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Abstract

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 concerning 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 modularized 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.
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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 initial installation and lifespan maintenance costs, the price of offshore wind energy
remains more than three times higher than onshore wind energy[1]. 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 configuration, and single blade installation are often used [2? , 3]. 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 instance, 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 [4]. 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 attention [5–10]. 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 operations 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 [11, 12] and MSS MarPowSim
[13], 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
operations, such as SIMA [14, 15], 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 designing of wind turbines under normal operations,
including HAWC2 [16], FAST [17], and Bladed [18], 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 [19], prove that these codes agree well with each other. Single blade installation has been
studied using HAWC2 [4, 20]. Taking HAWC2 as an example, although they can interface with MATLAB/Simulink
through TCP/IP or use some DLLs to implement simple control laws, there are disadvantages. First, setting up the
interface and debugging 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 [21], a wind
turbine sub-model in an in-house computational fluid dynamics (CFD) code [22], and a computational aeroelastic tool
with the Boundary Element Method [23], have been developed that are relevant to wind turbine simulations. None of
these, however, is able to simulate blade installation.

This paper presents the development of an open-source object-oriented simulation-verification blade installation mod-
eling toolbox targeting 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 resulting 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 correctness.

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 formulation and development guidelines are proposed.
In Section 3, relevant coordinate systems and coordinate transformations are introduced. The models of the wire ropes,
winches, and hook are presented in Section 4. The blade dynamics, wind velocity with turbulence 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|2 = x>x. 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 n× n, respectively. A
nomenclature is given Appendix A.

Color codes in figures: To avoid confusion, the colors in the following 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
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• 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 configuration 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 is considered, which
has been hammered into the seabed. The supporting 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 guiding 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 horizontally 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 guiding pins into the flange holes. After bolting the blade and the hub, the installation is finished.

Figure 1: The mating phase during a single blade installation (Image source: RWE GmbH [24]).

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.
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2.2. Model assumptions

From the above description, the main components of the blade installation 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 installation 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 5 MW reference turbine blade is taken as an example hereafter in this paper [25]. 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.

Figure 2: Single blade installation setup.

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
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interconnecting blocks with Newton-Euler mechanics. All components should be easy to assemble to achieve different
configurations. 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 installation. 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 disregarding the wind-induced loads. The external loads acting on the blade are the
wind-induced loads and restoring forces from the corresponding connected wires.

The proposed toolbox is able to model not only single blade installation but also other complex installation configura-
tions. 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.

Figure 3: Model overview.

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

• 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 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 {Bi} 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 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 Ra

b , i.e.,
va = Ra

b (Θab)v
b, (1)
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Figure 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.

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).

In this paper, the following order is adopted to transform a vector from one frame to another: {W} ↔ {N} ↔ {B} ↔
{Bi}. The transformations 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 {Bi}. The relations between the vectors in the above-mentioned coordinate systems are tabulated
in Table 2. The variables Rn

b and Rn
w are short for Rn

b (Θbn) and Rn
w(Θwn), respectively.

Additionally, position transformations between the coordinate systems are expressed by

{B} → {N} : p = Rn
b p

b + dnb , (2)

{W} → {N} : p = Rn
wp

w + dnw, (3)

where the distance vectors between the coordinate origins are

dnb = −dbn = pOn − pOb
, (4)

dnw = −dwn = pOn − pOw , (5)

with pOn = [xOn , yOn , zOn ]>, pOb
= [xOb

, yOb
, zOb

]>, and pOw = [xOw , yOw , zOw ]>.

