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The single-blade installation is a common method for the installation of wind turbine blades. In an offshore installation, a
jackup vessel is often involved, and a crane is used to lift, move, and bolt each blade onto the rotor hub at the tower top. To
reduce the blade pendular motions, tugger lines are connected to the suspended blade. Active control of the tension force on
the tugger lines has been recently investigated to reduce the blade motion. In this situation, a pre-tension is needed during
the mating process, as only positive tension can be provided by the tugger lines. To further improve the effectiveness of active
force control, we propose an active control strategy with a three-tugger-line configuration in this work. The placement of
the third tugger line is examined. The proportional–integral–derivative (PID) control strategy is adopted, and allocation is
achieved by convex programming. Aeroelastic simulations are carried out to verify the active control scheme under turbulent
wind conditions. The results show that the proposed active control scheme is an effective means of reducing the translational
motion of the blade root relative to the hub in the mean wind direction.

INTRODUCTION

Offshore wind turbines (OWTs) have attracted increasing global
attention due to their advantages, such as saving land resources
and providing superior energy quality. However, during an OWT
installation, much time is wasted waiting for the allowable
weather window. Hence, OWT assembly and installation are
expensive, accounting for 19% of the overall OWT capital expen-
ditures (Moné et al., 2017).

As the blade span exceeds 100 m, the task of lifting an entire
rotor assembly offshore may face challenges beyond transporta-
tion issues. Single-blade installation, one of many OWT blade
installation approaches, involves the lifting of one blade by the
main crane and the attaching of the blade to the hub on the top
of the turbine tower. The suspended blade and the crane boom
are connected by tugger lines, typically without any active con-
trol. State-of-the-art single-blade installation is limited to a mean
wind speed of 8–12 m/s (Gaunaa et al., 2014). The benefits of the
single-blade installation are a wider range of installation vessels,
lower crane capacity, and higher deck usage. More efficient lift-
ing and mating operations are required because of the increased
number of offshore lifts.

Several publications on various aspects of single-blade installa-
tion can be found. The aerodynamic and aeroelastic behaviors of
the installation scheme are studied by Gaunaa et al. (2016). The
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motion characteristics and critical parameters have been investi-
gated (Jiang et al., 2018; Verma et al., 2019a, 2019b). A simula-
tion verification model of single-blade installation for the purpose
of control design is proposed in Ren et al. (2018b). To enhance the
level of automation and overcome the influence of human opera-
tors (Zhen et al., 2019), the control algorithms for optimal lifting
operation and stabilizing are proposed and verified with the sim-
ulation verification model (Ren et al., 2018a; Ren, Skjetne, and
Gao, 2019). Specialized commercial products, such as the LT575
Blade Dragon developed by Liftra and the Boom Lock technology
from High Wind have been developed to advance the single-blade
installation.

In addition to the blade motion, the motion of the foundation
influences the success rate and impact force of the blade’s final
mating operation (Jiang et al., 2018). In this paper, a monopile
foundation is considered the support structure (Jiang et al., 2017).
Currently, monopiles are the most cost-effective type of support
structure. An offshore structure is exposed to the environmental
load effects of current, wind, and waves; hence, the turbine hub
motion becomes quite complex (Cheng et al., 2019a, 2019b; Zhou
et al., 2019). The dynamics of monopile foundation are presented
in Jonkman et al. (2008). High-fidelity hub motion tracking algo-
rithms are presented in Ren, Skjetne, Jiang, et al. (2019). In this
paper, a closed-loop feedback control scheme single-blade instal-
lation is proposed that uses a proportional–integral–derivative
(PID) controller for the tugger line forces.

The paper is structured as follows. The system description and
problem formulation are presented in “Problem Formulation,” fol-
lowed by a brief introduction to “System Modeling.” The next
section discusses the capability of four different configurations of
tugger lines. Additionally, a PID controller and an online control
allocation based on convex programming are proposed. In “Sim-
ulations,” simulations are conducted using HAWC2 coupled to a
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MATLAB/Simulink interface for the developed controller. Verifi-
cation of the control scheme using both the simplified model and
the high-fidelity model is performed. A set of comparative stud-
ies is conducted to demonstrate the active controller performance.
The final section presents conclusions and recommendations for
future studies.

