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Abstract

The structural design and reliability assessment of offshore wind turbine systems for maximally exploring the
renewable energy resources significantly rely on the actual marine environmental loads. The major challenges arising
from the estimation of offshore wind turbine loads are the effects of rotating blades on wind velocity and the inter-
actions among multiple components such as wind, waves and the structure. These factors make the environmental
loads more complex and multivariately correlated. To address such issues, a multivariate coherence effect (MCE)-
based evaluation method has been proposed to analyze the rotational effect on the wind velocity by discovering the
perturbation mechanism of wind spectrum. Furthermore, analytical formulations in the form of the blade speed and
wind spectrum have been developed to construct the MCE-based joint power spectrum matrix for the load redistribu-
tion via intercorrelations among multiple domains representing the ambient environment of offshore wind turbines.
Results show that the MCE-based method has the ability to retain the characteristic multiple rotational frequencies of
rotational blades and enables the simultaneous reconstructions of the stationary-state wind field, rotational wind field
and wave height sequences for accurate load redistributions by decomposing the MCE-based joint power spectrum
matrix. As compared with the traditional techniques, a more cost-effective approach can be further developed for the
reliable estimation of the blade flapwise deflection using the proposed method. Summarily, the present work provides
analytical formations for the accurate load configuration and dynamic analysis of offshore wind turbines subject to
harsh marine environments.
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1. Introduction

As a family of infrastructures supporting green energy exploitation, offshore wind turbine (OWT) structures have
received increasing attention in marine engineering due to their capability to generate renewable wind energy (Lian
et al 2021, |Liu et al., 2019, |Zhang et al.,2016). At present, 80% of the worlds offshore wind resources are located in

water deeper than 60 meters. In order to leverage the power of the rich wind energy, major developed countries have
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shifted their research focus to the area related to the deeper sea (Fercak et al., 2022, Zountouridou et al., 2015). With
the development of large-scale and high-power wind turbines, the blade of wind turbines presents the features of the
large slenderness ratio and flexibility, which lead to a more pronounced rotational effect on structural performances of
wind power structures (Murtagh et al., 2005). Moreover, the wind and wave coherence effects should be considered
in the calculation of wind loads as the interaction between wind and wave becomes more evidently in the complex
deeper sea environment.

Reviews on wind loads initially focused on land-based fixed tower structures, and later wind spectrum that can
meet the design need of offshore floating structures emerged along with the available data of offshore turbulent wind
(Damgaard et al.| 2013} [Davenport, |1962} |Simiu, |1974). Unlike the wind loads in the stationary tower, the rotation
of the offshore wind turbine blades causes a redistribution of energy in the wind spectrum. Thus, the perturbations
generated by the rotational effect have a significant impact on the behaviors of wind profiles across the rotating region.
To consider the rotational effect of blades, the time domain model developed in the FAST and Blade software was
proposed by the Sandia National Laboratories (SNL) (Moriarty and Hansen, [2005) and a discrete sampling pattern
was used as the blades moved. Then, the rotating region was sequentially sampled to obtain the rotating wind speed,
leading to data discontinuities. As compared with the proposed SNL method, the rotational sampling of wind speeds
was replaced by the updated eigenmodes of the blade using B-sample surface interpolation to ensure the accuracy in
evaluating turbulent wind speeds (Chen et al.,[2015). Although considerable efforts have been contributed to improve
the capability of algorithms in dealing with the rotational effects on wind loads in time-domain analysis methods,
the wind spectrum has been intrinsically defined in a traditional form and the problem of discontinuities due to the
discrete sampling has remained unresolved. Also, Ris National Laboratory (RNL) established a time domain model
based on the filter composition (Hansen et al., 2002, [Sgrensen et al., 2002). Its assumption lay in the fact that the wind
turbine was a low power filter and this reduced the effect of higher order harmonics on the rotor. This method does
not consider the analytical expression of the wind spectrum and the correlation analysis could not be performed due
to the asymmetry of the wind spectrum. Meanwhile, based on the RNL model, other nonparametric frequency models
for rotationally sampled turbulent winds was developed using a filter synthesis method (Burlibaga and Ceangal 2013)).
However, the common feature in these models is a time-domain approach that does not describe the rotational effect
of blades in terms of physical mechanisms.

The frequency domain approach for describing the rotational effect of the blade was initially enhanced by estab-
lishing the relationship between the auto-correlation and cross-correlation functions (Connell, [1982)). However, the
analytical representation of the wind spectrum limited its application. Based on this approach, the analytical form of
the rotational wind spectrum was developed and simpler explicit expressions were derived (Chen et al. 2020, |Tian
et al., 2012). [Murtagh et al.|(2004) derived the coefficients of discrete Fourier transform and determined the specific
frequency of rotational blades to facilitate the desired spectral energy redistribution. Despite the preceding advance
in modeling the rotational sampling from the frequency domain, these methods only considered the single coherent
effect (Hgjstrupl |1999, Tian et al., 2012 |Vigueras-Rodriguez et al., [2012). That is to say, only the coherence at the
blade rotation level was described, and the coherence effects among rotational, stationary, and wind-wave associated

regions were not considered. Besides, the segmented simulation approach tended to lead to non-simultaneous load-
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ings of the marine environment (Ji et al.l 2011} [Karimirad and Moan, 2012)). In order to realistically explore wind
loads in complex marine environments, the MCE of actual wind loads should be considered.

