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Abstract: The fatigue limit state is critical for most offshore wind turbine. To minimize the development of fatigue
damage, dynamic amplification of the response must be avoided. Thus, it is important to ensure that the first nat-
ural frequency of the offshore wind turbine does not coincide with the excitation frequencies related to wind turbine
and wave loadings. For evaluating the self-gravity influence on the first natural frequency of wind turbine support
structures, the offshore wind turbine system vibration is modeled using an Euler-Bernoulli beam with axial force
and horizontal force. Real data from five wind turbines available in the market are considered. The sizes of wind
turbines vary from 2.3 MW to 6 MW, and subsequently, the heights of tubular steel towers vary from 83 m to 100
m. Results indicate that the average influence of gravity on the first natural frequency is nearly 1. 8%. The first
natural frequency is considered ranging from 1P (rototor frequency) to 3P (blade passing frequency). The design
procedure requires an accurate evaluation of the first natural frequency. From this perspective, the first natural fre-
quency is reduced since gravity needs to be considered for the design of offshore wind turbine support structures.,

especially when the first natural frequency of the offshore wind turbine is close to the lower limit, rotor frequency
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0 Introduction

Offshore windturbines have the potential to
be a significant contributor to global energy pro-
duction, due to the vicinity of the high quality
wind resource to coastal energy loads™*. Cur-
rently, most offshore wind turbines are installed
in shallow water on bottom-mounted substruc-
tures. Monopiles are often adopted as foundations
for offshore wind turbines™.

The offshore wind turbines are exposed to
several types of external loadings, especially pre-
dominant wind and wave actions. Every offshore
structure has to withstand almost 10° load cycles

L. Due to the large

during life time of 20 years
number of load cycles in a short time, the fatigue
limit state has been found to be critical for most

offshore wind turbines. To minimize the develop-
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ment of fatigue damage, dynamic amplification of
the response must be avoided™™ . Therefore, the
important point is that the first natural frequency
of the wind turbine does not coincide with the ex-
citation frequencies related to wind and wave load-
ings.

For an offshore wind turbine including foun-
dation, three classical design approaches have
been defined for a three-bladed wind turbinet® .

(1) Soft-soft design, where the tower inclu-
ding foundation frequency is less than 1P (rotor
frequency), as well as the frequencies related to
the dominant wave action.

(2) Soft-stiff design, where the tower fre-
quency lies between the frequencies 1P and 3P
(blade passing frequency) for three bladed tur-
bines.

(3) Stiff-stiff design, where the tower fre-
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quency is higher than the blade passing frequen-
cies 3P (for three bladed turbines).

To capture the maximum power at every
wind speed, variable speed turbines are gaining
market share from constant speed turbinest’’.
The design approach can be redefined, as illustra-
ted in Fig. 1.
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Fig. 1 Diagram of allowable frequency range and exci-

tation frequencies

It is evident that, stiff-stiff approaching re-
quires a very stiff foundation leading to an expen-
sive design. Although it is possible to design a
soft-soft structure with the first natural frequency
below the rotor frequency. In general, less steel
is required for a soft-soft structure. However, for
offshore wind turbines the lower bound of 1P
range usually lies around the peak of the wave
spectrum, where the energy in the waves is the
largest. To design a soft-soft offshore wind tur-
bine support structure, the first natural frequency
must be well below the wave frequencies, and the
soft-soft approach may be critical. Hence for con-
ventional offshore wind turbines, resonance a-
voidance is often achieved by using the soft-stiff
design approach™*,

The National Renewable Energy Laboratory
(NRFL) 5 MW wind turbine is illustrated in Fig.
1, with a minimum rotational speed at the cut-in
wind speed of 6.9 r/min and the maximum rota-
tional speed of 12. 1 r/min, considering 10% engi-
neering error. Its frequency interval is relatively

narrow. ranging from 0. 22 Hz to 0. 31 Hz"",

It is necessary to accurately calculate the nat-
ural frequencies for wind turbine support struc-
tures in design phrase. Currently, there is few
study related to offshore wind turbine frequencies
considering self-gravity of turbine, tower and part
pile foundation. In order to accurately calculate
the natural frequencies of wind turbine support
structures, this paper analyzes gravity influence
on the first natural frequency of offshore wind
turbines, and analyzes the variation of earthquake

load and direct wind load on the tower due to nat-

ural frequency variation.

