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a b s t r a c t

Analysis of structural dynamic response of wind turbine is one of important issues to assess its structural
integrity and safety during operation process. As the output power of wind turbine increasingly gets
larger, the structural flexibility of the elastic components, such as rotor blades and supporting tower, of
wind turbine gets larger owing to larger structural size, and, consequently, the dynamic interaction
between these flexible bodies become more profound or, even, may have a significant impact on the
dynamic response of the wind turbine. In this study, the integrated finite element model of a 5-MWwind
turbine is developed so as to carry out dynamic response analysis, in terms of both time history and
frequency spectrum, of the large wind turbine including multiple elastic bodies and their dynamic in-
teractions. In order to have a deeper insight into the impact and mechanism of the dynamic interaction,
the load transmission along its transmitting route and mechanical energy distribution during dynamic
response under random wind loads are studied. And, the influences of the stiffness and motion of the
supporting tower on the integrated system response are discussed.

Our numerical results show that the dynamic interaction between the elastic bodies may be significant
during dynamic response. The response of the tower top becomes around 15% larger than that of the
simplified model mainly due to the elastic deformation and dynamic vibration (called inertial-elastic
effect) of the flexible blade; On the other hand, the elastic deformation may additionally consume
around 10% energy (called energy-consuming effect) coming from external wind load, and, consequently,
it could decrease the displacement of the tower. Therefore, there is a competition between the energy-
consuming effect and inertial-elastic effect of the flexible blade on the overall dynamic response of the
wind turbine. As for the blade response, the displacement of the blades gets up to 20% larger than that
without blade-tower interaction, because the elastic-dynamic behaviors of the tower principally pro-
vides a more flexible and vibrating supporting base, which can significantly change the natural mode
shape of the integrated wind turbine and can decrease the natural frequency of the blade.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction under external wind load. For example, under action of wind load
Wind turbine is essentially an integrated system composes of
multiple flexible bodies such as slender blades, tube tower and its
supporting part, which may introduce elastic structural deforma-
tion, vibration and then static/dynamic interaction between these
flexible bodies during the operation process and dynamic response
nics in Fluid Solid Coupling
of Sciences, Beijing, 100190,
along with rotation motion of rotor, blade is likely to elastically
deform and vibrate, and this vibration can propagate and develop
upon bottom tower through the rotation axis of hub, which in-
troduces additional structure stress and, even, changes the rotor’s
spatial position on the tower top. Then the distribution of rotor
aerodynamic force may change consequently, and the deformation
and vibration of the blades could change too in return. As the
electricity power increasingly rises, the structural size gets larger
too, e.g. up to a level of, or more than, 100 m of tower height and/or
rotor diameter. Consequently, the structural elasticity of blade and
tower becomes more profound, and the interaction between the
flexible bodies can no longer be neglected anymore. It is found that

mailto:wmchen@imech.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2020.08.126&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2020.08.126
https://doi.org/10.1016/j.renene.2020.08.126
https://doi.org/10.1016/j.renene.2020.08.126


S. Guo et al. / Renewable Energy 163 (2021) 123e137124
tower elasticity can significantly influence the top blade deforma-
tion [1], and the shear stress caused by blade vibration can increase
the tower displacement, even up to 300% [2]. Therefore, it becomes
necessary to consider structural elasticity and dynamic coupling
effect of flexible bodies for sake of an accurate and reliable
strength/safety assessment during wind turbine operation process
and dynamic response under wind loads.

Many models, mostly simplified, were used to analyze wind
turbine strength and dynamic response, e.g., a single tower was
considered, where other parts such as blade and nacelle are
simplified as a centered mass, to calculate dynamic characteristics,
or similarly a blade-only model was considered. Adhikari [3]
regarded the top rotor as a centered mass on the tower top and
calculated the frequency and response of the tower. By using
similar model, Negm [4] optimized the structural properties of a
tower, and Bazeos [5] studied the static strength and anti-seismic
performance of a steel tower. These researches provided funda-
mental results for wind turbine design in practice, while it is noted
that the structural coupling effect of those flexible bodies is
somewhat simplified, or not included, there.

In recent years, in order to consider a multi-body-coupling wind
turbine, some researchers studied a single tower (or blade) by ways
of introducing proper boundary conditions, which is used to model
the action coming from other parts of the integrated wind turbine.
Murtagh [6] considered the shear force coming from the turbine
blades as a coupling force acted on the tower top during solving the
tower dynamic equations to analyze the coupling of blade and
tower. He further presented the influence of harmonic mass-
damper on wind turbine vibration [7]. Similarly, Chen [2] exam-
ined the coupling effects, through the wind load and the tower
response analysis, he pointed out that if the blade shear force was
included the tower displacement would increase by up to 2 times.
Spagnoli [8] presented the dynamic response of two wind turbines
and compared his results with that under static-uniform pressure.
Based on dynamic equations of a one-degree of freedom tower and
a flexible blade, Liu [9] presented the natural frequencies of the
blade-tower model. He lumped the top turbine as a concentrated
mass, then he gave the wind loads under consideration of tower
first bending mode.