(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 l̄AB between points A and B, is presented as an example. Define lAB = pA − pB ,

Table 1: Variables in the corresponding frame

Position in Relative orientation to {n} Translational velocity Angular velocity
{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]> -
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Table 2: Vector transformation among the above-mentioned coordinate systems. In the table, a = (·)b.

a
b

νn νb νw

νn = I3 Rn
b Rn

w

νb = Rn
b
> I3 Rn

b
>Rn

w

νw = Rn
w
> Rn

w
>Rn

b I3

where pA and pB ∈ R3 are the positions of the ends of the wire. If the mass of the wire rope is negligible, the restoring
force [26] in the global frame, fA ∈ R3, is modeled as

fA = −
(
κ(δAB)krδAB − dr

d δAB
d t

)
lAB
|lAB |

, (7)

where lAB

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

κ(δAB) =

{
1 δAB ≥ 0,

0 otherwise.
(8)

The axial elongation is
δAB = |lAB | − l̄AB . (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 [26]

kr = γr
EAr
l1

, (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 l1 = ll(or lt) = l̄AB + l0, 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., l1 = ls = l̄AB . To sum up,

l1 =

{
l̄AB + l0 lift wire/tugger line,

l̄AB sling.
(11)

A general form of the modified coefficient for a stranded wire γr is deduced in [27], given by

γr =

nr∑
i=0

zri cos3 αri

1 + vri sin2 αri
EriAri, (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 the ith wire layer, respectively. A specific example of Eqn. (12) is γr = cos3 αr

1+vr sin2 αr
when all the strands

share the same lay angle and Poisson ratio.
The tension on the rope is fr = |fA|. According to Newton’s third law, the reaction force at the other end of the rope

is
fB = −fA. (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 acting on the wire, and the torque input acting on the winch [28]. The external load is positive or
zero. The winch model is given by

l̇1 = rmωm, (14a)

ω̇m =
1

Jm
(−dmωm + frrm + Tm) , (14b)
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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

ṗh = vh, (15a)

Mhv̇h = gh +

nl∑
i=1

fliB +

ns∑
i=1

fsiA , (15b)

where ph and vh ∈ R3 are the position and velocity vectors of the hook mass center in the global reference {N},
Mh = diag{mh,mh,mh} is the hook mass matrix, gh = [0, 0,mhg]> 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.

Figure 6: Free-body diagram of the lift wire and 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 [29] is given by

η̇b = J(Θbn)νb (16)

J(Θbn) =

[
Rn
b (Θbn) 03×3
03×3 T (Θbn)

]
(17)

where J ∈ R6×6 is a transformation matrix and

ηb =

[
pn

Θbn

]
, νb =

[
vb
ωb

]
. (18)

This rotation matrix is implemented in the MarIn module called Basic functions/Euler angles to rotation

matrix (z-y-x).
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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 [30], 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 reasonable
to assume that the blade span would not be assembled vertically, 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

Rn
b (Θbn) = Rz,ψRx,φRy,θ

=

[
cψ −sψ 0
sψ cψ 0
0 0 1

][
1 0 0
0 cφ −sφ
0 sφ cφ

][
cθ 0 sθ
0 1 0

−sθ 0 cθ

]

=

cψcθ − sψsφsθ −sψcφ cψsθ + sψsφcθ
sψcθ + cψsφsθ cψcφ sψsθ − cψsφcθ
−cφsθ sφ cφcθ

 .
(19)

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

Rwi
b = R([0, α, 0]>), (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 Rwi
b 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 (Θbn) transforms the body-fixed angular velocity to the Euler angle update rate, given by

T (Θbn)−1Θ̇bn =

0

θ̇
0

+R>y,θ

φ̇0
0

+R>y,θR
>
x,φ

0
0

ψ̇

 . (21)

Removing Θ̇bn from both sides yields

T (Θbn)
−1

=

cθ 0 −cφsθ
0 1 sφ
sθ 0 cφcθ

 . (22)

Hence,

T (Θbn) =

 cθ 0 sθ
tφsθ 1 −cθtφ
−sθ/cφ 0 cθ/cφ

 . (23)

Remark 5: Note that this update law will cause drift because T (Θbn) is only a first-order approximation [30].
However, the drift is 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

