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ABSTRACT

In the present study, a structural health monitoring (SHM) method for floating offshore wind turbines (FOWTs) is
suggested and tested using operational modal analysis (OMA) with numerical-sensor signals. The numerical
accelerometer signals along the tower and blade of FOWT in dynamic wind field are used for the OMA. The
numerical-sensor signals are simulated using a time-domain turbine-floater-mooring fully-coupled dynamic
simulation computer program. To perform the SHM of a FOWT through OMA, natural frequencies, displacement
mode shapes (DMS), and curvature mode shapes (CMS) of the tower and blades are obtained and analyzed. The
modal properties are systematically compared between the intact and damaged conditions. Their differences are
used for damage detection. The results show that CMS is found to be the most effective modal property to detect
damage locations and intensities. The performance of the damage detection based on the OMA-CMS analysis is
verified by independent FEM (finite element method) results. This study is unique in that the SHM using OMA
and CMS for FOWTs is implemented including the floater-tower-blade coupling effects. The technology can
contribute to the design of remote SHM system for future FOWTs. A further validated model with field data may
build up a huge database for various damage scenarios so that it can be applied to digital-twin-based smart health

monitoring technology.

1. Introduction

Despite various advantages of the floating offshore wind turbine
(FOWT), it is still slow for it to be commercialized. Currently, FOWTs
installed in the real field are only a few, and most of them are just for the
test. One of the disadvantages of FOWTs is related to operation and
maintenance cost (OPEX). The predictions of the dynamics associated
with moored system are more challenging than those associated with
fixed one, which yields the large uncertainties and higher costs in the
floating-type turbine system compared to the fixed-type turbine system.
(Levitt et al., 2011; Moné et al., 2015). One way to reduce the uncer-
tainty and OPEX is the remote structural health monitoring (SHM). By
continuously monitoring the sensor signals of the tower or blade, the
on-site maintenance schedule can be more flexible, and the inspection
intervals can be increased (Hameed et al., 2009). Besides, catastrophic
failures and secondary damages can be prevented by early detecting
initial damage. If the tower or blades are fully broken, the repair cost is
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dramatically increased because the entire or partial FOWT units need to
be transported to on-land (Griffith et al., 2012).

Nowadays, operational modal analysis (OMA) is a well-accepted
method to estimate the modal identification of a structure under
actual operating conditions by examining the sensor signals of re-
sponses. Therefore, any artificial excitation, such as hammer test, is not
needed. By using OMA, the change of the modal natural frequencies,
traditional mode shape, and curvature mode shape (CMS) can be esti-
mated. By observing the magnitude of difference in modal characteris-
tics between intact and damaged conditions, structural damages can be
detected.

The OMA has been used for bridges (Conte et al., 2008; Magalhaes,
2012; Brownjohn et al., 2007, 2010) and on-land wind turbines. White
(2010) and Manzato et al. (2014) measured the modal properties of the
Micon 65/13M on-land wind turbine with a CX-100 rotor blade using
OMA, and they showed that the OMA results agreed with the hammer
test results. Tcherniak et al. (2013) and Chauhan et al. (2011) also
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showed the feasibility of the OMA by applying it to the Vestas 225 kW
V27 on-land wind turbine and the 3MW ALSTOM wind turbine,
respectively.

This method has also been used for offshore structures. In various
offshore fixed wind farms, the modal properties of wind turbines are
measured using the OMA (Van der Valk and Ogno, 2014; Devriendt
et al., 2012, 2013; De Sitter et al., 2013). Liu et al. (2015), Kim et al.
(2015), and Mieloszyk et al. (2015) applied OMA to the jacket type
offshore platform, the segmented ship, and the tripod submerged
structure, respectively. Additionally, Ruzzo et al. (2016) have measured
the modal properties of 6DOF motions of a spar floater using the OMA.

The advancement of OMA for on-land wind turbines has been made
by several researchers. Siebel et al. (2012) performed a model test for a
small-scaled on-land wind turbine. They measured the acceleration on
the tower in the operational condition and estimated the modal prop-
erties of the tower using OMA. They showed that the combination of the
OMA and the damage detection method based on CMSs was feasible in
the real small-scale wind turbine excited by ambient vibration.

Di Lorenzo et al. (2016) used the vibration-based SHM for detecting
blade damage. An experiment for obtaining modal properties was per-
formed, and the modal properties of multi-layered blades were esti-
mated using the OMA. The OMA results were compared to the finite
element method (FEM) results for validation. Then, the validated FEM
model was used for detecting the local damage of blades by observing
the CMS including blade rotation effect.

Devriendt et al. (2014) and Weijtjens et al. (2017) proved that the
vibration-based health monitoring is effective to detect blade icing or
blade damage. They analyzed the collected data of 15-year vibration
measurements on five monopile offshore wind turbines with many ac-
celerometers on them. They showed how wind condition affected the
vibration phenomenon of the turbine and investigated the interaction
effect between wind loads and the blade-tower dynamics. Besides, they
obtained the first and second fore-aft and side-to-side mode shapes of the
tower, resonance frequencies, and damping value using automated
OMA.

