results in Fig. 4 leftward and rightward on the x-axis, the coefficients of the
fitted resulting spectra are tabulated in Table 4. The oscillation amplitude, spectrum bandwidth, and structural first fore-
aft natural frequency are determined by a; b, and c, respectively.

The key observations from the simulation results are as follows:

� The displacement of the hub is limited to a range in which the GPS noise is not negligible. Therefore, sensor noise from a
GPS receiver of poor quality will be a problem.

Table 1
Soil profile [39,40].

Depth under mudline Effective weight Angle of internal friction
(m) (kN/m3) (deg)

0–5 10.0 33.0
5–14 10.0 35.0
14–36 10.0 38.5

Table 2
OWT structural and environmental parameters.

Parameter Unit Value

Sub-structure length m 36
Foundation length m 30
Tower length m 77.6
Monopile diameter m 6
Wave spectrum type – JONSWAP
Water depth m 30
Significant wave height m 2.87
Wave period s 6.03
Monopile mass tonnes 571.0
Tower mass tonnes 347.5
Nacelle mass tonnes 240.0
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� It is noted that the motion in the z-axis is small; hence, only the displacement in the horizontal plane, i.e., the x- and y-
directions, are of interest.
� From the eigenvalue analysis results, the first fore-aft natural period of the structure is approximately 4 s. Consequently,
the monopile wave-induced motion is not a slow dynamic process. Thus, the GPS update frequency may be too slow to
capture the motion well. This situation means that the intersample motion between the GPS updates must be considered.

Fig. 3. The history of the hub position for the proposed OWT w.r.t. the equilibrium, Hs ¼ 2 m, Tp ¼ 8 s, bwave ¼ 30�; Swave ¼ 75, Uw ¼ 8 m/s, TI ¼ 0:146, and
STI ¼ 94.

Fig. 4. The hub displacement spectra of measurement from Fig. 3 after an FFT, Hs ¼ 2 m, Tp ¼ 8 s, bwave ¼ 30� ; Swave ¼ 75, Uw ¼ 8 m/s, TI ¼ 0:146, and
STI ¼ 94.

Table 3
First fore-aft natural frequencies with different number of installed blades.

Number of installed blades First fore-aft natural frequency (Hz)

0 0.258
1 0.249
2 0.239

226 Z. Ren et al. /Mechanical Systems and Signal Processing 123 (2019) 222–243



In summary, neither a GPS nor an accelerometer is independently able to measure the OWT hub displacement ade-
quately. The GPS noise, GPS time delay, GPS low sampling rate, accelerometer noise, and accelerometer bias are significant
factors that influence the hub displacement in a real-time motion estimator.

2.3. Problem statement

The objective of this study is to develop an integrated motion estimator using sensor fusion of the GPS and IMU measure-
ments. It should provide real-time estimates of the position, velocity, and acceleration of an oscillating OWT hub at the mat-
ing height. For a single blade installation operation, the relative distance between the hub and the blade root affects the
successful mating rate, and the relative velocity influences the impact force [11]. Therefore, real-time hub position and veloc-
ity estimates with a sufficient accuracy and high sampling rate are necessary.

We assume the availability of a DGPS receiver and an IMU that are assembled as a sensor suite near the hub attachment;
the sample time steps for them are Tg and Ta, respectively, with Tg � Ta. The GPS operates at a lower sampling rate with a
delay sd. It is assumed that the time delay of the GPS signal varies as a function of the number of connected satellites, which
is a known constant during a given period. Define an integer Ndw sd

Ta
. The sampling interval of the GPS is assumed to be an

integer multiple of the IMU sampling interval, i.e., Tg=Ta ¼ M where M P 2 is an integer. The IMU provides a real-time noisy
and biased specific force measurement at a high sampling rate [16,18]. The IMU data are received in a sensor-fixed reference
frame at a fixed location in bf g. Zero-order hold (ZOH) sampling is used to simulate the discrete measurements, i.e., each
measurement remains constant until the next sampling instant. The assumptions are as follows:

1. The hub has been rotated to a fixed known yaw wh and wh is measured by a compass, where the wave- and wind-induced
motions have a negligible influence on wh.

2. The variation in rotation of the IMU about the x- and y-axes caused by the monopile motion is negligible, i.e., /h � 0 and
hh � 0.

3. The gravity vector is assumed constant in the NED coordinates.
4. The NED frame is assumed inertial, which implies the effect of the rotation of the earth is negligible.
5. The uncertain sensor parameters, i.e., unknown sensor bias and time delay, are constant during a given short period.
6. The GPS bias is negligible.

The first fore-aft natural frequency of the hub and the first-order natural frequency of the pendulum motion of the blade
are close to 0.26 Hz and 0.09 Hz, respectively. To accurately replicate both the shape and amplitude of a periodic motion, a
fast sampling is essential. Hence, 10 Hz is a suitable sampling frequency. Moreover, since the diameter of the guide pins are
only a few centimeters, a centimeter level accuracy positioning is necessary.

The IMU specific force measurement is transferred to f imu in bf g by a constant coordinate transformation. A simplified
horizontal-plane measurement model is given by

f imu tð Þ ¼R> _v tð Þ � g tð Þð Þ þ bb
a tð Þ þwb

a tð Þ; ð3Þ
pgps tð Þ ¼p t � sdð Þ þ vg tð Þ; ð4Þ

where f imu and pgps 2 R2 are the specific force and position measurements from the IMU in bf g and the GPS in nf g, respec-
tively, p 2 R2 is the real GPS receiver position, v 2 R2 is the velocity in bf g, _v is the acceleration at the IMU mounting loca-

tion, g 2 R2 is the acceleration caused by the gravity in nf g, bb
a 2 R2 is the bias in the specific force measurements, wb

a and
vg 2 R2 denote the zero-mean measurement noise from the IMU and GPS, t refers to the time, sd is the delayed time caused
by the GPS position estimate and the data communication time, and the rotation matrix is

R ¼ coswh � sinwh

sinwh coswh

� �
; ð5Þ

where wh is received from compass measurements.

Table 4
Coefficients that determine the fitted spectra of the hub horizontal motion at different natural periods.

Natural period (s) a b c

3 1.37e�06 �0.67 0.11
4 1.83e�06 �0.50 0.062
5 2.32e�06 �0.40 0.040
6 2.81e�06 �0.33 0.028
7 3.23e�06 �0.28 0.020
8 3.67e�06 �0.25 0.016
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The motions on the top of a floating wind turbine, e.g., a floating spar, is easier to estimate, since the wave-frequency and
low-frequency motions are dominate, instead of the resonant frequency of the tower vibration. Therefore, the motion esti-
mation for a bottom-fixed wind turbine is more critical.

3. Observer design

The state estimate problem is modeled as a Wiener process. Because of Assumptions 1 and 4, the terms R and g are
assumed to be known constants.

We propose a hub motion estimator that consists of a multirate Kalman filter to estimate the state trajectories with opti-
mal filtering of the measurements, a smoothing filter for the step changes that occur due to the slower GNSS updates, and a
state predictor to compensate for the delays of the GNSS and the smoothing filter. To ensure good filtering of the IMU mea-
surements, we define the acceleration as a state driven by white noise in the process model used in the MKF, as shown in
model (6). In this way, the issue of the acceleration estimate being a direct feedthrough of the IMUmeasurements is avoided.
In the moving horizon estimator and predictor function, however, it is convenient to define the IMU acceleration measure-
ment as an input driving the position/velocity dynamics. Accordingly, we use a reduced model with only position and veloc-
ity as states for the predictor, as shown in model (8).

