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Dalian University of Technology, Dalian, China, *School of Civil Engineering and Architecture, Guangxi
University for Nationalities, Nanning, China

Owing to the difficulties in the scaled rotor-nacelle assembly (RNA) and support
structure design, and alleviation of small scaling effects, the limited dynamic model
tests are conducted for the jacket offshore wind turbines (OWTs), which are
extensively constructed in the offshore wind farms located in the depth of
40-50 m. To address this limitation, an integrated test method based on aero-
hydro-structural elastic similarities is proposed in this study. It comprises a
performance-scaled RNA model and a scaled support structure model. A
redesigned blade model is adopted in the scaled RNA model to ensure the
similarities of aerodynamic thrust loads without modifications of the scaled test
winds. Moreover, auxiliary scaled drivetrain and blade pitch control are designed to
simulate the operational states of a practical OWT. The scaled model of the OWT
support structure is fabricated based on the joint hydro-structural elastic similarity,
and the small scaling effects are mitigated by introducing sectional bending stiffness
similarities. Subsequently, the dynamic model tests of an ultra-large jacket OWT
under wind-only, wave-only, and combined wind and wave conditions are carried
out. The accuracy of the fabricated OWT test model is validated based on the
recorded responses, and the influence of the dominant frequencies on the dynamic
responses of the OWT model is quantitatively evaluated using the wavelet packet-
based energy analysis method. Further, the coupling mechanisms of the scaled OWT
model under typical wind and wave loads are investigated, and the interactions
between the environmental loads and OWT motions are proved.

KEYWORDS

offshore wind turbine, scaled model design, basin model test, dynamic characteristics,
wavelet packet-based energy analysis method, wind and wave loads
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1 Introduction

Offshore wind energy is gradually becoming a mainstream
renewable energy source, and the massive deployment of
offshore wind turbines (OWTSs) has accelerated this trend
over the past decade (Ren et al, 2022). According to the
Global Wind Energy Council (GWEC, 2022), the installed
capacities of offshore wind farms reached 21.1 GW in 2021,
and that in China exceeded 80%. Although superior wind
fields enhance the output of OWTs compared to that of
onshore wind fields (Park et al., 2021), the interactions
among the environmental loads, rotor-nacelle assembly
(RNA), and support system pose several problems, such as
motion of the support structure, resulting in increased
asymmetrical aerodynamic loading on the rotor blades
(Wang et al,, 2022), particularly for ultra-large OWTs. To
accurately predict the structural responses of OWTs under
complex environmental conditions, numerous fully coupled
simulation tools have been developed, such as the widely used
GH Bladed (Bossanyi, 2011), SIMA (DNV, 2018), FAST v8/
OpenFAST (Jonkman and Jonkman, 2016; Jonkman and
Sprague, 2021), and HAWC2 (Larsen and Hansen, 2007).
These coupled simulation tools employ blade element
momentum theory and generalized dynamic wake model in
aeroelastic analysis. Hydrodynamic loads on the highly
slender and large structures are typically calculated via
finite element analysis based on the dimensions of the
support system using the Morison formula and potential
flow theory, respectively. Meanwhile, the differences in the
established RNA models in the above simulation tools should
be pointed out. The flexibilities of rotor blades are generally
simulated using the first two flapwise and the first edgewise
modes in FAST v8 and OpenFAST, which is remarkably
different from the corresponding finite element model
using beam element in SIMA and HAWC2.

Presently, the extensively studies about the coupling
mechanism of typical bottom-fixed and floating OWTs are
carried out by researchers using the previously described
simulation tools. For example, Kim et al. (2016) established
the fully coupled numerical model of a monopile and jacket
OWT in GH Bladed and investigated the differences in the
structural responses between the monopile and jacket OWT.
Ren et al. (2022) carried out the dynamic analysis of a multi-
column tension leg platform floating OWT under operational
and extreme environmental conditions in FAST v7 and
investigated the tendon failure to examine the performance
of OWT based on the accidental limit states specified in the
design code DNV-RP-0286. Zhao et al. (2021) and Putri et al.
(2020) studied the dynamic responses of a semi-submersible
and spar-floating OWT using OpenFAST and SIMA,
respectively, to elucidate the coupling effects between the
RNA and mooring system. To verify the accuracy of
numerical simulations, comparisons among the various
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coupled simulation tools for OWTs are performed as part
of the IEA OC4 project (Robertson et al., 2014). According to
the studies of Larsen et al. (2014), discrepancies in the
predicted OWT coupled motions using different numerical
tools are attributed to the variability of the essential
parameters in the different numerical models. Therefore,
the results obtained by numerical simulation need to be
further compared and analyzed, and the dynamic model
test provides an effective approach (Zeng et al., 2022).

For OWTs under wind and wave loading conditions, besides
the the
hydrodynamic loads similarities should also be satisfied to

structural elastic similarity, aerodynamic and
ensure high quality and accuracy in the OWT dynamic tests.
For aerodynamic load similarity, it means that the viscous and
inertia forces should be appropriately scaled, and the Reynolds
number similarity is priorly applied in this case (Cengel and
Cimbala, 2006). Hydrodynamic inertia and gravity loads
dominate the motions of offshore structures under wave
excitation, and the associated Froude number similarity is
generalized in the physical model tests of offshore structures
under wave loads (Chakrabarti, 1994). Moreover, the differences
in the required flow velocity scale ratios between the Reynolds
and Froude number similarities should be considered. Therefore,
appropriate coordination of the Froude and Reynolds number
similarities is a critical issue in OWT dynamic tests.