Mbν̇b +Cb(νb)νb = gbb + τ bs + τ bt + τ bw, (24)

where gbb ∈ R6 is the gravity force and moment vector in {B}, i.e.,

gbb =

[
Rn
b
>[0, 0, (mb +my)g]>

[0, 0, 0]>

]
, (25)
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τ bs , τ bt , and τ bw ∈ R6 are the external load vectors from slings and tugger lines and wind-induced loads in {B}, i.e.,

τ bs =

ns∑
i=1

[
Rn
b
>fsiB

S(pbsi − pbCOG)Rn
b
>fsiB

]
, (26)

τ bt =

nt∑
i=1

[
Rn
b
>ftiB

S(pbti − pbCOG)Rn
b
>ftiB

]
, (27)

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

Mb =

[
(mb +my)I3 03

03 Ib

]
, (28)

where mb is the mass of the blade, my is the mass of the yoke, and Ib ∈ R3×3 is the inertia matrix. The mass of the blade
mb is given by

mb =

n∑
i=0

mbi =

n∑
i=0

ρbi∆lbi, (29)

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

∆lbi =


1
2 (rb,1 − rb,0), i = 0,
1
2 (rb,i+1 − rb,i−1), i = 1, · · · , n− 1,
1
2 (rb,n − rb,n−1), i = n.

(30)

in which rb,i with i = 0, · · · , n denotes the axial distance from the position of the ith node to the blade root center.
For a vector λ = [λ1, λ2, λ3]> ∈ R3, the matrix S(λ) [29] in Eqns. (26)-(27) is given by

S(λ) =

 0 −λ3 λ2
λ3 0 −λ1
−λ2 λ1 0

 . (31)

The Coriolis matrix [29] then becomes

Cb = −C>b =

[
(mb +my)S(ωb) 03

03 −S(Ibωb)

]
. (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 aerodynamic 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 60 m for a 5 MW 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 vw(x, y, z, t), is the sum of the mean wind speed and
the turbulence, i.e.,

vw(x, y, z, t) = v̄w(Rn
w, t) + vTI(x, y, z, t), (33)

where v̄w(t) = Rn
w[Uw(t), 0, 0]> is the mean wind velocity vector in {N}, Uw is the mean wind speed, and vTI(x, y, z, t)

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, Ue

Uw
� 1, where Ue refers to the eddy velocity.

A turbine 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 Nwx ×Nwy ×Nwz with intervals Dwx, Dwy, and
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Dwz along the corresponding axes, where Nwx, Nwy, and Nwz are the numbers of points in the xw-, yw-, and zw-axes,
respectively [31]. The wind turbulence boxes are generated by importing and reshaping the binary files from TurbSim
[32, 33], with preset discrete points along the length, width, and height. TurbSim is a free stochastic turbulence simulator
[34]. Additionally, the binary turbulence 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 remain 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 pC1/4,i = [xC1/4,i, yC1/4,i, zC1/4,i]
>.

The wind velocity vector at the ith node in {N}, vwi(pC1/4,i, t) = [uwi, vwi, wwi]
>, is interpolated by a 3D lookup table

with the following relation:

vwi = Rn
w


Uw0

0

+

Ωw
x,mann(pwC1/4,i

, t)

Ωw
y,mann(pwC1/4,i

, t)

Ωw
z,mann(pwC1/4,i

, t)


 (34)

with

pwC1/4,i
=

xC1/4,i(t) +
∫ t
0
Uw(τ)d τ − xOw

yC1/4,i(t)− yOw

zC1/4,i(t)− zOw

 , (35)

where Ωw
x,mann, Ωw

y,mann, and Ωw
z,mann 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.

