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Floating wind turbine will suffer from more fatigue and ultimate loads compared with fixed-bottom installation due to its floating
foundation, while structural control offers a possible solution for direct load reduction. This paper deals with the modelling
and parameter tuning of a spar-type floating wind turbine with a tuned mass damper (TMD) installed in nacelle. First of all, a
mathematical model for the platform surge-heave-pitch motion and TMD-nacelle interaction is established based on D’Alembert’s
principle. Both intrinsic dynamics and external hydro and mooring effects are captured in the model, while tower flexibility
is also featured. Then, different parameter tuning methods are adopted to determine the TMD parameters for effective load
reduction. Finally, fully coupled nonlinear wind turbine simulations with different designs are conducted in different wind and
wave conditions. The results demonstrate that the design of TMD with small spring and damping coefficients will achieve much
load reduction in the above rated condition. However, it will deteriorate system performance when the turbine is working in the
below rated or parked situations. In contrast, the design with large spring and damping constants will produce moderate load
reduction in all working conditions.

1. Introduction

With less space constraints and more consistent wind, off-
shore deep sea wind energy has attracted great worldwide
attention in recent years. Wind turbines in deep water are
usually installed at places where sea depth is between 60m
and 900m; thus, floating foundations are generally consid-
ered to be an economical and feasible way of deployment
[1]. Based on decades of experience from offshore oil and
gas industry, several different traditional floating platforms
have been proposed to support large wind turbines in deep
sea regions, including spar-buoy, tension leg, barge, and
semisubmersible [2]. One of the most promising concepts
is the spar-type supporting structure, based on which one
Norwegian company Statoil has developed the world first
experimental large floating offshore wind turbine in 2009.

Different from fixed-bottom wind turbines, the very first
challenge for floatingwindmills is thewave andwind induced
platform tilt motion, which will heavily increase the loads
on turbine structure due to high inertial and gravitational

forces [3]. According to [4], when comparing a barge-type
floating wind turbine with an onshore design, the sea-to-
land ratio of fatigue loads with respect to tower base bending
moments has reached 7. The ratio is still over 1.5 for the
OC3-Hywind spar, which may require extra reinforcement
or advanced control technique to improve wind turbine
reliability. Besides, soft foundation properties of floatingwind
turbines will lead to low natural frequency platform motion,
so that commonly used blade pitch control strategy for fixed-
bottom wind turbines may cause negative damping of tower
bending and even large platform resonant motion [5]. These
problems have drawn a lot of attention from researchers on
improving the system design and control strategy of floating
wind turbines for load reduction.

One approach for vibration inhibition is to utilize struc-
tural vibration control devices. This method has been suc-
cessfully applied in civil engineering structures [6], such as
buildings and bridges, and thus is also expected to be a
promising solution for extending the fatigue life of floating
wind turbines. In [7], Murtagh et al. investigated the use of
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a tuned mass damper (TMD) placed at the tower top for the
vibration mitigation due to the along-wind forced vibration
response of a simplified wind turbine. Following the same
installation idea, Colwell and Basu explored the structural
responses of fixed-bottom offshore wind turbines with tuned
liquid column dampers (TLCD) to control the vibrations [8].
Moreover, Li et al. performed an experimental study on an
offshore wind turbines with a ball vibration absorber fixed on
top of the nacelle [9]. However, these discussions are about
vibration mitigation of fixed-bottom wind turbines, while
their dynamics are quite different from that of floating ones.
Besides, these works are not based on the cutting edge high-
fidelity codes for wind turbine simulations, which cannot
capture the comprehensive coupled nonlinear dynamics of
wind turbines.

FAST (fatigue, aerodynamics, structures, and turbulence)
is one of the state-of-the-art aero-hydro-servo-elastic wind
turbine numerical simulators [10]. Based on FAST, Lackner
and Rotea implemented a new simulation tool, called FAST-
SC, for passive, semiactive, and active structural control
design of wind turbines [11]. Utilizing this code, Lackner and
Rotea presentedmore realistic simulation results with a TMD
installed in the nacelle of either a barge-type or a monopile
supported wind turbine, and a simple parametric study was
also performed to determine the optimal TMD parameters
[11]. Further, it was shown that more load reduction could
be achieved when introducing active structural control in
their following works [12, 13]. In order to perform a more
comprehensive parametric study of passive structural control
design, the authors in [14, 15] established a 3-DOF dynamic
model for different types of floating wind turbines based on
first principles.This limitedDOFmodel has greatly facilitated
the parameter analysis and active control design, while the
coupling between surge and pitch motion, however, was not
captured, which can be ignored for the barge design but
might be an importantmode for other platforms, such as spar
[16, 17].

Motivated by the above-mentioned problems and
research potentials, this work focuses on modeling and
parameter analysis of a passive structural control design
for a spar-type floating wind turbine. The remainder of
this paper is organized as follows. Section 2 introduces
the OC3-Hywind floating wind turbine, and the coupled
surge-heave-pitch dynamic model with a TMD installed
in nacelle is established. Parameter estimation is also
performed for model validation. In Section 3, different
parameter tuningmethods and performance indices are used
for TMD parameter determination. Section 4 presents the
nonlinear simulation results under different wind and wave
conditions. Advantages and limitations of this design with
different TMD parameters are also analyzed. At last, we draw
conclusions in Section 5.