Various experimental methods have been devised to
modeling  of aerodynamic
hydrodynamic loads in OWT tests. Wang et al. (2017)

performed dynamic model tests of a pentapod OWT under

ensure accurate and

earthquake, wind, wave, and current, and hydrodynamic
loading conditions and the OWT model were scaled based
on the Froude number and structural elastic similarities. The
aerodynamic thrust loads were appropriately scaled using an
equivalent circular disc, whereas the gyroscopic effects of the
rotor system were neglected. Froude number similarity was
applied in the semi-submersible floating OWT model design,
and an approximately geometrically scaled RNA model was
fabricated by Martin (2011). Subsequently, dynamic tests of
the semi-submersible floating OWT model under winds and
waves were performed, and the test winds were calibrated to
ensure accurate scaling of aerodynamic loads. Ahn and Shin
(2019) reported that aggerated wind loads occurred on the
support structure model owing to the improved test winds
used to accurately model the aerodynamic loads on the
geometric-scaled RNA model, which impaired the accuracy
of the OWT dynamic model tests. To address this, Du et al.
(2016) and Ahn and Shin (2020) proposed a performance-
scaled RNA model with updated blade airfoils for the OWT
model design, and the accuracy was verified by comparing the
results with the numerical results for the prototype RNA.
In addition, according to the recently released offshore wind
energy development guidelines effective over the next 5 years in
China, the exploration of offshore wind energy at water depths of
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30-50 m and the application of ultra-large WTs are primary
concerns. Therefore, the potential of commercial application of
should be
commercialization, the dynamic characteristics and coupling

jacket  substructures emphasized.  Before
mechanisms of ultra-large jacket OWTs should be adequately
investigated. Hence, dynamic model tests of the ultra-large jacket
OWT must be performed to validate numerical analyses and
address their limitations. These observations indicate that the
scaled RNA model design directly determines the quality of the
tests, whereas the design method for ultra-large RNA still
warrants further study and validation because of the oversized
blade dimensions and inherent complexities of servo systems.
Moreover, owing to significant discrepancies between the
longitudinal principle and sectional dimensions, small scaling
effects should be considered in the scaled model design of ultra-
large support structures.

To address these technical challenges associated with ultra-
large jacket OWT dynamic model tests, an integrated test method
based on aero-hydro-structural elastic similarities is proposed,
comprising a performance-scaled RNA model and a scaled
support structure model using joint hydro-structural elastic
similarities. The remainder of this paper is organized as
follows. The derivation of essential similarities for the scaled
OWT model design is presented in Section 2. The redesigned
scaled RNA model based on the released aerodynamic
similarities and the scaled support structure model using
introduced. This
section also describes the sensor arrangement and test

hydro-structural elastic similarities are
facilities. The applied wavelet packet-based energy analysis
method used for test data processing is introduced in Section
3. Furthermore, the validations of the fabricated OWT test model
and the analysis of OWT coupling mechanisms based on the
recorded data are presented in Section 4. Finally, based on the
observed experimental phenomena, the conclusions regarding
the OWT test model design method and coupling mechanisms
under different environmental conditions and operation states

are summarized in Section 5.

2 Physical dynamic test model design
2.1 Joint similarities for OWT model tests

For the OWT dynamic model tests, in addition to the
structural elastic similarity expressed in Eq. 1, the aero and
hydro similarities should be ensured, which are represented by
the Reynolds and Froude number similarities defined in Eqs 2,
3, respectively. However, as defined in Eqs 2, 3, differences
exist in the required velocity scale ratios between the Reynolds
and Froude number similarities. Therefore, these similarities
cannot be concurrently and strictly satisfied in the dynamic
model tests. Considering that the objective of this study is to
investigate the dynamic characteristics of an OWT under
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typical wind and wave loads, strict Reynolds number
similarity is substituted by performance-scaled similarities,
which include similarities of aerodynamic thrust loads and
essential operational parameters. Moreover, hydro-structural
elastic similarity is formulated by combining Eqs 1-3, as
expressed in Eq. 4. Based on this equation, in addition to
the length scale ratio A;, an inertia radius scale ratio A, is used
in this study to alleviate the small scaling effects in the design
of the scaled OWT support structure model sectional
geometries (Huan et al, 2022). To ensure the accuracy of
the dynamic model tests, an appropriate scale ratio should be
determined before the design of the scaled OWT model. Based
on the geometries of the prototype OWT, water depth,
and capacities of the experimental facilities, the length scale
ratio is designated as 1/75. Subsequently, the similarities
between the additional parameters can be obtained, as
listed in Table 1.

A=A A,-Ap -2 1)
A,V = 1/A’L (2)
A=V 3)

A=A (4)

where A, is the time scale ratio; A,, Ag, and A, are the structural
material density, elastic modulus, and velocity scale ratio,
respectively.

2.2 Performance-scaled test model design

2.2.1 Prototype OWT concept

The prototype jacket OWT is illustrated in Figure 1A. The
original OWT comprised an upwind WT system and jacket
substructure. The RNA of the upper WT system was identical
to that of the DTU 10 MW baseline WT (Bak et al.,, 2013).
According to the recorded environmental conditions in the
southeastern offshore regions in China, the distance from the
top of the jacket substructure to the mean sea level needs to be
30.15 m to ensure structural safety, and the hub height of DTU
10 MW WT is 119.00 m, so the tower height should be 88.85 m.
The original tower height of DTU 10 MW WT is 115.63 m.
Therefore, the tower height is redesigned as 85.48 m to satisfy the
requirements under the practical environments. The basic
parameters of the RNA and the tower are listed in Table 2.
As depicted in Figure 1A, the mud braces and four levels of
X-braces are mounted along the four-legged jacket to ensure
steady operation of the WT system and structural safety at a
water depth of 40.00 m. The geometry and structure of the
support system are also shown in this figure.

2.2.2 Scaled rotor-nacelle assembly model

Because of the length scale ratio and prototype RNA used
in this study being consistent with the European Union
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TABLE 1 Essential model parameter scale ratios defined by the ratio of model to prototype.

Parameters Length Density Mass Velocity Acceleration
Dimension [L] [ML3] [M] [LT] [LT2]
Similarity AL =1 A N Ag=1

Scale ratio £ 1.00 ies 0.11 1.00

LIFES50 + project, the recommended scaled blade model
design in the LIFES50 + project is adopted (Lifes50, 2021).
The updated SD7032 airfoil is selected in the performance-
scaled blade model design and a circular section is used at the
The
fabricated scaled blade model is shown in Figure 1B.

blade root to connect the blade and hub models.

Moreover, the sectional chord length is altered, and the
maximum chord length could reach 0.115m to withstand
test wind conditions generated using a simplified wind
generation system, as depicted in Figure 1C. The mass of
each blade model is strictly limited to 200 g; therefore, high-
strength and low-density carbon fibers are used in the
fabrication. Meanwhile, to ensure the smoothness of the
blade model and fabrication quality, the steel mold shown
in Figure 1D is utilized in the fabrication process.

A scaled drivetrain system comprising an actuator, torque
sensor, and shaft is designed to ensure similarity of essential
operational parameters, such as rotor speed and thrust load. In
the scaled drivetrain arrangement shown in Figure 1E, the
components are connected using couplers and tightened in an
aluminum nacelle model. Sequentially, the scaled model of the
nacelle is manufactured based on the drivetrain system
arrangement.

