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Abstract.  An effective method to calculate aerodynamic loads and aeroelastic responses of large wind
turbine tower-blade coupled structures in yaw condition is proposed. By a case study on a 5 MW large wind
turbine, the finite element model of the wind turbine tower-blade coupled structure is established to obtain
the modal information. The harmonic superposition method and modified blade-element momentum theory
are used to calculate aerodynamic loads in yaw condition, in which the wind shear, tower shadow,
tower-blade modal and aerodynamic interactions, and rotational effects are fully taken into account. The
mode superposition method is used to calculate kinetic equation of wind turbine tower-blade coupled
structure in time domain. The induced velocity and dynamic loads are updated through iterative loop, and
the aeroelastic responses of large wind turbine tower-blade coupled system are then obtained. For
completeness, the yaw effect and aeroelastic effect on aerodynamic loads and wind-induced responses are
discussed in detail based on the calculating results.

Keywords: wind turbine tower-blade coupled structure; aerodynamic loads; aeroelastic effect; yaw effect;
parameter analysis

1. Introduction

Wind turbines operate at all times in an extremely complex and unsteady flow, and
aerodynamic forces acting on the blades vary consistently. The main factors which make a
contribution to the unsteady aerodynamic forces on the blades include yawed flow, wind shear,
atmospheric turbulence, tower shadow, and structural deformation, etc. The large wind turbine
systems including tower and wind blades are typical wind sensitive structures (Agarwal and
Manuel 2009, Karimirad et al. 2011, Barlas and VVan 2009), and therefore the unsteady erodynamic
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loads and structural wind effects are crucial for wind-resistant design of wind turbines. In recent
years the blades of the new generation super-large wind turbine systems are much longer than
ordinary blades, and the blades diameter is up to a order of hundred meters (Bazeos et al. 2002).
The aeroelastic effect of the large wind turbine structure is much severer. Furthermore, due to the
continuous variation of wind directions and high turbulence characteristics, the wind blades could
not mainly keep parallel with wind direction. In this case, the yaw condition will always happens
in operation state, and the induced velocity would change in azimuth angle and radial direction,
which results in the redistribution of aerodynamic loads on blades and aeroelastic instability of
tower.

In latest studies on the aeroelastic responses of large wind turbine system in yaw condition, the
twisting vibration of the wind turbine tower in yaw condition was investigated, and the
corresponding vibration-reduced measures were given by Jeong and Kim (2013). The aerodynamic
responses of blades in yaw condition were discussed, which considers the centrifugal force effect
and aeroelasticity effect on dynamic responses (Liao 2009, Shen et al. 2011). The modified
coupled solution model of blade was proposed by Corson et al. (2012), and the calculating model
of induced factors for blades considering yaw effect was also proposed. The dynamic stall
prediction model for wind turbine blades in yaw condition was established, and the basic
principles and characteristics of dynamic stall model caused by yaw effect were discussed
(Jiménez et al. 2010). By a case study on a new-generation 5MW ultra large wind turbine system,
The harmonic superposition and modified blade-element momentum theory are used to predict the
aerodynamic loads with the consideration of tower-blade aerodynamic and model interaction, and
modification of steady wind (Ke et al. 2014). It should be noted that the existing studies were
mostly suitable for the wind blades, and the modification of steady wind, aeroelastic effect and
yaw effect of the wind turbine tower-blade coupled structure were neglected. Furthermore, with
the size increase of super-large wind turbine system, the tower deformation under stochastic wind
would be more obvious, and the aeroelastic problem induced by blade and tower deformation
would affect wind-induced responses of wind turbine system in yaw condition. In view of the
above studies, the accurate prediction method of aerodynamic loads and aeroelastic responses of
large wind turbine tower-blade coupled structure in yaw condition is very significant to enhance
structural wind resistant safety.

In this paper the aerodynamic loads of large wind turbine tower-blade coupled structure are
calculated based on harmonic superposition method and modified blade element momentum
theory, in which the yaw angle, wind shear, tower shadow, tower-blade dynamic and modal
interaction are fully taken into account. A tower-blade coupled model for a 5 MW large wind
turbine is established with finite element method. The Kkinetic equation of wind turbine tower-blade
coupled structure is then solved using mode superposition method, in which the induced velocity
and dynamic loads are updated through iterative loop. Finally, the aeroelastic response of large
wind turbine tower-blade coupled structure under different yaw angles is discussed in detail.