Notation

�x� and �x�A stand for the Euclidean norm and the weighted
Euclidean norm, respectively; i.e., �x�2 = x>x and �x�A = x>Ax.
The bar operator, ·̄, stands for the mean value over a period.

PROBLEM FORMULATION

Description of Single-Blade Installation

The monopile, transition piece, tower, nacelle, and blades have
been assembled before the installation procedure. Before the blade
installation begins, the hub is rotated to a horizontal position.
Next, the blade is equipped with a yoke at its center of mass and
lifted by the crane from the deck to the hub height. The blade root
motions are monitored. If the relative displacement and velocity
between the blade root and hub are within the allowable limits,
then the mating process follows. Figure 1 illustrates a typical mat-
ing phase between the blade and the hub. Wind-induced blade
motions are controlled by the tugger lines. The mating process is
finished when the guiding pins on the blade root have entered the
flange holes on the hub. The blade is then bolted onto the hub,
and the lifting gear is retracted. A detailed description of the pro-
cedure can be found in Jiang et al. (2018).

Problem Statement

In practice, the blade’s final installation stage may not be as
smooth as described above, especially under high wind speeds.
A typical single-blade installation scenario is illustrated in Fig. 2.
The leading edge of the blade faces downward with a −90� pitch
angle. This blade orientation does not have minimal loading, but it
is often adopted in practice because of concerns about transporta-
tion and loading predictability when the wind direction changes
(Kuijken, 2015). One lift wire is used to rigidly connect the hook
and crane tip, and two slings are used to connect the hook and
yoke. For the sake of simplicity, only horizontal restoring-force

Fig. 1 Illustration of the mating phase during a single-blade
installation [courtesy of RWE AG (2014)]

Fig. 2 Single-blade installation configuration in this paper

components from the tugger lines are considered. A three-tugger-
line configuration is proposed; i.e., three horizontal tugger lines
are connected to the yoke–blade system with arm lengths of rt1,
rt2, and rt3 relative to the blade center of gravity (COG). These
lines help to limit the blade pendulum motions in the horizon-
tal plane. Typical two-tugger-line installation configurations have
been considered in Kuijken (2015), Jiang et al. (2018), and Ren
et al. (2018a). The tension on the tugger lines can be measured
by tension cells and controlled by the winch servo motors. Pre-
tension can be exerted by shortening the tugger lines, resulting
in a deviation of the blade COG position from the static position
in the air. The configuration of three tugger lines can be realized
using off-the-shelf industrial devices. The third line can be con-
nected to the corresponding winch servo motor through pulleys.
The motor can be placed on the crane together with the motors
for the other two lines.

The global reference frame 8G9 is utilized. The origin Og is
placed at the mean water level with the x-axis pointing in the
mean wind direction, the z-axis pointing downward, and the y-axis
following the right-hand rule. The rotations about the x-, y-, and
z-axes are named roll (�5, pitch (�5, and yaw (�5, respectively.

Gravity is balanced by the lift wire since the blade is seized at
its COG. The impact of the wind-induced lift force on the blade
vertical motion is very limited. The aeroelastic simulation results
in Jiang et al. (2018) illustrate that the three planar motions are
critical for a single-blade installation operation in a turbulent wind
field, i.e., surge (x5, sway 4y5, and yaw 4�5. The motion on the
x-axis is critical because a large wind-induced force is exerted
on the yoke–blade system. The wind-induced forces acting on the
blade are uneven, and the blade experiences a yaw angle of �, as
shown in Fig. 2. Additionally, the wind-induced force in the lon-
gitudinal direction is quite small compared to the drag force in the
mean wind direction; refer to Ren et al. (2018b) for details. Sup-
pose that the tugger lines are horizontally arranged with no verti-
cal force components; then, the horizontal tension in each line can
then be denoted by f1, f2, and f3. It is assumed that f1, f2, and
f3 are constant on the x-axis. The turbulent wind continuously
affects the loading situation of the blade. Therefore, a 6 degrees-
of-freedom (6DOF) problem is transferred into a 2DOF problem
for a single-blade installation operation. The control objective is to
control the blade COG to track the desired setpoint rd = 6xd1�d7

