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Abstract: Over the past decade, offshore wind has positioned itself as one of the most promising
renewable energy markets. While this field is currently dominated by fixed-bottom wind turbines
located within a limited depth range, floating turbines are showing promise as a way to capture
the more developed wind profiles available in deeper waters. Currently, the main challenge with
floating offshore wind is that the systems experience larger ultimate loads compared to fixed
bottom turbines. These larger loads are caused by the increased motion inherent with floating
structures. This study looks to analyze the effects that traditional and inerter based structural
control methods can have on reducing the motion of floating offshore wind turbines. Models are
developed adding tuned mass dampers (TMD) and tuned inerter dampers (TID) into the three
main columns of the semisubmersible platform. Results showed that for free decay tests, heave
and pitch RMS values were reduced significantly by the addition of passive structural control.
The inerter based structural control consistently outperformed traditional TMD and allowed
for similar performance with significantly reduced physical mass values.
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1. INTRODUCTION

Many of the world’s most pressing challenges today revolve
around a need for clean energy. Whether the challenge
is as straightforward as providing affordable energy to
developing countries, or as complex as attempting to
stabilize global warming, the focal point is still, a need
for clean energy. The world’s focus on tackling these
challenges has intensified since the turn of the century, as
evidenced by global agreements such as the Kyoto Protocol
and the Paris Agreement. This focus has resulted in an
exponential increase in funding, research, and growth in
several different renewable energy fields.

Offshore wind refers to the application of land-based plat-
forms in offshore regions through the use of fixed bottom
foundations or floating platforms. As a whole, the offshore
wind market has boomed in recent years, growing to a
total installed capacity of over 50,000 MW over the last
two decades (Musial et al. (2022)). While this market is
currently dominated by fixed-bottom wind turbines placed
close to the shore, data shows that the use of floating
platforms is expected to increase significantly over the
next 5 years (Musial et al. (2022)). This increase is due
to the fact that wind speeds are much higher further
offshore, in deeper water that is not suitable for fixed
bottom designs (Zhou et al. (2023)). Also, the availability
of sites for wind farms is greater further offshore. There are
currently several floating platform designs used, though
one in particular seems poised to dominate this market and

that is the semisubmersible platform design. The semisub-
mersible platform is a concept originally developed by the
University of Maine and is projected to support the vast
majority of floating offshore wind farms by 2028 (Robert-
son et al. (2014)). While this platform design currently
outperforms other concepts, it still experiences many of
the same shortcomings that characterize offshore floating
wind turbines. The most severe shortcoming being that
the semisubmersible platform experiences larger ultimate
loads for many critical bending moments compared to land
based or fixed bottom turbines (Robertson and Jonkman
(2011)). This increased loading comes from the fact that
the semisubmersible platform is a moored structure and
therefore can experience more motion than a fixed struc-
ture. In other words, more motion in critical degrees of
freedom such as pitch and heave, means higher loads,
which means a shorter lifespan. Although these larger
motions could be remedied through the implementation of
structural control, a concept that has been used to reduce
motion in structures for over 100 years.

Structural control has largely been used to mitigate wind
and earthquake induced motion in large buildings through
the addition of motion reducing subsystems. The most
famous of these subsystems is the passive tuned mass
damper (TMD), that when tuned effectively can cancel
out the majority of motion experienced by a building
(Frahm (1911)). Examples of buildings that utilize TMDs
for motion reduction includes Taipei 101 in Taiwan and
Park Tower in Chicago. In recent years, the inerter, a
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device that generates a force proportional to a relative
acceleration, has begun to be integrated into structural
control subsystems (Smith (2002)). The addition of the
inerter has shown both an increase in performance and
a reduction in the physical mass needed for structural
control subsystems. Several acronyms exist for different
inerter based structural control methods, for this study
they will be referred to as tuned inerter dampers (TID).
Research into incorporating structural control into off-
shore floating wind platforms does exist, though is largely
focused on adding a single fore-aft TMD into the nacelle
or platform (Stewart (2012), Lackner and Rotea (2011),
Si et al. (2014)). Moreover, research into applying inerter
based structural control into offshore floating wind plat-
forms is even more limited (Hu et al. (2018), Ma et al.
(2020)). And at this time no study exists analyzing the ef-
fects of adding three traditional or inerter based structural
control subsystems into the three primary columns of the
semisubmersible platform design.

