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ABSTRACT

A dynamic pitch strategy is usually adopted to improve the aerodynamic performance of the blade of a wind turbine.
The dynamic pitch motion will affect the linear vibration characteristics of the blade. However, these influences
have not been studied in previous research. In this paper, the influences of the rigid pitch motion on the linear
vibration characteristics of a wind turbine blade are studied. The blade is described as a rotating cantilever beam
with an inherent coupled rigid-flexible vibration, where the rigid pitch motion introduces a parametrically excited
vibration to the beam. Partial differential equations governing the nonlinear coupled pitch-bend vibration are
proposed using the generalized Hamiltonian principle. Natural vibration characteristics of the inherent coupled
rigid-flexible system are analyzed based on the combination of the assumed modes method and the multi-scales
method. Effects of static pitch angle, rotating speed, and characteristics of harmonic pitch motion on flexible natural
frequencies and mode shapes are discussed. It shows that the pitch amplitude has a dramatic influence on the natural
frequencies of the blade, while the effects of pitch frequency and pith phase on natural frequencies are little.
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Nomenclature

A Amplitude of the pitch motion
w, Angular frequency of the pitch motion
C Initial phase of the pitch motion
w Flap displacement

0, Pre-twist angle

0, Pitch angle

2 Rotating speed

y Modal function

w; Average frequency

; Natural frequency
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[K] Stiffness matrix
[M] Mass matrix
r/min Revolutions per minute

1 Introduction

The study of the vibration characteristics of a blade is essential for the structural design and
control of wind turbines. There has been a lot of work on linear or nonlinear vibrations of wind turbine
blades. Chopraet al. [1] studied the parametrically excited vibration by simplifying a blade to a rotating
rigid body. Larsen et al. [2—4] described a blade as a rotating Euler-Bernoulli beam with a coupled
extension-bend-bend vibration and investigated the 1:2 internal resonance, parametric instability, and
stochastic stability of the blade. Evans et al. [5] proposed a method to assess the fatigue life of small
wind turbine blades operating at higher rotating speeds and subjected to highly unsteady aerodynamic
loads and determine the fatigue life of small 5 kW wind turbine blades. Mahri et al. [6,7] used the
finite element method (FEM) to calculate the frequency, mode, and forced vibration response of a
blade. Liu et al. [8,9] reduced the blade to a composite thin-walled beam, considered the anisotropy
of the material, cross-section warping, cone angle, pre-twist angle, and other factors, established a
coupled bend-torsion vibration model, studied the flutter, dynamic characteristics, and aeroelastic
response, and discussed the effects of fiber ply angle, inlet velocity ratio, pre-twist angle and rotating
speed on the aeroelastic stability of the blade. Georgiades et al. [10] considered the factors of variable
hub speed rotation, composite thin-walled structure, extension-bend-bend-torsion coupling, mounting
angle, and section warping, and established a nonlinear dynamic model of the hub-beam system,
where the aerodynamic effect was supplemented in the model, it can be directly applied to the
vibration characteristics and stability of the wind wheel system. With the help of the model [10],
Warminski et al. [11] employed the generalized Galerkin method to study the coupled extension-
bend-torsion vibration of thin-walled composite beams with variable rotating speed and analyzed
the dynamic characteristics of the beams including natural frequency, resonance response, and time
history. Lietal. [12] introduced structural damping, gravity, inclined installation, and other factors into
the model of a blade and analyzed the dynamical characteristics and nonlinear response of the blade.
Chen et al. [13] studied the coupled bending-torsional vibration characteristics of the blade based
on the transfer matrix method of a multibody system. For floating offshore wind turbines (FOWT),
Fu et al. [14-18] used the finite element method and computational fluid dynamics (CFD) method,
studied the dynamic characteristics of FOWT under pitch motion of platform, and concluded that the
amplitude and frequency of pitch motion have a great influence on power output. Boudounit et al. [19]
studied the structural design problem of offshore wind turbine blade spars based on the finite element
method and discussed the influence of spars geometry on the blade performance including natural
frequencies, modal shapes, and fatigue properties. Lagdani et al. [20] investigated the modal problem
of an iced offshore composite wind turbine blade based on the finite element method and analyzed
the influence of ice layer thickness and composite materials on natural frequencies and resonance.
Previous literature provides a lot of important results and research methods for reference.