An additional scaled blade pitch system is designed to deploy
blade pitch control strategies during the tests, as shown in Figures
1F,G. Three-pitch actuators mounted in the transition piece
between the blade root and hub model are used to regulate
the blade pitch angles. The material of the hub model with a
diameter of 0.06 m is the same as that of the scaled nacelle model,
and the total mass of the scaled RNA model is 2,860 g, as listed in
Table 3.

2.2.3 Scaled support structure model

Based on previous tests, polymethyl
methacrylate (PMMA) is selected as the material for the
scaled OWT support model owing to its advantages such as

mechanical

stable properties and convenient fabrication. The measured
elastic modulus of PMMA is 3.85 GPa, with a density of
1,198 kg/m’. Subsequently, the inertial radius scale ratio for
the scaling of sectional geometries is calculated to be 1/
88.8 according to the proposed hydro-structural elastic
similarity and length scale ratio. The principal dimensions
of the support structural model, such as the height and
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Rotor speed Pitch angle Time Frequency Force
3] - [T] [+ [MLT2]
Ao Ao io A

8.66 1.00 0.11 8.66 .

sectional out-diameter of the tower and jacket model are
determined by the length scale ratio, the member sectional
thickness is scaled using the inertial radius scale ratio to
alleviate small scaling effects and ensure fabrication
accuracy. The scaled geometries of the tower and jacket
models are shown in Figure 1H. Moreover, the density
scale ratio is assumed to be 1.0; therefore, the additional
weights are uniformly distributed along the support model
to satisfy this assumption, except in the splash zone, as

depicted in Figure 11.

2.2.4 Scaled test cases and environmental
conditions

Considering that the primary objective is to experimentally
investigate the dynamic characteristics and coupling mechanisms
of the jacket OWT, typical design load cases (DLCs) are selected
according to the measured environmental conditions and
offshore standard DNV GL-ST-0437 (DNV GL, 2016).
Subsequently, the scale ratios listed in Table 1 are used to
scale the recorded environmental conditions, as listed in the
model scale column in Table 4. Three typical winds (DLCs 1-3)
covering the cut-in to cut-out wind range are selected to study the
coupling mechanisms of the dynamic response of OWT under
different normal operation states. Additional extreme wind test
case 4 is applied to investigate the dynamic behaviors of a parked
OWT with the feathered rotor blades. Meanwhile, DLCs 5-8 are
performed to investigate the dynamic responses of OWT under
regular waves. To reveal the coupling mechanisms, subsequent
dynamic model tests are conducted under combined conditions
(DLCs 9-12). During the tests, the scaled winds and waves are
aligned along the fore-aft (F-A) direction, as shown in Figure 2A.
The rotational speed of the RNA model is regulated using the
drivetrain system model, and the blade pitch and pitch-to-feather
control strategies are deployed using the pitch control system
model.

2.3 Test equipment and sensor
arrangement

A joint wind and wave simulation system developed by the State

Key Laboratory of Coastal and Offshore Engineering at Dalian
University of Technology was employed to generate scaled wind and
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FIGURE 1

Design of performance-scaled test model. (A) Essential parameters of prototype jacket OWT (Unit: m); (B) carbon fiber blade model; (C)
schematic of the blade model cross-section at maximum chord length; (D) steel mold; (E) arrangement of drivetrain system; (F) blade pitch system;
(G) scaled hub model; (H) parameters of the support structure model; and (l) additional weights.

Frontiers in Energy Research 05 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.992854

Xiong et al.

TABLE 2 Basic parameters of prototype OWT.

Characteristics Value

Rating 10 MW

Rotor orientation and configuration Upwind and 3 blades

Control Variable speed, collective pitch
Single blade mass 41 732 kg

Hub mass 105 520 kg

Nacelle mass 446 036 kg

Hub height 119.00 m

Tower height 85.48 m

Tower top diameter and thickness 5.50 and 0.020 m

Tower base diameter and thickness 7.57 and 0.034 m
Rotor and hub diameter 178.30 and 5.60 m
Cut-in, rated, and cut-out wind speeds 4.0, 11.4, and 25.0 m/s

Cut-in and rated rotor speeds 6.0 and 9.6 rpm

TABLE 3 Masses of the major components of scaled RNA model.

10.3389/fenrg.2022.992854

wave conditions in the tests. Figure 2A shows the dynamic model
tests of the jacket OWT model subjected to wind and wave loads.
The model test equipment primarily included wave generation and
wind generation systems, both of which are located on the left side of
the basin, as shown in Figure 2B. Wave-absorber equipment is
placed on the right side of the basin to reduce wave reflection. The
dimensions of the basin are 22.0 x 5.4 x 1.2 m, and the maximum
water depth is 1.0 m. The maximum height of generated waves is
0.33 m, and the allowable range of the wave period is 0.5-4 s. The
usable area of the wind generation system is 2.54 x 2.54 m, and the
maximum generated wind speed is 15 m/s.

The sensors used to record the input environmental
conditions and dynamic responses of the OWT model are as
follows. As depicted in Figure 1E, a torque sensor mounted in
the nacelle was used to measure the torque of the designed
drivetrain system, and the quality of the generated test wind
fields was calibrated prior to testing using a wind sensor
positioned at calibration points P1-P12, as shown in

Component Nacelle Actuator Couplers Torque Shaft Hub Pitch Connection Screws Blades
sensor actuators components
Mass (g) 410 447 64 240 376 242 303 138 40 600
TABLE 4 Selected test cases.
Case description  Full scale Model scale (1:75)
no.
Viw H T Blade Rotor Water V., H T Blade Rotor Threefold Water
(m/s) (m) (s) pitch speed depth (m/s) (m) (s) pitch speed blade depth
(deg) (rpm) (m) (deg) (rpm) passing (m)
frequency
(Hz)
1 Steady wind 6.0 0.9 6.0 61.0 0.7 0.9 51.96 2.60 0.8
2 114 0.0 96 13 0.0 83.14 428
3 18.0 152 9.6 2.1 152 83.14 4.28
4 29.0 90.0 0.0 33 90.0 0.00
5 Regular wave 150 8.7 0.9 0.00 002 1.0 09 0.00
6 300 95 00 0.00 004 11 00 0.00
7 450 104 152 0.00 006 12 152 0.00
8 600 113 900 0.00 008 13 900 0.00
9 6.0 150 87 09 6.0 0.7 002 1.0 09 51.96 2.60
10 Steady wind and ~ 11.4 300 95 00 9.6 1.3 004 11 00 83.14 4.28
11 regular wave 18.0 450 104 152 9.6 2.1 006 12 152 83.14 4.28
12 29.0 600 113  90.0 0.0 33 008 13 900 0.00
Frontiers in Energy Research 06 frontiersin.org
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FIGURE 2

Primary sensor arrangement and test equipment. (A) Schematic of the model test basin (Unit: mm); (B) joint wave and wind load simulation
system; (C) installed three-component load cell at the tower top; (D) acceleration sensor arrangement along model; (E) strain gauge arrangement;
and (F) dynamic model testing of jacket OWT subjected to winds and waves.