Further, some other researchers developed a mixed model
which combines rigid body and flexible body together, where the
dynamic-flexible-behavior of other parts was considered as a uni-
directional effect instead of coupling effect. Lee [10] used the Flo-
quet theory to solve out the eigenvalue of a rigid-flexible-body
mðxBÞ
v2wðxB; tÞ

vt2
� v

vxB

�
TðxBÞ

vwðxB; tÞ
vxB

�
þ v2

vx2B

 
EIðxBÞ

v2wðxB; tÞ
vx2B

!
¼ FðxBÞ

mðxT Þ
v2wðX; tÞ

vt2
� v

vxT

�
TðxT Þ

vwðxT ; tÞ
vxT

�
þ v2

vx2T

 
EIðxT Þ

v2wðxT ; tÞ
vx2T

!
¼ FðxT Þ

(1)
through assuming the linear combination of steady solutions. He
gave out the frequency and modal shape of a two-blade wind tur-
bine while the dynamic response was still unknown. Wang [1] also
theoretically solved the multi-body equations, and he pointed out
the tower stiffness can significantly change the blade displacement.
Kang [11] developed a coupled equation group of a blade-tower
model to study the stability of wind turbine, and he found that at
a certain mixed natural mode of blade-tower system it may be
unstable. Shkara [12] considered the blade-tower aerodynamic
coupling, he used CFD and coupled model to predict the aero-
dynamic loads acting on the tower due to the vortex shedding from
the front blades. Using the nonlinear vortex correction method,
Kim [13] studied the influence of aero-elastic coupling on the
aerodynamic loads acting on upwind wind turbine. Still, the
coupling mechanism between different flexible bodies of the wind
turbine system needs a further study.

In this study, the dynamic response, in terms of both time his-
tory and frequency spectrum, of a large-sized wind turbine is
presented, based on our finite element model of the integrated
blade-tower system. Here we can consider the elastic deformation
and dynamic interactions of the flexible bodies, such as the blade
and tower. In order to have a deeper insight into the mechanism
and impact of the elastically dynamic interaction, the load trans-
mission along its transmitting route and the mechanical energy
distribution during the whole dynamic response under random
wind loads are studied and compared, i.e. for cases of three
different models. At last, the influences of the stiffness and motion
of the supporting tower on the overall integrated system response
are discussed, from the view of the supporting base properties
through the theoretical analysis.

2. Integrated wind turbine models and natural dynamic
characteristics

2.1. Dynamic governing equations of coupled wind turbine system

As the main flexible parts of a wind turbine shown in Fig. 1, both
the tower and blade can be assumed as Euler beams because their
axial dimensions are much larger than the lateral dimensions. It is
noted that the structural properties, i.e. the mass and stiffness, are
axially variable since the cross-sections of the blade/tower change
along the structural axial direction. Additionally, the body forces,
including the gravity Fgra of blade/nacelle/tower and the centrifugal
force Fcen owing to blade rotation, are considered here. For the blades
of wind turbine, their centrifugal force may introduce an effect of
stiffness strengthening. Guo [14] and Li [15] studied this effect by
using the FEM (finite elementmethod) andKanemethod. They found
that it can increase the natural frequencies (e.g. by 7%) and decrease
the dynamic response. And, the structural gravity may change the
blade’s response at different azimuth, e.g. by around 15% [14].

The governing equations of the dynamics of the tower/blade,
regarded as Euler beam, are expressed as
where w(x,t) is the transverse displacement, and xT and xB is
generalized coordinates represents the axial location of the tower
and blade in their local coordinate system.m(x) is the mass per unit
length, t is the time. T(x) is the axial force caused by gravity/cen-
trifugal force, and EI(x) is the bending stiffness. F(x) is the external
load coming fromwind load or the wind load transmitted through
the blade to the tower.

For the tower, its bottom is fixed on the ground, and the nacelle
with the rotating blade is located at its top. If considering the tower



Fig. 1. Schematic of a coupled wind turbine system.
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separately, the boundary conditions for the tower can be divided
into displacement boundary conditions and load boundary condi-
tions. At the tower bottom, both the displacement and the curva-
ture are zero, i.e.

wðxT ; tÞjxT¼0 ¼ 0
vwðxT ; tÞ

vxT

����
xT¼0

¼ 0 (2)

At the tower top, it is noted that the tower top subjects to not
only the wind load and also the coupling forces, due to dynamic
motion and elastic deformation of blades and nacelle, during dy-
namic response to wind loads. Thus, the bending moment is equal
to the moment caused by the gravity of nacelle and blade, and the
shear force comes from the motion of the nacelle and the blades.
We have
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whereH is the height of the tower, Q is the bendingmoment caused
by the gravity of nacelle and blade. Mna is the mass of the nacelle,
MB is the total mass of one blade.

If considering the blade separately, it can be regarded as a
cantilever beam of which root is fixed on the top of the tower. It is
also noted that the blade’s load conditions should include not only
the external wind load and also the forces coming from the sup-
porting tower, due to motion and elastic deformation of the flexible
tower. So boundary conditions of the blade are like this: at the free
end of the blade, both the shear force and the moment are zero
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where L is the length of the blade. And at the root end of the blade,
the continuous condition should be considered, i.e. the displace-
ment and the curvature of the blade are consistent with that of the
tower top as follows
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As for the nacelle, given that the stiffness of the nacelle is much
larger than the blade and tower, the nacelle is assumed to be a point
mass attached to the top of the tower. So the equation of the nacelle
motion is

Mna €wna¼ Fna (6)

where wna is the displacement of the nacelle and Fna is the overall
force acted on the nacelle. The displacement of the nacelle is the
same with the top of the tower and the force Fna is balanced with
the shear force at the top of the tower and the root of the blades
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By solving equations (1) and (6) and using the boundary con-
ditions equations (2)e(5) and (7), we can get the response of the
integrated wind turbine system. Here numerical simulations based
on FEM are used to get the dynamic response of the integrated
wind turbine under random wind load. And the interactions be-
tween the flexible bodies, i.e. the blades and tower, during the
dynamic responses are examined.
2.2. The FEM models

To examine the impact of the flexible-body interaction on dy-
namic response, we built three FEM models as shown in Fig. 2, i.e.
Model 1, the integrated wind turbinemodel including three flexible
blades and a tower on the top of which the hub and nacelle are
simplified as lumped mass; Model 2, the simplified flexible tower-
only model where the other parts like the blades, hub and nacelle
are simplified as lumped masses, and the tower bottom end is
fixed; Model 3, the simplified blade-only model of which roots are
fixed on the top of the rigid tower as a cantilever beam. In our FEM
models, every blade was uniformly divided into 123 Euler beam
elements, and the tower was divided into 100 beam elements. The
tower is fixed at the bottom end.