3.1. Process model for the Kalman filter

One approach is to set acceleration as a state, and the estimate can output filtered acceleration. Hence, the state-space
representation is then given by

_x1
_x2
_x3
_x4

2
6664

3
7775 t � sdð Þ ¼

0 I 0 0
0 0 I 0
0 0 0 0
0 0 0 0

2
6664

3
7775

x1
x2
x3
x4

2
6664

3
7775 t � sdð Þ þ

0
0
0
I

2
6664

3
7775wb t � sdð Þ; ð6aÞ

pgps tð Þ
f imu t � sdð Þ

� �
¼ I 0 0 0

0 0 R> �R>
� � x1

x2
x3
x4

2
664

3
775 t � sdð Þ þ vg

wa

� �
tð Þ; ð6bÞ

where x1 ¼ x; y½ 	> denotes the position vector indicating the location of the sensors at the hub, x2 ¼ vx;vy
� �> ¼ _x1 is the

velocity vector in nf g, x3 ¼ ax; ay
� �> ¼ _x2 is the acceleration vector in nf g, x4 ¼ �ba þ g ¼ bax; bay

� �> with ba ¼ Rbb
a refers to

the combined bias and gravity vector, wb 
 0;Q bð Þ with Q b 2 R2�2, wa ¼ Rwb
a 
 0;Q að Þ, and vg 
 0;Q g

	 

with Q g 2 R2�2.

The diagonal elements of Q g 2 R2�2 and Q a 2 R2�2 represent the covariances of the GPS noise and accelerometer noise,
respectively. The vector form is

R1 :
_x t � sdð Þ ¼ Ax t � sdð Þ þ Ew t � sdð Þ; að Þ
z ¼ Hx t � sdð Þ þ v s tð Þ; bð Þ

�
ð7Þ

where x ¼ x>1 ; x
>
2 ; x

>
3 ; x

>
4

� �> 2 R8, z tð Þ ¼ p>gps tð Þ; f >imu t � sdð Þ
h i>

2 R4, A 2 R8�8, H 2 R4�8, and w ¼ wb 2 R2 
 0;Qð Þ and

v s ¼ v>g ;w>a
h i>

2 R4 
 0;Xð Þ with diagonal matrices Q ¼ Q b and X ¼ diag Q g ;Q a

	 

. The trends illustrated by Eq. (6) have

been proven [45].

3.2. Process model for the predictor and MHE

Another approach is to let the acceleration be an input that drives the position/velocity dynamics. The aim of this model is
to design the MHE. Similar to R1, the model is then given by

_x1
_x2
_x4

2
64

3
75 t � sdð Þ ¼

0 I 0
0 0 I
0 0 0

2
64

3
75

x1
x2
x4

2
64

3
75 t � sdð Þ þ

0
I
0

2
64

3
75Rf imu t � sdð Þ þ

0 0
I 0
0 I

2
64

3
75 wa

wb

� �
t � sdð Þ; ð8aÞ

z tð Þ ¼ I 0 0½ 	
x1
x2
x4

2
4

3
5 t � sdð Þ þ vg tð Þ; ð8bÞ

where x1 ¼ x; y½ 	>, x2 ¼ vx;vy
� �> ¼ _x1, x4 ¼ �ba þ Rg ¼ bax; bay

� �>, and z tð Þ ¼ pgps tð Þ. The vector form is

R2 :
_x t � sdð Þ ¼ Ax t � sdð Þ þ Bu t � sdð Þ þ Ew t � sdð Þ; að Þ
z tð Þ ¼ Hx t � sdð Þ þ v s tð Þ; bð Þ

�
ð9Þ
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where x ¼ x>1 ; x
>
2 ; x

>
3

� �> 2 R6, u ¼ Rf imu 2 R2, A 2 R6�6, B 2 R6�2, H 2 R2�6, w ¼ w>a ;w
>
b

� �> 2 R4 
 0;Qð Þ with

Q ¼ diag Q a;Q bð Þ, and v s ¼ vg 2 R2 
 0;Xð Þ with X ¼ Q g .

3.3. Discrete system

Using a shift register to receive f imu tð Þ, the effects of time delay are canceled. Discretizing the continuous system (7) or (9)
and ignoring the system disturbance and measurement noise yields

xkþ1 k� Ndð Þ ¼ Adxk k� Ndð Þ R1ð Þ
Adxk k� Ndð Þ þ Bdu k� Ndð Þ R2ð Þ

�
; ð10aÞ

zk k� Ndð Þ ¼Hxk k� Ndð Þ; ð10bÞ
where the subscript k denotes the time instance tk ¼ kTs, where Ts is the sampling interval. In this paper, Ts ¼ Ta. The discrete
matrices are

Ad ¼ eATa ¼ I8�8 þ ATa; R1ð Þ
I6�6 þ ATa; R2ð Þ

�
ð10cÞ

Bd ¼ TaBþ T2
a

2
AB; ð10dÞ

Q d ¼
Z Ta

0
eAsQeA

>sds ¼ QTa þ QAT2
a þ AQA>

T3
a

3
; ð10eÞ

Xd ¼ X=Ta: ð10fÞ

4. State estimation and prediction algorithms

A state estimation algorithm that compensates the GNSS delay and provides real-time monitoring of the hub position,
velocity, and acceleration is required. We propose two algorithms in this section. The hub motion estimator 1 (HME1)
has a low complexity because it does not include a moving horizon estimator and a nonlinear program solver. Based on
HME1, the hub motion estimator 2 (HME2) is developed to improve the prediction performance for the system with longer
natural period by introducing an MHE.

4.1. Algorithm 1 – HME1

The workflow diagram is presented in Fig. 6, and its steps are tabulated in Algorithm 1. Only R1 in (7) is necessary, and the
observer runs at a high frequency with an interval Ta. For every time step, the shift register #1 stores the real-time IMU
specific force measurement. The MKF estimates the states, based on the delayed GPS measurement and the delayed accel-
eration measurement. In a GPS sampling interval, the position measurements inputs to the MKF once. Shift register #4 stores
the data x̂ t � sdð Þ and the covariance matrices. Then the stored data are supplied to the online smoother. The online Rauch,
Tung, and Striebel (RTS) smoother conducts backward smoothing [46]. The additional delay caused by the smoother is ss so

Fig. 5. Sketch of how the HME1 works.
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that the estimate becomes x̂ t � sd � ssð Þ. A predictor is used to bring forward the estimates to the present time t. Then, the
process moves on to the next step, and the above procedures are repeated. See Algorithm 1.

Algorithm 1 HME1.

Monopile hub position estimation zk;ak; t; Tg ;Nd;Ns
	 


Initialize: �ud ¼ 02�Nd
,�us ¼ 02�Ns , �x ¼ 09�Ns ,�xþ ¼ 09�Ns , P ¼ 09�9�Ns ,Pþ ¼ 09�9�Ns

1: while k do
2: �ud = Shift register #1(ak)
3: x̂kjk;Pkjk; x̂kþ1jk;Pkþ1jk

� �
= Multirate Kalman filter (zk; �ud; t; Tg)

4: �x;P; �xþ;Pþ
� �

= Shift register #2(x̂kjk;Pkjk; x̂kþ1jk;Pkþ1jk)

5: x̂k t � sd � ssð Þ; �us½ 	 = Online RTS smoothing (�x;P; �xþ;Pþ; �ud)
6: x̂k tð Þ = Predictor(x̂k t � sd � ssð Þ; �ud; �us;Nd;Ns)
7: k ¼ kþ 1
8: end while

return x̂k tð Þ

4.2. Algorithm 2 – HME2

Based on the periodic motion of the hub, it is possible to predict the hub motion at a time instant in the near future based
on past observations. Moreover, the predictor in HME1 is a simple deterministic open-loop simulation that does not take into
account the stochastic properties of the measurements. Hence, to further improve the estimation performance, a more opti-
mal HME2 is proposed. The differences between HME1 and HME2 are illustrated in Fig. 7. In Algorithm 2, we introduce an
MHE. This gives optimal predictions to the states during the gap between two GPS updates, i.e., the MHE resamples the GPS

Fig. 6. Workflow diagram of the proposed algorithm (HME1).