Figure 2A. Moreover, the accuracy of the wave generator was
measured by the wave gauge numbered “wave 1” positioned in
front of the facility and wave gauge numbered “wave 2” placed
around the OWT model. An additional wave gauge numbered
“wave 3”7 was used in the tests to record the far field wave
profiles. A force sensor with three translational degrees of
freedom (DOFs) was installed at the top of the tower in the
model to measure the thrust loads, as shown in Figure 2C. The
measuring range and resolution of the force sensors on the
DOFs are 100 and 0.1 N, respectively. Figure 2D shows ten
acceleration sensors with a range of 100 m/s* uniformly
arranged on the support structure in the F-A direction in
the model to measure the motion of the structure under
different loading conditions. Strain gauges were arranged at
the tower base, and the local components of the jacket model
measured the structural responses, as depicted in Figure 2E. The
numbers and specifications of the sensors are listed in Table 5.
In addition to sensor accuracy, the sensor mass was strictly
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limited to eliminate the undesirable influence of installed
sensors on local structural responses. For instance, the force
gauge mass should be as low as 65 g to satisfy this requirement.
The layout of the dynamic model tests for the jacket OWT is
shown in Figure 2F.

2.4 Test wind field and wave calibrations

As depicted in Figure 2F, the wind generation system was
pre-calibrated to ensure reliable generation of scaled wind fields
during testing. Therefore, eight measurement points, P1-P8,
were selected in the F-A direction, and the distance between
pairs of points was set as 851 mm. The measured scaled wind
speed of 2.1 m/s at the different points are listed in Table 6, and
points P4-P6 are suitable for measurement compared with the
theoretical values. Considering the fluctuations of the generated
wind speed at these potential points, point P6 was selected as a
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TABLE 5 Sensor specifications and arrangement in OWT dynamic tests.

10.3389/fenrg.2022.992854

No Type Number Technical parameters
Wind 1 Wind sensor 1 Measuring range: 30 m/s
Resolution: 0.001 m/s
Wave 1-3 Wave gauge 3 Measuring range: 30 cm
Resolution: 0.03 cm
Force 1 Three-component load cell 1 Capacities: F, = F, = F, = 100 N
Resolution: 0.1 N
Size: 4.0 x 4.0 x 2.0 cm
Mass: 65 g
Accel 1-10 (Single direction) Acceleration sensor 10 Capacity: 100 m/s’
Resolution: 0.004 m/s’
Size: 1.5 x 1.0 x 1.0 cm
Mass: 23 g
Str 1-20 Strain gauge 20 Capacity: 20000 pe
Resolution: 1 pe
TABLE 6 Statistics of recorded wind speeds at different sites (Unit: m/s).
Item Calibration site no.
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Mean 0.9 0.6 1.0 2.0 2.2 24 2.7 2.9 24 1.2 2.1 1.1
STD 0.03 0.13 0.14 0.16 0.14 0.11 0.11 0.12 0.42 0.31 0.23 0.25

TABLE 7 Comparison of wave parameters between measured and theoretical scaled wave around the OWT model installation point.

Wave condition Regular wave 1

Item and Unit H (m) T (s) H (m)
Measured in calibration test 0.018 0.99 0.041
Theoretical scaled 0.020 1.00 0.040

feasible location. Moreover, the qualities of the wind speed at
point P6 were evaluated based on the measured statistics at
evenly distributed points P9-P12 in the side-to-side (S-S)
direction. The recorded mean values at points P9 and
P11 were consistent with the recorded data at point P6 and
the theoretical value; thus, the accuracy of the test wind field at
point P6 was confirmed. However, the test wind decreased at
points P10 and P12 and the fluctuations in the rotor plane
increased, thereby affecting the steady state condition of the
test wind fields.

The wave generator was calibrated using three wave gauges
arranged in the basin, as shown in Figure 2A. The recorded wave
parameters for the regular wave test cases at the selected OWT
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Regular wave 2

08

Regular wave 3 Regular wave 4

T (s) H (m) T (s) H (m) T (s)
1.09 0.061 1.17 0.076 1.30
1.10 0.060 1.20 0.080 1.30

model installation point are listed in Table 7. Comparison with the
scaled wave parameters indicated that the recorded regular wave
heights and periods were consistent with the corresponding
theoretical values. Subsequently, the accuracy of the experimental
setup was measured based on the calibration. The developed setup
satisfied the requirements of the OWT dynamic model tests.

3 Wavelet packet-based energy
analysis method

In contrast to other signal processing methods, such as Fourier
transform, fractal analysis, and Hilbert-Huang transform (Liao
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Schematic of the decomposed three-layer wavelet packet tree and free decay results of the OWT model under the parked state. (A) Schematic
of the decomposed three-layer wavelet packet tree; (B) free decayed histories of tower top acceleration; (C) PSD of free decayed tower top
accelerations; and (D) normalized first mode shapes of the scaled model and coupled numerical prototype OWT.

et al,, 2017; Ling et al., 2019), wavelet packet analysis enables the
decomposition of the input signal into low- and high-frequency
bands (FBs) with the required resolution (Li et al., 2022), and the
influence of the FBs of interest can be quantified using the energy
ratio. Owing to these advantages, the wavelet packet-based energy
analysis method (Zhang et al., 2021) was applied in subsequent
data processing to identify the coupling mechanisms of the OWT
model for the selected test cases.