For the integrated system including the blades and nacelle and
tower, the dynamic equation indicates the balance of the forces
including the structural inertial and damping forces and the envi-
ronmental load (wind forces). It can be written as



Fig. 3. Beam element in the local coordinate system.

Fig. 2. Integrated wind turbine model, along with the simplified tower-only and blade-
only models.
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where UB is the displacement vector of the blades, Una and UT are
respectively the displacement vectors of the rigid nacelle and the
tower. And Mij, Cij, Kij are the mass matrix, damping matrix and
stiffness matrix respectively. The right side term, the system force,
essentially involves the environmental loads (wind forces), struc-
tural body forces (gravity force and centrifugal force of rotating
blade) and the inertia force, and these forces are acted on various
parts of the wind turbine and respectively involved into the three
force sub-vectors, FB, Fna and FT. It is noted that the non-diagonal
elements of the system matrices imply the mass/stiffness/damp-
ing interactions between different bodies.

The load conditions of beam element used here include the axial
force, and the moments of bending, in oxz and oxy two planes, see
Fig. 3 where a beam element and the local xyz coordinate system
are shown. r is the structural mass density, and l is the length of the
beam element. E is the Young’s modulus. Iz is the inertial moment
around the neutral axial paralleling to the axis z, and Iy is the in-
ertial moment around the neutral axial paralleling to the axis y. If
the two nodes of the beam element are numbered as i and iþ1, the
displacement vector of the element is written as

ue ¼ �ui; vi;wi; qxi; qyi; qzi;uiþ1; viþ1;wiþ1; qxiþ1; qyiþ1; qziþ1
�T

(9)

The corresponding load vector of the element is

Pe¼�Pxi;Pyi;Pzi;Mxi;Myi;Mzi;Pxiþ1;Pyiþ1;Pziþ1;Mxiþ1;Myiþ1;Mziþ1
�T

(10)

where ui is the axial displacement, and vi andwi are the transverse
displacements. qi is the rotational angle. For the tower and blades,
the rotational displacement can be neglected here. Then the vectors
of displacement and load are rewritten as
ue ¼ �ui; vi;wi; qyi; qzi;uiþ1; viþ1;wiþ1; qyiþ1; qziþ1
�T

Pe ¼ �Pxi; Pyi; Pzi;Myi;Mzi; Pxiþ1; Pyiþ1; Pziþ1;Myiþ1;Mziþ1
�T

(11)

where Pe is the load vector of each element, Mi is the moment
acting on the element. According to Eq. (11), the displacement can
be divided into three parts, i.e. the axial displacement along the x
direction and the displacements respectively in the planes oxy and
oxz. And the corresponding element stiffness matrix can be ob-
tained as follows. In case that the cross-section size of the tower
and blade changes with axial location, in the FEM model the
element number is enough to guarantee that the change of the
cross-section dimension is small in an arbitrary element, so each
element can be treated as a beam with constant cross-section, and
the constant cross-section area is equal to the mean of the cross-
sectional area at both ends.

A) The axial displacement along the x direction
In the local coordinate system oxy, the axial displacement vector

is uex ¼ ½ui;uiþ1�T , the corresponding load vector of the element is

Pex ¼ ½Pxi; Pxiþ1�T . The displacement field of the element is

uðxÞ ¼ ui þ
�uiþ1 � ui

l

�
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�
1� x

l

�
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x
l
uiþ1 ¼ NxðxÞuex (12)

where the displacement function is assumed as NxðxÞ ¼ ½1 � x =l;
x =l�. And the element matrix of stiffness and mass (centered mass)
can be written as

Ke
x ¼ EAl� BT � B ¼ EA

l

"
1 �1

�1 1

#
and Me
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2

"
1 0

0 1

#
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where the strain matrix is BxðxÞ ¼ dNxðxÞ=dx ¼ ½ � 1 =l; 1 =l�, A is
the area of cross section. The governing equation of the element
is

Me
x €u

e
x þKe

xu
e
x ¼ Pex (14)

where the axial force Pex includes the axial force Fecen and Fegra that
represent the gravity force and centrifugal force acted on each
element.

B) The displacement in plane oxy

If the pure bending in plane oxy is only considered,
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displacement vector of point i includes vi and qzi, i.e. the displace-
ment vi along y direction and rotation angle qzi around axis z. The
element displacement vector and the corresponding load vector are

uey ¼ ½vi; qzi; viþ1; qziþ1�T and Pe ¼ ½Pyi;Mzi; Pyiþ1;Mziþ1�T . The
displacement field of the beam element is assume as a polynomial
function of the third order

uey ¼ a0 þ a1xþ a2x
2 þ a3x

3 (15)

where a0, a1, a2 and a3 are four undetermined coefficients. Ac-
cording to the node displacement uey, the displacement function can
be written as

vðxÞ ¼
�
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�
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�
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�
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where x ¼ x=l, and the element matrix of displacement function
NyðxÞ is
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Now the element matrix of stiffness and mass can be written
as:
Table 1
Main parameters of the wind turbine.