Fig. 7. Sketch of how the HME2 works with MHE.
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sampling interval with a number of optimal position predictions according to past measurements and the process model R2.
This approach is equivalent to increasing the position sampling rate. Consequently, the MKF position estimation is corrected
at a higher frequency, which helps overcome large drifts accumulated during a GPS sampling interval.

It is noted that the fidelity of the predictions, according to the discrete GPS signal sequences, depends on the first fore-aft
natural frequency of the hub. Similar to the aliasing effect, limited GPS sampling points from the continuous narrow-band
hub position history implies lost information regarding the dynamics and a less accurate prediction. Therefore, HME2 is
more suitable for oscillations with a longer natural period.

The workflow diagram and process are presented in Fig. 8 and Algorithm 2. The calculation interval of the MHE solver is
Tm, i.e., Ta < Tm < Tg . Shift register #2 updates every Tg and outputs stored data with delayed IMU specific force and GPS
measurements every Tm. Together with the initial value provided by shift register #3, xm0;k, the MHE solver calculates the
delayed states xm t � sdð Þ using nonlinear programming. The yellow blocks (multirate Kalman filter, smoother, and predictor)
remain the same as those used in HME1 by taking the position ẑk from xm t � sdð Þ, instead of taking zk directly from the GPS
measurements.

Algorithm 2 HME2.

Monopile hub position estimation zk;ak; t; Tg ; Tm;Nd;Ns;Nm
	 


Initialize: �ud ¼ 02�Nd
,�us ¼ 02�Ns , �xm ¼ 02�Nm , �x ¼ 09�Ns ,�xþ ¼ 09�Ns , P ¼ 09�9�Ns ,Pþ ¼ 09�9�Ns

1: while k do
2: �ud = Shift register #1(ak)
3: �uk; �zk½ 	 = Shift register #2(�ud; zk)
4: xm0;k = Shift register #3(xkjk)
5: ẑk = Moving horizon estimator(�uk; �zk; xm0;k)
6: x̂kjk;Pkjk; x̂kþ1jk;Pkþ1jk

� �
= Multirate Kalman filter (ẑk; �ud; t; Tm)

7: �x;P; �xþ;Pþ
� �

= Shift register #4(x̂kjk;Pkjk; x̂kþ1jk;Pkþ1jk)

8: x̂k t � sd � ssð Þ; �us½ 	 = Online RTS smoothing(�x;P; �xþ;Pþ; �ud)
9: x̂k tð Þ = Predictor(x̂k t � sd � ssð Þ; �ud; �us;Nd;Ns)
10: k ¼ kþ 1
11: end while

return x̂k tð Þ

4.3. Implementation

4.3.1. Delayed IMU measurement and stored signals
To input the delayed IMU measurement, Algorithm 3 is applied to shift the measurement Nd steps. Furthermore, the IMU

specific force measurement during the delay is stored and input to the predictor in Algorithm 9.

Fig. 8. Workflow diagram of the proposed algorithm with moving horizon estimator (HME2).
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Algorithm 3 Shift register #1.

Shift register #1 akð Þ
1: �ud ¼ ud :;2 : Ndð Þ;ak½ 	
return �ud

4.3.2. Moving horizon estimator
The GPS and IMU do not sample synchronously. The aim of the MHE is to fill the gap between two subsequent GPS

updates with reasonable state predictions. For a discrete dynamics model R2, the current state (xk) depends on the sequence
of past inputs Uk ¼ col uk�N � � �uk�Nð Þ and its initial value xk�N . The measurement zk is a mapping of the states xk. Therefore,
the states Xk ¼ col xk�N � � � xk�Nð Þ are estimated with a sequence of measurements Zk ¼ col zk�N � � � zk�Nð Þ by minimizing the
error of the measurement error and the disturbance. The states at the last step can be treated as filtered signals. Then,
the position estimation from the MHE inputs to the MKF. First, two shift registers are required to provide the historic mea-
surements and inputs, as well as the initial value for the MHE solver; see Algorithms 4 and 5.

Algorithm 4 Shift register #2.

Shift register #2 �ud; zkð Þ
1: uk ¼ �ud :;1ð Þ
2: �uk ¼ ud :;2 : Ndð Þ;uk½ 	
3: �zk ¼ ud :;2 : Ndð Þ; zk½ 	
return �uk, �zk

Algorithm 5 Shift register #3.

Shift register #3 xkjk
	 


1: �xm ¼ um :;2 : Nmð Þ; xkjk
� �

2: xm0;k ¼ �xm :;1ð Þ
return xm0;k

Z and U update every Tg , and the MHE solves the nonlinear program with an interval Tm. At all steps except the MHE
updating time, i.e., rem t; Tmð Þ ¼ 0, the MHE should predict the current state based on past measurements and inputs. The
cost function is given by

min
S;Q

Xk�1
i¼k�Nmþ1

kwikQ þ
Xk�1

i¼k�Nm

þ kv ikR þ kvkkRf
; ð11aÞ

s:t:wi ¼ xiþ1 � Adxi þ Bduið Þ; i ¼ k� Nm þ 1; � � � ; k� 1; ð11bÞ
v i ¼ zi � Cdxi; i ¼ k� Nm; � � � ; k� 1; ð11cÞ
wk ¼ xk � Adfxk�1 þ Bdfuk�1

	 

; ð11dÞ

vk ¼ zk � Cdxk; ð11eÞ
tf ¼ Tg þ rem t; Tg

	 
 ð11fÞ
Adf ¼ I6�6 þ tfA; ð11gÞ

Bdf ¼ tfBþ t2f =2AB; ð11hÞ

Rf ¼
R > 0; if tf ¼ 0;

0; otherwise;

(
ð11iÞ

where rem a; bð Þ is the remainder after division of a by b, Q and R are positive-definite diagonal weighting matrices, and the

weighted Euclidean norm is expressed as kwik2Q ¼ w>i Qwi.
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4.3.3. Multirate Kalman filter
A Kalman filter is used to filter the noisy measurements in the state equation R1. Because the sampling frequency in the

GPS and the IMU are different, the MKF is modified from the classic Kalman filter, as illustrated in Fig. 5. The MKF works at
the same frequency as the IMU. When the GPS signal is available, i.e., at t=Tg ¼ integer steps, the GPS signal corrects the esti-
mate. Otherwise, at a moment when the GPS measurement is not available, i.e., at t=Tg – integer, the part of the Kalman gain
matrix K according to the position measurements is set to zero, and the estimate is updated with merely the acceleration
measurements as a state in Eq. (7) or as an input in Eq. (9). The error grows until it is corrected at the next GPS update.
The summarized algorithm is tabulated in Algorithm 6. At this stage, the MKF calculates the delayed estimate t � sd.

Algorithm 6 Multirate Kalman filter.

Multirate Kalman filter ẑk; �ud; t; Tð Þ
1: Initialize: x̂0j0, P0j0 ¼ I6�6
2: uk ¼ �ud :;1ð Þ
3: x̂kþ1jk ¼ Adx̂kjk þ Bduk

4: Pkþ1jk ¼ AdPkjkA
>
d þ Q d

5: K kþ 1ð Þ ¼ Pkþ1jkH
> HPkþ1jkH

> þXd
� ��1

6: if t=T – integer then
7: K 1 : 2; :ð Þ ¼ 02�4
8: end if
9: x̂kþ1jkþ1 ¼ x̂kþ1jk þ K kþ 1ð Þ ẑkþ1 �Hx̂kþ1jk

� �
10: Pkþ1jkþ1 ¼ I � KkHkð ÞPkþ1jk

return x̂kjk;Pkjk; x̂kþ1jk;Pkþ1jk,

4.3.4. Smoothing
The MKF leads to discontinuous points when t=Tg ¼ integer. Therefore, smoothing is conducted to smooth the estimate

along the time history. There are three categories of smoothing: fixed-interval smoothing, fixed-point smoothing, and fixed-
lag smoothing.