>

by controlling the force inputs, f1, f2, and f3. The goal is to
reduce the motion of the root center in order to ensure the mating
operation.

SYSTEM MODELING

It is assumed that a jackup vessel with cranes will perform
the blade installation task. The jackup vessel and the crane are
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assumed to be rigid; therefore, no external loads on them are
modeled. However, the aerodynamic loads on the lifted blade
and the induced blade motions are considered. Moreover, the dis-
placements of the nacelle due to the hydrodynamic loads on the
monopile are modeled.

Environment

Irregular waves were generated using the JONSWAP spectrum
(DNV, 2000). The hydrodynamic loads on the monopile are cal-
culated using Morison’s equation. The current velocity is assumed
to be constant during the period of operation.

Mann’s turbulence model is adopted to simulate the turbulent
wind field (Mann, 1998). The wind speed vector at a point in
space is a sum of the mean wind velocity and a turbulence. The
aerodynamic load on the blade is calculated based on the cross-
flow principle, i.e., an integration of the lift and drag forces along
the spanwise direction. The wind load in the spanwise direction
is negligible. The aerodynamic effect of dynamic stall is not con-
sidered, but static stall is inherently accounted for by using the
lift and drag curves of the airfoil.

Blade Model

The NREL 5MW wind turbine is selected as the objective of
installation.

Tugger Lines

Tugger lines are modeled as springs, which only provide ten-
sion forces in the axial direction of the wire.

Monopile Foundation and Support Structures

Various simplified models and high-fidelity simulation mod-
els for dynamic load and response analysis of monopile foun-
dations have been investigated in earlier studies, e.g., Jonkman
et al. (2008). Here, a distributed model, the Winkler approach, is
adopted for monopile–soil interaction. The soil, modeled as plas-
tic material, is layered with different properties, i.e., the effective
weight and angle of internal friction. According to the p-y model,
the soil resistance p is a function of the pile displacement y at a
given depth along the pile. Each layer is modeled as an uncoupled
nonlinear spring with corresponding stiffness; see Fig. 3. Timo-
shenko beams are used to model the pile, the transaction piece,
and the tower (Bhattacharya and Adhikari, 2011). The waves enter
from 30� north of east.

Fig. 3 OWT with monopile foundation (left) and distributed
spring model (right)

CONFIGURATION OF TUGGER LINES AND
CONTROL ALLOCATION

PID Controller

A PID control algorithm for tugger line tension is used to stabi-
lize the blade’s motion (Åström and Hägglund, 1995). The control
law is given by

�c =

[

Ftx

Mtz

]

= −Kp

[

x− xd

� −�d

]

−Kd

[

u

r

]

−Ki

∫

[

x− xd

� −�d

]

dt (1)

where Ftx and Mtz are the commanded force and torque acting on
the suspended blade on the x-axis and the z-axis, and Kp1Kd1Ki ∈

�2×2 are the proportional, derivative, and integral diagonal gain
matrices, respectively0

Tugger Lines Configuration

As the tugger lines can only provide non-negative force inputs
to the suspended blade, the control input vector 6Ftx1Mtz7

> is
limited by the capability of the crane and winches. In this paper,
it is assumed that the placement of the first and second tugger
lines follows the typical configuration with rt1 = −rt2; i.e., they
are assembled symmetrically on each side of the blade COG, and
they both provide tension forces in the direction opposite to the
mean wind direction. The third tugger line is free to be placed in
a range (e.g., −10 ≤ rt3 ≤ 105, and it should provide tension force
in the mean wind direction.