Parameters Value Parameters Value

Blade number 3 Tower mass density 8 500 kg/m3

Rotor, Hub Diameter 126 m, 3 m Tower elastic modules 210 GPa
Hub height 90 m Tower shear modules 80.8 GPa
Rated wind speed 11.4 m/s, Blade length 61.5 m
Rated rotor speed 12.1r/min Blade elastic modules 14.8 GPa
Rotor whole mass 110 000 kg Blade mass density 1 700 kg/m3

Nacelle whole mass 240 000 kg
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where the strain matrix is ByðxÞ ¼ � yðd2NyðxÞ =dx2Þ ¼ �
2y½ð6x � 3Þ =l2; ð3x � 2Þ =l; � ð6x � 3Þ =l2; ð3x � 1Þ =l�,y is the dis-
tance from the point to the neutral axis. The governing equation of
the element is

Me
y €u

e
y þKe

yu
e
y ¼ Pey (19)

Similarly, for case of the pure bending in plane oxz, the element
matrix of stiffness and mass can be obtained. Combining Eq.s (14)
and (19) can yield the element equations, and by assembling the
element equations we have the governing equations of the beam
with axially-variable stiffness/mass.

As for the nacelle on the tower top, its stiffness is much larger
than the flexible blades and tower, so it can be regarded as a
centered mass point fixed at the tower top. In that case the gov-
erning equation of the dynamics is simply written as

2
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And, the three-dimension compatible elements are used to connect
the rigid body and flexible body in our FEM model so that the
calculation process would not be singular during the whole dy-
namic response.

To run the dynamic response analysis, a numerical simulation is
used to solve the FEM dynamic equations. Among those direct
numerical integration methods like the Newmark and the Finite
Difference methods, the Newmark method is employed here so as
to adjust the distribution of the structural acceleration during the
integration range by properly changing the integration parameters.
The interpolation functions of the displacement and acceleration
are written as

_UtþDt ¼ _Ut þ ½ð1� bÞ €Ut þ b €UtþDt �Dt

UtþDt ¼ Ut þ _UtDt þ
	�

1
2
� a

�
€Ut þ a €UtþDt



Dt2

(21)

where the values of a and b are respectively 1/6 and 1/2 at every
time step during the dynamic response.
2.3. Natural dynamic characteristics of the integrated wind turbine

The structure parameters are based on the 5-MW wind turbine
developed by the NREL (National Renewable Energy Laboratory) of
the United States. The tube tower height is 87.6 m. The values of
the diameter and thickness of the tower linearly changing from
the bottom, i.e. 6 m and 35.1 mm, to the top, i.e. 3.87 m and
24.7 mm [16], respectively. And other geometrical and material
parameters are listed in Table 1, where the blade’s parameters are
given according to LMH64-5 [17], and the structural damping is
0.01 [16].
Structure vibration often happens under operation conditions
that various environmental loads and body forces such as dynamic
wind load, structural gravity force and rotor’s centrifugal force may
significantly act on the whole wind turbine. Particularly, when the
frequency of the external load is coincident with the structural
frequency, resonance with large amplitude will happen, which may
induce structure fatigue life and, even, directly result in body
damage. So the analysis of natural dynamic characteristics is the
basic design work so that the structural natural frequency is
different from the external load as far as possible to avoid harmful
resonance. Here we calculate the natural frequencies of the wind
turbine including both flexible blades and tower and compared the
results with that given by Jonkman [16], and, moreover, the fre-
quencies of the first three along-wind tower bending modes(the
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mode 1,5 and 6) are compared with the simplified tower model in
Table 2. Satisfied agreement between our numerical and Jonkman’s
results, i.e. less than 5% difference, is seen.

Except the first bending frequency of the blade-tower model is a
little smaller than the tower-only model, the frequencies of modes
with higher order number are slightly larger than the simplified
model. The reason might be that for the first bending mode, the top
blade deformation plus the bottom tower deformation makes up
themodal shape, as if the length of a beam gets larger, so the overall
flexibility is smaller than the case of tower-only. While for the
higher-order bending modes, the modal shapes become more
complicated and higher-order deformation of the blades may in-
crease the modal stiffness of the blade-tower system, which could
increase the modal frequency.

Additionally, some selected modal shapes are presented in
Fig. 4. It is noted that the modal shapes of the blade-tower model
are somewhat different from those simplifiedmodels. Compared to
either the tower-only model or the blade-only model, there are
some additional and/or different modes. For examples, the rotor
Table 2
Natural frequencies of different models.

Mode Integrated Turbine/Hz Simplified T

1 0.311 0.315
2 0.659 /
3 0.689 /
4 0.722 /
5 2.819 2.712
6 7.279 7.198

Fig. 4. Selected modal shapes of
mode in Fig. 4b presents a leading-lag-still modal shapewhich does
not occur to the simplified blade model. And the blade flapping
modes, either symmetric or anti-symmetric mode as shown in
Fig. 4 e and f, show different modes compared to the blade-only
model. What’s more, we see some blade-tower-coupling modes,
e.g. modes in Fig. 4a, b and c, where these coupling modal shapes
actually indicate the interaction between the blade and tower de-
formations. Sowemay say, for the blade-tower-coupling system, its
modal shapes are more complicated, and there are some additional
and different modes that should be noted.
3. Dynamic responses under random wind loads