Typically, the offshore wind turbine under operation divided the entire wind field area into rotating and non-
rotating regions (Banerjee et al) 2019, [Feyzollahzadeh et al., 2016 [Tian et al., |2012). The wind loads needed to
be considered separately for the region itself and for the inter-region. More specifically, the coherence of wind
speeds in the rotating region itself was found at different locations on the same blade and on different blades, while
the coherence of wind speeds between blades and the tower was noted across the rotating and non-rotating regions.
Furthermore, a correlation between wind and waves depending on the rough length of the air was found (Johnson et al.}
1998, 'Wu, [1969). The atmosphere acted on the wave surface in the form of wind stress to provide kinetic energy,
and in turn, the wave surface acted on the atmosphere through heat transfer and evaporation (Kudryavtsev et al.,
1999). Therefore, the study of the spatial correlation between wind and wave fields needs to consider the coupling
mechanism of wind and waves. |[Amini et al.| (2021) proposed an uncertainty-aware scheme to model uncertainty
quantification. In the developed approach, the copula function was introduced to capture the nonlinear dependency
between uncertain parameters in the failure probability estimation of infrastructures. Group| (1988) used wind as an
input for the third generation wave model to describe the fundamental transport equation for the evolution of the two-
dimensional wave spectrum. |[Elsayed| (2006)) employed wavelet bicoherence to analyze wind and waves data measured
simultaneously during Mistral, pointing out that the phase coupling occurs between wind speed and wave height in
a certain frequency range. More recently, |He| (2020) calculated the average power spectral density and coherence
function of the wind speed and wave height based on the wind and wave information in the FETCH experiment.
The accurate assessment of the combination of wind and wave forces is prerequisite information for analysing the
complex coupled vibration characteristics of offshore wind turbines (Ding et al. 2023). (Colwell and Basu! (2009)
accurately formulated the correlated wind and wave loads of offshore wind turbines by combining Kaimal spectrum
with JONSWAP wave spectrum. Also, the correlation of significant wave height and peak periods with the wind speed
was uesd to construct environmental loads for floating vertical axis wind turbines (Cheng et al., [2016). Furthermore,
the dependence structure of multiple wind and wave-related environmental parameters was developed to determine
the long-term design loads of the spar type FOWT (L1 and Zhang| |2020). In these methods, the rotational spectrum
has been rarely considered to assess aerodynamic loads on the blade, and wind and waves have been simply correlated
through parameters such as wave height, peak period and wind speed. Moreover, to our best knowledge, there have
been almost no MCE load analysis methods that consider the integration of the rotational, stationary, and wind wave
domains. Therefore, it is crucial to develop a new MCE analysis method that consider the rotational effect for offshore
wind turbines.

In this paper, a novel MCE-based RES method has been proposed to evaluate the rotational effect and enable
the coupling analysis of multifield spectrums. Furthermore, the accurate multifield loads on offshore wind turbines
have been achieved by constructing a MCE-based joint power spectrum matrix. This paper has been organized as
follows: Section 2 has provided a detailed mathematical description of the underlying theory of wind loads along
with a discussion of its limitations. In Section 3, the theoretical derivation of the RES has been carried out and the

MCE mechanism has been introduced. In Section 4, the correctness of the proposed method has been demonstrated
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throughout the examples. Finally, the potential research on the wind rotational effect using the proposed MCE-based

approach has been summarized in Section 5.

2. Preliminaries

2.1. Taylor’s frozen turbulence hypothesis

Taylor’s frozen turbulence hypothesis lies in that the change in the turbulence velocity w at the fixed point is caused
by the passage of an unchanging pattern for the turbulent motion at the point. Assume that the turbulent velocity at the
position [ at time t is u(lg, t), thus the turbulent velocity u(lo + Alg, t 4 7) at time ¢t + 7 at the downstream Iy 4+ Al

can be approximated by the following equation:
U(lo+Al0,t+7’) :u(lo—"-AlQ—UoT,t) (D)

where Uy is the mean turbulence velocity.
Based on the above assumption, the wind speed at different moments on the blade can be equated with the wind
speed at different locations for the same time. The similar equations for the cross-correlation function can also be

derived.

2.2. Harmonic superposition principle

The time series of the wind speed can be written in the form of a linear superposition of trigonometric functions
based on the decomposition of the wind spectrum matrix (Hao et al., [1989),
i N

u;(t) = Z Z Ajm (wg) cos [wgt + Bjm (Wg) + Pmg (wg)]  7=1,2,....,q 2)

m=1g=1

where wy is the gth frequency; A;,, is the amplitude at the frequency w, and j3;,, denotes the corresponding phase
angle; ¢, 4 represents the random phase angle uniformly distributed over the range of 0 to 27 ; ¢ denotes the qth of
wind speed point and [N means the number of discrete frequencies, respectively.

As it is quite time consuming to generate wind speed data using Eq. 2, wind speed time histories are more
efficiently constructed in the frequency domain using Fast Fourier Transform technique (Bi and Hao, 2012} |Shinozuka
and Deodatis| |1991). When the fluctuating wind speed series are generated by the harmonic superposition principle,
two key aspects should be considered as follows:

e Decomposition anomalies caused by the Non-Hermite positive definite matrix in the decomposition of the joint
power spectrum matrix.

e The construction efficiency of wind speed series using Fast Fourier transform technique.

2.3. Blade element momentum

The blade element momentum (BEM) theory is the combination of both the blade element theory and momentum

theory. The steady state load, thrust and power of the offshore wind turbine subject to different wind-speed loadings,
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the blade speed and pitch angle can be calculated using BEM. The lift force P;, and drag force Pp applied to the blade

element unit can be expressed as:

P = 5pV2%cCy

L o 3
Pp = §PVTelCCd

where V,..; is the relative velocity of the blade element in a function of both the wind speed and the blade velocity; p
is the air density; c is the chord length of the blade element; C; and Cj are the lift and drag coefficients of the airfoil,
respectively.

To obtain accurate aerodynamic loads, the BEM theory is substantially improved by two practical considerations:

e The assumption of the infinite number of blades is corrected by the Planter’s tip loss factor to ensure the accuracy
of the aerodynamic loads as the airflow sweeps over the tip of the blade.

e The Momentum theory is modified to avoid the stall of wind turbine blades when the axial induction factor is

approximately greater than 0.4.

3. Multivariate coherence-based rotational effects spectrum

The basic idea of the RES is that the wind speed on rotating blades is described in the form of a spectrum, which
contains a combination of factors such as the blade speed, spatial position and fluctuating wind spectrum. Unlike the
rotational sampling method in the time domain, the explicit analytical form of RES defined by the correlation function

in the frequency domain has its spectral representation.

3.1. Rotational effect wind spectrum

Assume that the wind speed at the time ¢ and ¢ + 7 are depicted as v;(t) and v;(t + 7), respectively. The Fourier

transform of the time series for the wind speed can be expressed as:

FA) = S wt) - e

- )
Fi(f) = Ji vt +7) - e tn2m 04 a4 1)

where F;(f) and F;(f) are obtained by the Fourier transform of time series of wind speeds v;(t) and v;(t + 7) at the
time of ¢ and ¢ + 7, respectively. I,,, = v/—1 denotes the imaginary unit and f is the discrete frequency .
The power spectral density Fy;(f), Fs;(f) of time series from blades can be defined as:

Falf) = gz Jo vilt) - e~ D2 I dt

1 T _ (5)
Fi(f) = 7= Jo vi(t+7) e m>m 0 d(t 4 7)

Subsequently, the cross-correlation function R;;(7) between time series v;(t) and v; (¢ + 7) can be written as:

R;;(1) = ;/OT v;(H)v; (¢ + 7)dt (6)
Substituting Eq. (4) into Eq. (6), one has:
Ryj(1) = 1 /T Fi(f)et=2Imaf /T v; (t)em 2/t dt @)
i T ), 7 L
6
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Based on the copula principle of the exponential function, the equivalent form associated with v;(¢) can be ex-

pressed as:
v; (t)elmQWj't _ ,Ui(t)e—ImQTrft (8)

Substituting Eq. (8) into equation Eq. (7), the cross-correlation function R;;(7) can be further simplified as:

T

Ryj(T) :/O Foi()Foi (flem2may
' ©)

:/ Foig(fet=2mIraf
0

where F; (f) is the conjugate form of the power spectral density Fs;(f); Fsi5(f) is the cross-power spectral density
(CPSD) of v;(t) and v;(t + 7).