2. Dynamic Modelling

In cooperation with Statoil, Jonkman from NREL has speci-
fied a detailed OC3-Hywind spar-type floating wind turbine
model, which is a combination of the data for the 5MW

Table 1: Properties of the OC3-Hywind model [16, 18].

Item Value
Rating 5MW
Rotor configuration Upwind, 3 blades

Cut-in, rated, cut-out wind speed 3m/s, 11.4m/s,
25m/s

Total draft below sea water level (SWL) 120m
Tower base above SWL 10m
Hub height above SWL 90m
Nacelle dimension (length, width, height) 14.2m, 2.3m, 3.5m
Platform diameter above taper 6.5m
Platform diameter below taper 9.4m
Rotor nacelle assembly (RNA) mass 350,000 kg
Tower mass 249,718 kg
Platform mass 7,466,000 kg
Number of mooring lines 3
Depth to fairleads below SWL 70m

Baseline control in Region 3 GSPI and constant
torque

baseline wind turbine from NREL and the Hywind floating
platform from Statoil [16, 18]. Properties of the OC3-Hywind
model are shown in Table 1. According to [16], in order
to avoid resonant platform pitch motion, the conventional
controller in Region 3 is modified into a combination of
gain reduced gain-scheduled proportional-integral (GSPI)
collective blade pitch control and constant torque control,
which is used all through this work as the baseline.

The passive structural control strategy in this work is
to install one TMD in the nacelle, which is assumed to
move on an ideal nonfriction linear track along the fore-aft
direction.The stiffness and damping parameters of TMD can
be tuned, and they are regarded as constant in all simulations.
In order to investigate these parameters, optimize system
performance, or design an active controller, establishing one
dynamic mathematical model is usually helpful. Figure 1
shows a diagram of the OC3-Hywind surge-heave-pitch
motion with tower fore-aft bending and the TMD-nacelle
interaction. Definition of each term in this figure can be
found in Table 2. Before presenting the dynamic model, the
following premises and assumptions need to be listed.

(1) OC3-Hywind is treated as a multibody dynamic
system, and themotion of reference point 𝑃 is chosen
for output analysis, which is in accordance with the
definition in [16]. Rigid bodies in the model include
the spar platform, tower, and rotor nacelle assembly
(RNA). Dynamics in rotor, generator, and gearbox are
not considered in this work.

(2) Based on the same assumption, the tower fore-aft
flexibility is represented as that in [13], where the
tower, for simplicity, is treated as a linear rigid rotating
beam hinged at tower bottom. It is also assumed that
the spring and damping coefficients of this hinge are
constant.
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Table 2: Term descriptions in the model of OC3-Hywind surge-
heave-pitch motion.

Terms Descriptions
sg DOF of platform surge motion
hv DOF of platform have motion
𝑝 DOF of platform pitch motion
tmd DOF of TMDmotion
𝑡 DOF of tower fore-aft bending
𝜃
𝑖

Rotation angle of DOF 𝑖
𝑥
𝑖

Displacement of DOF 𝑖
𝑀
𝑗

𝑖
Generalized mass for DOF 𝑖 with regard to DOF 𝑗

𝐼
𝑗

𝑖

Generalized inertia tensor for DOF 𝑖 with regard to
DOF 𝑗

𝐹
𝑗

𝑖
Generalized force for DOF 𝑖 due to effect or DOF 𝑗

𝜏
𝑗

𝑖
Generalized torque for DOF 𝑖 due to effect or DOF 𝑗

gr Gravitational effect
hdr Hydro effect
ctr Centripetal effect
moor Mooring lines effect
spr.damp Spring and damping effect of TMD

𝐴
𝑗

𝑖

Generalized added mass for DOF 𝑖 with regard to
DOF 𝑗

𝐽
𝑋

𝑢
Inertia tensor for 𝑢 with regard to point𝑋

𝐿
𝑢

Length of part 𝑢
𝑚
𝑢

Mass of part 𝑢
ptfm Platform
twr Tower
rna Rotor nacelle assembly (RNA)

𝑑
Misalignment between RNA mass center and tower
centerline

jot Joint between platform and tower

𝐷
𝑗

𝑖

Equivalent damping coefficient for DOF 𝑖 with
regard to DOF 𝑗

𝐾
𝑗

𝑖

Equivalent spring coefficient for DOF 𝑖 with regard
to DOF 𝑗

𝑔 Gravitational acceleration
CB Center of buoyancy
CG
𝑢

Gravity center of part 𝑢

(3) In total, the model has five DOFs, that is, platform
surge, heave, pitch, tower fore-aft bending, and TMD
motion. The other DOFs, such as rotor yaw motion
and generator rotation, are not included.