Regarding the mode shapes, Pandey et al. (1991) showed that the
CMS might be better than the displacement mode shape (DMS) in
determining the damage location in a beam. Wang et al. (2014) used the
FEM for modal analysis and dynamic-response analysis. The calculated
aerodynamic force is applied to the FE model. Through the modal fre-
quency response under aerodynamic wind load, the natural frequencies
and mode shapes are estimated and compared to those in damaged
condition. They also used the difference in CMS for damage detection as
well as the DMS. This study showed that the difference in CMS could
more precisely catch the damage location.

So far, SHM studies for FOWTs with physical sensors are hard to find.
However, numerical simulations and numerical sensors can be used for
the design of SHM system for FOWTs. In the numerical simulation,
various damaged conditions can easily be considered, and extensive
comparison studies between ‘pre-damage’ and ‘post-damage’ states can
be performed ahead of the actual measurement in the real-field. The
general processes and algorithms of SHM for FOWTs can be economi-
cally developed using numerical simulations and numerical sensors. Of
course, there are several limitations when using numerical sensors such
as measurement noise and variation caused by the environmental and
operational factors such as wind speed, temperature, rotational speed,
and blade pitch (Hu et al., 2015). However, through the noise-filtering
technique, their differences can be reduced (Sainz et al., 2009). Also,
the key environmental and operational factors and their effects on
modal properties can be included in the numerical modeling.

In this paper, the SHM method using numerical simulations, nu-
merical sensors, OMA, and the difference in CMS is applied to a FOWT.
The numerical sensor signals are obtained from turbine-floater-mooring
fully-coupled dynamics simulation program in the time domain (Bae and
Kim, 2013, 2014a; Bae et al., 2017). The author-developed coupled
dynamic-simulation tool has extensively been verified through
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comparisons with several experiments (Kim et al., 2017; Kim and Kim,
2015). As far as the authors know, the use of OMA and CMS for the SHM
of FOWT’s including all of their coupling effects cannot be found in the
open literature. The modal properties, such as natural frequencies,
DMSs, and CMSs, are estimated using the OMA of numerical-sensor
signals. The modal properties are systematically compared between
the intact and damaged conditions, and their differences are used for
local-damage detection. Especially, the CMS and natural frequency are
used as the primary indicator for finding the damage location and in-
tensity. The OMA results are double-checked using the independent
calculation based on commercial FEM code.

2. Methods

The present SHM method for the FOWT is divided into four-parts like
below. First, OMA with time-domain numerical simulations for FOWT is
verified. The verification is performed by comparing the modal prop-
erties of the intact tower and blade obtained from OMA with those ob-
tained from FEM model. Second, the effects of non-linear mooring
stiffness, wave, and coupling between tower and blades on the modal
properties in time-domain simulations and FEM analysis are investi-
gated. Third, the SHM of the tower is carried out. The mode shapes and
natural frequencies are compared between the intact (or ‘pre-damage’)
and damaged (or ‘post-damage’) conditions in the frequency-domain
FEM analysis. Then, the time-domain simulation/analysis is carried
out. By applying frequency-domain decomposition (FDD), which is one
method of OMA, to the acceleration results obtained from the time-
domain numerical sensors, the natural frequencies and CMSs are esti-
mated, and the dynamics of blades and tower are analyzed in the intact
and damaged conditions. Through the differences in the modal prop-
erties between the intact and damaged conditions, the damaged location
can be detected, and the intensity of damage can be estimated. Addi-
tionally, the FEM results can also be used for the verification of the
changes of modal properties obtained from the OMA. Lastly, the SHM of
the blade is carried out in the parking condition, which can be so during
the periodic maintenance period, using the developed OMA. The nu-
merical simulations and the corresponding OMA with blades rotating
and controlled is to be detailed in the authors’ sequel paper. The
exemplary analysis chart for the present SHM is given in Fig. 1. The
concepts about OMA and difference in CMS are introduced in the next
two sections.

2.1. Operation modal analysis (OMA) - frequency domain decomposition
(FDD) method

The FDD, which was first suggested by Brincker et al. (2001), is an
output-only modal analysis technique in the frequency domain. Through
this method, modal properties can be estimated from the output Power
Spectral Densities (PSD) gained in the white noise loading condition.
The PSD matrix of the output response for each frequency can be
decomposed by applying the singular value decomposition to the PSD
matrix. As a result, modal properties, such as the natural frequencies and
mode shapes, are obtained:

Gxx(wi) = UisiU,-H 1)

where Gy, (®;) is an output PSD matrix, S; is a diagonal matrix which
includes singular values and U; is the unitary matrix that includes sin-
gular vectors. Singular values can be acquired from the output response,
and the singular values of the PSD matrix are plotted in the frequency
domain. The dominant peaks displayed in the plotted graph mean the
natural frequencies, and mode shapes can be estimated by finding the
corresponding singular vectors of the singular values. The detailed in-
formation of FDD techniques is given by (Brincker et al. (2001)).



H.-C. Kim et al.