Assume that the coherence function is denoted as Coh(4, j; f), the CPSD can be reformulated as follows:
Fsig(f) = £/ Fsi()Fs; (f) Coh(i, js f) (10)

Therefore, the transformation relationship between the cross-correlation function and the CPSD is established by

substituting Eq. (10) into Eq. (9), one has:

T
Rij(r) = /0 Fui(F)Fuy () Coh(i j: fel=2mi7d g (an

Inspired by Eq. (11), two transformation pairs reflecting the relationships between the CPSD of the fluctuating
wind spectrum S, ;(f) and the cross-correlation function of the stationary-state wind R;;(7), and the CPSD of RES

Sf}’( ) and the cross-correlation function of the rotational wind R;;(7) can be defined by Eq. (12).

Rij(r) = [ Si;(f) - elm?mI7df

Sij(f) = JZ Rij(r) - e~ tm2niTdr 12
Rij(r) =[5 S0 (f) - em2mImdf

SY(f) = [ Rij(r) - e~ Im27I7dr

Based on Taylor’s frozen turbulence hypothesis, it is concluded that the cross-correlation functions of Rij (1) and
R;;(7) are equal to each other. As the CPSD of the fluctuating wind between Points ¢ and j can be formulated as Eq.
(13), the RES in Eq. (12) can be defined by Eq. (14):

Si;(f) = Coh(i, j; £)/Sii(f)S;; (f)e Tm0u (D) (13)

+oo
8= [ Rytr)ee

+oo +oo
= [ satrsiecon i pye g et

where S;;(f) and S;;(f) are the auto-power spectrum density (APSD) at Points ¢ and j, respectively. §;; is the delay

(14)

parameter between Points ¢ and 3.
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As the rotational frequency of blades is fj, the coherence function can be expressed in a function of f; and the

expansion coefficient A,, by Eq. (15):

Coh(i, j; f) = 3202 An(i, j; f) - elmn(@rfor+60)

. _ 1/ fo . —Iyn(2m foT+d0) (15)
n(Z7.]af _f0f0 COh(Zaj7f)e dr

where A, (i, j; f) is the coefficient of the Fourier series expansion; ¢ represents the blade distribution angle and its
value is 27 /3 for the three-blade wind turbine.

Substituting Eq. (15) into Eq. (14), one has:

N +oo JFOO , +oo ,
SY(f / Sii(f1)S;:(f) An(i, s f)elm v =0: () / e~ Im2mU=I=no)T qraf’ — (16)

n=-—o00 -

As the unique frequency-shift dsp,; r; and sampling dsampie properties of the ¢ function can be denoted as:

fj;: e Im2 A7 = 6 (f) s Oshift an
J2Z w(f)6 (f = fo)dt =2 (fo)  Gsample
where the Dirac § is defined as:
+ ,t=20
siy=4 7 (18)
0 ,t#0
The RES Sfjb( f) can be obtained by substituting 0, s+ defined in Eq. (17) into equation Eq. (16):
_ +o0 +OO ,
SP(f / Sii(£1)S55(f) An i, js el =0 ID§(f — f' — nfo)drdf’ (19)
o0 n=—
Similarly, substituting ds4mpie into Eq. (19), Sf]’?( f) can be further expressed as:
S(f Z An (4,55 f —nfo) - \/Su —nfo) S (f = nfo) - e fmPU=nfo)=no) (20)

n=-—o00
Rotational effect mode Source spectrum translation effect Phase delay

Eq. (20) reveals that the formulation of the derived RES is composed of three parts: the rotational effec-
t mode A, (i,7; f — nfoy), the source spectrum translation effect in a form of S (f — nfy) and the phase delay
e~ Im(0(f=nfo)=ndo) Tt is worth noting that as the amplitude of the source spectrum translation effect is attenuat-
ed by both a local minimum of the rotational mode and the phase delay, the oscillatory attenuation of RES can be
observed.

When 0 (f — nfy) is equal to zero, the RES can be further simplified by substituting Eq. (15) into Eq. (20):

nf,oof Jo T Con (i, j; £) e~ IS dr /S (F = nfo)Si;(f — nfo) i # j

1/fo —Inn(2 S @D
n=-—oo f f COh’ ’L .77 f) o TrfOT)dTSii(f - Tlfo) =17

Gbb( £\
SHOE
When ¢ # 0 is given in Eq. (21), the rotational effect is reflected by the CPSD on different blades. Similarly,
when ¢ = j and the phase factor ¢y = 0 are satisfied, the rotational effect is dominated by the APSD on the same
blade.
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Letting ¥ = 2 fo7, the RES can be rewritten as :

Gy = 7 Snse o Con (0, £ = nfo) cos(mdi - /Sl =nRo)Sy(F=nfo) i #

1 x~too (?Cdmaf—nhYmdew‘&Nf—nﬁ) =

2m n=-—oo

(22)

It can be observed that the solution in Eq. (22) is susceptible to divergence by oscillatory integrals. Therefore, the
Gauss-Lejeune integral method is employed to solve the integral convergence problem. It is described as follows:

o The integration interval [¢,, ¥3] is mapped to the standard interval ¢; €[ 1,1] by the variable transformation
§ = Bbap, 4 Jatde,

e The corresponding Gauss-Lejeune integral formula is approximated by a summation of functions represented

by Gaussian coefficients and the transformed variable:

% Iy — 0y 9y — Dy o+ 0
F(9)dd ~ ”2 ZAjf( ”2 g4 ot ”) (23)
a j=1

9 2

where ¢; is the Gaussian point and A; is the Gaussian coefficient.

3.2. MCE-assisted domain partitioning

The MCE considers the combination of the rotational wind loads on the blades, stationary-state wind loads on
the tower and wave loads. Therefore, it represents a complex correlation, which is mainly constituted by coupled
spectrum matrixes. Typically, the entire coherence domain for performance analysis of the offshore wind turbine is
divided into four parts including the rotational coherence domain (Domain I), rotational and stationary-state coherence
domain (Domain II), stationary-state and wave coherence domain (Domain III), and rotational and wave coherence
domain (Domain IV), as shown in Fig. 1. To achieve simultaneous correlation of multifield loads with a high level of
accuracy, the MCE-assisted rotational wind load reconstruction method based on the principle of domain partitioning

has been proposed in this study.