This study looks to provide an in depth analysis studying
the effects of implementing a traditional passive TMD
system into the three columns of the OC4 semisubmersible
platform design. The traditional TMD system is compared
to an optimal TID configuration. The TMDs and TIDs
are oriented within the three columns such that they
move vertically in the z-direction. Three different models
are derived and validated. These models are then used
to conduct an optimization for a heave and pitch free
decay test. The results of these free decay optimizations
are compared between control configurations in order to
determine their effectiveness at reducing the platforms
turbines motion.

The contents of this paper are organized as follows. Section
2 provides an introduction to the hydrodynamics formula-
tion. Section 2 also includes the derivation and validation
of all TMD and inerter based wind turbine models. Section
3 presents and discusses the results of two free decay test
optimizations. Lastly, section 4 states the key conclusions.

2. MODEL DERIVATIONS
2.1 Hydrodynamics Formulation

For this study, all wave related forces are calculated us-
ing linear hydrodynamic coefficients obtained from AN-
SYS AQWA. AQWA is a frequency-domain potential flow
Boundary Element Method (BEM) solver, where BEM
solutions are determined by solving the Laplace equation
for the velocity potential. The primary assumptions of this
method are that the flow is inviscid, incompressible, and
irrotational. A more detailed look into the theory behind
BEM solvers can be found in the WAMIT user manual Lee
and Newman (2013).

The hydrodynamic forces used in this study include
Frq4(t), the force and torque resulting from wave radia-
tion, Fp(t), the buoyancy force and torque, and F..(¢),
the force and torque caused by incident and diffracted
waves. These forces are all functions of the frequency de-
pendent hydrodynamic coefficients acquired from AQWA.
Therefore, prior to running a simulation, the desired wave
frequency must be specified, so that the corresponding

hydrodynamic coefficients can be selected. Equations 1-2
show the expressions for F,..q(t) and Fp(t).

A Ais Ags 1 Ci1 Ciz Cis 1
Fraa(t) = |As1 Asz Ass | *q a3 o4 |Cs1 Csz Css | 3
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(1)

K1 K3 Ky 1
Fp(t) = | K31 K33 K35| x @3 (2)
Ks1 K53 Kss T5

The diagonal terms of the added mass, radiation damping
and hydrostatic stiffness matrices are the primary hy-
drodynamic coefficients, i.e. how motion in that degree
of freedom affects the forces in that degree of freedom.
While the off diagonal terms create a coupling between
the different degrees of freedom, i.e. how motion in one
degrees of freedom affects the forces in another degree
of freedom. Moreover, the subscripts ”1, 3, and 57, refer
to surge, heave, and pitch motion respectively. For more
information on linear wave theory, and the hydrodynamic
formulation used in this study, the WEC-Sim theory man-
ual is a good resource (National Renewable Energy Labo-
ratory and National Technology & Engineering Solutions
of Sandia, LLC (NTESS) (2022)).

2.2 Turbine Models

A diagram of the semisubmersible platform, including the
center column and three main outer columns is shown
in figure 1. For this study, three separate models are
developed:

(1) Baseline model containing no structural control

(2) TMD model containing a TMD in each of the three
outer columns

(3) Optimal TID model containing an optimal TID in
each of the three outer columns

All models are representative of the National Renewable
Energy Laboratory’s (NREL) 5MW reference wind turbine
turbine, mounted onto a revised version of the semisub-
mersible platform, also developed by NREL (Jonkman
et al. (2009), Robertson et al. (2014)).

———

Fig. 1. Baseline platform with no structural control
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Diagrams of the TMD and TIDs to be added to models
2 and 3 are shown in figure 2a and 2b, respectively. The
TMD includes the standard spring and damper, while the
TID also includes an inerter, and an additional spring
connecting the damper and inerter to the mass via an in-
termediate point. The subscripts follow the same notation
discussed in the following paragraphs. The baseline model
is a 3 degree of freedom (DOF) model of surge (z1), heave
(1), and pitch (1) about the turbines center of gravity
CG).