Ocean Engineering 188 (2019) 106226

Intact Condition

Damaged Condition

Estimation of

Estimation of

Comparison of Natural Frequency and CMS >

Using OMA

Modal Properties Modal Properties
Using FEM [ RotorCoupled Tower Mode | | aBAQUS Using FEM
| Blade Mode (Tower-uncoupled) |I:>| BModes | ’W:> @
Simulation in Time
5 Domain
?.'.: On-land WT |I:>| FAST l
o
=
FOWT |n:;>| CHARM3D-FAST }
Estimation of Estimation of
Modal Properties < Comparison of Natural Frequency and CMS > Modal Properties

Using OMA

Fig. 1. Process of modeling, verification, and damage detection of wind turbine.

2.2. Difference in CMS (curvature mode shape) as the indicator of
damage detection

For the simulation of SHM, numerical accelerometers along the
blade/tower length are installed. The acceleration is measured in the
time domain on each location. Using the OMA method, the modal
characteristics of blade/tower, such as natural frequencies and mode
shapes, are estimated. When a structure is damaged, the stiffness on the
damaged region decreases, which causes the change of the modal
characteristics of the structure. The damage can be detected by
comparing the difference in the modal characteristics between intact
and damaged conditions. The displacement mode shape (DMS) is usu-
ally used for damage detection (Schulz et al., 2003). Pandey showed that
the CMS might sometimes be better than DMS (Pandey et al., 1991;
Wang et al., 2014). Curvature can be defined as follows:

M

K:(]’)” ZE

(2)

where ¢ is DMS, M is the bending moment, E is Young’s modulus, and I is
the second moment of the cross-sectional area.

3. Numerical model

3.1. Configurations of 5 MW DeepCWind FOWT and on-land wind
turbine

Fig. 2 shows the 5 MW DeepCWind FOWT and on-land wind turbine,

e

Fig. 2. DeepCwind semisubmersible FOWT (a) and on-land wind turbine (b).

respectively. The property of the floating platform excluding the wind
turbine part is given in Table 1. The wind turbine is based on the NREL
5 MW baseline turbine, and the detailed material properties of blade and
tower are presented in the NREL technical report by Jonkman et al.
(2009). For the on-land wind turbine, the same wind-turbine is used for
the comparison to the FOWT case, and it is assumed that the tower is
fixed at the bottom. The wind-turbine-related mass properties used in
the FEM analysis and the time-domain analysis are tabulated in Table 2
and Table 3. The platform added mass is also given in Table 1. The added
mass of FOWT is obtained from the frequency-domain potential-theor-
y-based 3D diffraction/radiation program. About the mooring-line
modeling, three catenary mooring lines are installed for the FOWT,
and the high-order finite-rod-element method was used for the mooring
dynamics in the time-domain analysis. The mooring stiffness and hy-
drostatic stiffness are obtained from the static offset test, and they are
summarized in Table 4.

3.2. FEM analysis

The mode shapes of the blade and tower are pre-calculated using
FEM modal analysis. For the modal analysis in the frequency domain,
both blade-tower-semi-coupled BModes-FEM (sub-program in FAST)
and blade-tower-fully-coupled ABAQUS-FEM programs are used for
double-checking. In the case of blade, differences between the two re-
sults are negligible. In the case of tower, the fully-coupled effect is not
ignorable. This difference can affect the ensuing OMA results. Therefore,
ABAQUS-FEM is used for the tower, and BModes-FEM is used for the
blade in the subsequent OMA. In the ABAQUS modeling, the actual three
blades are modeled as beam elements, and only the hub and nacelle are
assumed as point mass and inertia as shown in Fig. 3. The point mass
properties of tower top, nacelle, and hub are summarized in Table 2. In
case of FOWT, the added mass and added inertia of platform, hydrostatic
restoring force/inertia, actual mass and inertia of platform, and the

Table 1

Platform mass and added mass properties in ABAQUS.
Title Unit Value
Platform Mass kg 1.344E+07
Ixx from MWL kg-m? 6.827E+09
Iyy from MWL kg-m? 6.827E+09
Izz form MWL kg-m? 1.226E+10
Platform Added Mass Max kg 6.248E+06
Platform Added Mass May kg 6.248E+06
Platform Added Mass Maz kg 1.432E+07
Platform Added Ixx kg-m? 7.192E+09
Platform Added lyy kg-m? 7.192E+09
Platform Added Izz kg-m? 4.823E+09
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Table 2
Tower top point mass properties in BModes FEM program.
Title Unit Value
Tower Top Height from MWL m 87.600
Z of Tower Top CM from MWL m 89.567
X of Tower Top CM from Tower Center Line m —0.414
Y of Tower Top CM from Tower Center Line m 0.000
Ixx from Tower Top CM kg-m? 3.865E+07
Iyy from Tower Top CM kg-m? 2.350E+07
Izz from Tower Top CM kg-m? 2.535E+07
Ixy from Tower Top CM kg-m? —1.300E+06
Table 3
Nacelle and hub point mass properties in ABAQUS.
Title Unit Value
Nacelle mass kg 240000
Izz from Nacelle CM kg-m? 2.608E+06
Hub Mass kg 56780
Ixx from Hub CM kg-m? 1.159 E+05
Table 4
Mooring stiffness and hydrostatic stiffness used in ABAQUS.
Title Unit Value
Surge Mooring Stiffness N/m 7.099E+-04
Sway Mooring Stiffness N/m 7.012E+04
Heave Mooring Stiffness N/m 1.942E+04
Roll Mooring Stiffness N-m/rad 8.670E+07
Pitch Mooring Stiffness N-m/rad 8.670E+07
Yaw Mooring Stiffness N-m/rad 1.163E+08
Heave Hydrostatic Stiffness N/m 3.730E+06
Roll Hydrostatic Stiffness N-m/rad 1.070E+09
Pitch Hydrostatic Stiffness N-m/rad 1.070E+09