(4) This model focuses on the system intrinsic coupled
dynamics with hydro and mooring loads, while the
loads from winds and incident waves have not yet
been considered in the modelling process.

Based on the above descriptions, we treat the overall sys-
tem dynamics as the motion of a rigid body with distributed
mass particles in the surge-heave-pitch plane, which can be
seen as the sum of a translation and a rotation about the
axis passing through 𝑃 and perpendicular to this plane [19].
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CGtwr

CGrna

L jot

L twr
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𝜃p

𝜃t
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Figure 1: Diagram of the OC3-Hywind surge-pitch-heave motion
with tower fore-aft flexibility and passive structural control.

According to D’Alembert’s principle of inertial forces, the
following static equilibrium equations for system translation
and rotation about the reference point 𝑃

F −∑𝑚
𝑖
a
𝑖
= 0,

𝜏 −∑ r
𝑖
× 𝑚
𝑖
a
𝑖
= 0,

(1)

hold. F and 𝜏 denote vectors of external forces and
moments about 𝑃, while −∑𝑚

𝑖
a
𝑖
and −∑ r

𝑖
× 𝑚
𝑖
a
𝑖
are

vector sums of inertial forces and torques about 𝑃. 𝑚
𝑖
is

the mass of particle 𝑖, that is, platform, tower, RNA, and
TMD, and r

𝑖
represents the position vector from 𝑃 to

particle 𝑖. a
𝑖
is the acceleration vector for mass particle 𝑖,

and it consists of the translational acceleration, normal, and
tangential rotational acceleration components.

When considering the tower translation and rotation
about tower bottom, themotion of tower fore-aft bending can
be described as

∑(r
𝑖
× 𝑚
𝑖
a
𝑖
) + 𝐼
𝑡

𝑡
𝛼
𝑡
= 𝜏
𝑔𝑟

𝑡
+ 𝜏
𝑝

𝑡
, (2)

which is also based on D’Alembert’s principle. 𝑚
𝑖
denotes

the mass of tower, RNA, and TMD. 𝐼𝑡
𝑡
is the equivalent

moment of inertia for tower and RNA about tower bottom,
and 𝛼

𝑡
denotes the angular acceleration vector of tower pitch

motion. 𝜏𝑝
𝑡
is the torque vector due to the spring-damping
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Figure 2: Diagram for calibration of nacelle rotation angle.

effect between tower and platform. To be consistent with the
output of FAST simulator, the tower top displacement is also
calculated, which is given by

𝑥
𝑡
= sin (𝜃

𝑡
− 𝜃
𝑝
) 𝑙twr, (3)

where 𝑙twr is the length of flexible tower. However, in the
system validation process, one problem is found which is that
there will exist huge misalignment between the responses
of FAST-SC and established model when the spring and
damping coefficients of TMDare in small scale.This ismainly
due to the inaccuracy of nacelle rotation angle when flexible
tower is modeled as a rigid rotating beam. When TMD has
tiny spring and damping constants, its acceleration will be
mainly contributed by gravity, so that inaccuracy of 𝜃

𝑡
will

lead to tremendous difference of TMD dynamics. Therefore,
the nacelle rotation angle should be calibrated in order to
produce more convincing dynamic responses. In FAST, the
tower flexibility is depicted by the predefinedmode shapes Φ,
where tower top rotation angle is determined by the product
of tower top mode shape slope 𝜕Φ(ℎ)rna/𝜕ℎ and tower top
displacement 𝑥

𝑡
. Following similar calculation procedure,

the diagram for tower top rotation calibration is illustrated in
Figure 2, and the calibrated nacelle rotation angle 𝜃

𝑡
satisfies

𝜃
𝑡
=

𝜕Φ (ℎ)

𝜕ℎ

ℎ=𝐿rna

𝑥
𝑡
+ 𝜃
𝑝
. (4)

Next, the hydrodynamic loads are characterized. When
formulating the motion of object submerged in water, we
must also consider the added-mass effect, resulting from
its surrounding fluid [20]. It is summarized in [1] that
the hydrodynamic loads mainly include contributions from
hydrostatics (fromwater-plane area and buoyancy), radiation
(from outgoing waves generated by platform motion), and
diffraction (from incident waves). In accordance with this
analysis, the hydrodynamic load calculation in this work
follows a similar path. Firstly, hydrostatic load in this model
consists of buoyancy force and restoring load resulting

from the effects of water-plane area and buoyancy, and
the restoring force and moment are set to be constantly
proportional to platform displacement and tilt angle which
have been specified in [16]. Secondly, the radiation loads
can be represented by nonlinear vicious drag, hydrodynamic
radiation damping, and the above mentioned added-mass
effects. Thirdly, incident wave loads are not considered here
since wind turbine is supposed to be located in still water in
design process.

Regarding the mooring system, FAST simulator uses
a quasistatic model to calculate the load of an individual
mooring line, which exhibits nonlinear behaviors due to both
mooring dynamics and the asymmetry of the three-point
mooring system. In the simulations of this work, the platform
displacement and tilt angle are usually not in big scale where
the mooring system load-displacement relationship does not
show strong nonlinearities in surge and pitch modes, so we
still choose the simple linear model to represent this effect.