As shown in Figure 3A, the initial signals x;00 is
decomposed into two sub-frequency components Al and
D1 with respect to the low-frequency sub-signal x;7,
expressed in Eq. 5 and the high-frequency sub-signal x;7 ;
expressed in Eq. 6. As is evident from these equations, the
wavelet basis functions should be selected prior to the
decomposition. Meyer wavelet basis functions (h(k) and
g(k)) were used in this study, as expressed in Eqs 7, 8
(Zeng, 2016). The newly decomposed FBs can then be
obtained after the second decomposition, resulting from the
sub-signals in the previous layer. For example, the
decomposed FBs AA2 and AD2 in the third layer are
derived from FB Al in the second layer. Based on the
characteristics of the wavelet-packet-based energy analysis
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method, 2/ FBs are obtained in the (j+1) layer after
completing the j-th decomposition, and the general
expressions of the decomposed sub-signals are expressed in
Eqs 9, 10. Furthermore, the energy of each decomposed FB can
be estimated using Eq. 11, the quantified influence of the
decomposed FBs is evaluated based on the defined energy ratio

¢j, m in Eq. 12

X0 = Zk h(k = 2i)xi00 (5)
= Zk g(k = 2i)x;00 (6)
(1) o
h(k) = (2m) 2™ cos<7v(4i|w| - 1)) %S |w| ss?ﬂ
2w 8w
0 lol ¢ [ 55
(7)
G(k) = (-D)'h(-k+1) ®)
xzj+1,2m = Zk h(k = 2i)x; jm 9)
xzj+1,2m+1 = Zk g (k - Zi)xi,j,m (10)
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where x;11,2m and X;j,12m41 denote the i-th decomposed low-
frequency and high-frequency components of the m-th FB in the
j-th layer, respectively; h(k) and g(k) represent the low-pass and
high-pass filtered Meyer wavelet basis functions, respectively; k is
a random number that varies from 1 to N; N denotes the number
of discrete sampling points in the initial signal; w is the angular
frequency; v is auxiliary function for constructing the Meyer
wavelet; i is the serial number of discrete data in the original input
signal; j is the number of decomposed layers; and m is the FB
serial number in the jth layer.

Ejm = ZZI

E'm
¢ = =22 x 100%
’ ZmEJ'm

(amn

NSNE
Xj,m(z)|

(12)

4 Dynamic model tests of scaled
jacket OWT

4.1 Estimation of OWT model first natural
mode

Before conducting the dynamic tests under winds and
waves, a free decay test was performed to identify the first
natural mode and nondimensional damping ratio of the OWT
model. An initial tower-top displacement in the F-A direction
was applied to the scaled test model under the parked state in
still water. The measured free decay histories of the tower top
acceleration are presented in Figure 3B, a generally decreasing
trend is observed owing to structural damping. According to
the empirical formula based on structural dynamics (Clough
and Penzien, 2006), expressed in Eq. 13, the nondimensional
damping ratio can be estimated based on the structural free
decayed motions, and the estimated damping ratio of the
OWT model is 4.4%. The OWT model damping ratio is less
than 5%; therefore, it can be assumed to be a small damping
system, and the first natural modes of the system can be
identified based on the narrow band peaks of the frequency
response functions (Bendat and Piersol, 1980). The power
spectral density (PSD) of the free decayed tower top
acceleration is depicted in Figure 3C, and the first natural
frequency of the OWT model is estimated as 2.87 Hz based on
the small damping system assumption. Furthermore, the first
natural mode of the OWT model can be identified based on
the PSDs of the recorded free-decayed tower and jacket
accelerations using the distributed acceleration sensors
the The
acceleration sensor is shown in Figure 3D.

along support system model. normalized

Furthermore, a fully coupled numerical model of the
prototype jacket OWT was established in the simulation tool
FAST v8 (Jonkman and Jonkman, 2016), and the damping ratio

of the support system model was set as 3.3%. Therefore, the
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introduced small damping system assumptions are also
applicable to the established coupled numerical model, and
the first natural frequency of the prototype jacket OWT is
0.326 Hz based on the free decayed tower top accelerations.
According to the frequency scale ratio defined in Table 1, the
corresponding scaled theoretical value should be 2.82 Hz, which
is consistent with the measure first natural frequency of the test
model. The estimated and normalized first mode shapes of the
coupled numerical model are shown in Figure 3D. Evidently, the
first mode shape obtained from the numerical model is almost
identical to the measured shape in the test model. This indicates
that the first bending mode of the OWT support system is
appropriately scaled in the tests using the proposed hydro-
structural elastic similarity.

! I Pap

EZ_

oy n (13)

Pap+1

where ¢, , and ¢ ,,,, denote the p-th and p+1-th peaks or valleys
of the decay curve, respectively.

4.2 Dynamic response analysis of OWT
model

According to the aero-hydro-elastic similarities, dynamic
model tests of a scaled jacket OWT model were performed
under the selected steady winds, regular waves, and combined
test conditions. The results of steady wind test cases are
compared to identify the variations of the structural responses
under different operation states, and the regular wave test cases
are conducted to investigate the effect of wave height and period.
Then, the comparisons under combined wind and wave
conditions are carried out to reveal the interactions among
the wind, wave, and scaled OWT model responses. Each test
case lasted for 330 s with a sampling frequency of 500 Hz, and the
first 150 s of the recorded data in each test were discarded to
eliminate the influence of transient effects on the results. The
measured histories of the thrust and tower-top acceleration for
the selected test cases listed in Table 4 are depicted in Figure 4,
and the corresponding statistics are listed in Table 8.

Subsequently, the wavelet packet-based energy analysis
method introduced in Section 3 was applied to analyze the
measured thrust loads and tower top accelerations. To
distinguish the frequency components of interest, such as the
OWT model
frequencies, the decomposed bandwidth in the last layer
should be less than 0.25 Hz. This implies that the decomposed
FBs should exceed 2'°, and the time cost is much higher if the
original recorded data are directly applied. Considering this

fundamental and rotor model rotational

requirement, low-pass filtering and down-sampling procedures
were performed based on the recommended analysis method by
Zayed (2021) to reduce the sampling rate of the original data to
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TABLE 8 Statistical comparisons of dynamic responses under different test winds and waves.