Point Mass/Inertia

Full Model for Hub and Nacelle

Nacelle CM

Added Mass/Inertia
Hydrostatic restoring force

Fig. 3. Combined tower and blade modeling using ABAQUS with actual three
blades in FOWT.

mooring stiffness are entered with respect to the platform center of mass
CM in ABAQUS as shown in Fig. 3. The values are summarized in Ta-
bles 1 and 4. The blade-tower-fully-coupled ABAQUS-FEM results were
double checked against ADAMS-FEM-program results by Di Lorenzo
et al. (2013) and the two independently calculated results for the same
wind tower and blades agree very well.
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3.3. Time-domain coupled model

In the FOWT dynamic analysis, hydro-dynamic loading and mooring
tensions are obtained from CHARMS3D. They are fed to FAST at each
time step. Then FAST fills out the forcing function of the platform DOFs
using those forces, and solves displacements, velocities, and accelera-
tions of all the degrees of freedom including elastic responses of towers
and blades. The obtained platform displacement and velocity data are
then fed into CHARMS3D side to update the relevant external forces. The
exemplary combined left-hand-side matrix for the coupled dynamic
analysis has total 24 DOFs including six DOFs for platform rigid body
motion, four DOFs for tower flexibility, three DOFs for flexibility of each
blade, and five DOFs for nacelle yaw, rotor furl, generator azimuth, tail
furl, and drive train flexibility. More details of the numerical modeling
of the platform and mooring are referred in (Kim and Kim (2015); Bae
and Kim (2014b)).

For the implementation of the dynamics caused by the elasticity of
tower and blade in time domain simulation, the ElastoDyn, subroutine
module of FAST, is used. In ElastoDyn, the modal-based dynamic for-
mulations are used for employing the blade and tower elasticity, and the
nonlinear equations of motions are derived and implemented using
Kane’s dynamics. The pre-calculated mode shapes include the first and
second fore-aft tower modes, first and second side-to-side tower modes,
the first and second flap blade modes, and first edge blade mode. They
are specified as polynomial coefficients and entered to the FAST time-
domain simulation. The mode-shape polynomial equations are used as
shape functions in a nonlinear beam model using the Rayleigh-Ritz
method.

3.4. Time-domain simulation

The time-domain numerical simulation is carried out using FAST v7
for the on-land wind turbine and using CHARM3D-FAST for the FOWT.
The simulations are carried out in the parking (blade-fixed) condition
without blade rotation and control, for simplicity. In total, 25 and 19
numerical sensors are installed along the tower length and blade length
respectively, and their locations are tabulated in Table 5. Many numbers
of numerical sensors enough to detect any damaged locations are used
for examining the feasibility of this method. The optimization of the
number of sensors can be discussed in a follow-up study. In the case of
physical sensors, there may exist unwanted noises in the sensor signals,
but in the present study, by using numerical sensors, this is not
considered. The full-field wind is generated using the Turbsim program
(Jonkman, 2009), which is a stochastic, full-field, turbulent-wind
simulator using various wind spectra and turbulence models. For the
implementation of turbulence, the Kaimal turbulence model is used. The
average wind speed, turbulence intensity, and the vertical power law
exponent of wind data used in the simulation are 6.15 m/sec, 8%, and
0.1, respectively. If the turbulence is included in the wind speed data,
the wind spectrum becomes very similar to the white noise spectrum in
the high-frequency range. In the simulation, the wind speed varies in all
directions (x, y, and z directions) because of the turbulence effect. This
also means that the wind causes the excitations on the blade and tower
in all directions.

The accelerations of fore-aft and side-to-side directions are obtained
from the numerical sensors. Based on the acceleration results, the graphs
of the first singular value of the PSD matrix are plotted in Fig. 4. The
yellow and green portions of the figures represent the 1st tower mode
and the 2nd tower mode, respectively. Other excitations are generated
by 6DOF platform motions and the blade modes. In the FOWT, the same
wind data is used as that used in the on-land case. The sea condition is
assumed to be still water, i.e. the platform dynamics result from dynamic
wind loadings. Wind forces including wind turbulence are more desir-
able for OMA since they have broadband spectra (Tcherniak et al., 2011;
Osgood et al., 2011). In Section 4.2.2, it is shown that the additional
wave effect on the OMA and modal properties of the tower is minimal, i.
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Table 5
Locations of numerical sensors at the blade and tower.
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Location of sensors (m)

Tower
(From tower base)

0.4,1.3,2.2,3.9,8.3,12.7, 17.1, 21.4, 25.8, 30.2, 34.6, 38.9, 43.3, 47.7, 52.1, 56.4, 60.8, 65.2, 69.6, 73.9, 78.3, 82.7, 85.3, 86.2, 87.1