A widely used offline fixed-interval smoothing method is the RTS smoother, also referred to as the two-pass smoother
[46]. A forward pass is the Kalman filter, which computes the filtered quantities, x̂kjk;Pkjk; x̂kþ1jk;Pkþ1jk, and stores them in
the memory. The backward pass smooths the estimate. However, the RTS smoother is an offline algorithm that process
the stored estimate data from the Kalman filter. At the end of an estimation on a given dataset, the RTS smoother normally
runs once. For a real-time application, however, the algorithm is insufficient. Thus, to ensure an online application, a window
function is employed to accomplish the backward pass for each step, where Ns is the length of the moving window. The pro-
cedure is summarized in Algorithm 7 and 8. Due to the additional phase shift of the online smoothing, the estimate is now
further delayed by t � sd � ss.

Algorithm 7 Shift register #4.

Shift register#4 x̂kjk;Pkjk; x̂kþ1jk;Pkþ1jk
	 


1: �x ¼ �xkjk :;2 : Nsð Þ; x̂kjk
� �

2: P ¼ Pkjk :; :;2 : Nsð Þ;Pkjk
� �

3: �xþ ¼ �xkþ1jk :;2 : Nsð Þ; x̂kþ1jk
� �

4: Pþ ¼ Pkþ1jk :; :;2 : Nsð Þ;Pkþ1jk
� �

return �x;P; �xþ;Pþ

Table 5
Sensor parameters in the simulations.

Parameter Value Unit

GPS accuracy �0:03 m
GPS sampling rate 1 Hz

GPS delay 0:2 s
Accelerometer accuracy �0:15 m/s2

Accelerometer sampling rate 100 Hz
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Algorithm 8 Online RTS smoothing

Online RTS smoothing �x;P; �xþ;Pþ;uk
	 


Initialize: x̂Ns jNs ¼ �x :;Nsð Þ, PNs jNs ¼ �x :; :;Nsð Þ
1: �us ¼ �us :;2 : Nsð Þ; �ud :;1ð Þ½ 	
2: if k 6 Ns then
3: x̂k ¼ �x :;1ð Þ
4: else
5: for j ¼ Ns � 1 : �1 : 0 do
6: x̂jjj ¼ �x :; jð Þ, x̂jþ1jj ¼ �xþ :; jð Þ, Pjjj ¼ �P :; :; jð Þ, Pjþ1jj ¼ �Pþ :; :; jð Þ
7: A jð Þ ¼ PjjjA

>
d P
�1
jþ1jj

8: x̂jjNs ¼ x̂jjj þ A jð Þ x̂jþ1jNs � x̂jþ1jk
� �

9: PjjNs ¼ Pkjk þ A kð Þ Pkþ1jNs
� Pkþ1jk

� �
A> kð Þ

10: end for
11: x̂k t � sd � ssð Þ ¼ x̂0jNs

12: end if
return x̂k t � sd � ssð Þ; �us

4.3.5. Predictor
To move the estimated states forward to the present time t, a predictor is proposed. The time delay sd þ ss is still small;

thus, the integration drift caused by the accelerometer bias is not significant until the next GPS correction. During the time
delay, all acceleration inputs to Eq. (10a) are known. Therefore, the present estimate is achieved by updating Eq. (10a) for
Nd þ Ns steps with the input vectors �ud and �us. The process is illustrated in Algorithm 9.

Algorithm 9 Predictor

Online RTS smoothing x̂k t � sd � ssð Þ; �ud; �us;Nd;Nsð Þ
1: for i ¼ 1 : Nd � 1 do
2: x̂k ¼ Adx̂k þ Bd�ud :; ið Þ
3: end for
4: for i ¼ 1 : Ns do
5: x̂k ¼ Adx̂k þ Bd�us :; ið Þ
6: end for

return x̂k tð Þ

5. Verification of the proposed algorithms

5.1. Simulation overview

The simulation is conducted with HAWC2 and MATLAB [47]. The model mentioned in Section 2.2 is adopted in the fol-
lowing simulations. The monopile is exposed to irregular waves and a turbulent wind field. The environmental parameters
are listed in Table 2. HAWC2 outputs high-frequency position, velocity, and acceleration at the hub, which are considered as
the real values in the simulations. After adding zero-mean white noise processes and a slow-varying bias, and resampling
with specific sample rates with delays, the resulting position and acceleration signals are used as measurements from GNSS
and IMU. The important sensor parameters are listed in Table 5. The time step Ta is selected as 10 ms. The biases on the IMU
specific force measurements are simulated as Wiener processes.

To evaluate of the performance of the state estimator, the mean square error (MSE) is introduced as criterion as follows:

MSE :¼ 1
N

XN
k¼1

xk � x̂kð Þ2; ð11jÞ

where N is the total number of steps used in the estimate.

234 Z. Ren et al. /Mechanical Systems and Signal Processing 123 (2019) 222–243



5.2. Simulation results

The simulation results are presented in Figs. 9–14. The double integration of the acceleration measurement drifts off sig-
nificantly due to the IMU bias, as expected. The performance of HME1 and HME2 are similar. Both HME1 and HME2 provide a

Fig. 9. Position estimate, Hs ¼ 2 m, Tp ¼ 6 s, bwave ¼ 30�; Swave ¼ 10;Uw ¼ 8 m/s, TI ¼ 0:146, and STI ¼ 596.

Fig. 10. Position estimate, zoomed in, Hs ¼ 2 m, Tp ¼ 6 s, bwave ¼ 30�; Swave ¼ 10;Uw ¼ 8 m/s, TI ¼ 0:146, and STI ¼ 596.
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high-frequency real-time motion estimation. Although the GPS sampling rate of 1 Hz is quite low, the MKF accurately esti-
mates the position and velocity of the hub, including the sensor bias. The MKF suppresses the GPS measurement noise, and
the estimate approaches the real state. The online smoother smooths the trajectory in the case of sudden changes which may
cause high derivatives. The predictor corrects the delay between the smoothed estimate and the real values. The proposed
GNSS/IMU integration scheme greatly improves the GPS measurement in terms of both the accuracy and sampling rate. As

Fig. 11. Velocity estimate, Hs ¼ 2 m, Tp ¼ 6 s, bwave ¼ 30� ; Swave ¼ 10;Uw ¼ 8 m/s, TI ¼ 0:146, and STI ¼ 596.

Fig. 12. Velocity estimate, zoomed in, Hs ¼ 2 m, Tp ¼ 6 s, bwave ¼ 30�; Swave ¼ 10;Uw ¼ 8 m/s, TI ¼ 0:146, and STI ¼ 596.

236 Z. Ren et al. /Mechanical Systems and Signal Processing 123 (2019) 222–243



Fig. 13. Acceleration estimate, Hs ¼ 2 m, Tp ¼ 6 s, bwave ¼ 30�; TI ¼ 0:146; Swave ¼ 10;Uw ¼ 8 m/s, and STI ¼ 596.

Fig. 14. Accelerometer bias estimate, Hs ¼ 2 m, Tp ¼ 6 s, bwave ¼ 30� ; TI ¼ 0:146; Swave ¼ 10;Uw ¼ 8 m/s, and STI ¼ 596.
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shown in Figs. 11–13, the velocity and acceleration estimates converge to the real values. The error of the velocity estimate is
within 0.05 m/s; see Fig. 12.

From the accumulated absolute errors (Figs. 9 and 11), HME1 has a better position estimation, whereas the velocity and
bias estimates from HME2 are slightly better. In the case study, the monopile natural period is 3.8 s, for which the GPS
sampling interval is too large. Hence, the moving horizon estimator struggles to predict precisely according to the sampled
data. In summary, in this scenario, HME1 is preferred because of its lower complexity and sufficient accuracy.