Load cases Thrust (N) Tower top acceleration (m/s?)
Mean STD 95th MIN 95th MAX STD 95th MIN 95th MAX
Vi = 0.7 m/s 1.34 0.29 0.77 1.87 0.03 -0.06 0.06
H=002m, T=10s 1.8E-3 1.5E-3 34E-5 44E-3 7.2E-4 ~1.6E-3 1.3E-3
Vip =07 m/s and H=0.02m, T=1.0s 1.24 0.20 0.84 1.59 0.02 -0.04 0.04
Vi = 1.3 m/s 3.53 0.28 2.63 401 0.05 -0.07 0.07
H=004m, T=11s 2.6E-3 2.1E-3 59E-4 5.8E-3 1.2E-3 -23E-3 23E-3
Vi = 1.3 m/s and H =004 m, T = 1.1s 3.25 0.17 2.86 3.62 0.03 -0.03 0.03
Vi = 2.1 m/s 2.11 035 131 278 0.07 -0.10 0.10
H=006m, T=12s 3.6E-3 2.7E-3 1.6E-3 6.3E-3 1.4E-3 ~2.6E-3 2.6E-3
Vip = 21 m/s and H=0.06m, T =12's 2.06 0.12 1.78 2.40 0.03 -0.05 0.05
Vi = 3.3 m/s 0.56 030 1.8E-3 112 9.0E-3 -0.02 0.02
H=008m,T=13s 4.6E-3 2.6E-3 1.9E-3 8.7E-3 1.6E-3 -2.8E-3 2.8E-3
Viy =33 m/s and H= 008 m, T =135 0.66 0.15 031 1.01 6.2E-3 -0.01 0.01

9 Hz without frequency aliasing and maintain the precision and
efficiency of data processing. The maximum identified frequency
of the filtered data was 4.5 Hz. After five decompositions, 2°
decomposed sub-signals were obtained in total. The bandwidth
of each FB is 0.14 Hz, which can precisely identify the frequency
components of interest. Moreover, the energy ratios of the OWT
model responses calculated based on the time series of the
decomposed sub-signals in the frequency range of 0-4.5 Hz
under the scaled wind, wave, and combined test cases using
Eq. 12 are presented in Figure 5.

4.2.1 Dynamic characteristics of thrust loads
under different test winds and waves
o Steady wind test cases

As listed in Table 8, the measured mean thrust loads under
the steady test wind speeds of 0.7, 1.3, 2.1, and 3.3 m/s are 1.34,
3.53,2.11, and 0.56 N, respectively, whereas the corresponding
theoretical scaled values of the prototype OWT are 1.18, 3.57,
1.74, and 0.61 N. It can be observed that the modeled mean
thrust loads are in agreement with the scaled values. For
example, the discrepancies between the measured and
theoretical scaled values are only 0.04 N under the test wind
speed of 1.3 m/s. The observed discrepancies could be due to the
precision of the data acquisition system and the limitations of
the performance-scaled RNA model. The latter can ensure the
similarity of aerodynamic thrust load under the specified wind
speeds without adjusting the scaled test winds using Froude
number similarity, rather than the entire range of cut-in to cut-
out wind speed. Moreover, an increasing trend of the measured
mean thrust loads is observed as the test wind speeds increase to
the scaled rated wind speed of 1.3m/s. Under a normal
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operation test wind of 2.1 m/s, pitch control strategies were
deployed to alleviate the thrust loads on the rotor plane of the
scaled OWT model. Minimal thrust loads are observed in the
parked state under a test wind 3.3 m/s (rotor speed of 0 rpm and
a blade pitch angle of 90°), and these are compared with the
other test winds. The accuracy of the designed RNA test model
was validated based on this comparison. The performance of
the scaled rotor blades and the drivetrain and mechanical
control systems, as well as the influence of test wind speeds
and mechanical control strategies on the thrust loads were also
determined.

The measured thrust load histories are shown in Figure 4. As
indicated by the dotted green lines in Figures 4A-D, smoother
curves are observed for test winds of 0.7 and 3.3 m/s, whereas the
more complex variations are observed for other test winds. The
reason for such differences in the thrust loads under different test
winds can be explained based on the frequency domain shown in
Figure 5. As depicted in Figures 5A,D, the unique dominant 3P
and first blade collective flapwise FBs are observed under the test
of 0.7 and 3.3 m/s,
approximately regular variations in thrust loads were observed

winds respectively. Consequently,
under these test winds. Based on the definition of the energy ratio
in Eq. 12, the quantified influences of the dominant FBs can reach
76% and 92% under each test wind, respectively.

For the remaining test winds, the influence of multiple FBs
should be pointed out, as shown in Figures 5B,C. Particularly
under the test wind of 2.1 m/s, the comparable influences of the
scaled OWT model fundamental and 3P FBs are approximately
55% and 37%, respectively. Owing to the observed coupling
effects between the scaled OWT model natural frequency and
3P under the test winds of 1.3 and 2.1 m/s, more complex
variations in thrust loads under these test cases were observed.
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FIGURE 5
Wavelet packet-based energy ratios of dynamic responses under different test winds and waves (Unit: %). (A—D) Energy ratios of thrust loads
under different test winds and waves; (E-H) energy ratios of tower top acceleration under different test winds and waves.
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Therefore, it can be concluded that the coupling mechanisms
of the measured thrust loads are sensitive to the inflow test winds
and related control strategies. The observed coupling effects
between the natural and rotational frequencies of the OWT
model should be highlighted.

 Regular wave test cases

Although the OWT model was in a parked state under
regular wave test cases, the internal forces of the transition piece
between the nacelle and tower models were recorded using the
mounted load gauge at the transition piece. The recorded
histories of the internal shear force in the F-A direction of
the scaled OWT model are plotted using solid blue lines in
Figures 4A-D. Evidently, the internal shear forces under the
scaled regular waves are much smaller than the thrust loads
under the test winds, even for the parked OWT model.
According to the energy ratios of the recorded shear forces
shown in Figures 5A-D, the wave frequency dominates the
response under regular wave excitations. For example, the
energy ratio of the wave FB under the regular wave
condition (H = 0.04 m, T = 1.1s) can exceed 90%, as shown

in Figure 5B.
« Combined wind and wave test cases

To investigate the variations in the structural responses of the
scaled OWT model under the combined wind and wave test
cases, the measured statistics of the thrust loads are compared, as
listed in Table 8. As shown in the table, for the normal operation
scaled OWT model, the measured mean thrust loads under the
combined test cases are smaller than those under the steady wind
test cases. By contrast, a slightly increased mean thrust load of the
parked scaled OWT model was observed under the extreme
combined test case compared with the measured thrust load
under the extreme steady wind test case. Moreover, in
comparison with the STDs and 95th MAX values of the
thrust load under steady test winds, significant reductions in
such statistics are observed under the related combined wind and
wave test cases, in contrast to the increased 95th MIN values of
the response listed in the table. Based on the compared thrust
load statistics, the variations in the dynamic responses of the
scaled OWT model under the combined test cases are quite
complex was systematically analyzed using the wavelet packet-
based energy analysis method.