The pitch control strategy (the pitch motion is the rotation of a blade around the pitch axis, see
Fig. 1; it is a rigid body motion) is usually used to improve the aerodynamic performance of a wind
turbine blade. When the influences of the pitch motion are considered: Kallesoe [21] investigated the
interaction of pitch, gravity, variable rotating speed, and blade vibration, and proposed a model of
a blade with a pitch motion. Wang et al. [22-25] investigated the pitch control strategy to improve
the performance of the blade. Seyednia et al. [26] studied the effect of flap trailing edge on airfoil
dynamic stall control. Mahmoud et al. [27] performed continuous-time multi-model predictive control
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for variable-speed variable-pitch wind turbines. Rainone et al. [28] developed a numerical program
to determine the pitch law to maximize the performance of vertical axis wind turbines (VAWT).
Sagharichi et al. [29] discussed the effect of solids on the performance of variable-pitch VAWT.
Li et al. [30] analyzed the pitch optimization of a VAWT blade with a high tip speed ratio. Sendi
[31] studied the power output of the variable pitch wind turbine at different wind speeds and discussed
the output performance in the case of extreme gusts and long-period wind using blade element theory
and the Lagrange equation.

The dynamic pitch motion can introduce a parametrically excited vibration to the blade, affect
its flexible vibration characteristics, and may cause instability. However, research works referring to
these influences of the pitch motion are rare. This paper aims to present a study on the influences of
dynamic pitch motion on the natural bending characteristics of a blade.

2 Governing Equations

In this work, the out-of-plane bend (called flap) which usually has lower frequencies and larger
displacement is considered. Fig. | shows the schematic diagrams of a wind turbine, a blade, and a
cross-section. The angle between the flap direction and the chord line is the section twist angle 6 =
0, + 6, (includes pre-twist angle 6, and pitch angle 6, see I'ig. 1d). Cartesian right-handed systems
[32,3 w] are employed to describe the configuration of the blade. (xyz) with unit vectors (i, j, k) is a body
coordlnate system that is rigidly attached to the blade root. The x-axis corresponds to the undeformed
elastic axis, the y-axis lies in the plane of rotation, and the z-axis is along the flap direction. (X'YZ)
with unit vectors (I, J, K) is a global coordinate system with the origin at the center of mass of the hub.
The z-axis is aligned with the spin axis backward, and the y-axis is parallel to the y-axis. Small cone
angle 8, between the rotation plane and the vertical plane is ignored in this work.

The blade is an elongated structure, which can be described as an Euler-Bernoulli beam. After
blade deformation, the position vector of the point P (x, y, z) can be calculated as [12,32,33]

=x+uwl+ @ —wsind)J+ (wcosb +2)K, (1

where u is the axial displacement of the blade, and w is the flap displacement. The velocity vector of
the point P can be obtained from Eq. (1) as

= (i14+ Qwsin® — Q) I+ [Q (u + x) —wsin® — wh, cos0]J + (wcosd — w, sin0) K, (2)

where dots denote derivatives to time 7, §2 is the rotating speed of the blade. In the above equation, the
equality 6 = 6, is adopted. The variation of the kinetic energy 7" [34] of the rotating blade is

1 L .
8T = 58 [/ /pb (vp - Vp) dAdx + JPQPZ] , 3)
0 A

where L is the blade length, p, is the mass density per unit volume, A is the cross-sectional area, and J, is
the rotational inertia of the blade about the pitch axis. The shear strains y,, =0, .. = 0 can be assumed
from the slender geometric characteristics of the blade. The strain ¢, satisfies the nonlinear geometric
relationship e, = ' — rw” + (1/2) (W)’ [32,33], where r is the lateral distance from the point to the
neutral axis, and primes represent derivatives to x. Based on the linear elastic stress-strain relationship
o, = Ee,, where o, is the normal stress, and E is Young’s modulus, the variation of potential energy
U [34] can be written as

sU = —8/ /Esszdx 4)
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Figure 1: Diagram of (a) a wind turbine, (b) a pitching blade, (c) a section, and (d) section angles