Domain: |

Fig. 1: The schematic of coherent domain partitioning.

9
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Domain I: Coherence between rotational wind speeds

As described in Eq. (20), the oscillatory attenuation of the RES 5‘%’( f) has been influenced by three components,
especially the rotational mode. Furthermore, the energy redistribution due to the RES represented by the coherence
function has been determined by Eq. (21). Considering the rotational coherence of the different wind speeds in

Domain I, the RES has been reformulated to discover energy correlation mechanism as follows:

SIS = a2 o fo fy 7 Col (i js e~ T 2n i) dr \ /S, (F = n o) Sy (F = nfo)

_aLg;(T)\/([{M)Q + (0;2)2]

where Coh® (i, 4; f) is the dynamic Davenport coherence function in the rotational domain (Davenport,|1963); L. de-

picts the integral length scale; a means the attenuation coefficient; Lﬁ-’j’»’

(24)

Coh™ (i, j; f) = exp

represents the dynamic coherence distance. Uy,
denotes the mean wind speed at the midpoint between ¢ and j in the rotational domain and can be further formulated

in a power form as follows:

_ 2h L+ 1 27 fot >
Ubb( ot (1 ) on +¢>) O

(25)

where ; and r; represent the radial distance from the Points i and j to the hub, respectively; Uy, denotes the mean
wind speed at the reference height hg; « is the surface roughness coefficient and h is the blade height.

As the dynamic coherence distance Lf]b under different wind speeds varies with the blade frequency, it can be
defined by Eq. (26):
{2r; |sin (7 foT)] ,B1 — B

Li.)’? =
J \/r72 + rjz —2ryrjcos (2m for +¢) ,B1 — B

(26)

where B; — Bj and B; — Bs depict two points on the same and different blades, respectively.
Domain II: Coherence between rotational and stationary-state wind speeds

In this domain, the coherence between wind speeds along the blades and the tower has been established based on
the principle of dynamic transformation considering the correlation of dynamic and stationary-state domains. More
specifically, the wind speeds in the rotating coordinate system have been converted to the stationary-state wind speeds
in the static coordinate system by the RES. Thus, the CPSD between the wind speeds at Points o (on the blade) and
p (on the tower) in Fig. 1 can be expressed in a combination of both the RES and stationary-state coherence function

as:

Sep(f) = Cob™ (0, p; £/ SEH(F)Spy(f)e™Im0or 27)
where S? (f) is the fluctuating wind spectrum at Point p on the tower. Coh® (o, p; f) is the coherence function of
wind speeds between Points o and p. Based on Eq. (24), the coherence function Coh” (0,p; f) can be obtained in the
form of Eq. (28):

2 2
bt bt / 0.12
Coh” (o, p; f) = exp aLop\/(Ubt) + ( L. ) (28)
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where Lf;;, = 1, cos (¢) + L" means the coherence distance between Points o and p; r, represents the radial distance
from the Point o to the hub and ¢, denotes the initial phase angle at Point o on the blade in Fig. 1; L is the vertical
distance from the tower to the hub. U,; means the mean wind speed at the midpoint between o and p; If the midpoint
locates in the rotational domain, Uy is formulated by Eq. (25), otherwise it is defined as follows:
_ ho +h,\% -~
Up = | =2 U 29
bt ( e ) * U, (29)

where h, and h,, are the heights of Points o and p, respectively.
Domain III: Coherence between stationary-state wind speeds and waves

As the interaction between wind and wave will be inevitably reflected on the foundation of the tubular tower near
the sea level, the coherence effect between the stationary-state wind and waves has been evaluated in Domain III.
Using Points p and g, located at the tower and sea level respectively, as the reference points, the CPSD between the

wave and the stationary-state wind speed is shown in Eq. (30):
Sww(f) = Coh® (p, ¢; f)1/Sh(f) S (f)e~Tm0n 30)

where Coh™" (p, g; f) is the stationary-state wind and wave coherence function between Points p and g. Sj (f) is the

JONSWAP wave spectrum at Point ¢ on the tower and can be defined as (Goda, |1999)):

5 —4 w—wp)?
SU(f) = %HETP <f> exp H (J{) ]”exp{_(““é ) 31)
p

o

where T}, is the peak spectral period of the wave and f, = 1/T,,; H; means the significant wave height; o denotes the
peak shape coefficient, 0=0.09 for f < f, and 0=0.09 for f > f,. v represents the JONSWAP peakedness parameter.

It is shown that the spatial coherence of the offshore wind field has been overestimated by the exponential attenua-
tion model of the coherence function for the land wind field due to its stronger spatial coherence. To obtain the accurate
coherence model applied to the offshore wind field, the exponential attenuation coefficients for the stationary-state
wind and wave coherence models such as the FETCH model and the Frya model have been developed using wind
and wave data measured simultaneously (Andersen and Lgvseth, 2006}, |Drennanl 2003, [Petterssonl 2003). As the
strong wind-wave interactions are included in the complete data set of the FETCH experiment, the coherence function
between wind-wave time series at Points p and ¢ as shown in Eq. (32), calculated by regression analysis based on 50
sets of recorded wind and wave data measured simultaneously in the FETCH experiment, has been chosen to study

the wind-wave coherence (Hel [2020).

y
FRLww FRLYw
Coh™™(p,q; f) =z | —2L—| exp |——2L- (32)
el = my, L.y,

where the parameter z is the scale parameter; k£ and y denote shape parameters; L, represents the coherence distance

from the wave level to the tower; Up means the mean wind speed at Point p.

Domain IV: Coherence between rotational wind speeds and waves

11



O©CoO~NOOOITA~AWNPE

The development of deep-sea floating wind turbines has been accompanied by longer blade structures which result
in closer proximity to the sea level. Moreover, the deep sea environment is more prone to be extreme sea conditions
due to intense interaction between sea winds and deep water waves. These factors lead to more significant coherence
of the wind and waves in the deep-sea environment. Therefore, the coherence of the rotational wind and waves has
to be established for the accommodation of load reconstructions in the harsh marine environment. Similarly, the
CPSD between the rotational wind and the wave represented by Points o and ¢ has been constructed by combining the

dynamic transformation effect and the wind-wave coherence effect in Domain IV by Eq. (33):

SE(F) =302 fo 3770 Con (i, ji e~ I I dr\ /S (F — nfo) Sy; (F — nifo)
(33)
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hs 4 [7 hs 4 [7
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where Coh™" (0, g; ) and Loy’ = (ro cos (¢) +L™") represent the wind-wave coherence function and the coherence
distance between the Points o and g, respectively. L*" denotes the coherence distance from the wave level to the hub;

U, means the mean wind speed at Point o.