(a) Traditional TMD

(b) Optimal TID

Fig. 2. Diagrams of the structural control methods imple-
mented into the platform

The TMD model is a 6DOF model of surge, heave, and
pitch about the turbines CG, as well as the relative
distance between the CG of each TMD to the top of
its respective column (Lg, L3, and L4). The masses are
numbered in the following order: 1. platform, 2. mass in
front left column, 3. mass in right column, and 4. mass in
the back left column. So Ly refers to the distance between
the front left column and it’s corresponding mass. The
numbering of the stiffness, damping, and inerter values
follow the same numbering notation.

The optimal TID model is a 9DOF containing the same
DOFs as the TMD model, with the addition of the relative
distances between the top of the columns and their respec-
tive intermediate points (Ls, Lg, and L7). The subscript
5 refers to the distance between the top of the front left
column to the corresponding intermediate point and so
forth. The additional springs follow this same numbering
notation.

The equations of motion are derived using the Euler-
Lagrange’s equation, shown in equation 3.

doL AL  OR
dtoq; 0q;  0¢;

0 (3)

Where L is a quantity defined as the Lagrangian and is
equal to the systems kinetic energy minus its potential
energy. ¢; and g; represent the position and velocity terms
for the ”ith” degree of freedom. And R is defined as the
Rayleigh dissipation function. Therefore, the first step to
deriving the equations of motion for each model is to define
their kinetic and potential energy and Rayleigh dissipation
function. However, given that the baseline model is only
3DOF, it is possible to easily derive its equations of
motion, shown in equation 4.

mi 0 0 xl(t)
l 0 mq 0] * {Zl(t)} = _Frad(t) — FB(t) (4)
0 0 .J 0:(t)

Where my and J; are the mass and inertia of the platform
respectively. For the TMD and optimal TID models, the
equations of motion were derived symbolically using MAT-
LAB, so for this paper, only T', U, and R are presented. For
the TMD model, these quantities are defined by equations
5-7.
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Where &5 and %5 are the velocity in the x and z direction
for the mass in the front left column, and so forth.
These quantities are defined using vector geometry and
are functions of the platforms pitch angle over time. Lo o,
L3, and Ly are the initial distance between the top of
the columns and their corresponding TMD.

T, U, and R for the optimal TID model are defined by
equations 8-10.

. 1 501 :
T :§m1xf + imlzf + i(Jl + Jo 4 J3 + Jg)03+

1 1 1 1 1
1 oy 1 .y 1 ., 1 .

U Z%kQ(LQ,o — L) + %kB(LB,O — L3)*+
%k4(L4,0 — Ly)*+
%%((Lzo — Lso) — (L2 — Ls))*+ (9)
%%((L&o — Leo) — (L3 — Lg))*+
%/ﬂ7((L4,0 — Lyo) = (Ls — L7))*

. 1 . 1 .

R:%@ﬁ+§@%+§qﬁ
Where Ls o, Lg,o, and L7 o are the initial distance between
the top of the columns and their corresponding interme-
diate points. For the TMD and optimal TID models, the
tuned parameters of stiffness, damping, and inertance are
constant between all the columns, i.e. ko, k3, and k4 all
share the same value. This design choice allows for a sim-
pler optimization problem and is likely more realistic when
considering real world manufacturing capabilities. As men-
tioned earlier, the Euler-Lagrange equation is carried out
for equations 5-7 and 8-10 using MATLAB’s symbolic
toolbox. The resulting solution is directly formatted for

(10)
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MATLAB'’s differential equation solvers, in order to solve
for the desired motions.

Table 1. Property values used for model opti-
mization

System Properties

Property Value Property Value
my (kg) 1.407e7 Lo (m) 13.00
Ji (kg — m?) 1.136e10 L3, (m) 13.00
J2,3,4 (kg —m?) = 1.5e6 Ly (m) 13.00
Ly (m) 14.435 Ls,o (m) 6.50
Lz (m) 21.89 L610 (m) 6.50
L7 (m) 6.50

The physical values used for the optimizations presented in
section 3 are shown in table 1. Where L., and L, are the x
and z distances from the platforms CG to the center of the
left columns. These quantities are used when defining the
velocities of the hanging masses. The masses and inertias
are taken directly from the reports discussed earlier, and
the initial positions of the masses are chosen such that
they are directly in the center of the main columns.