5.3. Sensitivity study on the oscillation amplitude

In Section 5.2, the simulation results show that the estimation performance of HME2 is not improved by MHE. In this sec-
tion, a sensitivity study is conducted to show how the environmental conditions influence the performance of HME1 and
HME2. A series of simulations are conducted. The time series generated by the fitted spectra (Eq. 1) in Table 4 are selected
as standard measurements and inputs with an oscillation amplitude less than 1 m. The generated time series is multiplied by
a coefficient Na 2 0:05;0:1; 0:2;0:5;0:7;1;2;3;7;10f g to simulate the oscillations with distinct amplitudes. All the other
parameters, e.g., the GPS and IMU measurement noises, remain the same in all the simulations. The incoming direction of
the wave is 30�, i.e., bwave ¼ 30�. To analyze the performance of the HME1 and HME2 algorithms, we also implement an
EKF and an MKF for comparison. The EKF is implemented based on the plant model (6), where the innovation from the
GPS signal is set to zero when the GPS signal is not available. Similarly, the MKF is implemented based on the delayed
GPS signals.

Taking the natural periods 4, 6, and 8 s as examples, the influence of the oscillation amplitudes on the various estimation
schemes are shown in Figs. 15–17. It is easy to notice that the MSEs of both position and velocity estimates increase with the
motion amplitude. The EKF shows the best performance when the oscillation amplitude is less than 0.1 m, i.e., when the

Fig. 15. MSE of hub motion estimates using different methods in various hub motion amplitudes, natural period 4 s.
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motion estimator is not necessary. However, the EKF fails to accurately monitor the motion when Na P 0:1. Use of only the
MKF (Algorithm 6) without shift register #1 (Algorithm 3) yields medium performance results as compared with HME1 and
HME2. Because of the GPS delay, there is always a delay between its estimate and the real value. With the correction by the
predictor, the delay increases when the MKF updates with the delayed IMU specific force measurement from shift register
#1. Both HME1 and HME2 estimate the velocity well.

For an OWT with a first fore-aft natural period 4 s, HME2 estimates the position better when the oscillation amplitude is
less than 0.3 m, whereas HME1 shows better performance when the amplitude is larger than 0.3 m; see Fig. 15. For an OWT
with a 6-s natural period, the performance boundary is at an amplitude of 1 m; see Fig. 16. Normally, the hub motion ampli-
tude is located in the yellow envelope. Hence, both the HME1 and HME2 will improve the estimation performance over a
single MKF.

Applying HME2 when the oscillation amplitude is less than the specific amplitude boundary, and adopting HME1 for the
cases with oscillation amplitudes larger than the boundary, appear to achieve the best estimation performance.

5.4. Sensitivity study on the natural period and oscillation amplitude

Allowing the natural period to be from 3 to 8 s, the results of the best algorithms are illustrated in Fig. 18, using the cri-
terion of minimumMSE. The yellow area shows the normal envelope of oscillation amplitude and natural period for an OWT.
The detailed MSE results in three example conditions are presented in Tables 6–9. HME1 provides the best position estimate
at upper left corner in Fig. 18, while HME2 is the best choice, shown in the lower right corner. MKF is the best scheme to use
at two points ([0.5 m, 4 s] and [0.5 m, 5 s]), where the performance of MKF, HME1, and HME2 are very similar; see Fig. 15 The
velocity estimate by HME2 is slightly better than the one from HME1. The performance of HME2 improves with an increasing
natural period of the hub and with a decreasing oscillation amplitude. For the conditions in Tables 6–8, HME2 improves the
estimate by approximately 20–30%. However, the estimate from HME1 is more accurate when the natural period is small;
see Table 9.
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MKF
HME1
HME2
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Fig. 16. MSE of hub motion estimates using different methods in various hub motion amplitudes, natural period 6 s.
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Because of the low sampling rate of the GPS and the relatively high hub oscillation frequency, the moving horizon esti-
mator struggles to accurately estimate using the sampled GPS signal and specific force measurements when the natural per-
iod of the OWT is low. HME2 greatly improves the estimate in the low-amplitude and long-natural-period region, whereas
HME1 performs better in the region with higher motion amplitudes. Therefore, the suitable scheme can be decided by the
oscillation amplitude and frequency.

6. Conclusions

Due to the slow GNSS sampling interval and GNSS delay, traditional discrete methods fail to provide good real-time
motion estimations for a system with higher frequency. This paper proposes two GNSS/IMU integration schemes to estimate
the offshore wind turbine hub position with a bottom-fixed foundation during the mating process. The systems include a
multirate Kalman filter, an online RTS smoother, a moving horizon estimator, and a predictor. Simulations have verified that
in the fast system, the estimators are sufficiently accurate. The estimates agree well with the real values for position, veloc-
ity, acceleration, and bias. The state observer filters the noise in the GPS and the IMU, overcomes the GPS delay, and achieves
high-frequency displacement and velocity monitoring functionalities in real time.

Based on a comparison with the EKF and the MKF, the HME1 algorithm performs significantly better used as a real-time
hub motion estimator during blade installation under some relevant conditions, while HME2 performs significantly better
under some other relevant conditions. The performance of the state estimators is affected by the oscillation amplitude
and the natural period of the hub structure. HME2 works well in the low-amplitude and low-frequency region, whereas
HME1 shows superior performance in the region with higher motion amplitudes. Hence, both estimators could be imple-
mented with a supervisory switching logic [48]. Both algorithms provide a sufficiently accurate estimate of the hub motion
states in relevant conditions, thereby providing improved hub monitoring and increased safety and efficiency in practical
applications.

Fig. 17. MSE of hub motion estimates using different methods in various hub motion amplitudes, natural period 8 s.
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Fig. 18. The best schemes with different oscillation amplitudes and natural periods.

Table 6
The MSE of different algorithms, monopile natural period 4 s, oscillation amplitude 0.2 m.

Natural period (s) x y vx vy

EKF 5.98e�3 2.07e�3 3.53e�3 1.25e�3
MKF 1.52e�3 1.66e�3 0.52e�3 0.57e�3
HME1 1.79e�3 2.02e�3 0.57e�3 0.63e�3
HME2 1.42e�3 1.46e�3 0.49e�3 0.52e�3

Table 7
The MSE of different algorithms, monopile natural period 8 s, oscillation amplitude 0.2 m.

Natural period (s) x y vx vy

EKF 3.42e�3 1.25e�3 1.98e�2 0.74e�3
MKF 1.63e�3 1.71e�3 0.56e�3 0.58e�3
HME1 1.88e�3 2.05e�3 0.59e�3 0.64e�3
HME2 1.38e�3 1.45e�3 0.49e�3 0.52e�3

Table 8
The MSE of different algorithms, monopile natural period 8 s, oscillation amplitude 1 m.

Natural period (s) x y vx vy

EKF 8.46e�2 2.82e�2 4.78e�2 1.59e�2
MKF 7.81e�3 3.89e�3 3.25e�3 1.50e�3
HME1 6.59e�3 3.68e�3 2.81e�3 1.39e�3
HME2 4.99e�3 2.60e�3 1.73e�3 0.92e�3
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ABSTRACT

The assembly and installation costs of an offshore wind farm can ap-
proach 20% of the capital expenditures; therefore, time efficient installa-
tion methods are needed for installing offshore wind turbines. This study
investigates the feasibility of a novel wind turbine installation concept
using a catamaran. The catamaran is designed to carry wind turbine as-
semblies on board and to perform installation using lifting grippers. The
installation of a rotor-tower-assembly onto a spar foundation is consid-
ered with a focus on the mating process of a tower-nacelle-rotor assem-
bly. The spar foundation has been pre-installed at a representative site in
the North Sea, and the catamaran has thrusters regulated by a dynamic
positioning system. Numerical modelling of various components of the
concept are introduced. Time-domain simulations of the system are per-
formed in irregular waves, and the relative motion and velocity between
the tower bottom and the spar top are analysed during the mating process.
It was found that the active heave compensator can effectively reduce the
relative heave velocity and the risks of structural damage during the mat-
ing process.