In sum, except for added mass, the hydrodynamic loads
and mooring effect are modeled as

𝐹
hdr⋅moor
sg = −𝐷

sg
sg�̇�sg − 𝐷

sg
sg�̇�
2

sg − 𝐾
sg
sg𝑥sg − 𝐷

𝑝

sg
̇𝜃
𝑝
− 𝐾
𝑝

sg𝜃𝑝,

𝐹
hdr⋅moor
hv = − 𝐷

hv
hv�̇�hv − 𝐾

hv
hv𝑥hv − 𝐹

0

moor + 𝐹
0

buoy

− 𝐾
𝑝⋅sg
hv (𝑥sg − 𝐿moor sin 𝜃𝑝)

2

,

𝜏
hdr⋅moor
𝑝

= −𝐷
𝑝

𝑝
̇𝜃
𝑝
− 𝐾
𝑝

𝑝
𝜃
𝑝
− 𝐷

sg
𝑝
�̇�sg − 𝐷

sg
𝑝
�̇�
2

sg − 𝐾
sg
𝑝
𝑥sg.

(5)

𝐷
𝑗

𝑖
, 𝐷𝑗
𝑖
, and 𝐾

𝑗

𝑖
denote equivalent damping and spring coef-

ficients for DOF 𝑖 with regard to DOF 𝑗 for the calculation
of hydro and mooring effects. 𝐹0moor and 𝐹

0

buoy represent
initial mooring line and buoyancy forces when there isno
platform displacement or rotation. It should be noted that
the mooring load for platform heave motion shows strong
nonlinear relationship with the surge and pitch modes; thus,
it is not simplified.

Based on the above analysis and equations, the nonlinear
dynamic model of OC3-Hywind surge-heave-pitch motion
can be established in the following implicit form:

[
[
[
[
[
[

[

𝑀
sg
sg 0 𝐼

𝑝

sg 𝑀
tmd
sg 𝐼

𝑡

sg
0 𝑀

hv
hv 𝐼

𝑝

hv 𝑀
tmd
hv 𝐼

𝑡

hv
𝑀

sg
𝑝 𝑀

hv
𝑝

𝐼
𝑝

𝑝 𝑀
tmd
𝑝

0

𝑀
sg
tmd 𝑀

hv
tmd 𝐼
𝑝

tmd 𝑀
tmd
tmd 𝐼

𝑡

tmd
𝑀

sg
𝑡

𝑀
hv
𝑡

0 𝑀
tmd
𝑡

𝐼
𝑡

𝑡

]
]
]
]
]
]

]

[
[
[
[
[

[

�̈�sg
�̈�hv
̈𝜃
𝑝

�̈�tmd
̈𝜃
𝑡

]
]
]
]
]

]

=

[
[
[
[
[
[

[

𝐹
hdr⋅moor
sg + 𝐹

ctr
sg

𝐹
gr
hv + 𝐹

hdr⋅moor
hv + 𝐹

ctr
hv

𝜏
gr
𝑝 + 𝜏

hdr⋅moor
𝑝

+ 𝜏
ctr
𝑝

𝐹
gr
tmd + 𝐹

spr⋅damp
tmd

𝜏
gr
𝑡
+ 𝜏
𝑝

𝑡
+ 𝜏

ctr
𝑡

]
]
]
]
]
]

]

.

(6)

In this model, sg, hv, 𝑝, tmd, and 𝑡 represent, respectively,
the enabled 5 DOFs, that is, platform surge, heave, pitch
motion about 𝑃, TMD translation, and tower rotation. On
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the left side, 𝑀𝑗
𝑖
and 𝐼

𝑗

𝑖
denote generalized mass and gener-

alized inertial tensor for DOF 𝑖 with regard to DOF 𝑗. On
the right side, gr, hdr, moor, ctr, spr, and damp describe
gravitational, hydro, centripetal, spring, and damping effects
in forces and moments. Expanded expressions of this model
for TMD platform installation are presented in the appendix,
and the detailed term descriptions are listed in Table 2.

The mass matrix on the left side of (6) exhibits the
system inertial property, that is, mass and inertia tensor,
and it also includes hydro added mass and acceleration
coupling terms. The terms on the right side of (6) are
external loads, which can be classified into several different
effects. Gravitational forces and moments are the first type of
loads, labeled as gr. The second effect, labeled as hdr⋅moor,
is the hydrodynamic and mooring loading, which consists
of hydrostatics, vicious drag, radiation damping, additional
linear damping, andmooring effects.The third type, which is
produced by D’Alembert’s principle, is the centripetal forces
and moments which originate from the rotation of platform,
tower, and TMD about the reference point 𝑃, and they are
labeled as ctr. Tower and platform interaction is the fourth
effect captured in this equation, and the bending moment is
described by a linear spring-damper between them.The final
consideration is the spring and damping effect in TMD, so it
is labeled as spr⋅damp.