2. Aerodynamic loads calculation

The fluctuating wind field around the wind turbine system consists of two parts, the fluctuating
flow over the tower and the fluctuating flow over the blade. The wind fields of the tower and wind
blades interacts each other when the wind turbine is operating, and the wind blades in the wind
direction have significant influence on the tower. Importantly, the blade flow field is influenced by
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Fig. 1 The wind field model coordinate system of the wind turbine structure

its own rotational effect and interferential effect from the tower. Owing to the inverted cone
structure of the tower, the stiffness of each direction is identical. Moreover, the rotor is always
regulated to be aligned with the wind direction, which leads to less influence on the lateral and
vertical wind field of the wind turbine tower-blade system. The aeroloads on both the blade and
the tower mainly result from the fluctuating wind energy along the wind direction. Therefore, the
numerical simulation of the fluctuating wind speed along the wind direction is carried out in this
paper.

The wind speed model of wind turbine system is composed of steady wind and fluctuating
wind, the former is caused by the overall atmosphere movement, and its direction is only
horizontal downwind, and the latter is local turbulent motion, which has downwind, crosswind and
vertical directions. The wind field model coordinate system of the wind turbine is showed in Fig. 1.

2.1 Modification of steady wind

The steady wind is influenced by the wind shear, tower shadow, wake effect from upstream
wind turbines, hence the modification of steady wind should be necessary in aerodynamic loads
calculation. The exponential model for wind shear, the undercurrent model for tower shadow effect
and eddy viscosity model for wake effect from upstream wind turbine are used to modify the
steady wind model (Burton et al. 2001).

The wind shear effect is the variation of wind speed with height, the main models include
exponential model and logarithmic model. Considering the practical applicability and precision,
the power model is used, whose calculating formula is as follows

V(h)=V (ha)(%)“ 1)

where V(h), V(ho) represent the average wind speed at height of h and hy meters respectively; « is
the power law, its value range is 0.1~0.25, which could be set as zero when without considering
wind shear effect; hy is the hub height.

The tower shadow effect caused by the tower obviously amplify the steady wind speed of
blades, there are three revised methods: the undercurrent model for downstream tower, the
empirical model for upstream tower, and the combined model. The upstream model are mostly
designed in existing wind turbines, which can avoid the additional noise and exciting force caused
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by the tower, herein the undercurrent model is adopt (Burton et al. 2001).

V(y,z) =AY, (2)
Dy =) o
A=L+ () Ly D=F Dy 3)

In the formula, D+ is the tower top diameter, F is the correction factor of tower diameter; z is
the downwind distance between calculating point and tower center; y is the crosswind distance
between calculating point and tower center.

The wind turbines are always constructed as groups form in wind farm, therefore a single wind
turbine would be in wake flow of upstream wind turbine, which makes the wake effect significant
for the wind field simulation. Herein the eddy viscosity model is adopted to correct the additional
turbulence influence induced by wake flow effect, whose calculating formula is as following

r2

V =V, (1-Ae 2%) 4

where r is the distance between local speed and wake center; w is wake width; V, is undisturbed
average wind speed; A is velocity deficit.

2.2 Incoming fluctuating wind simulation

The time series of incoming wind velocity for the tower and the wind blades are both simulated
through a harmony superposition method proposed by Shinozuka (Shinozuka and Seya 1990,
Kareem 2008), and the method has been used for numerical simulation of stationary random
process. Owing to the coherence in three directions of wind blades and towers, the Davenport
correlation coefficient (Davenport 1995) is used for calculation of the correlation between the wind
blades and the tower.

oC.(x %) +C, (v -y, +C.(z-7,) (5)

C. = _
1 =P 22v(H)

In the formula, C,, C,, C, are the transverse, downwind, vertical attenuation coefficient of any
two points on the wind blades and the tower, respectively; w is the fluctuating wind frequency;
v(H) is the average wind speed at height H.

In this paper, a modified Von Karman wind spectrum model is used to calculate wind turbine
wind field (Bazilevs et al. 2011). The model adjusts the error of basic model under the height of
180 m, which is more in line with wind field characteristics of wind turbines. The modified Von
Karman wind spectrum is smaller than Davenport and Kaimal wind spectrum in low-frequency
region, but on the contrary in the high-frequency region.

s, (f) _4 2.987n, /a
o 1+ (271, /@)%

u

1.294n, /a (6)
L+ (zn, [2)?)"