5.3.2. Wind-induced loads acting on a blade

A centerline is defined in the main-body coordinate system. Because the NREL 5 MW reference wind turbine blade
does not have a prebend, the centerline is almost a straight line. The aerodynamic center C1/2 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
C1/2 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 = ti

Ci
,

where Ci and ti 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 obtained 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 [35] and an integration along the span. This gives

Li =
1

2
ρaCl(αi,T/Ci)AiV

2
i , (36)

Di =
1

2
ρaCd(αi,T/Ci)AiV

2
i , (37)

Mi =
1

2
ρaCm(αi,T/Ci)AiV

2
i , (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 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. Note that the relative

velocity here contributes to the air resistance. The wing area is

Ai =


(rb,1−rb,0)C1

2 if i = 0,
(rb,i−rb,n−1)Cn

2 if i = n,
(rb,i−rb,i−1)Ci

2 +
(rb,i+1−rb,i)Ci+1

2 otherwise.

(39)
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The AOA at the ith segment αi is given by
αi = α+ θy,i, (40)

with
α = fa

(
π + atan2(wbwi − wbC1/4

, ubwi − ubC1/4
)
)
, (41)

where fa is a function that converts an angle to the range [−π, π), atan2(y, x) is the multi-valued inverse tangent function,
and wbwi − wbC1/4

and ubwi − ubC1/4
denote the relative wind velocity at the ith blade segment 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

Cl(αi,T/Ci) = 2 cos(αi) sin(αi), (42a)

Cd(αi,T/Ci) = Cd(T/Ci) sin2(αi), (42b)

Cm(αi,T/Ci) = − sin(αi)/4, (42c)

where Cd(T/C) is the maximum value for Cd with respect to T/C [36]. 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 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

 , (43)

mb
w,i = mwi

w,i =

 0
Mi

0

 . (44)

Therefore, the total wind-induced force and moment 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

]] . (45)

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 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. 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 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.
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Table 3: Basic parameters of a single blade installation configuration with the NREL 5 MW 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
Size of the turbulence box Nwx, Nwy, Nwz - 65536, 32, 16
Intervals of the turbulence box Dwx, Dwy, Dwz m 4, 4, 4

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 init blade hawc2 function reads the aerodynamic coefficients to construct lookup tables for the
aerodynamic force modules. For the NREL 5 MW 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. [25]. Therefore, the init blade hawc2

function is accepted to correctly read the aerodynamic coefficients from the HAWC2 data files.

Table 4: Mass and moment of inertia verify the NREL 5 MW 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)

[Ixx, Iyy, Izz; IxyIxz, Iyz]

[
1.1808e7 2.6714e4 1.1817e7
−6.556e4 −1.417e3 −7.166e3

] [
1.1776e7 2.6837e4 1.1776e7
−6.515e4 −1.491e3 −7.097e3

]
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Figure 7: Cl lookup table w.r.t. airfoil thickness/chord ratio and AOA for the NREL 5 MW wind turbine blade.
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Figure 8: Cd lookup table w.r.t. airfoil thickness/chord ratio and AOA for the NREL 5 MW wind turbine blade.
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Figure 9: Cm lookup table w.r.t. airfoil thickness/chord ratio and AOA for the NREL 5 MW wind turbine blade.

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 90 m above the sea surface with
ψ = 0 deg and ψ = 30 deg, respectively. The horizontal wind speed at the height of 90 m is 10 m/s in the global negative
x-direction. The pitch angle is set to 10, 30, 50, 60, and 90 degrees. The wind speeds up during the first 20 seconds,
and the results are the corresponding values at 100 seconds. 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
constant. The proposed model calculates the wind load quadratically according 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.
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0

Figure 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.)
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Figure 11: Lift force and drag force per unit length ψ = 0 deg, w.r.t. θ and yb, wind speed = 10 m/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.)
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Figure 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.)
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Figure 13: Lift force and drag force per unit length, ψ = 30 deg, w.r.t. θ and yb, wind speed = 10 m/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.)

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 20 m/s with a 1 m/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 and Fz are well-fitted and are proportional to
the square of the mean wind speed. This observation corresponds well with [4]. 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.
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Figure 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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Figure 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.)

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 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.