Blade 0.0, 1.4, 4.1, 6.8, 10.3, 14.4, 18.5, 22.6, 26.7, 30.8, 34.9, 39.0, 43.1, 47.2, 51.3, 54.7, 57.4, 60.1, 61.5

(From blade root)

e. the same OMA results can be obtained with waves.
4. SHM process
4.1. Verification of developed numerical models for FOWT

Dynamic behavior caused by the elasticity of tower and blade is very
complicated. The reason is that three rotor blades are connected to the
hub allowing rotation with respect to the drive-train axis in the nacelle,
which is connected to the tower, and they are dynamically coupled.
Because of this complication, various structural modes are generated in
the modal analysis. By using the OMA or FEM programs, various tower
and blade modes can be found in the given condition, and their mode
shapes are displayed in Fig. 5 and Fig. 6. In the on-land case, the pres-
ently calculated natural frequencies of modes mentioned above are
compared between FEM and OMA. The OMA results are obtained
through the numerical-sensor signals from time-domain simulations.
Their average difference of all the modes is 2%. Besides, the present
ABAQUS-based-FEM results were double-checked against Di Lorenzo
et al. (2013) ADAMS-based-FEM results for the same wind turbine. The
comparison is tabulated in Table 6, and the frequencies of tower and
blade agree well with each other.

For the FOWT case, the same wind turbine is mounted on the floating
base instead of land. As far as the authors know, there is no SHM study
for FOWTs in the open literature by utilizing coupled-system numerical
simulations, FEM, and OMA. Before going into the details of FOWT re-
sults, the natural frequencies of the tower and blade modes of FOWT are
compared with those of on-land wind turbine. This shows the effects of
foundation on the modal properties of the wind turbine. First, the modal
properties of tower are compared using FEM (ABAQUS). As shown in
Fig. 7, there is little difference in the second mode between them, but
larger discrepancies can be observed in the natural frequencies of first
tower modes, i.e., that of FOWT is increased by 13.0-15.5% compared to
the on-land case. This difference is mainly caused by the boundary
condition of the tower base (Bir and Jonkman, 2007). In the case of
blade modes, there is little difference in the natural frequencies of the
first flap and first edge modes between on-land wind turbine and FOWT,
but the natural frequencies of FOWT’s second flap mode are 2-3%
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greater than those of on-land wind turbine, as shown in Fig. 8 and
Table 7. These results show that using a floating base more influences
the tower mode than blade mode.

Next, the applicability of OMA for FOWT is tested. In this regard, the
natural frequencies are obtained using the ABAQUS software, and the
results are compared against those from the OMA with the CHARM3D-
FAST time-domain simulation results. As shown in Table 8 and
Fig. 9 ~ Fig. 10, the FEM results agree well with the OMA results. The
maximum difference is 3.1% in the second blade pitch mode. It means
that the OMA analysis can reliably catch the modes of blade and tower
even for the FOWT.

4.2. Effects of nonlinear mooring stiffness, wave, and coupling between
tower and blade on wind turbine modes

4.2.1. Mooring stiffness effect

The actual mooring stiffness for the FOWT can be obtained from the
numerical static-offset test. In the surge and sway, the corresponding
mooring stiffness increases with displacements showing nonlinear
hardening behavior (Kim and Kim, 2015). This nonlinearity can change
the surge and sway stiffness when they are large. In CHARM3D-FAST
numerical simulation, the actual mooring is modeled as it is. Howev-
er, in ABAQUS-FEM modeling, the actual mooring is modeled by
equivalent linear spring, so the equivalent spring may not be accurate
when surge-sway are large, which may affect the accuracy of
modal-property comparison between the two. For the present case
study, however, the effects turn out to be negligible. The natural fre-
quencies of the tower modes are estimated with various mooring stiff-
ness within 100% of variation using ABAQUS, and the resulting change
in natural frequencies is less than 0.1% in the first ten modes based on
the FEM analysis results. This means that the nonlinear behavior of
FOWT’s mooring stiffness in the expected range of surge/sway does not
significantly affect the modal properties of tower and blade.

4.2.2. Wave effect on tower mode

Let us also consider the effects of sea waves in the assessment of
natural frequencies and mode shapes of FOWT tower and blade through
OMA. In the present case study, only dynamic wind loadings were given,
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Fig. 4. 1st singular value of PSD Matrix of fore-aft tower mode (A) and side-to-side tower mode (B) in FOWT.
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Fig. 5. Tower FA 1st and 2nd modes and Tower SS 1st and 2nd modes (green line is deformed shape, and black is undeformed shape). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

P

T

Fig. 6. Blade flap 1st pitch and sym, 2nd pitch and sym, and Blade edge 1st pitch and Yaw mode shapes (green line is deformed shape, and black is undeformed
shape). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 6
Comparison of natural frequencies of tower and blade for the on-land WT be-
tween ADAMS (FEM) and ABAQUS (FEM).