The distributed external forces and moments acting in the flap direction on blade sections are
denoted as F. and M, respectively. The resultant moment corresponding to the pitch motion is
denoted as M ,, which includes the driving moment E, of the pitch mechanism, aerodynamic moment
A,, and structural damping moment D, of the pitch mechanism. The structural damping moment can
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be equivalent to D, = —c,,é,, using the damping coefficient ¢,. The virtual work done by the external
forces [34] can be written as

L
SW = / (F.3w + M, 3w') dx + M,86,. (5)
0

According to the generalized Hamiltonian principle [34], | ’12 @®T — 38U 4+ 8W)dt = 0 holds for

arbitrary ¢, and 7,. Governing equations of the inherently coupled flap-pitch motion of the blade can
be obtained as

Flap Vibration:

" ’ . . 1 /
(EIW') — (Frw') + miv — mwo. + m (u+ x) 6,cos 0 — 3 [EAW)'] =F. — M,
1.e.,

{[EL cos® (6, + 6,) + ELsin’ (6, + 6,) ] w”}// — (Fpw) + miv

(6)
12 3 1 / ' ’
—mw6? + m (u+ x) 6, cos (6, +6,) — 3 [EA(w)'] =F.— M,
Pitch Motion:
1,0, + mw*d, + 2mwiv, — mS (it + x) wcos (6, + 6,) — mS (u + x)wcos (6, +6)) ™

+mS (u+ x) wh,sin (6, +6,) = M, = E, + A, + D,, ’

where EI = EI, cos* (6, + 6,) + EL sin’ (6, + 6,) is the flapwise bending stiffness of the cross-section,
EI, and EI, are the first and second principal stiffness of the cross-section, respectively, m is the mass
of the cross-section, and F; = fYL m (y) Q* (e + p) dy is the centrifugal force of the cross-section. From
Fq. (6) one finds that the influence of pitch motion on flap vibration is mainly on elastic restoring
force, Coriolis force, excitation, and aerodynamic forces. The pitch rule 6, = 6,(¢) is usually obtained
by considering the aerodynamic performance of the blade. The pitch controlling is executed through
driving moment E, based on Eq. (7) and the pitch rule. To obtain the natural vibration characteristics
of the blade, one considers the linearly undamped vibration of the blade with the following equations:

Flap Vibration:
{[EL cos? (6, + 6,) + ELsin’ (6, + 6)]w'} — (Frw) + mip = 0. @®)

Based on Fourier’s theory, a complicated signal can be expressed as the superposition of a series
of harmonic signals. Therefore, we consider the simple harmonic signal in this paper first.

3 Analysis of Free Vibration of the Inherent Coupled Rigid-Flexible System

Bending stiffness E/ changes with time-dependent pith angle 6, = 6,(¢), so the linear modal
problem of the blade with a dynamic pitch motion (see Eq. (8)) is different from a routine one (for a
beam with constant bending stiffness and mass). A combination method based on the assumed modes
method [34] and multi-scales method [35] is proposed to solve the problem, and then the required
natural frequencies are calculated. Without loss of generality, we neglect the pre-twist angle 6,. The
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undamped free vibration problem (8) can be rewritten as

EL,+EL  (EI — EL)
> 2

"

cos 20,,) w”) — Frw'" +miw = 0. )

Here we assume cos26, changes periodically with time; it can be expressed to the following Fourier
series:

cos 20, = Z X, X, =eX,, (10)

n=—00

where 1 is the complex unit, ¢ is a small parameter. By substituting Eq. (10) into Eq. (9), one obtains
the following equation:

El,+EL EI,—EL, < | ”
|:( 1‘; 2y = 5 = Z/Yzﬁmw”’)w”} — Frw" +miw = 0. (h

Introducing two time scales 7, = ¢t and 7', = ef and assuming:

w (xa t’ 8) =Wy (X, TO: Tl) + EW, (.X, TO: Tl) + O (82) . (12)
By substituting Fq. (12) into Eq. (11), one has

|:(EI1 + EIL 4 El, — EI,

"