KEY WORDS: Offshore wind turbine installation; catamaran; mating;
active heave compensator; motion control.

INTRODUCTION

The offshore wind industry has witnessed continuous growth in the past
decade. To improve the cost effectiveness of offshore wind power, there
is a trend to design larger wind turbines for greater water depths. Various
types of supporting structures have been proposed for offshore wind tur-
bines (OWTs). Generally, for water depth less than 40 meters, monopile,
gravity-based, and jacket foundations are the most commercially com-
petitive (Pieda and Tardieu, 2010). For water depths greater than 100
m, floating foundations including spar, semisubmersible, and tension leg
platforms are viable solutions, although their commercialisation is still

at a preliminary stage because of costs.
Offshore installation is expensive. According to a recent study (Moné et
al., 2017), the assembly and installation cost contributes approximately
20% to the capital expenditures of a bottom-fixed offshore wind farm.
The installation costs are partly due to the rental of installation vessels
and weather-restrictive nature of traditional marine operations (e.g. sig-
nificant wave height ≤ 2.0 m). The turbulent wind condition is another
factor that poses constraints. To avoid delays during offshore installa-
tion and to increase profit margins of the offshore wind industry, innova-
tive and cost-effective methods for installing OWTs are desired. For in-
stance, Sarkar and Gudmestad (2017) suggested an installation approach
using a floating vessel with a floatable subsea structure for installation
of monopile-type wind turbines. Guachamin-Acero et al. (2017) pro-
posed another method for installing bottom-fixed wind turbines based on
the inverted pendulum principle. Yet, these installation methods are not
readily applicable to floating wind turbines.
A novel concept was proposed in the SFI MOVE project for installing
bottom-fixed and floating OWTs (Hatledal et al., 2017). This concept
utilises a catamaran vessel which carries a maximum of four tower-
nacelle-rotor assemblies in an installation task. Unlike the split method
(Jiang et al., 2018a) which requires several lifts of blades or nacelle, the
catamaran installation concept is more efficient - it requires only one lift
for each wind turbine assembly. Figure 1 illustrates a visual impression
of this concept during an installation task. In general, the procedure
for installing a spar-type floating wind turbine can be divided into the
following major stages:
(a) The catamaran approaches the pre-installed spar foundation;
(b) The crew wait for allowable weather;
(c) The catamaran gets connected to the spar foundation via sliding
grippers;
(d) The lifting mechanism grips, lifts up, and transports a wind turbine
assembly to the aft;
(e) The relative motion between the tower bottom and the spar top is
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Fig. 1 Illustration of an offshore wind farm installed by the cata-
maran installation vessel.

monitored;
(f) The tower bottom and the spar foundation is mated;
(g) Bolting of the tower bottom takes place;
(h) The catamaran releases the spar foundation.

All critical stages should be evaluated to ensure technical feasibility of
this installation concept. At stage (c), manual mode of the dynamic posi-
tioning (DP) system may be applied. After connection of the spar and the
catamaran, the sliding grippers will only constrain the relative surge and
sway motions of the two bodies but allow relative pitch and roll motions.
Hatledal et al. (2017) focused on stage (c) and used the virtual prototyp-
ing framework Vicosim to study the contact forces between the grippers
and the foundation. Jiang et al. (2018b) performed numerical analysis
for stage (e) and identified factors affecting the relative motions in the
horizontal plane. These studies are preliminary, and further numerical
simulations and experiments are needed for assessment of the concept.
In this study, we focus on the mating phase (stage (f)) and investigate
the relative heave motion between the lifted wind turbine assembly and
the spar foundation. There are different methods to achieve heave com-
pensation. Passive and active systems are two main categories, and hy-
brid active-passive systems also exist which combine features of both.
Passive systems are mostly open-loop systems which do not require any
energy input, and pneumatic-hydraulic systems are widely used (Huster
et al., 2009). In contrast, active systems involve closed-loop control and
require energy input. An active system usually involves electronics, sen-
sors and controlled actuators, and should be used when the relative mo-
tion between two independently moving references need to be compen-
sated (Woodacre et al., 2015). A great number of examples can be found
regarding modeling and control of active hydraulic systems; see Korde
(1998), Jelali and Kroll (2012) and Mintsa et al. (2012), and applications
can be found in deep-water mining (Chung 2010) and lifting operation
(Nam et al., 2013). Here, a representative hydraulic active heave com-
pensator (AHC) is numerically modelled for the lifting mechanism of the
whole system that consists of a dynamically positioned catamaran, a spar
foundation with mooring lines, and sliding grippers.

(a)

(b)

Fig. 2 Schematic of the mating of a wind turbine assembly (a) aft
view (b) side view.

PROBLEM FORMULATION

Problem statement
As shown in Fig. 2, during the mating phase, the wind turbine assem-
bly is gripped by the lifting grippers and laid upon the spar foundation.
Because of the wave-induced motions on the catamaran and spar, uncon-
trolled landing of the wind turbine assembly on the spar foundation could
result in large impact loads. To avoid this, motions of the lifting grippers
should be controlled, compensating for the relative motions between the
tower bottom and the spar top. The AHC should be located at both sides
of the catamaran.
A hydraulic system is considered for the AHC consisting of a motor, a
pump, valves, hydraulic fluid, and a hydraulic cylinder. Figure 3 gives
an overview of the system components. In the figure, the wind turbine
assembly is simplified as a mass, and the lifting grippers are represented
by a cylinder connected to the wind turbine. Two right-hand coordinate
systems are adopted, the global frame and the global vertical frame. The
global coordinate system is fixed and initially aligned with body coordi-
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Fig. 3 Simplification of the AHC considered in the study.

nate system of the spar, with the origin point at the mean water level and
x- and y-axes pointing to the north and east, respectively; see Fig. 2(b).
In the body-fixed frame of the catamaran, the xb- and yb- axes point to
the bow and port, respectively. It is assumed that the spar-top motions
can be effectively measured by sensors, and the relative motions in pitch
and roll are less important. The control objective is to reduce the relative
heave motion between the tower bottom and the spar top in the global
z-axis when exposed to oscillatory wave motions. The control input is
the pump displacement.

System modelling
The main assumptions for the modelling are as follows:

• The reacting force from the hydraulic actuator does not influence
the vessel motion;

• There is a rigid connection between the lifting grippers and the
wind turbine assembly; see Fig.2(a);

• Hydraulic fluid density is constant;

• Pipeline distance is neglected;

• The effective bulk modulus of the hydraulic fluid is constant.

The position of the tower bottom in the global reference frame pb be-
comes

pb = pv + R(Φ)(pb
h + dh), (1)

where pv stands for the position of the body origin of the catamaran in the
global coordinate, R(Φ) denotes the rotation matrix from the body-fixed
to global reference frame parametrised by the Euler angle vectorΦ, pb

h is
the position of the hydraulic lifting device in the body-fixed frame, and
dh = [0, 0,−lh]> where lh > 0 refers to the moving distance of the lifting
grippers.
The velocity vb of the tower bottom in the global frame is given by

vb = vv + R(Φ)S(ωv)(pb
h + dh) + R(Φ)vh, (2)

where vv is the velocity of the body origin of the catamaran in the global
coordinate, S is a three-by-three skew-symmetric matrix used to repre-
sent cross products, and vh = [0, 0,−l̇h]>.
In this work, a simplified variable-displacement controlled cylinder is
considered for the hydraulic system (Wang et al., 2012). As illustrated in
Fig. 3, this cylinder will act as an equivalent of the actual system using

a set of cylinders. The position of the cylinder is regulated by the oil
pumped into and out of it. The load pressure P is defined as

P =


P1 − Pr, if P1 > Pr

Pr − P2, if P2 > Pr
(3)

where Pr denotes the return pressure which is considered to a constant,
and P1 and P2 are the pressures on the two chambers of the cylinder.
The state-space equation of the one-degree variable displacement con-
trolled cylinder system is

l̇h = vh, (4a)

v̇h =
1
m

(− fcvh + PA + Fext), (4b)

V
β

Ṗ = −Avh − clP + u. (4c)

where vh denotes the moving velocity of the lifting grippers, m is the total
mass including the mass of the hydraulic cylinder mh and the mass of the
turbine assembly mt, fc is the friction coefficient, A is the cross-section
area of the cylinder, Fext is the external force due to gravity of the turbine
assembly, V = V0 + Alh is the effective volume of the cylinder, V0 is the
fluid volume in the pipelines, β is bulk modulus of the hydraulic fluid,
cl is the fluid leakage coefficient, and u is equivalent to the axis rotating
speed of the pump ω times pump displacement Dp.