1 Motion Equation and Boundary
Conditions
1.1 Equation of motion for transverse vibrations

Here, the offshore wind turbine system vi-

bration is modeled using an Euler-Bernoulli

[11]

beam''"”, with axial and horizontal forces as

shown in Fig. 2. The bending stiffness of the
beam is EI, which is fixed to the foundation. The
beam has a top mass with rotary inertia J and
mass M. This top mass is used to idealize the ro-
tor and blade system. The mass per unit length of
the beam is m. In this model the turbine tower is
assumed to be fixed at the depth below the origi-
nal mudline. The fixity depth is determined such
that it produces a specified lateral displacement
and rotation at the mudline that matches that of
the pile embedded in the true soil profile®'*. The
force P, is a constant compressive axial load P=
Mg, and the force q is the unit gravity load of the

tower. The axial force distribution p(y) is
PN =p@ +[pL) —p@IF (D)

where p(0) =P, +mL, p(L)=P,, L is the
length of the support structure.
The equation of motion for transverse vibra-

tions of an offshore wind turbine is given by

9? Fx(y,t) J dx(y,t)
2 (Er 2 - L ok
8y2< Iy )Jray(p(y) dy )+
x(y.1)
m%zo (2)

where x (y,t) is the transverse deflection of the

beam, E the Young's modulus, I the moment of
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Fig. 2 Structural dynamics beam model for offshore

wind support structure

inertia, m the mass per unit length, and p(y) the
axial compressive force.
For any mode of vibration, the lateral deflec-
tion x(y,#) may be written in the form of
x(y,t) =X h() (€D
where X (y) is the modal deflection, h(z) the har-
monic function of time z. If w denotes the circular

frequency of h(z), one has

P a(y.t) _

o —w? X () h(D) )

and the eigenvalue problem of Eq. (2) reduces to

the differential equation

2
ddy (Efdf(zy)>+d ( ( )dX(y>)
mw?X(y) =0 (5)
The four boundary conditions are at y =20,
and
X(0) =0 (6)
X'(0)=0 (7
At y=L, and
EIX"(L) —w' X' (L)] =0 ®

A,y () =

PO+ n—D+n—2a,()+yvc+n—2 a1 () +a"a, ()

EIX” (L) + %X’(L) +w X(LOM=0 (9

Without loss of generality, the following di-

mensionless quantities are introduced

X PL?
Y= L , X(Y)= .’ PY)= El
p(O)L? p(LHL?
PO = L Pl = El
o o ., muw'L'
y=P(1)—P0), o'= El

Then Eq. (5) simplifies in the dimensionless

form as follows

4 XY AX*(Y) | dXE(Y)
qy" + p(0) e +7 qy? -+
dX) | ixy) —o (10

dY
Then the boundary conditions Egs. (6)—(9) are

simplified in the dimensionless form as follows

At Y=0 and
X)) =0 (1)
X'(0)=0 (12)
AtY=1, and
X”(l)— =0 (13)
X’”(1>+M*""

The dimensionless mode shape differential
Eq. (10) is linear with variable coefficients and
may be solved by the method of Naguleswa-

an'*!, The power series solution sought is

X(Y.0) =D am (Y

n=0

(15)

where the coefficients a,.; (¢) are the functions of
X (Y,c) is substitu-

ted into the mode shape differential equation and

the undermined exponent c.

the coefficients are chosen from the recurrence

relationship

Y (X,c) will satisfy the mode shape differen-
tial Eq. (10) when provided that ¢ is a root of the
indicial equation

cce—=1D(c—2)(c—3)=0 an

The four power series solution functions are

X(vV.0) =Ew) =1+ 2OV 4 Se, v

n=0

(16>

(c+n+DC+mc+n—Dc+n—2)

XY, = F(Y) = Y+ p(O)w

+- 7Y + 3 fye

n=0

Y7+p<0)y +yY +2 oy

n=0

XY,2) = GY) =

X(,3) =

HY) = v + 2 (O)Y T VYG b S ey

n=0

as
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The coefficients of the solution functions are
et =a,1C0) s fr =a, (D
Gol =api2(2) 5 hyy =a,1(3) (19)
The general solution of the mode shape differenti-
al equation is
XY)=CEXY)+C,F(Y) +
C;G(Y) +C,HY) 20)
where C,,C,,C; and C, are the constants of inte-
gration.
1.2 Frequency equations
The boundary conditions of Egs. (11), (12)
may be utilized to eliminate two of the constants
of Eq. (20) integration, C, =C, =0. Substituting
X(Y)=C;G(Y)+C,H(Y) in the boundary condi-
tions Eqgs. (13), (14), the frequency equation for

this boundary condition is

DAY MglL*
((1(1)—7ZL3>(H (D +=2H (D) +
“%@1(1)) —(H”<1>—7Z'I{SH’(1>)(G/”<1)+

M;,L

G’ <1>+“ Yow)=o @b

The natural frequencies can be obtained by sol-
ving Eq. (21) for a. Denoting the solution of Eq.
(21) as a;, the actual natural frequencies of the

system can be obtained

. _ 1 [a'EI
fj_Zrc mL* (22)