3.3. MCE-based multifield load reconstruction

To improve the computational efficiency in the process of evaluating dynamic responses of structures, the random
wind and waves have been modelled independently to reflect their different spectral peak frequencies and frequency
distributions (Datta and Jain, |1990). As the correlation between the wind and waves has been ignored, this has led to
less accuracy of parameters including the resolution and range of frequencies, the duration of the stationary-state wind
and the period of random waves. Therefore, the MCE-based joint spectrum matrix of offshore multifield spectral has
been proposed in this work to investigate the correlation between wind and wave for reconstructing their loads on the
wind turbine with a high level of accuracy. The correlations of the domains shown in Fig. 1 have been represented by
the relationships among elements in the MCE-based joint spectrum matrix H (f), which is defined in Fig. 2 and also
encompasses the physical entities such as RES S b (f), the stationary-state wind spectrum S(f), the wave spectrum
S¥(f) and the CPSD. It is also worth noting that there are six zones in Fig. 2, where the zones along the diagonal
direction represent the spectral components in their own domains whilst the non-diagonal zones reflect the coupled

spectral components across the domains.
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Fig. 2: MCE-based multifield spectrum matrix.

In general, the stationary-state winds represented in the joint spectrum matrix are decomposed by Cholesky
method in the process of wind load reconstructions. As the significant energy differences between wind and wave
in the near-zero frequency region, the non-convergent results can not be guaranteed when the MCE-based joint power
spectrum matrix is decomposed into the Non-Hermite positive definite matrix using Cholesky method. To improve
the convergence and robustness of the matrix decomposition, the improved square root method has been applied for

the decomposition of the MCE-based joint spectrum matrix formulated in Eq. (34):

H(f)qxq :L(f)quDquL(f)qu* (34)

where L4 and Dy, represent the lower triangular and diagonal matrices obtained by the improved square root
method, respectively.

Subsequently, the amplitudes and phase angles in Eq. (2) can be determined by Eq. (35) using the decomposed

components.
Aw)gxq = M‘L(w)qxqm| 0 (35)
o (mlL)asey/ D] ,0<w <wy
/B(w)qu = tan (Re[L(w)qxq\/Dqu]>

where Aw is the frequency resolution and w is the upper cut-off frequency of the wind load.
Once the time series of wind speeds are reconstructed using Eq. (2), the loads in the different domains of the
offshore wind turbine could be accurately evaluated by Eq. (36) under the considerations of MCE. For example, the

normal aerodynamic loads on the blades can be determined using BEM, and loads on the tower from the wind and
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waves can be obtained by the multifield interactions of offshore wind turbines established by the MCE-based joint

power spectrum matrix.

%pc[(f] + Ub)(l - a/)]Q + [QT (1 + a//)]? C(N ) Bwind

Fload = %pCdU%Aw aTwind (36)
T 2 .
P Crputipze + 22 CpDyuglug|z s Twave

where B ind, Twind and T4 denote the wind action on the blades, the wind action on the tower and the wave
action on the tower, respectively; a’ and o’ are induction factors of the axial and tangential velocities, respectively; 2
denotes the rotating speed of the blade; Cy is the normal coefficient of the blade elementu; denotes the wind speed
on the blade; A,, represents the effective windward area; u; is the wind speed on the tower; C; and C'p mean the
mass and drag coefficients of the wave, respectively; p,, is the water density; D; means the diameter of the tower; z;
represents the tower strip length; ¢ and u s are the acceleration and velocity of the fluid particle, respectively.

A flowchart illustrating the theoretical process is given in Fig. 3.

Rotational Stationary- Wave
effect wind state wind
spectrum
spectrum spectrum
| MCE (Coh: 1111111V)

MCE-based multifield spectrum matrix

!

Improved square root method

!

Harmonic superposition

. —
BEM principle LN
+ A*W +
Aerodynamic [ - L
dynamic loads [ Wind loads [ Wave loads

¥
MCE-based multifield loads

Fig. 3: Flowchart of MCE-based multifield loads theory.

4. Numerical validation and analysis

In this section, numerical analysis of the wind speed distribution over the rotational domain of offshore wind tur-
bines has been conducted to demonstrate the accuracy and effectiveness of RES (Rotational effect spectrum) in the
proposed method. Furthermore, MCE (multivariate coherence effect)-based wind loads have been accurately calcu-
lated using the multifield spectral decomposition. Finally, structural responses of offshore wind turbines have been
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analyzed to illustrate the importance of the combination of RES with MCE for the accurate estimation of multifield

loads.

4.1. Validation of the RES
The benchmark model used to evaluate the correctness of the proposed MCE-based RES method for dynamic
analysis is originated from National Renewable Energy Laboratory (NREL) SMW-OC3 Hywind floating offshore

wind turbine (Jonkman, 2010)), whose structural characteristics and specified environmental parameters are provided

in Table 1.

Table 1: Properties and environmental parameters of the floating offshore wind turbine

Property Characteristics Parameter Name Parameter values
Physical properties Max. rated power SMW
Number of blades 3
Rotor diameter 126m
Rotor speed 6.9 ~ 12.1rpm
1p, 2p, 3p at rated power 0.201 Hz, 0.403 Hz, 0.605 Hz
Atmospheric properties Surface roughness 0.005m
Wind speed at hub 3~25m/s
Coherence decay factor 8.8
Wave properties Significant wave height 1.6 ~5.9m
Peak spectral period range 4.2 ~5.6s
Scale parameter 0.00384096
Shape parameters(k,y) 5.5,45.132

To evaluate the influence of RES derived in Eq. (21) on the performance of wind turbines, RES has been initially
constructed using the Karman spectrum that is formulated by Eq. (37) as the source spectrum for the numerical studies
(He et al.,[2013)). The comparison results between RES and the Karman spectrum in the frequency domain considering
the mean wind speed of 25m/s at the height of 90m from the reference position of the sea level have been shown in
Fig. 4(a), where the energy transfer from low to high frequencies can be clearly observed under the consideration
of RES. It has been also noted that the dominant frequency of the stationary-state wind has been identified as 0.012
Hz, which exactly corresponds to the maximum energy of the Karman spectrum. With the proposed method, the
model established has the ability to retain the peak frequencies as estimated by the Karman spectrum and predict the
decreased amplitudes of energy peaks corresponding to 0.201 Hz, 0.403 Hz and 0.605 Hz (1P, 2P, 3P), indicating that

the lower rotational frequency represents the more energetic contribution.

-5 arman 4 Lc U
f kg2 (f) _ fL/ 37)

(14708 (£L./0)"] e

where Siqrman (f) is the Karman spectrum and o, is the standard deviation.
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Fig. 4: The analysis of RES: (a) The comparison of Karman and RES, (b) The RES profiles at different heights in the range of 12m to 85m.