FEEDBACK CONTROL SYSTEM

For the sake of simplification, the observer design is not included in this
paper.

Trajectory generator
From Eq. (1), the desired length of the hydraulic piston lhd is at the time
instant tk is calculated from

lhd(tk) =
[
pb

h − R>(ps(tk) − pv(tk))
]

3
, (5)

where ps is the position of the spar top in the global reference frame, and
[a]3 denotes the 3rd element of the vector a. A reference model is used to
generate smooth trajectories lhr(t) and l̇hr(t) for a series of desired lengths
lhd. The transfer function is given by

lhr

lhd
(s) =

ω3
r

(s + ωr)(s2 + 2ζrωr + ω2
r )
, (6)
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where s is the frequency, ζr denotes the damping ratio, and ωr is a fre-
quency parameter. ζr = 1 is selected to ensure critical damping. The
parameter ωr influences the tacking speed, i.e., the higher the ωr, the
faster the tracking speed.
Because of the lowpass-filter characteristic of the reference system, there
is a lag between the trajectory and the actual position. Its consequence is
the unwanted impact during the final mating phase. To reduce this lag,
a higher ωr is needed. Otherwise, lhd can be selected with a prediction
over a short time horizon.

Control law design
In the control law design stage, it is assumed that the real-time measure-
ments of the positions and orientations of the catamaran and spar are
available. Because of the high bulk modulus β of the hydraulic fluid, β

V
has a large value that causes fast dynamics in the system. Therefore, the
natural frequency for the system (4a)–(4b) is much smaller than for (4c).
Singular perturbation theory is used to handle such problems in order to
transfer the high-order system into a low-order model by dividing the
system into a slow model and a fast model.
Define two error variables e1 = lh − lhr and e2 = ė1 = vh − l̇hr. The system
model with error dynamics is then given by

ė1 = e2

ė2 = 1
m (− fcvh + PA + Fext) − l̈hr

 ė = f (e, P), (7a)

εṖ = −A(e2 + l̇hr) − clP + u := g(e, P, u), (7b)

where Eq. (7a) is the slow model and Eq. (7b) is the fast model with
e = [e1, e2]> and ε = V

β
. As β gets very large, ε → 0, and the isolated

root of g = 0 is

P̄ =
1
cl

(u − Al̇h) =: h1(u) (8)

Substituting P = P̄ of Eq. (8) into Eq. (7a) yields,

ė2 =
1
m

[− fc(e2 + l̇hr) +
A
cl

(u − Al̇h) + Fext] − l̈hr

= Υu + Ψ,

(9)

where Υ = A
mcl

and Ψ = − A2

mcl
l̇h + 1

m (−dhvh + Fext) − l̈hr. Υ is a positive
constant by assuming that cl is a constant.
Therefore the PID control law is given by

u =
1
Υ

(−Ψ − c1e1 − c2e2 − c3

∫
e1 dt) := h2(e), (10)

where c1, c2, and c3 are positive constants. By using the pole placement
technique, identical real eigenvalues are selected i.e., λ1 = λ2 = λ∗ < 0.
Hence, c1 = λ1λ2 = 2λ∗ and c2 = −λ1 − λ2 = −2λ∗. The integral control
gain c3 is tuned to handle the bias existed in the equilibrium points (8)
caused by Fext in u.

ANALYSIS PROCEDURE

Figure 5 shows the analysis procedure followed in this paper to assess the
performance of the AHC on the mating process. Here, the coupled sys-
tem refers to the catamaran, spar and positioning system. In the analysis,
several sea states are selected for the numerical simulation first. Then,
numerical simulations were performed in the time domain. Based on the
simulation results, the absolute and relative heave motions between the
spar top and the tower bottom will be analysed, and the effect of the AHC
will be shown.

Fig. 4 Block diagram of the control system.

Fig. 5 Analysis procedure of the study.

NUMERICAL SIMULATION

The time-domain simulation program SIMO (MARINTEK, 2016) was
used to simulate the coupled dynamic responses of the catamaran-spar
system with 12 degrees-of-freedom. The catamaran installation vessel
and the spar foundation were modelled as two rigid bodies connected
by mechanical couplings (spring-damper system) at the vessel aft. The
DP of the catamaran is realised by using four thrusters distributed along
the vessel. A Kalman filter-based controller was used for the positioning
system. In SIMO, the equations of motion of the two-body system are
solved in the time domain, and the retardation functions are calculated
using frequency-dependent added mass and damping. In this study, Hy-
droD (Det Norske Veritas, 2011) was used to obtain these hydrodynamic
coefficients. The second-order hydrodynamic loads in surge, sway, and
yaw were calculated based on Newman’s approximation. In addition, lin-
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Fig. 6 Top view of the catamaran and spar at mean water level.

ear roll damping and quadratic yaw damping coefficients were specified
for the catamaran to account for the viscous effects on the hull.
For the coupled system with lifting mechanism, MATLAB/Simulink was
used to model the AHC, and motion responses of the catamaran and the
spar from SIMO were used as inputs. In SIMO, the Newmark-Beta nu-
merical integration method with a time step of 0.01 s was used. In MAT-
LAB/Simulink, a 10−4 second sampling interval was adopted to accu-
rately simulate the hydraulic system’s fast dynamics. The control input
update frequency is 10 Hz.

CASE STUDY

A catamaran vessel designed in the SFI MOVE project and a spar foun-
dation based on the Hywind Scotland project (Steen, 2016) were consid-
ered in the case study. Figure 6 is a schematic of the initial positions of
the bodies in the horizontal plane. In the figure, β denotes wave heading.
The spar is constrained by a set of three mooring lines and connected to
the catamaran via sliding grippers (not shown).
Tables 1–3 list the key parameters of the catamaran, wind turbine as-
semblies and spar. Prior to the mating operation, the spar top position,
or the mating point, is located approximately 20 m above the waterline.
A preliminary design of the hydraulic system was done, and the basic
parameters of the hydraulic system are summarized in Table 4.

Table 1 Selected properties of the catamaran.

Parameter Symbol Value

Length overall (m) LOA 144
Breath moulded (m) B 60
Draft (m) Tc 8.0
Displacement mass (tonnes) ∆c 18502.9
Vertical centre of gravity (COG) above
baseline (m)

KGc 28.6

Body origin in global coordinate sys-
tem (m)

(Xc,Yc,Zc) (64,0,0)

Number of wind turbines on board Nw 4

Table 5 lists the load cases under irregular waves. The significant wave
height (HS ) of 2.0 m, and representative values of the spectral peak pe-
riod (TP) were chosen. A constant number of 3 was used in the di-
rectional function (Det Norske Veritas, 2010) for the directional short-
crested wave spectrum, and the JONSWAP spectrum was used for wave
generation. A water depth of 110 m was considered. For each load case,

Table 2 Selected properties of each wind turbine.

Parameter Symbol Value

Rated power (MW) RP 10
Weight (tonnes) Mw 1200
Hub height (m) Hh 115

Table 3 Selected properties of the spar before mating.