The dynamic responses, including the structural displacements
and stresses of Model 1, are calculated under random wind loads
and compared with the two simplified models, i.e. Model 2 and 3
respectively. Regarding the typical dynamic behavior of the rotor
blade, the body forces, such as the centrifugal and gravity forces of
the blades, are considered as distributing loads, which act along the
urbine/Hz Ref. [16]/Hz Difference/%

0.320 2.9
0.630 4.4
0.669 2.9
0.702 2.8
/ /
/ /

the integrated wind turbine.
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blade span respectively in two directions so as to simulate the
mechanical effects owing to rotor rotation. The wind load is uni-
formly acted on every single blade in the direction vertical to the
rotor plan. As we know, in practice, the wind speed mostly shows
randomness, and there essentially exists a temporal-spatial corre-
lation of wind speed distribution. Then, among the popular wind
spectrums such as Harris spectrum, Kaimal spectrum and DNV (Det
Norske Veritas) and IEC61400 criteria, we choose the mostly used
Kaimal spectrum [18] to give a time history approximation of wind
speed and the consequent wind load. The wind speed spectrum is
written as

PSDðf Þ¼ I2V10minl�
1þ 1:5 fl

V10min

�5=3 (22)

where I is the turbulence intensity. V10min is the averaged wind
speed in 10 min at the given point. l is the scalar which has the
values of l ¼ 20h when the height h<30m and l ¼ 600 when h �
30m respectively. f is the wind frequency. If we take the averaged
wind speed as V10min ¼ 11.4 m/s, I ¼ 0.1 and the time step as 0.02s,
the time history of wind speed at the tower top height (90 m)
among 200s time duration is plotted in Fig. 5.

For a slender body, the drag force of thewind can be given by the
empirical expression [6] as

FðtÞ¼1
2
CDrairAv

2ðtÞ (23)

where CD is the drag coefficient, and the value is 2.0 here. rair is the
air density and has the value of 1.25 kg/m3. A is the windward area
of the blade, and v(t) is the instant wind speed. Then the direction
integration based on the Newmark method is used to solve out the
dynamic response of the wind turbine, described in Eq. (8), under
the wind load. The interactions between the flexible tower and
blades during the dynamic response are examined in two ways, i.e.
the impacts of elastic tower on the blade response and impacts of
elastic blade on the tower response, in Section 3.1 and 3.2 respec-
tively. Further, the mechanism of the interactions will be discussed
in Section 4.
3.1. Influences of elastic tower on blade dynamic response

Essentially, the base supporting stiffness of a blade topped on
the integrated model (Model 1 in Fig. 2) is different from the
simplified blade-only model (Mode 3 in Fig. 2). Or, the practical
blade is actually supported on the top of the flexible tower which
Fig. 5. Time history of the wind speed at the tower top (90 m).
may deform, vibrate and, even, interact with the top blade, while
the simplified one is just ideally fixed at its root.

Selected displacements of the blade tip are presented and
compared in Fig. 6, in terms of the spectrum curves, where blade 1
and blade 2 are considered, because the two blades represent
different gravity effects owing to their different spatial positions, as
shown in Fig. 2. Generally speaking, comparing the spectrum
curves of these blades, the peak behaviors are quite different, in
terms of the peak number, the amplitude and frequency values. For
case of the integrated model, there are more response peaks which
happen at those additional modal frequencies of the coupled sys-
tem, such as the tower pitch and the higher-order coupled blade
modes, compared to the simplified blade-only model.

Comparing Fig. 6a and b, we can see that the displacement
amplitude of the integrated model gets larger by around 22%, or
tower deformation and vibration may amplify the response of the
blade at tower top. And, comparing Fig. 6b and d, it is seen that the
displacement amplitudes of different blades obviously vary, mainly
because the modal shapes of the two blades are different. It is also
noted that the maximum amplitudes happen at different fre-
quencies, i.e. at 0.311 Hz for blade 1 while at 0.677 Hz for blade 2.
Because the frequency 0.311 Hz (or 0.677 Hz) corresponds to the
natural mode that the blade has the maximum modal shape
deformation. The time history of the blades’ displacement is shown
in Fig. 7.

Comparing the maximum bending stress of the three blades,
listed in Table 3, it shows that the bending stress depends on the
blade’s azimuth (or the rotation position). More specifically, the
root stress of blade 1 rises by 11.7% while blade 2 rises by only 1.2%
respectively, compared to the blade-only model. That’s in part
because of the anti-symmetrical flapping modes of the integrated
tower-blademodel, whichmakes the dynamic behavior of blades at
different positions change significantly.

3.2. Influences of elastic blades on the tower dynamic response

The spectrum of tower top displacements, presented in Fig. 8a,
show that the peak value of the integrated model drops signifi-
cantly, i.e. being nearly two-thirds of the tower-only model, while
its peak locates at the frequency of tower first-bending. If con-
cerning only the tower response of the first-bendingmode, because
the blade elastic deformation, actually accounting for a profound
part of the overall system deformation, can consume a lot overall
energy coming from thewind, the tower deformation consequently
gets smaller. That could be further proved through a comparison of
the time histories of tower-top displacement of the two models, as
shown in Fig. 8b. The tower maximum bending stress of the inte-
grated model remarkably drops to 15.3 MPa, comapred with
20.5 MPa of the simplified model. That is to say the tower stress
may be overestimated if using the simplified model, by up to 25.4%.