+5,

In this formula, Sy, is the power spectrum density of stochastic wind speed; f represents the
simulated frequency value; oy is the standard deviation; 7, is the frequency parameter; 7, = fLy /U1
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with L being the integral scale; Uy, represents the average wind speed at the height of 10 meters;
the other calculating parameters are as following

. \-08
F =1+0.455exp{—0.76[n—”j J (7)
a
f,=2357a-0.761 @)
ﬂz =1- :81 9)
a:0.535+2.76[0.138—0.115(1+ 0.315(1—z/h)6)2/3j (10)

where z is the height from the ground, and h is the peripheral layer height.

Because the wind could be considered as Gauss stationary processes, n nodes of wind speed
simulation on the wind turbine system are defined, and the stationary Gauss processes with zero
mean is assumed. The matrix of the spectral density function is as following

Su(@) sp(w) ... s, (o)
S(w) = Su(@) Sy(@) ... sy (o) (11)
Su(@) sp(@) .. s, (@)

In this formula, S;i(w) is auto-power spectrum of the node fluctuating wind, which could be
calculated by the wind spectrum model of formula (6); Sjj(w) is cross-power spectrum. The
expression requires the coherence of any two points between the tower and the wind blade or
between different towers, and the calculating formula is as following

Sij (@) =/S; (a))sjj (w)Cij (12)

The coherence between points on the rotating plane and tower-blade interaction effects should
be considered for wind field simulation of wind blade. Then S(w) could be obtained by Cholesky
decomposition.

S$(@)=H(e)-H ()" (13)

In this formula H*(w)" is the conjugate transpose of H(w). The three-dimensional matrix of
H(w) is
H,(@ 0 .. 0

H (o) = Hy (@) Hy(w) . 0 (14)

H,(w) H,@) .. H,(»)
Based on the harmony superposition theory, the time series of fluctuating wind speed of any

one node on the tower-blade system can be determined by its power spectrum. The time-history of
simulated wind speed can be expressed as
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v(t) = ziw (@) V280 coslot +y (@) +6, ]  1=123.. 1 (15)

i
m=1 I=1

where the wind spectrum is divided into N equal parts in the frequency range; Aw=w/N represents
the increment in frequency; |Hjm(c1)| represents the norm of the lower triangular matrix, which is
acquired by the Cholesky decomposition of the matrix; 6y is a random number, which is
uniformly distributed between zero and 2z and is generated through the function of Matlab; w;=
lsAw represents the incremental variable in the frequency domain; wjn(c;) represents the phase
angle between two different action spots, which is determined by the ratio between the imaginary
part of Hjy(cor) and the real part of Hjn(w)).

Im| H.

Y im(e9) = arctan Im[ Hyu(en)] (16)

Re[H,, (e1)]

In summary, the time series of fluctuating wind speed for the system can be simulated by

formula (15), which considers the coherence effect of any nodes between the wind blades and the
tower.

2.3 Aerodynamic loads calculation in yaw condition

The modified blade element momentum theory adopted in this paper introduces the loss of
blade root and tip, uses the C; empirical model when the axial induced factor is bigger, and
dynamic inflow and dynamic stall models is also considered. This method could be used to
calculate the aerodynamic loads of the wind turbine on different conditions with different wind
speed, rotating speed, propeller pitch angle and drift angle.

According to the blade element momentum theory (Wang et al. 2012), the relative wind speed
V. 0N the wind blade can be calculated by the following formula.

LI
= + + - 17
Vrel Y Voy Vrot Wy be ( )

where Vo and V,yare the flow fluctuating wind speed of downwind and crosswind, respectively,
which can be calculated through the harmonic superposition method in the formula (15). Vo
represents the linear velocity caused by the rotation of the leaf blades; W represents induced
velocity; Vi and Vyyare the vibrational speeds of the blades. The relationship of all the speed is
showed in Fig. 2 (Lanzafame and Messina 2007).