The measured histories of the thrust loads under the
combined test cases are presented in Figures 4A-D. Evidently,
the inflow test winds are the dominant environmental loads
under the combined test cases compared to the scaled regular
waves. According to the recorded thrust loads, the fluctuations of
the response are smaller than the measured data under the steady
test winds owing to the interactions among the winds, waves, and
scaled OWT model under the combined test cases.
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Figure 5 presents the energy ratios of the measured thrust
loads under the combined test cases, and the effects of the
dominant FBs were quantified using the wavelet packet-based
energy analysis method. For the below-scaled rated wind speed
combined test case shown in Figure 5A, the rotor rotational
frequency dominates the thrust load, which is consistent with the
dynamic characteristics under the below-scaled rated test wind.
The influence of the dominant rotational FB can exceed 60% in
such a combined test case. Accordingly, more complex coupling
mechanisms were observed under the scaled rated and above-
scaled rated wind speed combined test cases, as depicted in
Figures 5B,C. In addition to the rotational frequency, the
scaled OWT model’s first and wave frequencies should also be
emphasized. For example, the influences of the OWT model
structural, rotational, and wave frequencies under the combined
test case (Vi = 21m/s, H = 006 m, T =
approximately 52%, 10%, and 22%, respectively. Meanwhile,

1.2's) were

the proportion of the scaled OWT model’s fundamental
frequency exceeded 70% in the rated combined test case.
Therefore, the influence of the scaled OWT model structural
frequency is the most significant for the operation of the OWT
model under these test cases. Moreover, the first blade collective
flapwise frequency were observed for the parked OWT model
under the extreme combined test cases and its proportion
reached approximately 27%, in addition to the wave and
OWT model natural frequencies, as shown in Figure 5D.
Furthermore, the PSDs of the thrust loads under steady test
winds and the related combined test cases are shown in Figures
6A-D. As indicated in the figures, the remarkable hydrodynamic
damping effects on the OWT model structural, rotor rotational,
and first blade collective flapwise frequencies under the
combined test cases are observed compared with the steady
the in the
recorded histories of thrust load under combined test cases

test winds. Therefore, alleviated fluctuations
are observed.

The influence of the interactions among the wind, wave,
and scaled OWT models under the combined test cases was
quantified in the above studies. For the operation OWT test
model, the OWT model fundamental and wave frequencies
are also observed for these scaled rated wind speed combined
test cases, in addition to the rotor model rotational
frequency. Moreover, for the parked OWT model, the first
blade should

pointed out.

collective flapwise frequency also be

4.2.2 Dynamic characteristics of accelerations
under different test winds and waves
o Steady wind test cases

The increased tower top accelerations are observed under
the steady test wind of 1.3 m/s compared with the scaled test
wind of 0.7 m/s, as listed in Table 8. As introduced in the
previous section, the blades of the scaled RNA model were
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FIGURE 6

Power spectral densities of thrust and tower top acceleration under the steady wind and combined test cases. (A) Power spectral densities of
thrust under DLC 1 and DLC 9; (B) power spectral densities of thrust under DLC 2 and DLC 10; (C) power spectral densities of thrust under DLC 3 and
DLC 11; (D) power spectral densities of thrust under DLC 4 and DLC 12; (E) power spectral densities of tower top acceleration under DLC 1and DLC 9;
(F) power spectral densities of tower top acceleration under DLC 2 and DLC 10; (G) power spectral densities of tower top acceleration under
DLC 3 and DLC 11; and (H) power spectral densities of tower top acceleration under DLC 4 and DLC 12.
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pitched to 15.2°under a test wind of 2.1 m/s to alleviate the
thrust loads, whereas the increased fluctuations in the STD of
the thrust loads should be due to the non-uniformity of the
generated test wind field. Accordingly, additional fluctuating
tower top accelerations were observed under such a test wind.
Meanwhile, by comparing with the normal operation test
cases, the minimum tower top accelerations are observed
for the parked OWT model with the blade pitch-to-feather
control strategy under an extreme test wind of 3.3 m/s. The
recorded histories of the tower top acceleration under various
steady test winds are illustrated in Figures 4E-H.

As the dashed green lines in Figures 4E-G, the generally
increasing trend can be seen with the inflow winds in the range
of below-scaled to above-scaled rated test winds, and the most
significant tower top accelerations are observed under the test
wind of 2.1 m/s. Meanwhile, it can be seen that the deployed
pitch-to-feather and shaft break procedures -effectively
mitigated the tower model motions of the parked OWT
model under extreme test wind, in comparison with the
normal operation test winds, as depicted in Figure 4H.
Moreover, based on the wavelet packet-based energy
analysis method, the dominant FBs of the tower top
acceleration under each test case were identified and are
presented in Figures 5E-H. For the normal operation OWT
model, the influence of threefold blade passing FB should be
highlighted under the test wind of 0.7 m/s, and the proportion
of such FB can exceed 70%, as indicated in Figure 5E.
the fundamental FB of the OWT model
dominates the response under the remaining operational
test 5F,G. Further, the
interactions between the OWT model first bending and

Meanwhile,

winds, as shown in Figures
RNA model first blade collective flapwise modes are proved
under the extreme test wind, and the quantified comparable
influence of each dominant FB is about 42% and 49%,
respectively, as shown in Figure 5H.

According to the comparisons, it is approximately
identical to the variations in the thrust load, and the first
increasing and then decreasing trend of tower top
accelerations under different test winds are revealed, which
should be due to the deployed mechanical control strategies.
Moreover, the coupling effects between RNA and OWT
support structure models should be highlighted, even in the

parked state.
» Regular wave test cases

Based on the statistics listed in Table 8, and the related
histories shown in Figures 4E-1, for the presented regular wave
test cases, the maximum tower top acceleration is observed under
the test case with a wave height of 0.08 m; however, it is quite
small with the related ones under the test winds. The energy
distributions of the regular tower top accelerations under the
regular wave test cases are depicted in Figures 5E-H, where it can
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be observed that the wave FB dominates the response, and the
quantified influence exceeds 90%.

Although the tower top accelerations under the selected
regular waves were small, the influence of wave loads on the
tower motions of the scaled OWT model under the combined
test cases is discussed in the subsequent section.

« Combined wind and wave test cases

The statistics of the tower-top accelerations under the
combined wind and wave test cases are listed in Table 8. As
presented in the table, either the STDs or the absolute values of
the extreme statistics under the combined test cases are smaller
than the relevant ones under the related test winds. Meanwhile,
the wind was proven to be the dominant load under the
4E-H.
comparison with the steady test winds, the recorded histories

combined test cases, as shown in Figures In
of the tower top accelerations reduced remarkably under the
combined test cases, particularly for the normal operation OWT
model.