"

D IR Xnei”‘”ﬂ’) (wy + 8%)”} — Fr (W + ewy)

2 2 (13)
+m (Dgwo +2eDyD\w, + €’ Diw, + eDyw, + 2&°DyD,w, + 83wa1) =0
When considering the coefficients of ¢ in Eq. (13), one has
EL +EL .\ ,
(%WO ) - FTWO + mDOZWO = O. (14)
If considering the coefficients of ¢' in Eq. (13), one obtains
EL,+EL ,\ (EL-EL < . . ,
(%w1 ) + (% > X, ) — Fr (W) +m (2DyDywy + D2wy) = 0. (15)

By assuming w, = A4 (T) e“"0y (x)+c.c. and substituting it into Eq. (14), one derives the following
equation:

EI + EI , )
(+V" (x)) —Fry (x) —mo'y (x) =0, (16)

where c.c. represents the conjugate of the preceding function. The approximate boundary
conditions are

14

’

y <x>) =0, (7

EI + EI El + EL
Y () [ = 0,7 (X) [,zo = 0, (%y (x)) =0, (T

Exact solutions of Eq. (16) cannot be obtained directly. The assumed modes method is adopted
to solve the problem [34]. By taking a family of trail functions that satisfy the geometry boundary
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conditions {®, (x), ®, (x), - - -, ®, (x)}, the modal function is expressed as
y () =D AP (x). (18)
i=1

By substituting Fq. (18) into Eq. (16), multiplying &, (x) at both ends together and then integrat-
ing x from 0 to L, a set of algebraic equations about unknown constants A4 is determined as follows:

(K] —@’[M]) 4 ={0,0,---,0}", (19)
where

ki ko - ky, my my - My,

ko kyn oo ky, my, My - My,
K] = , , [M]=

knl an Tt knn mnl ng te mnn

A=1{A,,A4,, -, A,)", the elements of stiffness matrix [K] and mass matrix [M] are

L
m,.j=/ m®,d,dx,
0

L L L
k; = / EID!®/dx + / / mS2’ (e + ycos B,) dy @,@/dx,
0 0 X
The algebraic Eq. (19) has non-zero solutions, so one has
‘[K] - [M]‘ =0. (20)

One can derive the ith-order average frequency w; and the modal function y; from Eqgs. (20) and
(19). Substituting the expression of w, into Eq. (15), one has

EI, + EL, )\ )
(%Wl ) — Fr (wy) +”’ID(2)W1
EI,—EL = 2\
— omDyDyws — (T 3 X, ) @1)
N EI, — EL,— o Ly
= —2miwe®y (x) D14 — (%AV” x) 2 Xne‘("“"’”)TO) + c.c.

In the case of non-resonance, i.e., the pitch frequency and the average frequency have no resonance,
the condition of eliminating the long-term term introduces

(EII — EI,

14

— 2miwy (x) DA — AX,yy" (x)) — 0. (22)

Both sides of Eq. (22) are multiplied y (x) at the same time, and integrated x from 0 to L, one has

/ [—2miay (x) DA — (@Axoy" (x)) } y (x)dx = 0, (23)
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1 1 . . o . .
where A (T)) = zae"’ and D, 4 = 5 (D,a + iaD,B) e*. Substituting these two expressions into Eq. (23),
one obtains
EI, — EI,

1 aXyy" (x):| y (x)dx =0. (24)

/ [—miwy (x) (Dya+1aD,B)]y (x) dx — / [

By separating the real and imaginary parts of Eq. (24), one has

"

£ “TEI — EI
/ mawaD, By’ (x) dx — / [%aXOy” (x)i| y (x)dx =0,
0 0

L
/ —mwy* (x) D,adx = 0.
0

After simplification, the following equations are obtained:

Df = J, [(ETL _LElz) Y ()] y (x) dxXO’ 25)
4 [ mwy? (x) dx

Dya = 0. (26)

Solving ¢ and 8 from Eqs. (25) and (26), one has
(EL — EL)y" (0] y (x) dx
4 fOL maoy? (x) dx

a = C, ,3 == j;) [ X0T1 + /30. (27)

The following formula can be obtained:

"

[FIEL — EL)y" (0] y (x) dx
4 [ mawy* (x) dx

A(T) = %Cei(g"w@, 0=

1 .
Wy = ECel(QXOT“ﬂO*”TO)y (x) +c.c. = Ccos[(Qe Xy +w)t + Bly (X).