Suppose that the force input limits are the same for all the
tugger lines. Hence, the allowable tugger line control set is

�f = 8f � 0 ≤ f ≤ fmax91 fi ∈�f 1 i ∈ 8112139 (2)

where fmax is the upper limit of f .
A comprehensive analysis is conducted to determine the config-

uration of the third tugger line. The free-body diagram of a three-
tugger-line configuration is shown in Fig 4. The wind-induced
load acting in the longitudinal direction is negligible. Hence, only
the wind speed component perpendicular to the blade’s longitu-
dinal axis is of importance. The wind direction remains close to
the mean direction in a short time interval, e.g., 10 minutes. The
installation vessel should adjust its heading and position accord-
ing to the weather forecast and historical data. The overall control
configuration is then given by

[

Ftx

Mtz

]

=

[

1 1 −1

rt1 cos� rt2 cos� rt3 cos�

]









f1

f2

f3









(3)

Fig. 4 Free-body diagram in the horizontal plane
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In vector form, this is written

� = Bf (4)

where � = 6Ftx1Mtz7
> ∈ �2 is the commanded load vector

on the blade resulting from the tugger line force vector f =

6f11 f21 f37
> ∈ �3

f , and B is the tugger line configuration matrix.
Control allocation is now the inverse problem of Eq. 5; that is,
allocating commanded force vector fc ∈ �3 for the tugger lines
gives a commanded load vector �c ∈�2, according to

�c = Bfc (5)

where fc = 6fc111 fc121 fc137
> is the control command vector.

Based on the quasi-static results of the wind-induced force in
the mean wind direction and moment about the z-axis for a ver-
tically arranged blade, Fwx and Mwz, follow quadratic relations,
i.e.,

[

Fwx

Mwz

]

=

[

kFx

kMz

]

U 2
w (6)

where kFx = −00174 kN · s2/m2 and kMz
= −10474 kN · s2/m2 for

an NREL 5 MW reference turbine blade. They are calculated by
curve fitting based on the results in Ren et al. (2018b).

Here, two domains are defined. The first domain, the control
input domain, is the feasible region of the control inputs caused
by the tension on the tugger lines, i.e.,

�c =
{

� ∈�2
� � = Bf 1 f ∈�3

f

}

(7)

The second domain, the required input domain, contains the con-
trol input required to compensate the wind-induced load acting on
the blade and is defined by

�r = 86Fwx4Uw51Mwz4Uw57
>
�Uw ∈�w = 6Uw1min1Uw1max79 (8)

where Uw1min and Uw1max are the minimum and maximum inflow
speeds. For a given mean wind speed and turbine class, the wind-
induced loads can realistically be compensated by the control
inputs from the tugger lines if �r ⊆ �c . In the following, the
placement of the connecting points of the tugger line on the yoke
is discussed.

The Control Input Domain �c with Respect to the Placement of
the Third Tugger Line. The tugger line configuration is illustrated
in Fig. 4, which shows the force vectors and positions of tugger
lines 1, 2, and 3. The third tugger line is placed in the direction
opposite that of the other two tugger lines. The distance between
its connecting point to the COG on the blade longitudinal axis is
rt3; e.g., −10 ≤ rt3 ≤ 10. A series of control input domain tests
are conducted with parameter sweeps. The simulation results are
presented in Figs. 5–8.

Below are some summaries of �c:
• It is obvious that �c for the three-tugger-line configuration

(Fig. 8) is much broader than that for a two-tugger-line arrange-
ment (Figs. 5–7).

• The shapes of �c for the configuration with the two-tugger-
line configuration are rhombuses, while the shapes of �c for the
three-tugger-line configurations are hexagons.