Mode (rad/sec) ADAMS (FEM) ABAQUS (FEM) Diff (%)
Tower 1st fore-aft 1.985 2.264 —0.96
Tower 1st side to side 2.004 2.261 0.20
Blade 1st flap pitch 4.203 4.163 0.95
Blade 1st flap sym 4.441 4.336 2.36
Blade 1st edge pitch 6.635 6.78 -1.34
Blade 1st edge yaw 6.654 6.865 -2.13
Blade 2nd flap pitch 11.662 11.601 0.65
Blade 2nd flap sym 12.315 12.221 0.77
20
~_~~ 1 |- -
‘i\i 5
z
5107 I
=
A 5- Bl
0 | ——] | | ——
Tower Ist FA  Tower 2nd FA Tower Ist SS Tower 2nd SS

Fig. 7. Differences in natural frequencies of tower modes between on-land
and FOWT.

and the corresponding OMA was carried out to obtain the modal prop-
erties. In this regard, the OMA of the FOWT with additional irregular
waves is also tested. JONSWAP spectrum with significant wave height
H; = 2m, peak period T, ="7.5s, and enhancement parameter = 2 was
used for the generation of uni-directional irregular waves. The two OMA
results were compared. In both cases, the same wind excitations were
used. The comparison is summarized in Table 9. We see little difference
between the two cases, which is somewhat expected because the modal
properties of the tower and blade do not change according to the input
force. Also, typical linear wave frequencies are far from the typical wind-
turbine natural frequencies, and the effect of second-order sum-fre-
quency wave excitation on the dynamics of the wind turbine is signifi-
cantly low compared to the effect of wind turbulence. Since both cases
produce almost identical results, from this point on, irregular waves are
not considered, and only dynamic wind excitations are inputted in the
ensuing FOWT simulations.

4.2.3. Coupled effect between tower and blade

To evaluate the rotor-coupled effects on the tower modes, two
comparison studies are carried out, and the results are displayed in
Fig. 11. The first is the comparison of natural frequencies of the tower
obtained from FEM between when the rotor is simplified to be the top
point mass and inertia (FEM-Sim) and when the full rotor blades are
included as the beam elements (FEM-Full). A considerable difference in
the natural frequencies of second tower modes is shown. The second is
the comparison of the natural frequencies of the tower between OMA
and FEM when the mode shapes obtained from the simplified FEM are
entered to the time-domain analysis. The OMA results (OMA-Sim) show
appreciable differences in the second modes compared to FEM analysis
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Fig. 8. Differences in natural frequencies of blade modes between on-land and FOWT.

Table 7
Comparison of tower natural frequencies between the on-land wind turbine and
FOWT.

Mode (rad/sec) On-land FOWT

FAlst 1.971 2.316

SS1st 1.971 2.309

FA2nd 18.247 18.377

SS2nd 18.454 18.600
Table 8

Comparison of natural frequencies of tower and blade modes for FOWT between
the FEM and OMA.

Mode (rad/sec) ABAQUS (FEM) FAST-CHARM3D (OMA)

Tower 1st fore-aft 2.264 2.316
Tower 1st side to side 2.261 2.309
Blade 1st flap pitch 4.163 4.188
Blade 1st flap sym 4.336 4.318
Blade 1st edge pitch 6.780 6.780
Blade 1st edge yaw 6.865 6.865
Blade 2nd flap pitch 11.601 11.970
Blade 2nd flap sym 12.221 12.520
Tower 2nd fore-aft 17.905 18.377
Tower 2nd side to side 17.794 18.600

results (FEM-Full). However, the mode shapes obtained from full rotor
modeled FEM are entered, the OMA results (OMA-Full) agree well with
the FEM results (FEM-Full). This means that the rotor-coupled effect is
appreciable in the second mode of the tower; thus, the rotor-coupled
tower mode shapes must be entered to the time-domain simulation for
obtaining the accurate tower modal properties through OMA.

In the case of blade, the tower-coupled effect is not included in the
pre-calculated blade mode shapes, which means the blade is assumed to
be fixed-free beam. The uncoupled blade mode shapes are plugged into
the time-domain simulation, and the natural frequencies of blade are
estimated from the OMA. Even though the tower-coupled effect is not
included in the pre-calculated blade mode shapes, the actual tower-

blade-coupling effect is considered in the time-domain simulation. The
natural frequencies of blade obtained from the OMA are compared to the
natural frequencies obtained from FEM (FEM-ABAQUS) including tower
coupled effect. As shown in Fig. 12 and Fig. 13, the differences in natural
frequencies of the 1st and 2nd blade modes obtained by FEM-ABAQUS
and OMA are significantly low. Besides, the other FEM results (FEM-
ADAMS) presented by Di Lorenzo et al. (2013) agree well with our FEM
and OMA results. This infers that the tower-coupled effect on the blade
mode shape doesn’t affect much the OMA results of the first two blade
modes.
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Fig. 10. Comparison of natural frequencies of 2nd modes in FOWT between the
FEM and OMA.

Table 9
Comparison of tower natural frequencies of the FOWT between still water and
2m significant height wave.

Mode (rad/sec) Still Water With Wave
FAlst 2.316 2.324
SS1st 2.309 2.301
FA2nd 18.377 18.377
SS2nd 18.600 18.570
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Fig. 9. Comparison of natural frequencies of 1st modes in FOWT between the FEM and OMA.
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Fig. 12. Natural frequencies of the 1st blade modes in various analyses.
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Fig. 13. Natural frequencies of the 2nd blade modes in various analyses.