Induced velocity W can be expressed by the following formula (Duquette and Visser 2003)

_ —BL cos ¢

 4prrF Vo + (W) (18)
B —BLsing

Y 4prrF |v0 + fgn(nW)|

X

In the formula, B represents the number of blades; L represents the lift force; ¢ represents the
upflow angle; p represents the density of the air; r represents the span wise location of the section
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Fig. 2 The local velocity triangle through a wind blade
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e
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Fig. 3 Schematic diagram of the rotor in yaw condition

of the blade; n represents the single-order vector in the direction of propulsive force; F represents
the Prandtl tip loss factor; fqrepresents the Glauert correction (Vermeer et al. 2003). Meanwhile,
the dynamic inflow model and the dynamic stall model are used to correct the unsteady effect of
the wind blade.

The induced velocity would generate a slip angle after wind turbine is in a yaw condition (see
Fig. 3). The induced velocity of upstream blade is smaller than that of downstream blade, which is
caused by that the downstream blade has more area in the wake region, the surface wind velocity
is bigger than that of upstream blade. Therefore the aerodynamic loads of downstream blade would
be more significant, and the induced velocity calculated by formula (18) should be modified with
yaw model by Grau W (Dai and Hu 2011).

W =W, [1+ T tan (1) COS(Bing — «90)} (19)
R 2

where W, is the induced velocity calculated by formula (18), 6, is the biggest angle of the blade in
wake region, x is the skew angle of wake wind speed and blade spindle, which is expressed as
follow

cos y = (20)

[ v

In the formula, n is a normal vector pointing to the rotating axis. Then the angle of attack o of
the wind blade is calculated through the following formula

a=¢—(B+0us) (21)
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In the formula, g represents the pitch angle; Gyis represents the geometrical twist angle on the
profile of the wind blade, and the calculated formula is

tang=vy, Vg, (22)
The wind turbine airfoil, the lift coefficient C,and the drag coefficient C4 could be obtained
through the interpolation method. Moreover, the lift force L and the resistance D are calculated

through the following formula.

rel,x

{L =05pv,.['Cc 3)

D=05p|v,[ C,c
The normal load F,and the circumferential load F;of the wind blade are obtained through the
formula.

{Fnchos¢+ Dsing (24)

F. =Lsing—Dcos¢

3. Dynamic responses calculation
3.1 Wind turbine tower-blade coupled model

The model was built based on the 5SMW wind turbine system with three wind blades, which
was developed at Nanjing University of Aeronautics and Astronautics. The tower is 124 m high, of
which the bottom has a diameter of 4.8 m and a thickness of 60 mm, while the top has a diameter
of 2.6 m and a thickness of 20 mm. Thickness of the tower decreases linearly from the bottom to
the top. The nacelle is 12 m long, 4.6 m wide, 4.2 m high, with a total mass of 140.0x10° Kg. The
wind blade is 60 m long, 2.4 m wide, 0.38 m thick, has a diameter of 120 m, a yaw angle of zero
degree and a rated speed of 17.0 r/min.

Traditional wind turbine models mostly suppose perfect rigidity tower, only consider the
influence of dynamic blade deformation on aerodynamic loads. In fact, the aerodynamic loads of
blades make the deformation of flexible tower more obvious, and the aerodynamic loads and
dynamic responses of blades are in turn impacted by tower deformation. Hence, the tower-blade
coupled model of wind turbine system was established based on software ANSYS. Both the wind
blade and the tower body were simulated by the element of SHELL91; the nacelle and its internal
structure were simulated as a whole by the element of BEAM189; the circle raft foundation was
simulated by the element of SOLID65. The base is1.8m high and has a diameter of 10 m. It’s
assumed that the bottom of the foundation was consolidated, without consideration of the
soil-structure interaction. All the components were connected together by the command of
multi-element coupling to form an integration model. To reach a compromise between calculating
time and calculating precision, the model was divided into 12800 elements. The centrifugal force
generated by the rotation of the wind blades was exerted on the wind blades previously as the
pre-stressing force during the modal analysis to take into account the effect of centrifugal force
(Prowell and Veletzos 2009).
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(a) The 1* modal shape (b) The 20* modal shape (c) The 50* modal shape
Fig. 4 Typical vibration modes of tower-blade coupled wind turbine model
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Fig. 5 Scatter gram of natural frequencies in the integration model

According to different modal shapes of the tower-blade system based on the 1%, 20", and 50"
order modes presented in Fig. 4, it is obvious that the vibration modes with lower modal order are
mainly in back-forth waving and left-right swinging of the blade, and bending deformation and
instability phenomenon in high-order modal appear on the tower, which are coupled with the
deformation in back-forth waving and left-right swinging of the blades.