To capture the features of RES in the frequency domain at different radiuses of the blade, the APSD (H1; ~ Hss)
have been calculated at the positions A ~ E accordingly, where the radiuses measured from the hub with the values of
2.6m, 22.6m, 42.6m, 62.6m and 75.6m, or 85m, 65m, 45m, 25m and 12m from the sea level shown in Fig. 4(b). It can
be observed in Fig. 4(b) that H1; (at Point A) has converted into the Karman-like wind spectrum in the vicinity of the
center of the hub (at the distance of only 2.6m), and the rotational effect has become more pronounced as the distance
from the hub center has been increased. For example, the energy amplitude corresponding to 0.201 Hz at the radius of
45m has been increased by 47.54% as compared with the value at 25m. In summary, results have demonstrated that
the model by the developed method considering RES has the ability to reflect multiple rotational frequencies, which

are vital to the resonance analysis of offshore wind turbine components.

4.2. Quantitative analysis of MCE-based CPSD

As discussed in Section 3.2, mathematical formulations of the MCE-based CPSD defined by Eqs. (10), (15),
(18) and (19) have explicitly described the interactions with the coherence function and the APSD of the wind or
waves. It is vital to explore impacts of the multivariate coherence functions on the CPSD over the four domains in
Fig. 1. First, points in Fig. 5 at a height of 6m (Point F) and Om (Point G) measured from the sea level have been
used to generate the stationary-state wind spectrum (Hgg) and JONSWAP spectrum (H77), respectively. It has been
noted that the CPSDs of wind speeds at different positions shown in Fig. 5(a) have successfully captured the multiple
rotational frequencies and the rotational effect has becomes more pronounced with the closer distance between two
points. However, the remarkable attenuation of peaks at the multiple rotational frequencies has been observed in Fig.
5(b). The higher the rotational frequency is, the more the energy attenuates. For example, the values of Hyg have been
reduced by 63.5% and 86.17% than the results of Hyg at the first and second frequencies, respectively. Meanwhile,
the distance-dependent behaviour of wind-wave coherence has been observed in Figs. 5(c) and (d), indicating that
the coherent distance is a dominant factor to reflect the energy of the CPSD. It is also worth noting that the energy
represented by CPSD between the rotational wind field and the wave is much higher than that of the CPSD between
the stationary-state wind field and the wave, as shown in Figs. 5(c) and (d). This can be explained by the fact that the
peaks at multiple rotational frequencies have stood for the higher energy contributions as compared to the results by
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the Karman spectrum when the same height has been assumed. Considering the higher energy weight, it is necessary
to pay more attention on CPSD in Domain IV than Domain III for accurate analysis of loads applied on floating wind

turbine structures with blades close to the sea level.
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Fig. 5: Characteristics of MCE-based CPSD ( H;; 4, j=1, - - - , 7 and the subscripts 1~7 correspond to Points A~G): (a) Domain I, (b) Domain II,

(c) Domain III, (d) Domain IV.

4.3. MCE-based multifield spectrum verification

As the energy components of the formulated multifield spectrum depend on the joint power spectrum matrix, it
is vital to establish the MCE-based multifield spectrum for construct the accurate joint power spectrum matrix under
the consideration of coupling effects. Based on the equations for the MCE-based CPSD defined in Section 3.3, time
series of the wind speed and wave heights for offshore wind turbines have been reconstructed using the harmonic
superposition principle. Furthermore, the accuracy of the proposed method will be verified by the comparison of the
theoretical spectrum with the simulated spectrum obtained by Fourier transform of time series at the position with
the distance of 12m from the sea level. The pre-specified frequency range is adopted between O and 1 Hz with the
increment of 0.0001 to accurately cover the frequency range of wind speeds and random waves. The reconstructed
results of wind speeds and wave heights in the time and frequency domains have been shown in Fig. 6. It has been
observed that RES, Karman spectrum and JONSAWP wave spectrum have a good agreement with the corresponding
theoretical spectrum in the frequency domain, indicating the accuracy of the reconstructed time series. Moreover, the
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advance of the MCE-based method for simulations of offshore wind field lies in the fact that the time or frequency
ranges of the stationary-state wind speed, rotational wind speed and wave height are exactly same due to the simulta-
neous decomposition of the coherent power spectrum matrix for the load reconstruction. This has been proved by the
results shown in Fig. 6. From the practical point of views, the accurate assessment of structural dynamic responses of
offshore wind turbines relies not only on external environmental factors such as wind speeds and wave heights, also
on the combination of shape parameters such as the airfoil shape and tower surface area for the reliable prediction of
complex environmental loads. Therefore, results in this section have verified the correctness of the multifield spectral
analysis, which will provide a solid foundation for subsequent load calculations and accurate dynamic responses of

offshore wind turbines.
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Fig. 6: The reconstructed wind speed and wave height by the proposed method: (a) Stationary-state wind speed in time domain, (b) Stationary-state
wind speed in frequency domain, (c) Rotational wind speed in time domain, (d) Rotational wind speed in frequency domain, (e) Wave height in

time domain, (d) Wave height in frequency domain.

4.4. Evaluation of the MCE mechanism

To further investigate the effect of multivariate coherences on the wind speed and wave height, the reconstructed
results in the time and frequency domains with and without the consideration of MCE (Ti and Zhoul, 2022) have been
compared and the corresponding multifield loads applied on the structure have been evaluated. In Fig. 7, results by

both coherent and non-coherent spectral analysis have been compared for the rotational wind speed, stationary-state
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wind speed and wave height sequences at the positions of 12m, 6m and Om above the sea level, respectively. It has been
observed that the reconstructed time series of wind speeds and wave heights by the proposed method have demon-
strated remarkable differences from the results obtained by the non-coherent spectral analysis, and the MSE (Mean
Square Errors) valued has been also provided to validate the accuracy of computations. Meanwhile, the coherence
effects have a significant impact on the frequency amplitude of the reconstructed results and the sparser distributions
in the range of low frequencies can be observed as compared with the simulations by the non-coherent analysis. Based
on these observations, Fig. 8 has illustrated the variation of frequency amplitudes in the RES, stationary-state wind
spectrum and wave spectrum under the consideration of MCE. The simulation results have demonstrated that the en-
ergy concentrations have occurred at 0.2, 0.4 and 0.6 Hz in the RES, at 0.01 Hz in the stationary-state wind spectrum
and at 0.2 Hz in the wave spectrum, indicating the good agreement with the characteristic frequencies of multifield

spectrum shown in Fig. 6.