By truncating w at ¢°, the approximate solution of w is obtained:
1.
WA = 5 CeETTN)y (x) = Ceos[(Qe X, + ) 1+ Bly (¥), (28)

where constants C and 8, can be determined by the initial conditions. When there is no resonance
between pitch motion and blade vibration, the ith-order flapwise natural frequency of a dynamically
pitching blade is w; = (Qe X, + ;) .

4 Effect of Rigid Pitch Motion on Flexible Natural Characteristics

4.1 Validation of the Theoretical Method

The method proposed in Section 3 is suitable for arbitrary pitching beam structures, not limited
to wind turbine blades. In this section, the theoretical method introduced in this work is validated
by selecting a rotating cantilever beam model with rectangular cross sections and the following
parameters: the length L = 3 m, width b = 0.3 m, height # = 0.2 m, Young’s modulus £ = 210 GPa,
density p = 7.8 x 10° kg/m?®, two principal moments of inertia of cross section/, = bh*/12 and I, =
b*h/12, mass of the cross-section m = pbh. Results derived from the current method are compared with
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the results that are obtained based on the single assumed modes method (AMM) and the finite element
method (FEM). Here, the time-independent pitch angle is considered because the single AMM and
the FEM cannot deal with the dynamic pitch problem. Four polynomial functions @, = (x/L)*, &,
= (x/L)*, ®; = (x/L)*, ®, = (x/L)’ that satisfy the geometric boundary conditions are taken as trail
functions in the AMM and current method. The finite element analysis is conducted by using the
commercial ANSYS software, where boundary conditions are added to the section x = 0 such that the
beam can rotate about the z-axis freely and other displacements of the section x = 0 are fixed to be
zero. Solid186 element is used to mesh the structure, where the number of nodes is 621 and the number
of elements is 80. Results of the current method are obtained by using the formula w;, = (Qe X, + ®).

The first three flapwise natural frequencies of the beam at zero rotating speed and zero pitch
angle are presented in Table 1. Exact frequencies can be obtained directly in this case. The relative
error is defined as (@Wyehods — @exacet rResul)/ PExact resure 1O TEVEAl the accuracy of the three methods. One
finds from Table 1 that the results of the three methods coincide with the exact results well, especially
for the AMM results. Results derived from the current method coincide with exact results well even
though the accuracy of the current method is a little bit lower than those of another two methods; the
current method provides an effective tool to solve the natural vibration characteristics of a dynamically
pitching blade or beam. The first three flapwise frequencies with unit Hz and mode shapes which are
obtained from FEM are shown in Fig. 2.

Table 1: The first three flapwise natural frequencies, where £2 = 0 r/min and 6, = 0°

Frequenc Exact result AMM Error (%) FEM Error(%) Current Error (%)
q y

(rad/s) method

) 117.02 117.03  0.00 117.33  0.26 120.50 2.97
, 733.41 737.54  0.06 720.74  —1.73 759.39 3.54
w3 2053.77 2108.55  2.67 195841 —4.64 2170.99 5.71

(@) (b)

Figure 2: The (a) first-order, (b) second-order, and (c) third-order modal functions

The first three flapwise natural frequencies of the beam with rotating speed £2 = 150 r/min and
zero pitch angle are illustrated in Table 2, while exact frequencies can not be calculated directly in this



2990 EE, 2024, vol.121, no.10

case. Results obtained from the current method are compared with AMM results and FEM results.
The relative error is defined as (@Wcyrwent Method — @ortmer Method )/ @omer Methoa 1O TEVEAl the accuracy of the current
method. It shows that the current results coincide with the AMM results very well. When the current
method is compared with the FEM, there is a little bit higher error occurs at the third frequency due
to the lower accuracy of both the FEM and current method at higher modes, see Table 1.