Fig. 5 showed distributions of the first 200 natural frequencies of the tower-blade system
considering or ignoring the centrifugal force effect, respectively. It is found that the fundamental
frequency of tower-blade system with the centrifugal force effect is slightly larger than that
without considering the effect of centrifugal force. Also with the number of modal order
increasing, the centrifugal force has a growing influence on the natural frequency. It also shows
that the fundamental frequency of the system (0.27 Hz) is very low, the 50th modal frequency is
9.56 Hz, and the interval between modal frequencies is very small.

3.2 Dynamic responses calculation of wind turbine system

The dynamic response of flexible structures to turbulent wind excitation can be expressed in
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terms of the matrix equations
[MKYO}I+ICKHYyO}+IKKy®}={p®)} (25)

where p(t) means external stochastic wind load vector; M, C, K mean mass, damping and stiffness
matrix, respectively; and yi(t), y(t) and y(t) are the joint acceleration, velocity and displacement
vectors.

Using modal coordinates, Eq. 25 can be expressed as

m; CI, (t) + Ciqi (t) + kiqi (t) = P| (t) (26)

where gi(t)=generalized displacement vector of the iy, mode, and m;, c;, ki, pi(t) are generalized
modal mass, damping, stiffness, and modal force vector of the iy, mode. The numerical solution of
dynamic equation of single degree of freedom is as follow according to Duhamel integral
principle.

L3 b (D exp[-Ea, (t-7)]e
i Dy =0 @7)
Sin[a)di(t—r)]Ar, i=123--,n

o (t) =

where wy;is the structural natural mode of vibration, wni:(ki/mi)l’z, ¢ is the modal damping ratio,
G=bil(2micwn), wgi is the structural damping vibration frequency, wg=wni(1-3)"?, Az is the integral
time step.

The dynamic displacement response in physical coordinate can be obtained by modal

superposition method.

{y}=[@]{a®)} (28)

where ®=matrix of modes of vibration.

The soft ANSY'S software is used to calculate wind-induced dynamic responses of wind turbine
tower-blade system in time domain, the simulating aerodynamic loads in section 2 are input as
external excitation on system. The Newmark-f step-by-step integration method and Newton-
Raphson iteration theory are adopted, modal damping ratio is 0.02, integral time step is 0.05s, time
step of output responses is 0.025s, intercepting mode number is first 100 orders.

4. Aeroelastic responses calculation method in yaw condition

From the above, the calculating flow of aeroelastic responses for wind turbine tower-blade
coupled structure in yaw condition is proposed in Fig. 6. The main calculating procedures are
given as follows:

(1) The incoming wind speed considering the modification of steady wind and tower-blade
interaction effect is simulated by harmony superposition method, based on the modified Von
Karman wind spectra model and Davenport correlation function.

(2) The modified blade element momentum method is used to simulate the induced wind speed
of wind turbine tower-blade coupled system considering the wind shear, tower shadow and
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Fig. 6 Flow chart of calculating aeroelastic responses for wind turbines tower-blade system in yaw condition

rotational effects. Then the aerodynamic loads of wind turbine system are obtained through the
modification of yaw condition.

(3) The wind turbine tower-blade coupled model is established to solve the dynamic responses
under the aerodynamic loads simulated before, then the dynamic responses are returned to update
the induced speed and aerodynamic loads. Finally the aeroelastic responses of wind turbine
tower-blade coupled model would be obtained by iteration calculation in time domain, until meets
the deadline or sample number defined beforehand.
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5. Example analysis
5.1 Aerodynamic loads and validation

Based on the harmonic superposition method and the modified blade element-momentum
theory in this paper, the upper limit frequency of pulsating wind is set to be 2z in the process of
calculation. The number of the frequency segmentation points of the fluctuating wind is 2048, and
Aw=0.00307 Hz. The average wind speed at the local height of 10m is 24 metres per second. The
incoming wind velocity spectrum and coherence function could be obtained via the modified Von
Karman wind spectrum model of the formula (5) and the formula (6).