4. Discussions on coupling mechanism between elastic blade
and tower during dynamic response

Comparing the two displacement spectrums of the tower top,
plotted in Fig. 9, it is noted that if the dynamic interaction between
the elastic blades and tower is involved, not only the peak value of
the displacement amplitude changes, but also the peak frequency
(at which the displacement approaches its peak) changes. More
specifically, the peak displacement gets larger while the peak fre-
quency gets smaller. And it is also noted that the randomwind load
essentially changes with its frequency, in some way irregularly as
shown in Fig. 9c, owing to its dependence on the phase angle and
the nonlinear relationship between wind load and velocity, as
shown in Eq. (23). So wemay say that there are mainly two reasons



Fig. 7. Time history of the blades’ displacement.

Fig. 6. Displacement frequency spectrums for the blades using different FEM models.

Table 3
Maximum stress of the blades.

Component Stress/MPa Component Stress/MPa

Blade 1 of model 3 6.88 Blade 2 of model 3 6.73
Blade 1 of model 1 7.69 Blade 2 of model 1 6.81
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Fig. 9. Frequency spectrum of the tower top response.

Fig. 8. Displacement response of the tower top.
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which are responsible for the response differences, i.e. one is the
structural dynamic coupling between flexible bodies and another
one is the different values of the wind load at different frequencies.
And, the effect of structural dynamic coupling between flexible
bodies, i.e. the impact of flexible blades on tower response and the
increase of blade displacement caused by elastic tower, will be
discussed in details through frequency response analysis.
Fig. 10. Three Cases considering various wind loads, acting on the coupled and
simplified models respectively.
4.1. Tower response increase caused by top Blade’s flexible and
inertial behaviors

In order to examine the impact of flexible blades on tower
response, two wind load cases are considered, i.e. in Case 1 the
wind load is uniformly distributed on the three blades and in Case 2
the wind load, as a concentrated force F, is acted directly on the
tower top, see Fig. 10. And, the response of the simplified tower-
only model (Case 3) is given as a comparison so as to have a
deeper insight into the blade-tower coupling mechanism.

The displacement spectrum curves of the tower top, ranging
from 0.0 Hz to 3.0 Hz, and the spectrum of load at the tower top are
presented in Fig. 11. It shows that the maximum displacement
amplitude happens at the first-bending frequency. Particularly, the
local spectrum, ranging from 0.28 Hz to 0.34 Hz, is presented in
Fig. 11b. It is seen that the displacement amplitude rises by 15.0%
and the bending frequency drops a little compared with the
simplified tower-only model. Principally because, for the integrated
blade-tower model, its overall structural length and, therefore,
bending flexibility get larger. Additionally, the wind load spectrum,
presented in Fig. 11c, shows that the value of wind load at the first-
bending frequency gets 14.0% larger than the simplifiedmodel. This
wind load amplification can also be seen in the load spectrums for
Cases 1 and 2, see Fig. 11d, where the wind load at the first-bending
frequency gets 15.7% larger than the simplified model due to the
effects coming from blade inertia and deformation.

To explain the reason why the wind load, running through the
flexible blade to the tower top, becomes larger, here we take a one
degree-of-freedom (DOF) system as an example (shown in Fig. 12a),
for clarity and simplicity, to give its theoretical solution. The gov-
erning equation of the one-freedom-degree system can bewritten as



Fig. 11. Comparison of the frequency domain response of different cases.

Fig. 12. Schematic and force amplitude ratio versus frequency of the one DOF system.
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m€yþ c _yþ ky ¼ F0 sinðutÞ (24)

The base force is

Fsup ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkyÞ2 þ ðc _yÞ2

q
(25)

So the force amplitude ratio F of the base force Fsup to the
external load F0 is
F ¼ Fsup
F0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð2xlÞ2�
1� l2


2 þ ð2xlÞ2

vuut (26)

where x is the structural damping ratio. l is the frequency ratio of
the external force frequency to the natural frequency of the struc-

ture. Then the plots of the force amplitude ratio F versus the
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frequency ratio l at different damping ratio x are presented in
Fig. 12b to show the load transmission along its transmitting route.
It is noted that the value of the force amplitude ratio F keeps larger
than 1.0, or the base force Fsup is larger than the external load F0,
until the frequency ratio is over 1.42. As for the blade-tower system,
the tower’s first-bending frequency is smaller than the blade’s first
frequency (it means the frequency ratio is smaller than 1.0 when
the external load frequency is equal to the tower first-bending
frequency). Thus, we may say, the external wind force originally
acting on the blade would be amplified (called load amplification
effect) as it runs through a flexible body, i.e. running from the top
blade to the bottom tower top.

If comparing the tower top displacements of Cases 2 and 3,
which have the samewind force loaded at the tower top, or, for this
two cases, the load amplification effect owing to the blade flexi-
bility is involved, we can see that the tower displacement gets a
little smaller (see Fig. 13a). To have a futher insight into the impact
of the elastic deformation of the blade on the tower response, we
will observe the mechanical energy consumption, including the
kinetic energy and the elastic energy of the blades and the tower,
during the dynamic response. The time histories of the mechanical
energy distribution of the tower, blade 1 and blade 2 are plotted in
Fig. 13b. It is shown that the energy consumed by the tower
deformation and vibration is much larger, about 7 times, than that
of the blades. Or, the response is mainly dominated by the tower
bending motion. Based on the comparison of mechanical energy of
the blades and the tower, we can say that, generally, owing to the
additional energy consumption caused by the blades the tower
displacement gets smaller. But value of this additional energy
consumption is much smaller than that of the tower. Therefore the
decrease of tower displacement is small.