2.8 Model Validation

The method used for validating the models derived in
this study is using WEC-Sim Laboratory and National
Technology & Engineering Solutions of Sandia (2022).
WEC-Sim is an open-source modeling tool developed by
the National Renewable Energy Laboratory and Sandia
National Laboratory for modeling fluid structure interac-
tions using linear potential flow theory. Given that the
models used in this study utilize the same method for
modeling hydrodynamics, it makes WEC-Sim an ideal tool
for validation. With that being said, WEC-Sim, does not
currently have the functionality for modeling the optimal
TID configuration within the platform. For this reason,
only the baseline and TMD models are validated using
this method. However, given that the optimal TID model
is just an extension of the TMD model, with identical hy-
drodynamics, validation of the TMD model is considered
sufficient for this study.

The validation is completed by running two nearly identi-
cal free decay tests using both WEC-Sim and the derived
models. The results are plotted, and the root mean square
(RMS) values of the responses are compared with each
other. The free decay tests include a heave decay test with
a one meter drop, and a pitch decay test with a five degree
initial rotation. These results of the heave free decay tests
for the TMD configuration, including the platform’s heave
response and position of the second tuned mass over time,
are shown in figure 3.

Visually, figure 3 shows the models being nearly identical,
and this is further confirmed by comparing the RMS values
of the responses. For the baseline free decay tests, the RMS
values were identical to three decimal places. The same can
be seen, for the TMD configuration’s heave free decay test,
while the pitch free decay test saw only a 2% difference.
This difference could be attributed to the WEC-Sim model
handles pretension for a pitching system. Regardless, this
2% difference is considered acceptable for this validation.
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Fig. 3. Heave free decay test comparison between WEC-
Sim and the derived model for the TMD configura-
tion

2.4 Optimization Integration

The optimizations in this study are conducted using the
"pattern search” algorithm within MATLAB’s global op-
timization toolbox. Several different optimizations algo-
rithms were tested for this study, however, the "pattern
search” algorithm is ultimately selected based on its ability
to consistently settle on the global minimum value of the
objective function. In short, an optimization algorithm
seeks to explore a defined design space by varying design
parameters and tracking the resulting change in objective
function. A surface showing this design space i.e., objective
function vs. design parameters, for the TMD, heave free
decay optimization is presented in figure 4.
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Fig. 4. Surface showing the objective function of the heave
free decay optimization as a function of the design
parameters

As shown on the z-axis of figure 4, the objective function
for the free decay optimizations is the RMS value of the
platform heave or pitch response. The design parameters
are the stiffness and damping, for the TMD configuration,
and the stiffness, damping, inertance, and additional stiff-
ness, for the optimal TID configuration. The RMS values
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for the objective functions are calculated using equation
11.

N
1 .
01 rvs = i E 01 (At *17)2
i=0

(11)

Where 6, is the systems pitch position at each time step,
At % i. For the optimization, the simulations are run for
250 seconds with a time step of 0.01 seconds. This results
in an N value equal to 25,000.

The free decay optimizations are conducted for a range of
different mass ratios, . For this study the mass ratio is de-
fined as the ratio of the total mass used for control over the
total turbine mass. This mass ratio is used to determine
mg 3.4 for both the TMD and TID configurations. Mass
ratios are commonly used for structural control related
analyses as it provides a way to tie the secondary mass to
the primary mass. This calculation is shown in equation
12.

Mok My
3

The value is divided by three since there are three tuned
masses in total. For each mass ratio, the free decay
optimizations are conducted and the following values are
recorded: optimal parameters and optimal RMS values.
Using these optimal RMS values, the percent reduction
from the baseline RMS value is calculated using equation
13,

m23.4 = (12)

RMSBaseline - RMSControl
RMSBaseline

where RM Spgseiine 18 the RMS value calculated from
the free decay response of the baseline configuration.
And RMScontror is the RMS value calculated from the
free decay response of either the TMD or optimal TID
configurations. These percent reduction values are plotted
at each mass ratio so that further conclusions can be drawn
regarding the trends of the data. Curves are also fit to the
data so that the performance of both control methods can
be more accurately analyzed.