Parameter Symbol Value

Diameter at top (m) Lbd1 9.5
Diameter at waterline (m) Mbd1 14
Draft (m) Ts1 70
Vertical position of COG (m) ZsCOG1 -51.8
Displacement mass (tonnes) ∆s1 11045
Vertical position of fairlead (m) Z f 1 -15
Vertical position of mating point (m) Zm 20
Heave natural period (s) Tn3 17.4

Table 4 Parameters of the hydraulic system.

Parameter Symbol Value
Cylinder cross-section area (m2) A 0.39
Bulk modulus (-) β 2e9
Fluid leakage coefficient (-) cl 1e-7
Mass of the hydraulic piston (tonnes) mh 1
Friction coefficient (Ns/m) fc 1e5
Volume of fluid in the pipeline (m3) V0 0.5

Table 5 Load cases (Hs=2.0 m).

LC Tp β AHC

1 6.0 0 Yes, No
2 8.0 0 Yes, No
3 10.0 0 Yes, No
4 6.0 30 Yes, No
5 8.0 30 Yes, No
6 10.0 30 Yes, No

six 1800-s simulations with random seed numbers were performed, and
the statistical results were obtained by averaging the six simulations.

RESULTS AND DISCUSSION

In this section, the simulation results of the load cases will be interpreted.
The focus is to compare the relative heave motion of the mating point
with and without AHC. Here, heave motion refers to the motion in the
global z-direction, and heave velocity is time derivative of the heave mo-
tion.

Time series
Figures 7–8 show selected time series of the absolute heave motion and
velocity of the tower bottom and the spar top. In the following, the tower
bottom refers to the bottom position of the wind turbine assembly being
held by the grippers. Without AHC, responses of the tower bottom were
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(a)

(b)

Fig. 7 Time history of the absolute heave displacement, HS =2.0
m, TP=10 s, β=0 deg, Seed 1 (a) without AHC (b) with
AHC.

derived from rigid body motions of the catamaran, and the catamaran’s
heave and pitch motions contribute to the tower-bottom heave responses.
As illustrated by the red dashed line in Fig. 7(a), this part is dominant
compared to heave motion of the spar top. The spar-top motion is dom-
inated by heave resonance of the spar. With AHC, heave motion of the
tower bottom can be substantially compensated for, and there is generally
good correspondence between the two curves in Figs. 7(b). Figure 8(a)
compares the absolute heave velocities of the two bodies without AHC.
Even for the short duration shown, the maximum heave velocity of tower
bottom is well above 1 m/s. Because the aim of the AHC is to follow the
spar-top heave motion which is quite small, AHC is also effective in re-
ducing the heave velocity of the tower bottom (Fig. 8(b)). The maximum
absolute heave velocity of the tower bottom is below 0.1 m/s in the time
history.
The relative heave velocity is critical to the landing forces that occur dur-
ing the mating. Figures 9–10 present the relative heave motion and ve-
locity in the z-direction. Without AHC, the relative motion and velocity
are comparable to the absolute ones. The magnitude of the relative ve-

(a)

(b)

Fig. 8 Time history of the absolute heave velocity, HS =2.0 m,
TP=10 s, β=0 deg, Seed 1 (a) without AHC (b) with AHC.

locity, in conjunction with the large weight of the wind turbine assembly
(about 1200 tonnes) indicates great landing forces. With AHC, the rela-
tive velocity is on the order of 0.2 m/s, which is expected to be handled
by the protection system during the mating process.
In Fig. 11(a), movements of the hydraulic piston are shown. The moving
distance follows the wave-frequency heave responses of the tower bot-
tom. In the case with HS =2 m and TP=10 s, the moving distance has
a mean value of 3 m and maximum of 5.6 m. The moving distance is
dependent on design of the hydraulic system and longitudinal location of
the mating point along the catamaran. Fig. 11(b) plots the hydraulic load
pressure at the cylinder side; this pressure varies around 30 MPa during
the whole simulation.
As shown in Figures 12(a)–12(b), for the suspended wind turbine tower
assembly, the gripper forces from the AHC are dominant, with the mean
values close to the self weight. In comparison, the inertial forces are
relatively small.
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(a)

(b)

Fig. 9 Time history of the relative heave displacement between
the spar top and the tower bottom, HS =2.0 m, TP=10 s,
β=0 deg, Seed 1 (a) without AHC (b) with AHC.

Statistical results
Figures 13(a)–13(b) give the statistical average of the maximum re-
sponses during 1800 s. These maxima are simply the maximum values
without extrapolations. The tower-bottom motions outweigh the spar-
top motions for the system without AHC, and the maximum relative dis-
tance and relative velocity approaches the maximum tower-bottom dis-
placement and velocity, respectively. Higher TP is correlated with larger
maximum relative response, primarily due to the shape of the JONSWAP
spectrum and of the catamaran’s pitch response amplitude operator (not
shown). In practical marine operations, lower TP is more often encoun-
tered.
Without the AHC, the maximum responses are sensitive to the wave
heading, and β=0 deg gives greater responses. With the proposed AHC,
the wave heading is expected to have less impact on the heave responses
of the mating point. As shown in Figs. 14(a)–14(b), when β increases
from 0 to 30 deg, the magnitude of this reduction is insignificant, al-
though a reduction in the relative displacement or velocity is observed.

(a)

(b)

Fig. 10 Time history of the heave velocity of the tower bottom rel-
ative to the spar top, HS =2.0 m, TP=10 s, β=0 deg, Seed 1
(a) without AHC (b) with AHC.

Landing forces
Like the landing of subsea structures on the seabed (Det Norske Veritas,
2014), the landing of the wind turbine assembly may cause structural
damage to the spar deck or to the lifting mechanism, and the risks should
be assessed. According to (Graczyk and Sandvik, 2012), the following
approximation can be used to evaluate the maximum force in the lift wire
for a component landing on the deck

Fmax = mtg + Vrel

√
kmt, (11)

where Fmax is the maximum force in the lift wire, g is the gravitational
acceleration, Vrel is the relative velocity between the vessel and the load,
and k is the equivalent stiffness of the deck and the lift wire. In the present
case, stiffness of the lifting mechanism is not negligible.
Equation (11) implies the usefulness of AHC in reducing the landing
forces during mating. When the maximum relative velocity of the wind
turbine assembly is kept below 0.2 m/s, the second term could be rather
small. On the other hand, a radial guiding system with soft stiffness may
be pre-installed on the spar. Such a system can reduce the landing forces
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(a)

(b)

Fig. 11 Representative performance of the active heave compen-
sator, HS =2.0 m, TP=10 s, β=0 deg, Seed 1 (a) moving
distance of lifting grippers (b) hydraulic load pressure.

during the final contact. Because of the unknown contact stiffness, the
landing forces are not calculated in this work.

CONCLUSION

This paper presents the modelling and simulation of an active heave com-
pensator for a catamaran wind turbine installation vessel. The active
heave compensator consists of a motor, a pump, valves, hydraulic fluid,
and a hydraulic cylinder. Time-domain numerical simulations under ir-
regular waves were conducted with an emphasis on the mating stage of
the wind turbine installation process. A wind turbine assembly is be-
ing gripped by the lifting grippers and transferred onto a floating spar
foundation.
The relative heave motion and velocity responses between the tower bot-
tom and the spar top are compared for the cases with and without active
heave compensator. It is shown that the active heave compensator can
effectively reduce the relative heave velocity and can potentially improve
the safety of the mating process.

(a)

(b)

Fig. 12 Force components of the suspended tower assembly,
HS =2.0 m, TP=10 s, β=0 deg, Seed 1 (a) gripper force
(b) inertial force.
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(a)

(b)

Fig. 13 Statistics of the simulation results without AHC, HS =2.0
m, β=0 deg (a) maximum heave motion (b) maximum
heave velocity.
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