20



O©CoO~NOOOITA~AWNPE

@ 30

3

speed (M/
N

N
N

| —— With coherence effect
—— Without coherence effect

N
o

Rotational wind
[
0]

0 2000 4000 6000 8000
Time ()

()

e L. e % {
+ With coherence effect |
Without coherence effect!

MSE=1.63 (m/s) 2 1072

-1 0
f (H2) 10 10

10°
& Al
' 10
N
E
L1072
L 20 | —— With coherence effect ) - W!th coherence effect
% ——— Without coherence effect M SE=2.69 (m/s) Without coherence effect
c 3 . .
'% ' ‘ ‘ 6 ‘ 10 2 1 0
0 2000 4000 000 8000 10° 10° 10
@ Time (s) f (H2)
(©) (d)
9 8 —— : : :
= 8 With coherence effect
=7 Without coherence effect |
=
g’ 6
4
©
% |
; 3 —— With coherence effect )
2| —— Without coherence effect MSE=0.34 (m)
0 2000 4000 6000 8000 0.6 0.8 1
Time (s) f (H2)

(e)

(e) Wave height in time domain, (d) Wave height in frequency domain.

21

Fig. 7: Comparison results of the wind speed and wave height with and without coherence effects: (a) Stationary-state wind speed in time domain,

(b) Stationary-state wind speed in frequency domain, (c) Rotational wind speed in time domain, (d) Rotational wind speed in frequency domain,
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Fig. 8: The difference of energy between the coherent and non-coherent analysis using: (a) Stationary-state wind spectrum, (b)Rotational effect

wind spectrum (c) Wave spectrum.

Furthermore, MCE-based multifield loads within 450s have been shown in Fig. 9, where the coupled loads con-
sidering the coherence across different domains can represent the features with more details than the results by the
non-coherent analysis. It is worth noting that the stationary-state wind loads in Fig. 9(b) have shown the unidirectional
fluctuation due to the tower shadow effect, leading to the difference from the oscillatory fluctuation of the stationary-
state wind speed in Fig. 7(c). However, as the cyclic trajectory of the water quality points around the tower has
occurred, wave forces show a tendency of oscillations in Fig. 9(c) . In conclusion, numerical results have showed that
the MCE-based method has the ability to accurately model amplitudes of the wind speed, wave heights and multifield

loads.
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Fig. 9: Comparison results of multifield loads with and without coherence effects: (a) Aerodynamic load on the blade, (b) Wind load on the tower,

(c) Wave load on the tower.

4.5. Comparison with SNL method

In this section, the advantages of the proposed method have been demonstrated by the result comparison with

the typical time-domain SNL method (Moriarty and Hansen| [2005)), in which the rotating wind speed by sequentially

sampling the wind profile in front of the rotor was obtained. Both the height and width of the wind field considered in
the research were defined as 145m. During the rotational sampling, 961 wind speed points were uniformly arranged
to cover the entire offshore wind turbine. The reference mean wind speed at the hub was 11.4m/s and the rotational
sampling points were set at 25m from the hub. Stationary-state wind and wave spectrum have been constructed at
Points F and G, respectively, as shown in Fig. 5(a). The wind speed series by SNL and MCE-based RES have been
converted to the values in the frequency domain and have indicated that two methods have the ability to accurately

obtain multiple rotational frequencies of the blade with slight differences shown in Fig. 10.
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Fig. 10: Comparison results of wind speed series between SNL and MCE-based RES in frequency domain.

The APSD source spectrums in SNL and MCE-based RES methods shown in Fig. 11(a) have described the
stationary-state wind spectrum without the capability of representing the physical mechanism of rotational spectrum.
As compared with the SNL method, the coupling energy components across Domains III and IV have been identified
in the calculation of CPSD by the proposed MCE-based method shown in Fig. 11(b), indicating the importance of
the coherent effect between the constructed wind and waves. In summary, the above results have demonstrated that
the proposed MCE-based RES method has enables the accurate characterization of the rotational spectrum and the

comprehensive embodiment of the wind wave coupling.
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Fig. 11: Comparison results of PSD between SNL and MCE-based RES: (a) The APSD source spectrum, (b) The CPSD for the coupling of wind

and waves.

4.6. Dynamics analysis of blades subject to MCE-based loads

The aerodynamic load is one of the most critical factors dominating blade vibrations of offshore wind turbines. As
a representative example, a simplified blade model by Matlab has been developed to evaluate the synthetic effects of
rotational and coherence effects on the flapwise vibration. The flapwise vibration has been formulated by a function
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of the generalized coordinates (g1 and ¢2) and mode shapes (§; and @2) as shown in Fig. 12, and the kinetic equations

can be derived using the Lagrangian method as follows:

moG(t) + coq(t) + koq(t) = Friap(q,t) + fo(t) (38)

where mg and ¢y are the modal mass and damping matrices, respectively; ko denotes the modal stiffness matrix,
which reflects both the blade geometric stiffness and the stiffness associated with the harden effect due to rotation.
Ff14p(4,t) means the generalized aerodynamic load by the proposed MCE-based method; f,(t) represents the gravity
load.

uflap = ql@l + qz@z

Fig. 12: A simplified blade model.

The correctness and efficiency of the simplified blade model has been verified by OpenFAST [2010) in
terms of natural frequencies, which are 0.74 Hz and 2.07 Hz for the first and second natural frequencies calculated by
OpenFAST and 0.74 Hz and 2.08 Hz by the simplified blade model. Furthermore, the comparison results in the time
domain at 11.4m/s mean wind speed have been shown in Fig. 13 to demonstrate the good agreement of responses by

the developed model and OpenFAST.
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Fig. 13: The flapwise displacement comparison of a simplified blade model.
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To investigate the dynamic performances of blades subject to both RES and MCE-based loads, the blade flapwise
displacement has been calculated considering the mean wind speed of 11.4m/s. It has been observed in Fig. 14 that the
displacement by the analysis considering RES (the rotational effect) to reflect the actual blade load under operation is
remarkably smaller than the result obtained by the simulation without the consideration of RES. This phenomenon can
be interpreted by the higher blade stiffness resulting from the stiffening effect of the actual blade rotation. Moreover,
the response by the RES-based analysis has accurately reflected the characteristics (multiple rotational frequencies
of the blade) in the frequency domain, whereas the result by the analysis without RES has the limited capability to
demonstrate this feature as only the first order natural frequency of the blade can be obtained under the stationary-state
condition.