% Reduction = * 100 (13)

3. RESULTS
3.1 Free Decay Optimization

Figure 5 shows the optimized pitch free decay responses
of the platform for a 5% mass ratio. This figure visually
shows the benefit of adding structural control, since the
TMD and optimal TID responses settled much faster than
the baseline. Figure 5 also shows that the optimal TID
configuration settles faster than the TMD configuration.

The results of the heave and pitch free decay optimizations
for four different mass ratios are shown in table 2 and 3
respectively. These tables includes the RMS values for the
baseline and structural control configurations, as well as
the percent reduction values.

Tables 2 and 3 show that both control configurations
provide a significant reduction to RM Spgsetine. With the

Pitch Free Decay

5 . .
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251 —TID
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2
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Fig. 5. Optimized pitch free decay response for the overall
system with a mass ratio of 5%

Table 2. Results of the heave free decay opti-
mizations

Heave Free Decay

Platform + TMD Platform + TID

I RMS (m) % Reduction RMS (m) % Reduction
Baseline 1.008 - 1.008 -
0.01 0.817 18.92% 0.801 20.18%
0.03 0.713 29.29% 0.686 32.51%
0.05 0.660 34.55% 0.631 38.36%
0.07 0.625 38.02% 0.596 42.22%

Table 3. Results of the pitch free decay opti-
mizations

Pitch Free Decay
Platform + TMD

Platform + TID

m RMS (°) % Reduction RMS (°) % Reduction
Baseline 1.804 - 1.804 -
0.01 1.582 12.27% 1.579 12.47%
0.03 1.447 19.75% 1.413 21.68%
0.05 1.366 24.27% 1.321 26.76%
0.07 1.307 27.55% 1.260 30.16%

lowest percent reduction in heave and pitch for either
configuration still coming out to 18.92% and 12.27%
respectively. The tables also show that increasing the mass
ratio results in a significant increase in percent reduction.
For example, the percent reductions at mass ratios of 1%
and 7% for the heave decay test are 18.92% and 38.02%,
respectively. That is nearly a +20% increase in reduction
for only a +6% increase in mass ratio. Though perhaps
the biggest takeaway from these results is that the optimal
TID configuration outperforms the TMD configuration for
both decay tests at all mass ratios. The extent to which the
optimal TID outperforms the TMD varies depending on
mass ratio, with the largest performance gains occurring
at the larger mass ratios.
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Figure 6 shows the percent reduction as a function of mass
ratio for both configurations. Curves are fit to the data
points using a second-order logarithmic function.
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Fig. 6. Percent reduction vs. mass ratio for pitch free decay
optimizations

Figure 6 further highlights the trends seen in tables 2
and 3. The optimal TID configuration outperforms the
TMD configuration, and the performance gap increases as
the mass ratio increases. The figure also shows that the
relationship between percent reduction and the mass ratio
is logarithmic, with rate of increase starting off relatively
large then tapering off to a more constant value. This curve
fitting analysis can also be used to determine what mass
ratio for the optimal TID configuration would provide
the same benefit as the TMD at a given mass ratio.
For example, the optimal TIDs at a mass ratio of 5.5%
would provide roughly the same benefit as the TMDs at
a mass ratio of 8%. That results in roughly 250,000 kg
in reductions to the physical mass needed for structural
control.

4. CONCLUSION

This study has analyzed the potential benefits of imple-
menting passive structural control systems into a semisub-
mersible offshore floating wind platform. Three models
were derived including a baseline model with no struc-
tural control, a TMD model, and an optimal TID model.
Optimizations were conducted for heave and pitch free
decay tests and results were compared between the two
structural control methods. Results showed that both con-
trol methods provide significant reductions compared to
baseline. With the TMD configuration providing as much
as 38% and 28% reduction to the heave and pitch response
respectively. Furthermore, the optimal TID provided the
greatest reductions for all tests conducted, outperforming
the TMD by as much as 4%. The optimal TID configura-
tion was therefore able to provide similar reduction using
smaller mass ratios, allowing for a large reduction to the
physical mass needed for the structural control.
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