By now, based on above results of the influences of dynamic and
flexible behaviors of top blades on tower response, we may say
there are two kinds of influences: on one hand, the wind load
running through the flexible blades to the tower may be amplified,
and consequently the tower response gets larger up to 15.0% due to
the elastic deformation and dynamic motion (called inertial-elastic
effect here) of the flexible blade; on the other hand, the tower
response drops just a little because the elastic deformation of blade
can consume some mechanical energy (called energy-consuming
effect), around 10% of the tower. In other words, there is a
competition between the energy-consuming effect and inertial-
elastic effect of the flexible blade on the overall dynamic
response of the wind turbine. For an operating wind turbine,
Fig. 13. Responses of different
external loads mainly come from the wind forces acting on the
rotating rotor/blades. Thus the inertial-elastic effect is the crucial
factor that affects the dynamic interaction between tower and
blades. In addition to the generally-known design rule that the
natural frequency of the structure should be not close to the wind
frequency, we note that a larger difference between the natural
frequencies of the tower and the bladewould be helpful to decrease
the tower response, i.e. to decrease the wind load transferring from
the blades to the tower top. So, one of our suggestions is to increase
the natural frequency of blades, e.g. to use certain material at blade
root which has larger values of Young’s modulus.
4.2. Coupling mechanism of blade response

4.2.1. Increase of blade displacement caused by elastic tower
For the blade responses, two cases of supporting conditions, i.e.

the blades respectively supported on the top of the flexible tower
(Case 1 in Fig. 10) and fixed at the root (as a cantilever beam and
called Blade 4), are considered here, see Fig. 14. The spectrum
curves of blade tip displacement and blade bending energy are
presented in Fig. 15. We can see, for Case 1, there is an additional
peak at lower frequency (corresponding to the tower first-bending
frequency). And themaximumdisplacement of Blade 1 gets slightly
larger, but the displacement peak of Blade 2 gets smaller than Blade
4 (Fig. 15a). It is noted that blade tip displacement is principally
caused by two factors, i.e. the tower bending and the blade itself
elastic deformation, then the potential energy of Blade 1 (including
the two factors) and Blade 4 (including only the factor of blade
elastic deformation) are compared in Fig. 15b. It is seen that the
elastic deformation and the consequently elastic potential energy
of Blade 1 is 16.7% larger than Blade 4 due to the supporting con-
dition of the flexible tower.

If comparing the displacements of the Blade 1 and Blade 2 (of
which the supporting conditions are the same but the azimuth
angles are different), it is noted that the peak values of the two
blades are somewhat different, as shown in Fig. 15a. Because, for
the anti-symmetric flapping mode, the two blades actually have
different modal displacements as shown in Fig.16. It means that the
blade response is also influenced by its azimuth. Actually, for an
integrated wind turbine system, the blades with different azimuth
have different modal displacements for a certain mode, so their
dynamic responses are somewhat different.
parts of the wind turbine.



Fig. 16. Normalized model shapes of blades with different azimuths.

Fig. 14. Two supporting cases of blades (Case1 and Blade 4).

Fig. 15. Displacement and energy response in the frequency domain.
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4.2.2. Effects of elastic supporting system on blade response
Based on above results we can see that the blade response gets

larger because of the bottom flexible tower. Here we would give a
further theoretical discussion on this phenomenon and its mech-
anism. To examine the impacts of base elasticity and base motion
on the dynamic response of a blade, a cantilever beam supported at
its root by two springs, i.e. a translation spring k1 and a rotation
spring k2 as shown in Fig. 17, is taken as an example for simplicity
and clarity. The governing equation of the elastically supported
beam is

rA
v2y
vt2

þ EI
v4y
vx4

þ c
vy
vt

¼ f ðxÞsin ut (27)

Based on the mode superposition method, its steady-state so-
lution can be written as

qnðtÞ¼ fnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
u2
n � u2


2 þ ð2xnunuÞ2
q sinðutþ qÞ (28)

where qnðtÞ is the modal displacement of mode n, and fn is the
modal force. When u ¼ un (un is the beam natural frequency), Eq.
(28) can be rewritten as

qnðtÞ¼ fn
2xnu2

n
sinðuntþ qÞ (29)

Then the particular solution of Eq. (27), i.e. the dynamic
response of the beam, is

yðx; tÞ¼ fnXnðxÞ
2xnu2

n
sinðuntþ qÞ (30)

where XnðxÞ is the natural modal shape and can be generally
expressed as

XðxÞ¼ a1 cos sxþ a2 sin sxþ a3 cosh sxþ a4 sinh sx (31)

And the frequency equation is

s4 ¼ rA
EI
u2 (32)

According to the following boundary condition (as shown in
Fig. 17)



Fig. 17. Schematic of the cantilever beam with flexible supporting base.

Table 4
Parameters of the cantilever beam.

Parameter Value Parameter Value

Young’s Modulus 210 GPa Length 10 m
Poisson ratio 0.3 Translational stiffness 8e6N/m
Mass density 7800 kg/m3 Rotational stiffness 8e7Nm/rads
Diameter 0.2 m
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Qð0Þ ¼ EIX
000 ð0Þ ¼ �k1Xð0Þ QðLÞ ¼ EIX

000 ðLÞ ¼ 0
Mð0Þ ¼ EIX

00 ð0Þ ¼ k2X
0ð0Þ MðLÞ ¼ EIX

00 ðLÞ ¼ 0
(33)

and substituting Eq. (31) into Eq. (33) yield
a1 ¼ 1

a2 ¼ ABðcos sL� cosh sLÞ þ 2Aðsinh sLþ sin sLÞ þ ðcos sLþ cosh sL� 2B sin sLÞ
2Aðcosh sL� B sin sLÞ þ ðAB� 1Þðsinh sLþ sin sLÞ

a3 ¼ 2Aðcos sL� B sin sLÞ þ ðABþ 1Þðsinh sLþ sin sLÞ
2Aðcosh sL� B sin sLÞ þ ðAB� 1Þðsinh sLþ sin sLÞ

a4 ¼ ABðcos sL� cosh sLÞ � ðcos sLþ cosh sL� 2B sin sLÞ
2Aðcosh sL� B sin sLÞ þ ðAB� 1Þðsinh sLþ sin sLÞ