In order to verify the correction of simulation method for wind turbine tower-blade system, the
power coefficients of blades is contrasted with the results obtained through professional software
GH Bladed (Fig. 7). It is shown from the results that the power coefficients obtained from the
present method is slightly smaller than the values obtained through GH Bladed software with the
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(a) incoming fluctuant wind speed

Fig. 8 Simulating result of fluctuating wind speed of blade
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maximum error is 5% at the wind speed of 11 m/s. This small error is mainly resulted from the
wind spectrum model used. The modified Von Karman wind spectrum model is used to simulate
the incoming wind field, and the wind energy is smaller than Davenport and Kaimal wind
spectrum in low-frequency region, which are adopted in the software GH Bladed. The comparison
demonstrates that the simulating method of aerodynamic loads for wind turbine system in this
paper is accurate and steady.

The simulating time history and the power spectrum curves of the fluctuating wind speeds on
blade are shown in Fig. 8, logarithmic coordinates are adopted in the calculated spectrum of the
fluctuating reference wind speed and the Davenport wind spectrum. Fig. 9 shows the aerodynamic
load distribution curves of the wind turbine within/without yaw angle inside and outside the plane.

Through the comparative analysis of simulating results, the conclusions are as following:

(1) The wind energy has been increased in reference wind speed compared with incoming
fluctuant wind speed, and the wind spectrum presents bigger power amplitude and fluctuant range
in high frequencies, which may be caused by tower-blade interaction and rotational effects.

(2) The aerodynamic loads outside plane with yaw angle are obviously smaller than those
without yaw angle, nevertheless, the influence of yaw condition on aerodynamic loads inside plane
is weak, and the aerodynamic loads inside plane without yaw angle are slightly bigger than those
with yaw angle. The aerodynamic loads outside the wind blade plane are much greater than that
inside plane, regardless of within the plant or not, the aerodynamic loading increases first and then
decreases along the wind blade shaft radius, and the tendency without the plane is more obvious.

5.2 Aeroelastic responses characteristics

Wind turbine system would stop running when the mean wind speed beyond the cut-out wind
speed 25 m/s, therefore, the aeroelastic responses of wind turbine tower-blade coupled model with
yaw angle 10° under cut-out wind speed are calculated according to the calculating method
proposed in Fig. 6. Here Figs. 10 and 11 present the time history curves and power spectral density
functions (PSD) of displacement responses for typical parts.

By comparison, the results indicate that the low-frequency resonant effect of blades
wind-induced response is very significant, which is caused by that the predominant frequency of

32 T T T T T 0.34
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(a) blade tip (b) nacelle

Fig. 10 The displacement time history on typical parts of wind turbine system with yaw angle 10°
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Fig. 11 PSD of displacement on tower top of wind turbine system with yaw angle 10°

wind loads is close to vibration frequency of wind blades. Due to the obvious stiffness of nacelle
structure, the dynamic responses mainly present the static or quasi-static characteristics, and the
mean response is only 0.295 m. The wind-induced responses of tower top are obviously smaller
than that of blade, the contribution of high-order modes is more evident, which is caused by the
coupled vibration modes of tower and blades. In general, the aeroelastic responses of wind turbine
tower-blade coupled model are characterized with complicated modal responses and multimode
coupling effect.

To further investigate the aeroelastic influence on wind-induced responses of wind turbine
tower-blade coupled structure, Figs. 12 and 13 show the root mean squares of wind-induced
responses with and without aeroelastic effect under different wind speeds. It can been seen that the
aeroelastic effect of wind blades would significantly decrease the RMS of dynamic displacement
and bending moment responses, especially at the high wind speed, e.g., the maximum error
reaches 13.5% at 25 m/s wind speed. At low wind speeds, however, the aeroelastic influence is
weak, and the errors are mainly below 5%. Therefore, the aeroelastic effect has obvious influence
on wind-induced dynamic responses when wind speed is more than 10 m/s, which should be
considered in wind-resistant design of wind turbine system.
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5.3 impact mechanism of yaw condition

To deeply analyze the impact mechanism of yaw condition on dynamic responses for wind
turbine tower-blade coupled structure, the aeroelastic responses of blade tip in back-forth waving
direction and right-left swing direction in different yaw angles are provided in Figs. 14 and 15. By
comparison the main conclusions are given as follows:

(1) The aeroelastic responses of blade tip in back-forth waving direction and right-left swing
direction in different yaw angles are characterized with long-periodic elements, especially with the
increase of yaw angle, the aeroelastic responses present more long-periodic characteristics, which
also accompanied with the intermittent high magnitude responses.