Table 2: The first three flapwise natural frequencies, where £2 = 150 r/min and 6, = 0°

Frequency (rad/s)  Current AMM Error (%) FEM Error (%)
method

w; 122.77 119.45 2.78 118.5 3.60

, 761.94 740.27 2.93 721.38 5.62

;3 2173.23 2110.96 2.95 1958.36 10.97

Table 3 provides the first three flapwise natural frequencies of the beam with a constant pitch
angle 6, = 20° at two different rotating speeds £2 = 0 and £2 = 150 r/min. The FEM can not be used
to calculate frequencies in this case. The current results are compared with the AMM results, where
the relative error is defined as (@cyment Metmod — @amm V@ann. One finds from Table 3 that results derived
from the two methods coincide with each other pretty well.

Table 3: The first three flapwise natural frequencies when 6, = 20°

Frequency (rad/s) 2 =0 r/min £2 =150 r/min
AMM Current Error (%) AMM Current Error (%)
method method
, 125.30 127.21 1.52 127.56 129.40 1.44
, 789.63 801.69 1.53 792.18 804.14 1.51
3 2257.45 2291.92 1.53 2259.70 2294.08 1.52

4.2 Effect of Rigid Pitch Motion on Flexible Natural Characteristics

Take the megawatt (MW) wind turbine blade in reference [12] as an example, where distributions
of chord length, thickness, and moments of inertia are shown in Fig. 3. Blade length L = 48 m, elastic
modulus E is 30 GPa, blade density p, = 1.8 x 10° kg/m?, bias (eX, eY) = (0.035, 0.035) x L. Four
polynomial functions @, = (x/L)*, &, = (x/L)*, ®; = (x/L)*, ®, = (x/L)’ that satisfy the geometric
boundary conditions are taken as trail functions. The accuracy of the results is validated by the AMM
results, where two different rotating speeds 2 = 0 and §2 = 15 r/min are taken. The first three flapwise
natural frequencies of the blade with a constant pitch angle 6, = 20° are shown in Table 4. It reveals
that results derived from the two methods coincide pretty well.
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Figure 3: Distributions of (a) the chord length ¢, thickness /4, and (b) three moments of inertia /,, 1,,
and J

Table 4: The first three flapwise natural frequencies of the blade when 6, = 2°

Frequency (rad/s) £2 = 0 r/min £2 = 15 r/min
AMM Current Error (%) AMM Current Error (%)
method method
w, 1.30 1.33 2.31 3.20 3.28 2.5
, 3.05 3.07 0.66 9.53 9.59 0.63
w3 27.01 27.06 0.19 27.62 27.65 0.11

Influences of constant pitch angles on average frequencies and modal functions of the blade are
studied first. The first three average frequencies at three different rotating speeds 10, 20, and 30 r/min
are presented in Fig. 4. One finds that average frequencies increase with increasing rotating speed,
which is because increasing rotating speed can increase the blade stiffness through centrifugal force,
which coincides with results in [36—38]; the variation of pitch angle also changes the natural frequencies
of the blade.

() (b)
6 ‘ ‘ ‘ \ 161
; —+—=10r/min
——Q=10r/min _ .
5 —6—()=20r/min 14 _e_g;ggzﬁiﬁ |
n Q=30r/min n
~ ~
= el
s H
£ 3
3 W}- ]
2! ‘ ‘ 6 ‘ ‘
-20 -10 0 10 20 -20 -10 0 10 20

ap (deg) ﬂp (deg)

Figure 4: (Continued)
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Figure 4: Effect of pitch angle on the average frequency at different rotating speeds: (a) first-order
frequency; (b) second-order frequency; (c) third-order frequency

Effects of rotating speed on the first three modal functions are presented in Fig. 5 by selecting a
fixed pitch angle 6, = 2° and five different rotating speeds £2 =0, 5, 10, 15, and 20 r/min. The value of
each modal function at the blade tip has been set to 1. It reveals that the rotating speed has dramatic
influences on modal functions. Increasing the rotating speed makes the first-order and third-order
modal shapes steeper, while it is contrary to the second-order modal shape. Influences of pitch angle
6, on the first three modal functions are given in Fig. 6 by taking a fixed rotating speed £2 = 15 r/min
and five different pitch angles 6, = —10°, —5°, 0°, 5°, and 10°. One finds that the influence of pitch
angle on each modal function is very small. The natural characteristics of a blade at special pitch rules
are discussed in the following part.