(34)
where A ¼ EIs3=k1 and B ¼ EIs=k2. Now, we have the dispersion
equation as

ABðcos sL cosh sL�1Þþ ðAþBÞcosh sL sin sL

þ ðA�BÞcos sL sinh sL� 1� cos sL cosh sL

¼ 0 (35)

to get the natural frequency of the beam. When the values of the
springs’ stiffness are infinite, the modal shape, i.e. Eqs. (31) and
(34), and the dispersion equation, Eq. (35), will be consistant
with the traditional cantilever beam. To compare the responses of
the beams respectively with and without elastic supporting base,
the displacement distribution along the beam length is given as

AðxÞ¼ fnXnðxÞ
u2
n

(36)

To study the effects of elastic supporting system on the beam’s
response, the displacement amplitude distributing along the beam
length for two cases of the beam, with different values of rotational
stiffness and translational stiffness, are calculated. In one case, the
translational stiffness is 8e6N/m and the rotational stiffness varies
from 2e7Nm/rads to 8e7Nm/rads; in the other case, the rotational
stiffness is 5e7Nm/rads and the translational stiffness varies from
1e7N/m to 8e7N/m. The beam’s parameters are listed in Table 4,
and the beam natural frequency is 1.452 Hz as its left end is fixed.
The natural frequency and displacement amplitude along beam
length, with various translational stiffness of the beam, are shown
in Fig. 18.

For case of the rotational stiffness changing, see Fig. 18a and c,
the displacement amplitude rises and the natural frequency drops
as the rotational stiffness decreases. Or the displacement at free
end rises by 8.3%e39.6% because of the elastic supporting base,
compared with the beam with a fixed base. For case of the trans-
lational stiffness changing, see Fig.18d, the displacement amplitude
at the free end does not change obviously, and the displacement at
free end increase by about 14.5% compared with the traditionally
fixed beam. So wemay say that the elasticity of the supporting base
have two effects on the beam, one effect is that it changes the
natural frequency, and another effect is that it directly changes the
dynamic response. Fig. 18e presents the variation of the beam’s
maximum displacement against rotational-translational stiffness,
where Eq. (36) is used. It is seen that the beam response would
increase owing to the base elasticity.

From above discussionswe can see that increasing the rotational
stiffness of the support system (tower) is a more effective way to
reduce the response amplitude of the cantilever beam (blades). So
we may say it is recommended to increase the rotating/bending
stiffness of tower so that the blade vibration amplitude decreases
consequently. And, as we know, the bending stiffness is propor-
tional to the fourth power of its cross-sectional diameter, a proper
increase of diameter of the tower root can effectively increase its
rotating/bending stiffness. And the increase of tower frequency
caused by increasing stiffness can be controlled by adding addi-
tional mass.

5. Conclusions

The integrated blade-tower model of a large-sized wind turbine
is developed based on finite element simulations so as to carry out
dynamic response analysis, in terms of both time history and fre-
quency spectrum, under consideration of tower-balde interactions.
Firstly, the dynamic response including the structural displacement
and stress of the integrated wind turbine are calculated under
randomwind loads and compared with the two simplified models.
It’s found that there mainly are two reasons which are responsible
for the response differences, i.e. one is the structural dynamic
coupling of flexible bodies and another one is the change of the
wind load values at different frequencies.

Secondly, in order to have a deeper insight into the dynamic
interaction between the flexible tower and blades, we studied the
load transmitting route and mechanical energy distribution
through frequency response analysis. The results show that the



Fig. 18. Beam frequency and displacement amplitude varies with supporting stiffness.
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wind load running from the flexible blades to the tower may be
amplified, and consequently the tower response gets larger up to
15.0% due to the elastic deformation and dynamic motion (inertial-
elastic effect) of the flexible blade; on the other hand, the tower
response drops a little because the elastic deformation of blade can
consume some mechanical energy (energy-consuming effect),
around 10% of the tower. In other words, there is a competition
between the energy-consuming effect and inertial-elastic effect of
the flexible blade on the overall dynamic response of the wind
turbine. In addition to the generally-known design rule that the
natural frequency of the structure should be not close to the wind
frequency, we note that a larger difference between the natural
frequencies of the tower and the bladewould be helpful to decrease
the tower response, i.e. to decrease the wind load transferring from
the blades to the tower top. So, one of our suggestions is to increase
the natural frequency of blades, e.g. to use certain material at blade
root which has larger values of Young’s modulus.

The blade displacement gets up to 22% larger than that without
blade-tower interaction. Because the elastic-dynamic behaviors of
the tower principally provides a more flexible and vibrating sup-
porting base. Increasing the rotational stiffness of the tower is a
more effective way to reduce the response amplitude of the blades.
So we may say it is recommended to increase the rotating/bending
stiffness of tower so that the blade vibration amplitude decreases
consequently. And, as we know, the bending stiffness is propor-
tional to the fourth power of its cross-sectional diameter, a proper
increase of diameter of the tower root can effectively increase its
rotating/bending stiffness. Additionally, it is noted that the blade
displacement actually changes with the blade azimuths, owing to
the change of natural modal shape of the integrated wind turbine.
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