After obtaining the OC3-Hywind dynamic model for its
surge-heave-pitch motion in still water, parameter identifi-
cation and validation should be performed to quantize the
unknown parameters and verify the correctness of the pro-
posed model. The parameter estimation is accomplished by
minimizing the output difference between FAST-SC and the
established model. Based on the estimation result, free decay
response comparison for theOC3-Hywind surge-pitch-heave
motion without TMD is illustrated in Figure 3, where two
results coincide well with each other. Then, in order to
further validate the established model, free decay response
comparisons are performed again with TMD installed in
nacelle. In practice, there exist space limitations for the
nacelle, so the TMD displacement should be restricted into
a certain range. According to the nacelle dimensions defined
in [21], the TMD displacement range is determined as ±7m
in this work. In FAST-SC, the TMDmotion constraints were
modelled as stops, where there would be spring stiffness and
damping interaction between TMD and nacelle or platform
when its displacement exceeds the user defined constraints.
The stops effect in this work is characterized in the same
way. Figure 4 illustrates the free decay response comparison
results with TMD stops. As expected, the established model
still manages to capture the system dynamics including TMD
stop interactions. It is worth mentioning that the stops with
various spring and damping coefficients could have quite
different impacts on system dynamics, but further analysis of
stop parameters is not within the scope of this paper.

Based on the above analysis, the proposedmodel has cap-
tured most of the intrinsic dynamics for OC3-Hywind surge-
heave-pitch motion, including hydrodynamic and mooring
loads, tower flexibility, and TMD-nacelle interaction. Next
step is to tune TMD parameters for effective system load
reduction.
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3. Parameter Tuning

Optimal parameter tuning of the vibration absorber is an
important design consideration in passive structural con-
trol problems. The design aim in this work is to find the
optimal TMD coefficients for wind turbine load reduction.
The parameters to be determined include TMD spring
and damping coefficients. TMD mass is not parametrically
studied in this work since it is usually determined by cost and
heavier mass will more likely produce better performance.
Specifically, in order to be consistent with [11], the mass is
chosen to be 20,000 kg, which takes about 3.33% of theweight
for tower-RNA structure.

In fact, the most convincing solution here is to try all
possible values of these parameters in FAST-SC. However,
this global searching process will take tens of thousands
of calls from FAST-SC, and it usually will take minutes to
run it for only one time. Therefore, exhaustive search is
almost impossible with ordinary computers, and appropriate
optimization methods are needed. Based on the established
model, in this section, three different methods are used for
this parameter tuning problem.

3.1. Frequency and Damping Analysis. In engineering appli-
cations, the natural frequency of TMD is usually tuned to
be near that of the target system; thus, it will effectively
dissipate the undesirable system vibration energy. In order
to systematically describe this phenomenon, Den Hartog
[22] analyzed the response of undamped main system with
TMD subjected to harmonic external forces and derived an
explicit expression to determine the optimal TMD natural
frequency and damping ratio for vibration inhibition. The
optimal solution is given by

𝑓tmd =
𝑓

1 + 𝜇
, 𝜉tmd = √

3𝜇

8 (1 + 𝜇)
, (7)

where 𝜇 denotes the mass ratio 𝑚tmd/𝑚 and 𝑓 and 𝜉 are
the natural frequency and damping ratio of target
system. 𝑓tmd and 𝜉tmd represent the optimal natural
frequency and damping ratio of TMD.

In order to adopt this method, eigenanalysis based on
model linearization result is performed first to obtain system
natural frequencies and damping ratios for the modes of
interest.

The eigenanalysis result has been presented in [23], where
natural frequencies of two most critical modes, that is,
platform pitch mode and first tower fore-aft bending mode,
are 0.4732Hz and 0.0342Hz, and their damping ratios are
0.0087 and 0.1418.

However, in this analysis process, the nonlinearity of
TMD stops due to space constraints is not considered, which
has been shown to have strong influence on TMD load
reduction effectiveness according to the following nonlinear
FAST-SC simulation results. Therefore, a more thorough
method should be proposed to find the best combination of
these TMD parameters.

Table 3: Performance indices.

Index Description

𝐽
1
= √(1/𝑇) ∫

𝑇

0
(𝑥
𝑡𝑡
− 𝑥
𝑡𝑡
)
2
𝑑𝑡

Standard deviation of tower top
displacement under its
equilibrium point

𝐽
2
= max(𝑥

𝑡𝑡
) −min(𝑥

𝑡𝑡
)

Range of tower top
displacement
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Figure 5: Surface plot subjected to performance index 𝐽
1
with

TMD installed in nacelle.

3.2. Surface Plot. In the previous section, we have obtained a
mathematical model describing OC3-Hywind surge-heave-
pitch motion, which manages to capture most of the sys-
tem structural dynamics, hydro and mooring effects. More
importantly, the time for solving this dynamic equation
is less than 1s; thus, surface plotting, a global parameter
searching method, becomes a possible solution to determine
the optimal TMD parameters.