• Typically, the choice of the two tugger lines is lines 1 and 2,
as seen in Fig. 4. From the proposed results, �c is then small.
The �c for tugger lines 1 and 3 (Fig. 6) and 2 and 3 (Fig. 7) are

Fig. 5 Control domain with tugger lines 1 and 2 (f11 f2 ∈

6011007 kN and f3 = 05

symmetric about the Ftx-axis. The farther the third tugger line is
placed from lines 1 or 2, the broader a �c can be achieved.

• �c can be modified with the tugger line force input upper
limitation fmax.

The Required Input Domain �r with Respect to Mean Wind
Speeds and Turbine Classes. According to IEC (2005), the nor-
mal turbulence model (NTM) is given by

�1 = Iref40075Uw + b51 b = 506 (9)

where Iref = 0016 for wind turbine class A, Iref = 0014 for wind
turbine class B, and Iref = 0012 for wind turbine class C. For
a normal distribution, the possibility within the wind speed set
�w = 8Uw�Ūw − 3�1 ≤Uw ≤ Ūw + 3�19 is 99.8%. Therefore, the
required control input can be calculated based on Eq. 6, assuming
that Ūw − 3�1 and Ūw + 3�1 are the lower and upper limits for
the wind speed. The results are presented in Fig. 9.

Some results are summarized as follows:
• For the Class A wind turbine, �r is broader than that for

Class B, and they are both broader than that for Class C.
• It is impossible to compensate for the wind-induced loads

without pre-tension in the two-tugger-line scheme with tugger
lines 1 and 2.

Fig. 6 Control domain with tugger lines 1 and 3 (f11 f3 ∈

6011007 kN and f2 = 05
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Fig. 7 Control domain with tugger lines 2 and 3 (f21 f3 ∈

6011007 kN and f1 = 05

Fig. 8 Control domain with all three tugger lines (f11 f21 f3 ∈

6011007 kN)

• The two-tugger-line scheme with tugger lines 1 and 2 or 2
and 3 can compensate for the wind-induced loads when the mean
wind speed and turbulence intensity are limited in range.

Fig. 9 Required input domain for different wind turbine classes
(Class A, B, and C) and mean wind speeds (Ūw = 5110115 m/s)

• The three-tugger-line configuration with the third tugger line
connected to the yoke near the root is the best option for the
proposed installation scenario.

In Ren et al. (2018a), tugger lines 1 and 2 are used. The
pre-tension, which is needed to achieve negative control input,
moves the control scope in the negative Fy direction. There-
fore, the control performance is limited by the pre-tension. When
the pre-tension is insufficient and the wind-induced loads are so
high that the force on the tugger line 1 becomes 0, the system
becomes unstable. To stabilize the blade without pre-tension, a
three-tugger-line scheme is adopted in this paper.

Control Allocation

Because there are three force inputs (f1, f2, and f35 and only
two control inputs (Ftx and Mtz5, the control allocation is an
overdetermined problem. The problem is to find fc from the
desired �c , according to Eq. 5. However, the typical pseudo-
inverse, fc = B†�c with B† = 4B>B5−1B>, is not applicable since
there exists a constraint for each force input, fi ∈ �f , ∀i ∈

8112139. In this paper, an online optimization solver is used to
handle this constrained overdetermined control allocation problem
(Deng et al., 2019, 2020; Johansen and Fossen, 2013). Because
the computational demands here are not high, a solver written in
the C language is fast enough to realize the online application.
There are various programming solvers to handle such program-
ming problems. CVXGEN, an online quadratic program optimiza-
tion code generator, is applied in this paper (Mattingley, 2011).
The programming question is

min
fc

(

�Bfc − �c�Q1
+

nb
∑

i

�fc − Fi�Q2

)

(10)

subject to 0 ≤ fc1i ≤ fmax1 i, i = 11213, where Q1 ∈ �2×2 and
Q2 ∈ �3×3 are the weighting matrices in the objective function.
F ∈ �3×nb is a buffer matrix to store the previous data that F
updates for each time instant after finding the optimal solution f ∗

c

of Eq. 10; Fi is the ith column of F ; and nb is the number of
buffer-stored time instants.