Figure 16: Interface of the toolbox in Simulink library browser.

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
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around their equilibrium positions approximately follow a quadratic relation with the wind speed. This observation is
aligned with [4, 20]. 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 Θbn(0) = [0,−π/2, 0]>. The mean wind direction is in the x-axis, i.e.,
Θwn = [0, 0, 0]>.

A constant wind speed starts acting on the blade with a 5-second ramp increasing. The results are presented in Figs. 17
and 18. The displacements of the root center, COG, and tip center all satisfy quadratic relations.
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Figure 17: Displacements of the equilibrium point of the root center, the tip center, and the COG, under various mean wind speeds without
turbulence.
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Figure 18: Equilibrium positions of the blade centerline in the x-y horizontal plane under constant mean wind speeds without turbulence.

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 Ref. [20] for more details.
The mean wind speed is set to 12 m/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-second simulation, the average
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computation time is 710 seconds. 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 553.6 % increase in x, 152.0 %increase in y, 2482.2 %
increase in z. The motion at the blade tip is even larger, whose displacement 823.3 % increase in x, 303.1 %increase in y,
4701.1 % increase in z.

-20

0

20

x 
(m

)

-22

-20

-18

y 
(m

)

500 600 700 800 900
Time (s)

-92

-90

-88

z 
(m

)

Figure 19: Position of the blade root center, Uw = 12 m/s, TI = 0.146.
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Figure 20: Position of the blade COG, Uw = 12 m/s, TI = 0.146.

8. Conclusion and future research

In this paper, a numerical modeling framework for blade installation 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.
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Figure 21: Position of the blade tip center, Uw = 12 m/s, TI = 0.146.

The model will be integrated with other modules to verify controllers 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) l1(0) [1]

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)
Wire length (m)
Wire length changing rate (m/s)

pA,pB
l1
l̇1

[3× 1]
[1]
[1]

Outputs Forces at both ends (N) fA,fB [3× 1]

Parameters
Wire stiffness (N/s)
Wire damping (N·s/m)

dr
kr

[1]
[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) fliB ,fsiA [3× 1]
Outputs Position of the hook (m) ph [3× 1]

Parameters
Initial position of the hook(m)
Initial velocity of the hook(m)
Hook mass (kg)

ph(0)
vh(0)
mh

[3× 1]
[3× 1]

[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)
Position of the given point(m)

Uw
pC1/4,i

[1]
[3× n]

Outputs Wind velocity at the given points (m/s) νwi [3× n]

Parameters
Position of the turbulence box center (m)
Orientations of the turbulence box (rad)
Turbulence data structure

pOw

Θwn

-

[3]
[3]

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)
Wind velocity at the centers of pressure of the airfoil segments (m/s)
Velocity at the centers of pressure of the airfoil segments (m/s)

ηb
νwi
vC1/4

[6]
[3× n]
[3× n]

Outputs Wind-induced load in the body-fixed frame (N,N·m) τ bw [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)
Wind-induced load (N,N·m)

fsiB ,ftiB
τ bw

[3× n]
[6]

Outputs

Position and orientations of the blade (m,rad)
Position of the positions of the connecting points of the connected wires (m)
Position of the centers of pressure of the airfoil segments (m)
Position of the blade aerodynamic centers (m)

ηb
psi,pti
pC1/4,i

pC1/2,i

[6]
[3× ns], [3× nt]

[3× n]

Parameters

Initial position and velocity of the blade
Yoke mass
Blade data structure
Positions of the connected points to the slings and tugger lines in {B}

ηb(0)
my

-
pbsi,p

b
ti

[6]
[1]
-

[3× ns], [3× nt]

Appendix B. Modeling of single blade installation in Simulink

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

Acknowledgment

We appreciate the discussions on rigid-body kinematics and dynamics with Jiafeng Xu. This work was supported by
the Research Council of Norway (RCN) through the Centre for Research-based Innovation on Marine Operations (SFI
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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