Next, we introduce the performance indices in Table 3
which are used in the optimization process. The tower top
fore-aft deflection is the best indicator of tower bottom bend-
ing moments, and the author in [14] used standard deviation
of tower top displacement as the performance index, which
is also adopted in this work as the first performance index 𝐽

1
.

Secondly, we also care about load reduction effectiveness of
the proposed method in extreme events; thus, the range of
tower top displacement in the free decay test is treated as
another evaluation index 𝐽

2
.

Based on these indices, exhaustive search is performed
where TMD spring and damping constants are regarded
as two coefficients to be optimized. The parameter range
and interval are chosen when both time consumption and
accuracy are considered.The surface plots for different design
criteria are illustrated in Figures 5 and 6, and the optimization
results are listed in Table 4.

Although surface plotting could be regarded as a global
optimization method, which produces a relatively compre-
hensive evaluation of the performance index with possible
parameters, it is still computationally expensive, which will
take hours or days to finish one optimization process. Also,
there might exist better solution if the parameter interval is
not small enough. Therefore, more intelligent and efficient
optimization algorithms are demanded.
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Figure 6: Surface plot subjected to performance index 𝐽
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with

TMD installed in nacelle.

Table 4: Parameter optimization result with TMD in nacelle (𝑚tmd
= 20,000 kg).

Method Performance index 𝐾tmd
(N/m)

𝐷tmd
(N⋅s/m)

Den Hartog
[22]

Tower bending mode
(Den1) 165571 12661

Den Hartog
[22]

Platform pitch mode
(Den2) 865 915

Surface plot 𝐽
1
= 0.0872m 0 3200

Surface plot 𝐽
2
= 0.8389m 1200 800

GA 𝐽
1
= 0.0871m 0 3130

GA 𝐽
2
= 0.7620m 164231 20889

3.3. Genetic Algorithm. In the past few years, genetic algo-
rithm has been widely applied in a broad spectrum of real-
world systems [24–26]. This approach starts with randomly
generated population, and individuals with better fitness
will be selected as the basis of the next generation. The
improved population will keep evolving after inheritance,
mutation, selection, and crossover procedures until it meets
the final requirement. As a global optimization method,
genetic algorithm is based on stochastic variables and does
not require the derivatives of object function, which brings
the advantages of global evaluation and objective tolerance
when compared with other gradient based local optimization
methods. It usually helps to obtain a better result in optimiza-
tion problems with nonsmooth objective functions and thus
is suitable for the optimization problem in this work.

When implementing the algorithm, probability of the
roulette wheel uniform crossover is chosen as 0.6, and the
mutation probability 0.01 is used. Minimum number of
generations is set as 20. Optimization results are shown in
Table 4. It can be noticed that genetic algorithm gives a
better result with respect to 𝐽

2
since the surface plotting has

a limited searching range.

4. Simulation and Analysis

In this section, based on the optimization result, fully non-
linear simulations are performed in FAST-SC with all wind
turbine DOFs enabled. Each test runs for 630 seconds, and

Table 5: Percentage of load reduction with different TMD tuning
results compared with baseline.

Case Evaluation index Den1 Den2 𝐽
1

𝐽
2

10m/s

DEL TwrBsMyt 6.35 0.66 0.52 6.00
DEL TwrBsMxt 32.18 14.2 11.44 28.37
DEL RootMyc1 1.07 −0.18 0.10 0.85
DEL Anch1Ten 0.93 3.01 1.21 0.93
95th TwrBsMyt −2.00 −4.04 −3.89 −2.00
95th TwrBsMxt 6.01 2.7 2.55 5.06
95th PtfmPitch −2.08 −1.96 −2.08 −2.08
95th PtfmRoll −1.67 0.21 0.13 −1.67

18m/s

DEL TwrBsMyt 3.61 7.77 8.78 3.35
DEL TwrBsMxt 25.55 0.98 −3.94 21.24
DEL RootMyc1 1.07 4.99 5.93 1.14
DEL Anch1Ten 1.15 0.32 0.32 1.14
95th TwrBsMyt −3.15 5.02 6.48 −3.25
95th TwrBsMxt 7.90 4.70 1.69 7.10
95th PtfmPitch −1.05 10.66 12.43 −1.04
95th PtfmRoll 6.55 15.54 14.32 6.58
RMS GenPwr −5.46 21.09 29.22 −5.41

37m/s

DEL TwrBsMyt 1.47 −19.95 −16.25 1.22
DEL TwrBsMxt 0.14 0.51 0.42 0.18
DEL RootMyc1 1.80 −45.71 −28.34 2.03
DEL Anch1Ten 1.33 1.83 0.96 0.78
95th TwrBsMyt −0.78 −4.88 −2.33 −0.77
95th TwrBsMxt 0.41 0.40 0.25 0.47
95th PtfmPitch 4.41 5.40 4.44 4.41
95th PtfmRoll −0.30 −0.63 −0.57 −0.30

the output data in the first 30s are not recorded, waiting for
generator torque and blade pitch motion to arrive at normal
operation state. The modified generator torque and blade
pitch controller from NREL will be used in the form of a
dynamic link library for all tests [16].