In this part, a harmonic pitch motion 6, = Asin (w,t + C) is adopted in analysis, where 4, »,, and
C are the amplitude, angular frequency, and initial phase of the pitch angle with units deg, rad/s, and
rad, respectively.

The natural frequency w; = (Qe X, + w;)of the parametrically excited system has been obtained
from Eq. (28). By calculating the average frequency w; when the rotating speed £2 = 15 r/min, one can
discuss the influences of pitch parameters including 4, w,, and C on natural frequencies.

Fig. 7 shows that when the values of pitch frequency w, change, each natural frequency varies
with pitch amplitude 4 dramatically. Fig. 8 presents the variation of frequency with pitch amplitude
A when pitch phase C is taken as 7/4 rad, 7/2 rad, and = rad, respectively. It can be seen from Figs. 7
and 8 that the frequency changes with the pitch amplitude 4: when the value of 4 is 110°, the frequency
reaches the maximum, and then begins to change like an attenuation vibration; it reaches the second
peak at 4 = 290°. It can also be seen that different values of pitch frequency w, and pitch phase C do
not affect the natural frequencies.

Fig. 9 shows that when the values of pitch amplitude 4 change, the frequency varies with the
pitch frequency w,. Fig. 10 reveals the variation of each frequency with the pitch frequency @, when
pitch phase C is taken as 7/4 rad, 7/2 rad, and 7 rad, respectively. Fig. 11 illustrates that when the
values of pitch amplitude A4 are different, the frequency varies with the pitch phase C. Fig. 12 shows
the variation of each frequency with the pitch phase C when pitch frequency w, is taken as 1/2 rad/s,
3 rad/s, 5 rad/s, and 7 rad/s, respectively.

It is found from Figs. 9 to 12 that the frequency does not change with the pitch frequency B and
pitch phase C. However, the change in the value of the pitch amplitude A4 is different. It can be seen
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from Figs. 9 and 11 that when the value of the pitch amplitude 4 is 5°, 15°, 30°, and 60°, respectively,
the frequency does not change with the pitch frequency w, and pitch phase C, but its value increases,
and Figs. 10 and 12 show that the values both of the pitch frequency w, and pitch phase C do not
change the values of frequencies. The results are consistent with the conclusions of Figs. 7 and §.
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Figure 5: Influences of rotating speed §2 on (a) first-order, (b) second-order, and (c) third-order modal
functions, where 6, = 2°
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Figure 6: Influences of pitch angle 6, on (a) first-order, (b) second-order, and (c) third-order modal
functions, where £2 = 15 r/min
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5 Conclusions

In this paper, the influence of rigid pitch motion on flexible vibration characteristics of a wind
turbine blade was studied. A nonlinear inherent coupled rigid-flexible dynamic model of a pitching
blade is derived based on the generalized Hamiltonian principle. The combination of the assumed
modes method and the multi-scales methods was proposed to deal with the linear modal problem.
Natural characteristics of the blade with a harmonic pitch motion were analyzed. Effects of pitch
motion on natural frequencies and mode shapes were analyzed. The following conclusions were
obtained: (1) static pitch angle has little influence on the first three mode shapes for fixed rotating
speed; (2) the amplitude of dynamic pitch motion influences the first three natural frequencies
dramatically, while the influence of pitch frequency and pitch phase on natural frequencies is tiny;
(3) the influence of dynamic pitch angle on vibration characteristics of the blade is very different from
that of static pitch angle, so the conclusions for static pitch angle cannot be used to a dynamically
pitching blade directly when vibration characteristics problem is considered; (4) natural frequencies
increase with increasing rotating speed due to the centrifugal hardening effect.
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