4.3. Structural health monitoring

4.3.1. Modeling of damaged tower and blade in the simulation by the
reduction of stiffness

Various damage types of blade/tower have been reported. Poor-
quality control, improper installation, lightning, fire, and strong wind
have been blamed for the structural damage of blade and tower. Typical
damages in turbine blades are splitting and fracture, cracks, and the
de-bonding of the adhesive layer and joint with fatigue damage
(Ciang et al., 2008; Sgrensen et al., 2004; Shokrieh and Rafiee, 2006).
The initial crack development can be modeled by the reduction of local
stiffness (Griffith et al., 2012; Shokrieh and Rafiee, 2006; Kim et al.,
2014). Therefore, in the present study, the damaged condition is
implemented by reducing the stiffness of the damaged part in the FEM
modal analysis and the subsequent fully-coupled time-domain simula-
tion. For example, 10% and 30% damaged conditions at some position
mean that the stiffness of the specific damaged location is decreased by
10% and 30%, respectively. The reduced stiffness at a specific point is
assumed to gradually vary with distance so that it matches with the
original value of ambient parts. The damaged positions are started from
tower/blade base and normalized by the entire length. For example,

5 x10"0 |
— Intact
----- 0.3Sec(10%)
---------- 0.3Sec(30%)
1.5+ .

Stiffness(N-m?)

<
n

0 0.2 0.4 0.6 0.8 1
Normalized Blade Length

Fig. 14. Decrease in flap bending stiffness of blade when 10% and 30% dam-
ages occur at the 0.3 section of the blade.

when damage develops at 0.3 section of the tower, the damage occurs at
the location of 30% of total tower length from the tower base. The
exemplary stiffness variation along the blade for 10% and 30% damage
is shown in Fig. 14.

In the next section, the presumed local damage is modeled by the
fully-coupled ABAQUS-FEM to obtain the corresponding elastic modes,
which in turn is used in the fully-coupled CHARM3D-FAST dynamic
simulation to generate numerical-sensor signals. Then, the numerical-
sensor signals are used in the OMA with CMS to check whether the
inputted local damage can correctly be recovered. In real health-
monitoring system, we only get signals from physical sensors. Then by
applying the present OMA-CMS algorithms, the structural problem can
be detected from the shift of natural frequencies and the difference in
curvature mode shapes. Then, the severity of the damage can be judged
from the computer-generated big-database generated for numerous
damage scenarios. The correspondence between the actual damage
scenarios and the numerically modeled scenarios also needs to be
investigated.

4.3.2. Structural health monitoring of FOWT-tower using FEM

Each damage of tower is assumed to happen at 0.1, 0.3, 0.5, 0.7, and
0.9 sections from the tower base, respectively. The stiffness reduction of
10% and 30% is considered for each case. The natural frequencies and
the mode shapes are compared between intact and damaged conditions
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Fig. 15. Difference in natural frequencies of tower fore-aft 1st mode (A) and 2nd mode (B) in ABAQUS.
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Fig. 16. Difference in natural frequencies of tower side-to-side 1st mode (A) and 2nd mode (B) in ABAQUS.
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Fig. 17. Differences in CMS of 1st fore-aft tower mode (A) and side-to-side mode (B) of FOWT by FEM anlaysis

by FEM first. In the first fore-aft mode of the tower, the difference in
natural frequency is the highest when the damage occurs at the 0.1
section. The difference decreases as the damaged location is higher, as
shown in Fig. 15A. In the second fore-aft mode of the tower, the

difference is high when the damage occurs at the 0.1 and 0.7 sections,
whereas the difference is minimal when the damage occurs at the 0.3
section as shown in Fig. 15B. The trend is the same in the tower side-to-
side mode, as shown in Fig. 16.
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Fig. 18. Differences in DMS of 1st fore-aft tower mode (A) and side-to-side mode (B) of FOWT by FEM analysis.

Fig. 17 shows the differences in CMSs between intact and damaged
conditions. In the figures, it is seen that a large difference in CMS de-
velops in the damaged section, and thus the damaged location and in-
tensity can be predicted through the difference. Fig. 18 also shows the
same case when using DMS instead of CMS. It is seen that damage
detection is very difficult by observing the difference in displacement-
mode shape. This explains why the curvature-based method should be
used in detecting damage. In the FEM analysis, 100 and 49 elements are
used for the tower and blades, respectively.