The identified dominant FBs of the response under the
combined test cases are illustrated in Figures 5E-H. Owing to
the prominent influence of the wind load, the dominant FBs of
the response under the combined test cases are approximately
identical to the data under steady test winds, for example, the
scaled OWT model fundamental, threefold blade passing, and
first blade collective flapwise FBs, as depicted in the figures.
However, the proportions of the domain FBs are different
because of the additional input regular waves in the combined
test cases. For example, the proportions of the dominant OWT
model fundamental and threefold blade passing FBs are 38% and
55% under the combined wind and wave case (V},,, = 0.7 m/s,
H=0.02m, T'=1.0s), while the relevant ones are 18% and 73%
under the related test wind.

Moreover, as indicated in Figures 6E-H, significant reductions
in the amplitudes of the dominant frequencies caused by
hydrodynamic damping under the normal operation combined
test cases can be distinctly observed compared with the steady
test winds, in addition to the approximate variations under the
extreme wind and combined tests. It can be observed that the tower
accelerations are reduced, particularly for the motions located at the
upper part of the tower, as shown in Figures 7A-C. Furthermore, it
can be seen the remarkably decreased 95th MAX values of the tower
accelerations under the combined test cases compared with the
related scaled steady test winds, especially for the accelerations
located at the upper part of tower model. For example, the 95th
MAX value of tower top acceleration can reach 0.1 m/s*> under the
test wind of 2.1 m/s, while the relevant one is only 0.05 m/s* under
the related combined test case. The above reductions of tower
motions under the normal operation combined test cases should
be owing to the hydrodynamic damping effects on the dominant
OWT model first bending mode in the frequency domain, as shown
in Figures 6E-G. Meanwhile, the reductions of the amplitudes of
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FIGURE 7

Schematic diagrams of the 95th MAX values of the acceleration along the model in the fore-aft direction under the steady wind and combined
test cases. (A) Statistics of the measured accelerations under DLC 1 and DLC 9; (B) statistics of the measured accelerations under DLC 2 and DLC 10;
(C) statistics of the measured accelerations under DLC 3 and DLC 11; and (D) statistics of the measured accelerations under DLC 4 and DLC 12.

dominant first bending and blade collective flapwise modes caused
by hydrodynamic damping can not be observed under the extreme
test case, and the tower accelerations under the combined case are
comparable with the responses under the related extreme test wind,
so it proves that the inflow wind dominates the tower motions under
such extreme test case, as shown in Figures 6H, 7D. Moreover,
owing to the activated OWT model first bending mode under the
wind and combined test cases shown in Figures 6E-H, the
maximum tower acceleration is located at the top of the scaled
tower model.

The coupling mechanisms of the tower accelerations under
the combined wind and wave test cases are studied, along with
the identified dominant OWT model fundamental, RNA model
rotational, and blade collective flapwise frequencies, and the
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distinctive hydrodynamic damping effects on the tower
motions of the OWT model.

5 Conclusion

The dynamic characteristics and coupling mechanisms of
an ultra-large jacket OWT were investigated based on
dynamic model tests in this study. The scaled OWT model
was designed based on aero-hydro-structural elastic
similarities, and aerodynamic similarity was ensured using
performance-scaled similarities consisting of thrust load and
essential operational parameter similarities. Subsequently, a

scaled blade model is designed, and additional drivetrain and
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pitch control systems are fabricated. The principal geometries
of the support model were scaled using hydro-structural
elastic similarity, and the additional weights were generally
uniformly distributed to ensure the density scale ratio. The
three-component force sensor, acceleration sensors, and
strain gauges mounted in the model were used to record
the thrust loads, motions, and internal forces of the scaled
OWT model. Based on the free decay, typical winds and
waves, and combined test cases, the dynamic characteristics
of the scaled OWT model were studied, and the following
conclusions were drawn.

(1) The first natural mode of the scaled OWT model was
estimated based on the free decay test and small damping
system assumptions, and it was in good agreement with that
of the prototype OWT. Thus, the applicability of the
recommended hydro-structural elastic similarity was
validated to a certain degree.

(2) The observed variations in the measured mean thrust loads
under different test winds were consistent with the related
scaled theoretical values. Hence, the fabrication accuracy of
the scaled RNA model using performance-scaled similarities
was proven. The fluctuations under some test winds are due
to the asymmetry of the generated test wind fields using the
simplified wind generation system and the scaling effects of
the small-scale ratio OWT model tests.
(3) For the scaled steady wind test cases, the influence of the test
wind speeds and mechanical control strategies on the thrust
loads was proved. It is approximately identical to the
variations in thrust loads; the first increasing and then
decreasing trend of tower top accelerations under the
different test winds are revealed, which should be due to
the deployed blade pitch control strategies.
(4) According to the quantified influence of dominant FBs
using the wave packet analysis method in the frequency
domain, it can be concluded that in addition to the OWT
model first natural frequency, the coupling effects
between the RNA and support model should be
emphasized, even for the OWT model under the
parked state, such as the observed first blade collective
flapwise frequency under the extreme test wind.

The wave FBs dominate the motions of the OWT model

under regular wave inputs, whereas the responses are

®)

relatively small compared with those under the steady test
winds. The inflow test winds proved to be the dominant
loads for the structural responses of the OWT model under
the combined test cases; therefore, the coupling mechanisms
are approximately identical to the scaled wind test cases, in
addition to the observed wave FBs. However, owing to the
influence of additional wave inputs under the combined test
cases, the quantified influence of the dominant FBs differed
from those under the scaled steady test winds.
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(6) A significant decrease in the structural motions was observed
under the normal operation test cases compared with the
responses under steady test winds, which were caused by
hydrodynamic damping under the combined test cases.
Hence, although the motions excited by wave loads are
smaller than those related to wind loads, the induced
hydrodynamic damping effects should be pointed out,
particularly for the normal operation OWT model.

(7) In future studies, a coupled aero-servo-hydro-elastic

will be

established, and fully coupled analyses under different
detailed

comparisons of the measured test data with the analyzed

numerical model under winds and waves

limit states will be performed. Moreover,
results of the fully coupled numerical model will be
performed to validate the observed coupling mechanisms

and simulation accuracy of the coupled simulation tool.
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