The wind and wave conditions in the experiment are
defined almost the same as in [12]. For wind condition, both
the above and below rated wind speeds are considered, and
mean value of turbulent wind is defined as 18m/s and 10m/s
separately. The turbulent wind file is generated by TurbSim,
where Kaimal spectra and the power law exponent of 0.14
are used according to the IEC61400-3 offshore wind turbine
design standard. The normal turbulence intensity is set as
15% (18m/s case) and 18% (10m/s case). Random seed in this
work is arbitrarily chosen as 231857312. In order to define the
wave condition, JONSWAP spectrum is utilized to generate
the stochastic wave inputs. The significant wave height is set
as 2.3m (10m/s case) and 3.7m (18m/s case), and the peak
spectral period is defined as 14 s. Besides, the parked situation
is also considered assuming the turbine suffers extreme 50-
year storm, that is, 37m/s turbulent wind with power law
exponent of 0.11 and 11% turbulence intensity. Wave height
and period are defined as 13.8m and 19 s.

Percentage of load reduction with different TMD param-
eter choice is shown inTable 5. In order tomeasure the fatigue
and extreme loading, damage equivalent load (DEL) and the
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Figure 7: FAST-SC simulation results with 18m/s turbulent wind
and 3.7m significant height wave.

95th percentile of fore-aft and side-side tower base bending
moments (TwrBsMyt and TwrBsMxt) and flapwise bending
moment at the first blade root (RootMyc1) are calculated,
together with the 95th percentile of platform pitch and roll
rotation angle. In the above rated situation, the root mean
square (RMS) of generated power is considered as another
index.

It can be seen from results that the design of TMD with
small spring and damping coefficients will achievemuch load
reduction in the above rated condition, where one simulation
result is shown in Figure 7. However, it will deteriorate system
performance when the turbine is working in the below rated
or parked situations. In contrast, the design with large spring

and damping constantswill producemoderate load reduction
in all working conditions.

5. Conclusion

This work focuses on the modeling and parameter tuning
of a passive structural control design for the OC3-Hywind
floating wind turbine. Firstly, the coupled surge-heave-pitch
dynamicmodel with a TMD installed in nacelle is established
based on the D’Alembert’s principle. Parameter estimation
is also performed for model validation. Then, different
parameter tuning methods and performance indices are
used for TMD parameter determination. FAST-SC is used
for fully coupled nonlinear simulation with various wind
and wave conditions. The results show that the design of
TMDwith small spring and damping coefficients will achieve
much load reduction in the above rated condition, but it
will deteriorate system performance when the turbine is
working in the below rated or parked situations. In contrast,
the design with large spring and damping constants will
produce moderate load reduction in all working conditions.
Therefore, inappropriate TMD design will not contribute to
wind turbine load reduction. Besides, only enabling TMD in
certain range of wind speed might be a possible solution for
this design. Further real experiments need to be conducted to
verify this idea. Future work will also consider the situation
when TMD is installed in the spar itself or other types of
platforms.

Appendix

Consider the following:

𝑀
sg
sg = 𝐴

sg
sg + 𝑚ptfm + 𝑚twr + 𝑚rna + 𝑚tmd,

𝐼
𝑝

sg = 𝐴
𝑝

sg + 𝑚twr (𝐿 twr + 𝐿 jot) cos 𝜃𝑝

− 𝑚ptfm𝐿ptfm cos 𝜃
𝑝
,

𝑀
tmd
sg = 𝑀

sg
tmd = 𝑚tmd cos (𝜃𝑝 + sin (𝜃

𝑡
− 𝜃
𝑝
) 𝐿 rnaΦ̇rna) ,

𝐼
𝑡

sg = 𝑚rna (𝐿 rna + 𝐿 jot) cos 𝜃𝑡 + 𝑚tmd𝐿 rna cos 𝜃𝑡,

𝑀
hv
hv = 𝐴

hv
hv + 𝑚ptfm + 𝑚twr + 𝑚rna + 𝑚tmd,

𝐼
𝑝

hv = − 𝑚twr (𝐿 twr + 𝐿 jot) sin 𝜃𝑝

+ 𝑚ptfm𝐿ptfm sin 𝜃
𝑝
,

𝑀
tmd
hv = 𝑀

hv
tmd = −𝑚tmd sin (𝜃𝑝 + sin (𝜃

𝑡
− 𝜃
𝑝
) 𝐿 rnaΦ̇rna) ,

𝐼
𝑡

hv =−𝑚rna (𝐿 rna+𝐿 jot) sin 𝜃𝑡−𝑚tmd𝐿 rna sin 𝜃𝑡,

𝑀
sg
𝑝
= 𝐴

sg
𝑝
+ 𝑚rna (𝐿 rna + 𝐿 jot) cos 𝜃𝑡

+ 𝑚twr (𝐿 twr + 𝐿 jot) cos 𝜃𝑝

−𝑚ptfm𝐿ptfm cos 𝜃
𝑝
+𝑚tmd (𝐿 rna+𝐿 jot)cos 𝜃𝑡,



Journal of Applied Mathematics 9

𝑀
hv
𝑝

= − 𝑚rna (𝐿 rna + 𝐿 jot) sin 𝜃𝑡

− 𝑚twr (𝐿 twr + 𝐿 jot) sin 𝜃𝑝

+𝑚ptfm𝐿ptfm sin 𝜃
𝑝
−𝑚tmd (𝐿 rna+𝐿 jot)sin 𝜃𝑡,

𝐼
𝑝

𝑝
= 𝐴
𝑝

𝑝
+ 𝐽

CGptfm
ptfm + 𝑚ptfm𝐿

2

ptfm + 𝐽
CGtwr
twr

+ 𝑚twr(𝐿 twr + 𝐿 jot)
2

+ 𝑚rna(𝐿 rna + 𝐿 jot)
2

+ 𝑚tmd(𝐿 rna + 𝐿 jot)
2

,

𝐼
𝑝

tmd = 0, 𝑀
tmd
tmd = 𝑚tmd,

𝐼
𝑡

tmd = 𝑀
tmd
𝑡

= 𝑚tmd𝐿 rna cos (sin (𝜃𝑡 − 𝜃
𝑝
) 𝐿 rnaΦ̇rna) ,

𝑀
sg
𝑡
= 𝑚rna𝐿 rna cos 𝜃𝑡 + 𝑚twr𝐿 twr cos 𝜃𝑝

+ 𝑚tmd𝐿 rna cos 𝜃𝑡,

𝑀
hv
𝑡

= − 𝑚rna𝐿 rna sin 𝜃𝑡 − 𝑚twr𝐿 twr sin 𝜃𝑝

− 𝑚tmd𝐿 rna sin 𝜃𝑡,

Φ̇rna =
𝜕Φ (ℎ)

𝜕ℎ

ℎ=𝐿rna

,

𝐹
gr
hv = − (𝑚ptfm + 𝑚twr + 𝑚rna + 𝑚tmd) 𝑔,

𝜏
gr
𝑝
= 𝑚rna (𝐿 rna + 𝐿 jot) sin 𝜃𝑡

+ 𝑚twr𝑔 (𝐿 twr + 𝐿 jot) sin 𝜃𝑝

− 𝑚ptfm𝑔𝐿ptfm sin 𝜃
𝑝
− 𝑚rna𝑔𝐿𝑑 cos 𝜃𝑡

+𝑚tmd𝑔𝑥tmd cos 𝜃𝑡+𝑚tmd𝑔 (𝐿 rna+𝐿 jot)sin 𝜃𝑡,

𝐹
gr
tmd = 𝑚tmd𝑔 sin (𝜃𝑝 + sin (𝜃

𝑡
− 𝜃
𝑝
) 𝐿 rnaΦ̇rna) ,

𝜏
gr
𝑡
= 𝑚twr𝑔𝐿 twr sin 𝜃𝑝 + 𝑚rna𝑔𝐿 rna sin 𝜃𝑡

− 𝑚rna𝑔𝐿𝑑 cos 𝜃𝑡

+ 𝑚tmd𝑔𝑥tmd cos 𝜃𝑡 + 𝑚tmd𝑔𝐿 rna sin 𝜃𝑡,

𝐹
hdr.moor
sg = −𝐷

sg
sg�̇�sg−𝐷

sg
sg�̇�
2

sg−𝐾
sg
sg𝑥sg − 𝐷

𝑝

sg
̇𝜃
𝑝
−𝐾
𝑝

sg𝜃𝑝,

𝐹
hdr.moor
hv = − 𝐷

hv
hv�̇�hv − 𝐾

hv
hv𝑥hv − 𝐹moor + 𝐹buoy

− 𝐾
𝑝.sg
hv (𝑥sg − 𝐿moor sin 𝜃𝑝)

2

,

𝜏
hdr.moor
𝑝

= −𝐷
𝑝

𝑝
̇𝜃
𝑝
− 𝐾
𝑝

𝑝
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𝑝
− 𝐷

sg
p �̇�sg−𝐷

sg
𝑝
�̇�
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sg
𝑝
𝑥sg,

𝐹
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sg = 𝑚twr

̇𝜃
2

𝑝
(𝐿 twr + 𝐿 jot) sin 𝜃𝑝

+ 𝑚rna
̇𝜃
2

𝑡
(𝐿 rna + 𝐿 jot) sin 𝜃𝑡

− 𝑚ptfm
̇𝜃
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𝑝
𝐿ptfm sin 𝜃

𝑝
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𝑡
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𝑡
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2

𝑝
(𝐿 twr + 𝐿 jot) cos 𝜃𝑝
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̇𝜃
2

𝑡
(𝐿 rna + 𝐿 jot) cos 𝜃𝑡
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̇𝜃
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𝑝
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+ 𝑚tmd
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𝑡
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𝜏
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= 𝜏
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𝑡
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𝑡
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𝐹
spr.damp
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