The updated law is given by

F = 6F22nb
f ∗

c 7 (11)

where F22nb
contains the nb − 1 newest columns of matrix F .

The aim of introducing matrix F is to avoid sudden changes and
ensure smooth trajectories of the commanded tension force fc1i.
The values of the diagonal elements in Q2 should be much smaller
than those in Q1 for the case in which the tension updating slows.

Actuator Dynamics

Whether the desired tugger line forces can be supplied in time
depends on the actuator characteristics. Due to the physical lim-
itations of the actuators, the control signals cannot reach every
desired value or rate (Egeland and Gravdahl, 2002). In this study,
the actuator dynamics are simplified as stable first-order dynam-
ics, which can be expressed in the frequency domain by the trans-
fer function

fi4s5

f8c1i94s5
=

1
Tfis + 1

1 i ∈ 8112139 (12)

where Tfi is the time constant of the lowpass filter, fc1i denotes
the control input command signal from the proposed controller
and allocation algorithm fc , and fi is the actual physical tugger
line force applied to the system at a specific time.
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A discrete form of this lowpass filter in the time domain is

fi 4tk5= 41 − ai5 fi 4tk−15+ aifc1i 4tk5 1 i ∈ 8112139 (13)

where tk is the time at the kth sample instant with a fixed sampling
interval h and ai = h/4Tfi +h5.

SIMULATIONS

Overview

Numerical simulations are conducted in HAWC2 using
MATLAB Simulink to control the external force inputs. Selected
properties of the blade installation model and the controller
parameters are summarized in Table 1. The blade of the NREL
5MW reference wind turbine is used (Jonkman et al., 2009).

A turbulent wind field with a turbulence Class C and a mean
wind speed of Uw = 12 m/s is adopted in the simulations. The tur-
bulence intensity (T I5 is calculated according to the IEC (2005).
The turbulence is simulated with Mann’s turbulence model. Each
simulation lasts 1,000 s. In the response statistics, the first 400 s
are removed during post-processing to avoid the start-up transient
effect. We select the mean wave direction to be the same as the
mean wind direction, with the significant wave height 2 m and
wave period Tp = 6 s. For a given pair of Hs and Tp, the wave
angle of attack is selected as the most critical angle, where the
hub motion in the wind inflow direction is the largest.

The criteria are the absolute/relative blade root center’s motion
radius (Jiang et al., 2018), which is defined by the square root of
the sum of motion in the vertical and flow-wise directions. The
absolute blade root center’s motion radius �r0 and the relative
blade root center’s motion radius �rh are defined by

�r04t5=
√

4xr − x̄r5
2 + 4zr − z̄r5

2 (14)

�rh4t5=
√

4xr − xh − x̄r + x̄h5
2 + 4zr − zh − z̄r + z̄h5

2 (15)

Parameters Unit Value

Mean wind speed m/s 12
Turbulence intensity factor — 0.146 (IEC Class C)
Water depth m 30
Monopile foundation length m 36
Monopile substructure length m 30
Tower length m 77.6
Position of the crane tip m 60101−1107>

Yoke mass my ton 20
Blade mass mb ton 17.74
Blade moment of inertia kg · m2 4.31e6

at COG Ib
Blade length m 62.5
Arms of the tugger line forces m 6−40514051−60227

6rt11 rt21 rt37
Length of lift wire m 9.2
Stiffness of lift wire N/m 5.59e8
Length of slings m 9
Stiffness of slings N/m 1e8
Lift wire and spring damping ratio — 1%
Gain matrix of P controller Kp — diag81e511e79
Gain matrix of D controller Kd — diag81e41005e69
Gain matrix of I controller Ki — diag81e313e59
Weighting matrix Q1 — diag8100119
Weighting matrix Q2 — diag81e-711e-711e-79

Table 1 Parameters used for numerical simulations

where xr , zr , xh, and zh define the positions of the blade root
center and hub center, respectively.