(2) The impact of yaw angles in back-forth waving direction is very obvious, and with the
increase of yaw angle, the fluctuant responses have larger amplitude and smaller mean value. The
reason for the phenomenon is that, the increase of yaw angle makes the aerodynamic loads outside
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plane progressively smaller, which also leads to the smaller mean value of dynamic response. The
induced velocity pointing to downstream will faster access to the wake stream than that pointing to
upstream, which results in the much bigger induced velocity pointing to downstream and change
of aerodynamic loads, therefore the impact on aeroelastic responses in back-forth waving direction
is obvious by change of yaw angles.

(3) The impact of yaw angles in right-left swing direction is weak, and with the change of yaw
angle, the fluctuant responses have no obvious variation characteristics. The reason for the
phenomenon is that, the aerodynamic and gravitational loads mainly exist in right-left swing
direction, the load period is close to rotational period of blades, gravitational load also presents
periodical change with blade rotation, so the change of yaw angle has little impact on aeroelastic
responses in right-left swing direction.

Table 1 shows the mean, RMS, extreme values of aeroelastic responses for typical objectives
with different yaw angles. The analysis results indicate that, the increase of yaw angle would
obviously amplify the RMS and reduce the mean response of tower top displacement, the extreme
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1.3 1 1 1 1 1

0 10 20 30 40 50 60
time /s
Fig. 14 The aero-dynamic responses in back-forth waving direction under different yaw angles
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Fig. 15 The aero-dynamic responses in right-left swing direction under different yaw angles
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Table 1 The aeroelastic responses of typical objectives under different yaw angles

Tower top displacement Tower basis bending moment Balde root shear force
aYnag"l‘; (m) (x10°KN -m) (x10°KN)
mean RMS  extreme mean RMS  extreme mean RMS  extreme
0° 0.62 0.24 1.22 3204 512 4484 219 42 324
10° 0.57 0.29 1.295 3085 584 4545 204 51 331
20° 0.53 0.33 1.355 2913 671 4501 197 59 344
30° 0.50 0.39 1.475 2821 729 4644 185 66 350

value response is amplified with the increase of yaw angle. The impact of yaw angles on tower
basis bending moment and balde root shear force is not obvious, the impact errors are mostly
below 5%, but the change rules are the same with that of tower top displacement.

For a wind rotor in yaw, the aerodynamic loads on the blade are different from azimuth to
azimuth, resulting in dynamic responses of the system in different structural multi-frequencies,
even in high-order frequencies as shown in Fig.13 in the paper. This is different from the case of
axial freestream, where dynamic responses only in low-order frequencies exist due to turbulence
wind.

6. Conclusions

In this paper, the aerodynamic loads of large wind turbine tower-blade coupled structure in yaw
condition, in which the wind shear, tower shadow, blade-tower dynamic and modal interaction,
and rotational effects are taken into account, are simulated based on harmonic superposition
method and modified blade element momentum theory. Then based on the mode superposition
method in time domain the aeroelastic effect and yaw effect are discussed in detail. The primary
conclusions are as follows:

« The simulating method in this paper can accurately calculate the aerodynamic loads of large
wind turbine tower-blade coupled structure through the contrast to the results with software GH
Bladed. Furthermore, the proposed approach has certain improvement in modification of steady
wind and wind spectrum model.

» The yaw effect would obviously amplify the aerodynamic loads outside blades plane, but have
weak impact on aerodynamic loads inside blades plane. Furthermore, the fluctuating wind speed
spectrum of the wind blades appears energy concentration and larger fluctuation at high frequency.

» The aeroelastic responses of large wind turbine tower-blade coupled structure are
characterized with complicated modal responses, multimode coupling effect and multi-loads
distribution. The aeroelastic effect would obviously decrease the dynamic responses in the high
wind speed, but has weak impact on the dynamic responses in low wind speed.

« The yaw effect is very significant for aeroelastic responses of blade tip in back-forth waving
direction, but weak in right-left swing direction, which has been explained from the formation
mechanism of aerodynamic loads in this paper. The increase of yaw angle would obviously
amplify the RMS and reduce the mean responses, and the extreme value responses are amplified
with the increase of yaw angle.
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