In Fig. 15, the effect of MCE-based loads on the blade dynamic displacement has been illustrated under the
marine environmental condition. It is worthy of note that the blade displacement by the proposed MCE-based method
has been predicted with the larger magnitudes in the time domain and the higher energy at the multiple rotational

frequencies in the frequency domain, as compared with the response based non-coherent analysis(Das et al., [2019)).
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Fig. 14: Comparison results of flapwise displacements with and without rotational effects: (a) Flapwise displacements in time domain, (b) Flapwise

displacements in frequency domain.
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Fig. 15: Comparison results of flapwise displacements with and without coherence effects: (a) Flapwise displacements in time domain, (b) Flapwise

displacements in frequency domain.
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To accurately assess both the rotational and coherence effects on the blade flapwise displacement under the com-
plex working conditions, parameters including the maximum wave height and peak spectral period range shown in
Fig. 16 to reflect the wind-wave interaction under different wind speeds should be determined (Jonkman, [2007). In
this study, the flapwise vibration induced by the mean wind speeds of 3 ~25m/s at the hub of the offshore turbine has
been shown in Fig. 17, where the sum of the third quartile (Q3) and the interquartile range (IQR) have been applied
to statistically evaluate the maximum and the mean values of responses.

As shown in Fig. 17, the maximum and mean values of the blade flapwise deflection have increased and then
decreased with the increase of wind speed due to the pitch control. It has been noted that the maximum value of
the blade response by the analysis considering both rotational and coherence effects has been reduced by 40.97% at
11.4m/s mean wind speed, as compared with the simulation by the analysis under the consideration of the coherence
effect only. Moreover, the predicted maximum value has been averagely larger by 6.07% than the result by the analysis
coupled with the rotational effect only. Meanwhile, more detailed comparison results of flapwise displacements
with and without rotational and coherent effects have been explicitly quantified in Table 2. Results have shown
that the rotational effect-based method has underestimated the flapwise deflection, especially for both the power
generation at low wind speeds (for example, 3m/s) and the pitch control at high wind speeds (e.g., 23m/s), leading
to the serious safety risk and critical economic loss. It has been worth noting that the flapwise response has been
overestimated when only coherent effects have been considered, while this response has been underestimated with
the consideration of the rotational effect only. Furthermore, the larger increase extent of the flapwise response has
been observed as compared with the decrease extend. Therefore, it is vital to accurately assess multifield loads
for the analysis of more reliable structural dynamics of offshore wind turbines. Based on these observations, the
proposed approach has demonstrated the ability to estimate multifield loads under the consideration of the rotational
and coherence effects, and provide engineers a useful design strategy with the capability of bounded analyses in
the complex marine environment. Furthermore, the similar conclusion can be drawn in terms of the mean values,
indicating that an inappropriate overall shift in the calculation of the blade response can be caused by the analysis
considering the coherence effect only. In conclusion, it has been proved that the proposed MCE-based method has the
ability to accurately predict the multiple rotational frequencies of the rotational blade and establish a multi-domain
correlation under the marine environment, owing to its capability of reliable estimation of multifiled loads for the

dynamic responses of wind turbine structures.
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Table 2: Quantitative comparison of flapwise displacements with and without rotational and coherence effects.

With rotational and . . .
Mean With rotational effect With coherence effect
) coherence effects
wind

Maximum flapwise =~ Mean flapwise =~ Maximum flapwise =~ Mean flapwise

velocity ~ Maximum Mean . .
. . decrease decrease increase increase
(m/s)  flapwise (m) flapwise (m)

percentage (%) percentage (%) percentage (%) percentage (%)

3 1.906 0.725 20.676 4.435 27.061 7.693
7 3.730 2.493 9.054 0.744 33.803 9.307
11 7.047 5.509 6.068 0.237 40.975 16.818
15 3.993 2.779 9.333 0.491 52.814 16.354
19 2.640 1.435 13.157 0.804 77.765 15.183
23 1.641 0.369 27.102 3.217 120.034 8.367

5. Summary and conclusions

In this paper, a novel multivariate coherence effect (MCE)-based rotational effect spectrum (RES) method has been
proposed to achieve the accurate construction of loads on offshore wind turbines with the consideration of rotational
wind effect and waves. Two novelties and one contribution of this study are mainly listed as follows: (i) Multiple
rotational frequencies of the blade are accurately obtained through the novel MCE-based RES method. (ii) The
loads induced by couplings of multivariately correlated domains are determined using the joint MCE-based spectrum
matrix. (iii) The quantitative assessment of the influence of rotational and coherent effects on the blade flapwise is
performed to highlight the importance of this research. Firstly, to establish correlations of offshore multifield loads, the
MCE-based joint power spectrum matrix is derived based on the theoretical analysis of RES and MCE. Secondly, the
MCE-based multifield spectrum is quantitatively evaluated throughout an example of SMW offshore wind turbines.
Thirdly, aerodynamic loads, wind loads and wave loads are accurately calculated using the multifield spectrum matrix.
Finally, the rotational and coherent effects on dynamic responses of the blade flapwise vibration is comprehensively
assessed to emphasize the importance of the proposed MCE-based method.

The main findings in this research are summarized as follows:

(1) The RES enables the accurate estimation of multiple rotational frequencies of 0.201 Hz, 0.403 Hz and 0.605
Hz (1P, 2P, 3P) for blades in a SMW offshore wind turbine.

(2) The influences of the rotational wind and waves on the load redistribution are more pronounced in rotational
and wave coherence domain (Domain IV) than stationary-state and wave domain (Domain III) at the same height due
to the stronger coherence.

(3) The reconstructed MCE-based multifield spectrum has the good agreement with the theoretical spectrum.
Moreover, the time or frequency ranges of the reconstructed stationary-state wind speed, rotational wind speed and

wave height are identical, respectively.
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(4) The maximal flapwise deflection by the MCE-based RES method is smaller as compared with the result by
the pure coherence effect-based analysis, while the slightly larger deflection is observed than the prediction by the
analysis considering the rotational effect only.

The new mechanisms and laws by considering MCE have been concluded as follows:

(1) The degree of MCE is related to both the coherence distance and source spectral energy: The closer the distance
and the higher the spectral energy lead to the higher the coherence.

(2) The coupling and synchronization of the wind and waves originate from the constructed MCE-based CPSD
and the identical coherent power spectral matrix, respectively.

(3) The coherence effects cause complex spectral energy components and also reduce the flapwise response.

The proposed MCE-based RES method in this study is scoped for the accurate evaluation of multifield loads
induced by the effects of rotating blades on wind velocity and the interactions among multiple components such
as wind, waves and the structure. This will lead to the cost-effective design of offshore wind turbines, particularly
floating turbines in deep sea. The limitations of this research include: (i) The developed model in this paper has not
been validated by the field offshore experimental tests. (ii) As a specific example is studied in Section 4.6, the findings
are completely limited to this research. In future studies, the number and diversity of the field data will be considered

to construct a MCE-based RES model with the broad applicability and feasibility.
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