CVXGEN is used for control allocation to calculate the control
input on each tugger line fc based on the desired system input �c .
C++ codes are generated with an online interface, which ensures
high computational speed. The calculation speed satisfies a real-
time online optimization scenario.

Time-Domain Simulation Results

The time-domain simulation results are presented in
Figs. 10–14. The position history of the blade root center is pre-
sented in Fig. 10, which shows that the blade’s motion is greatly
reduced by the proposed PID controller. The blade’s motion in the
inflow direction is also greatly reduced. The deviation of the blade
root center position between the two schemes is caused by the
wind loads. The starting positions for both schemes are the same,
which corresponds to the positions without wind loads. In the pas-
sive scheme, the equilibrium position of the suspended blade has
an offset from the starting position under the wind loads. For the
active scheme, the active controller manages to stabilize the pay-
load at its starting position. The position deviation is influenced
by the mean wind speed. To cancel the derivation in the equilib-
rium positions, the only thing to do is to change the position of

Fig. 10 Position of the blade root center, Uw = 12 m/s, T I =

00146, Hs = 2 m, and Tp = 6 s

Fig. 11 Absolute motion radius history of the blade root center
�r0 and accumulated error of the motion, Uw = 12 m/s, T I =

00146, Hs = 2 m, and Tp = 6 s
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Fig. 12 Relative motion radius history between the hub and blade
root center and accumulated error of the motion �rh, Uw = 12 m/s,
T I = 00146, Hs = 2 m, and Tp = 6 s

the crane tip. The influence on the mating operation is considered
negligible.

Figures 11 and 12 show that the motion radii of the active-
control scheme are limited to a smaller range than the typical pas-

Fig. 13 Performance to track the desired control input �c and Bfc ,
Uw = 12 m/s, T I = 00146, Hs = 2 m, and Tp = 6 s

Fig. 14 History of the tension on the tugger lines fc , Uw = 12
m/s, T I = 00146, Hs = 2 m, and Tp = 6 s

sive method. With a 100 Hz sampling frequency, the accumulated
errors for the active scheme are much fewer than those for the pas-
sive configuration. Therefore, the proposed controller can reduce
the blade’s motion relative to the hub. High-frequency oscillations
are found in Fig. 12 as a result of the wave-induced hub motions.
It can be concluded that the proposed method effectively improves
the installation success rate of the mating operations.

Figure 13 presents the time-domain performance of the pro-
posed control allocation approach. The achieved total load from
command signals Bfc follows the desired values �c well. Further-
more, the tension on each wire rope stays within a reasonable
range with a limited rate of change; see Fig. 14. The tension on
each tugger line is positive and under its limit. No sudden rise
or drop is found. For the tugger lines 2 and 3, the tension in the
active scheme is much smaller than that in the passive-installation
approach. The tension on tugger line 1 is greater with the active
controller. Thus, the control allocation module works well to pro-
vide the desired force and torque to the suspended blade.

CONCLUSIONS AND FUTURE RESEARCH

This paper proposes a closed-loop scheme for tugger line force
control for single-blade installation. A PID controller is adopted to
insert restoring, damping, and integral forces to the blade dynam-
ics in the mean wind direction and the moment about the vertical
axis. The placement of tugger lines is discussed, and it is shown
that a third well-located tugger line increases the control space
significantly. The control allocation is achieved with a convex pro-
gramming solver.

To verify the performance of the controller, time-domain
simulations are conducted in turbulent wind conditions using
MATLAB and HAWC2. Motion radii are employed as the crite-
ria to evaluate the controller’s performance. The proposed active
control scheme can stabilize the blade in turbulent wind. The per-
formance of the active scheme is superior to that of the passive
scheme.

In future work, other scenarios of single-blade installation will
be addressed. For example, the flexibility of the crane tip should
be considered the boundary condition of the lift wire. Further-
more, the span-wise motion should be canceled by the controller.
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