4.3.3. Structural health monitoring of FOWT-tower using OMA

In this section, the natural frequencies and modal properties esti-
mated by OMA are presented. The FEM-based mode shapes for intact
and damaged conditions can be inputted for the fully-coupled FOWT
dynamics simulation in the time domain to obtain the respective
numerical-sensor signals. Then we can do OMA for both intact and
damaged cases. They are compared, and their differences are pre-
sented in the following. As for natural frequencies and modal prop-
erties, a similar pattern shown in the FEM results (Figs. 15-18) is also
found in the OMA results although there exist nontrivial differences
between them as shown in Fig. 19 ~ Fig. 20. Fig. 21 shows the dif-
ferences in CMSs of fore-aft tower mode and side-to-side tower mode,
respectively. The damaged location can be predicted through the dif-
ferences because significant peaks in the differences of CMSs mean
damaged region. Besides, the damaged intensity can also be predicted
through the magnitude of difference in the CMS, as demonstrated in
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the figures. In the OMA results in Fig. 21, the pattern of peaks as the
indication of damaged location and degree is less clear than the FEM
cases, especially when the damage is less than 10%. However, there is
still no problem in detecting the damage location and degree by
monitoring the difference in natural frequencies of side-to-side second
tower mode and CMS of side-to-side first tower mode as shown in
Figs. 20B and 21B. The above discussion shows that by continuously
analyzing the differences of sensor signals by OMA, damage detection
can be made.

Fig. 22 shows the differences in the exemplary numerical-
accelerometer signals and its PSD between the intact case and 30%
damaged case of the FOWT tower. The numerical sensor #5 is at
normalized length 0.1 above the tower base. The damage causes changes
in time series and shifts (blue circles: from 2.30 rad/sec to 2.24 rad/sec
and from 18.59 rad/sec to 18.12rad/sec) of natural frequencies in the
PSD. The natural frequencies correspond to the first and second side-to-
side tower modes.

4.3.4. Structural health monitoring of FOWT-blade using OMA

In this section, we consider the SHM of FOWT blades under the
same environmental condition, and the upright blade among three
blades is selected. To monitor the status of the upright blade using
OMA, 19 numerical sensors are installed along the blade length, and
the normalized locations of sensors are tabulated in Table 5. By
applying the OMA technique to the numerical sensor signals, the 1st
and 2nd flap modes and the 1st edge modes are captured. Among those
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2571
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Fig. 19. Difference in natural frequencies of tower fore-aft 1st mode (A) and 2nd mode (B) of FOWT in OMA.
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Fig. 20. Difference in natural frequencies of tower side-to-side 1st mode (A) and 2nd mode (B) of FOWT in OMA.
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Fig. 22. Time series (A) and log-scaled PSD (B) of side-to-side acceleration signals from numerical sensor #5 on the tower, which is located at normalized length 0.1
above tower base, between the intact case and 30% damaged case of FOWT.

blade modes, the edge modes are the most appropriate to use for health edge-symmetry, edge-pitch, and edge-yaw modes) are generated, as
monitoring due to a more noticeable appearance. Fig. 23A shows the shown in Fig. 23B.
entire mode spectrum obtained from the blade signals of edge- Table 8 shows the comparison of natural frequencies of blade modes

direction. In the 1st blade edge mode, three neighboring peaks (for between ABAQUS (FEM) and FAST-CHARMS3D (OMA), and their results

11
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Fig. 24. Difference (between intact and damaged) in natural frequency (A) and CMS of upright blade’s 1st edge-yaw mode of FOWT (B) by FEM.
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Fig. 25. Difference in natural frequency (A) and CMS of upright blade’s 1st edge-yaw mode of FOWT (B) by OMS between intact and damaged cases.

agree well with each other. It means that the present OMA can catch the
blade modes well even for the FOWT. Fig. 24 shows the differences in
natural frequencies (A) and CMSs (B) obtained from the FEM analysis.
Like the tower case, the damaged location can be found by the difference
in CMS, and the pattern of difference in blade natural frequencies is very
similar to that of the 1st mode of tower. Fig. 25 shows the corresponding
results of Fig. 24 when the OMA is used instead of FEM. The general
trend is very similar between the two. This means that blade damage can
also be detected from the recorded sensor signals using the present
OMA-CMS algorithm.

5. Conclusions

In this study, the feasibility to detect the damage on the blade and

12

tower of FOWT using OMA and difference in modal properties was
examined. The modal properties were obtained by applying OMA from
the signals of numerical sensors on blade and tower. The numerical
sensor signals were obtained using a turbine-floater-mooring fully-
coupled dynamics simulation program in the time domain, which has
been extensively validated through comparisons with experiments by
authors in the previous papers. Also, the OMA results were also self-
checked against independent FEM results. The locally damaged condi-
tions were modeled by reducing the local structural stiffness. Then, it
was observed that the local damage could be effectively detected using
OMA and CMS, which improve the performance of the damage detection
compared to the method using DMS. It was also confirmed that the
general trend of differences between intact and damaged cases by FEM
agreed well to those obtained from OMA with numerical-sensor signals
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for a FOWT.

The considerable differences in CMSs between intact and damaged
conditions at the damaged location were displayed. The differences
increased with the degree of damage. The similarity in the pattern of
FEM/OMA results between on-land and floating wind turbines was
explained. It was also seen that the deduced modal properties of the
FOWT by OMA were negligibly affected by the mooring non-linearity
or/and additional wave environments. When it comes to the coupling
effect between the tower and blades, the rotor coupled effect on the
tower affects much the modal properties of the tower while the tower
coupled effect on the blade is negligible in the first and second blade
modes. The present numerical-simulation and damage-detecting
method may be used to build up a huge database for various damage
scenarios and the corresponding patterns of tower-blade dynamic be-
haviors so that it can be applied to machine-generated and machine-
learning SHM technology in the future.
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