2 Numerical Examples

2.1 Gravity influence on the first natural fre-

quency

In this paper, the real data from five wind

turbines available in the market are considered.
The size of wind turbines varies from 2.3 MW to
6 MW, and subsequently, the height of tubular
steel tower varies from 83 m to 100 m. The prop-
erties of wind turbines are listed in Table 1. Fi-
nally, the first two frequencies are calculated
using the proposed method and the results are
provided in Figs. 3, 4, respectively. As expected,
the natural frequency decreases when the gravity
influence is considered. The maximum decrease
rate of the first natural frequency is 1. 87% for
the 3.0 MW wind turbine, and the minimum de-
crease rate of the first natural frequency is 1. 76 %4
for the 2. 3 MW wind turbine. It is indicated that
the decrease rate of the first natural frequency for
2.3 MW to 6 MW wind turbines is nearly 1. 8.
Considering the allowance value of the first natu-
ral frequency should be located in narrow ranges,
the upper and lower limit values for 5 MW wind
turbine, are 0. 31 Hz and 0. 22 Hz. respective-

Co]

ly"’. The upper limit value is only 40. 9% larger

than the lower one. From this perspective, the
first natural frequency is reduced due to the fact
that the gravity needs to be considered for desig-
ning offshore wind turbine support structures,
especially for the design of the first natural fre-
quency of offshore wind turbine close to the lower
limit 1P. Fig. 4 shows that the gravity has few

influences on the second frequency of the multi-

MW offshore wind turbines.

Table 1 Structural properties of wind turbines model

Property

Calibrated value

2.3 MW 3 MW 3.6 MW 5 MW 6 MW
External diameter of tower structure/m 4.3 4.5 5 5.5 6
Wall thickness of tower/m 0.033 0.035 0.038 0. 045 0. 045
Height of support structure above the fixed part/m 83 90 96. 6 100 100
Elastic modulus of support structure/N « m ™ * 2.05X 10" 2,05X10" 2.05X10'" 2.05X10" 2.05X10"
Mass density of support structure/kg * m™* 8 500 8 500 8 500 8 500 8 500
Mass of nacelle, hub and rotor blades/t 172 177 220 336 472
Mass moment of inertia of nacelle, hub and rotor blades/kg » m™? 1.2X10°% 3.18X10% 6.48X10°% 6.49X10" 8.42X10’

2.2 Gravity influence on wind load nominal value

on tower

Based on the Load Code for the Design of
Building Structures (GB 50009-2012)"%, the

horizontal wind load nominal value is calculated
by
W = Lepr ot :Wo (23)

where w, is the wind load nominal value , y, the
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wind load shape, . the wind pressure height co-
efficient, w, the basic wind speed at a height of
10 m, = the height of the offshore wind turbine
tower, and f. the wind-induced vibration factor.
It does not need to consider the frequency for cal-
culating wy s g, and g, , which means it only needs
considering B. variation to the frequency when
considering gravity influence on the wind load
nominal value. f. is calculated according to GB
50009-2012 standard, with and without consider-
ing gravity influence respectively.

Table 2 shows the gravity influence on the
wind-induced vibration factor, indicating that the
gravity has little influence on the wind-induced vi-
bration factor, which also means the gravity has

little influence on the wind load on the tower.

Table 2 The wind-induced vibration factor

Wind turbine size 2.3 MW 3 MW 3.6 MW 5 MW 6 MW
8. Unconsidering-gravity 8.70 8. 389 8.0 8.038 7.812
r=tower  Considering gravity 8.66 8.356 7.95 8.014 7.788
height Difference/ % 0. 46 0. 39 0.63 0.3 0.31
2.3 Gravity influence on horizontal seismic load y—0.9+ 8 254:5§ 27)

The seismic load is calculated according to
Anne C of IEC 61400-1", only considering the
first tower bending mode, nacelle and 50% of the
tower mass is concentrated at the tower head, the
ground acceleration shall be evaluated for a 475-
year recurrence period.

According to the Seismic Design of Buildings
Code (GB 50011-2010)"%, the design response

spectrum is expressed as

Jr;zamx 0,1 T<T,
Y
a= (%) 72 Qmax T, < T<5T,
1[7120. 20— (T—5T) Jaww 5T, < T<6.0
(24)

where a,.x is the maximum design earthquake pa-
rameter, T, the character period of the site, and
T the period of the offshore wind turbine struc-

ture. 7,7 and 7 are calculate by Eqgs. (25)—(27)

7 =0.02+ (0.05—8)/8 (25)
0.05—¢
G 061 1. 7e (26

where & is the damping ratio of offshore wind tur-
bine. It was assumed that the seismic precaution-
ary intensities of the offshore wind turbine sites
are 7 and 8. Correspondingly, the maximum de-
sign earthquake parameters are a,., =0. 23, 0. 45,
respectively. T, =0. 9, £€=0. 01. The seismic
load of offshore wind turbines in Table 1 can be
seen in Table 3. Table 3 shows that gravity influ-
ence on the horizontal seismic load is within
2.4% for the selected offshore wind turbines at
the seismic precautionary intensities of 7 and 8.
This is mainly because the gravity slightly influ-
ences the natural frequencies. The influences of
gravity on the horizontal seismic load and wind
load on tower can be ignored. Corresponding to
the maximum design parameter amn., = 0. 23,
0.45, the maximum earthquake accelerations are
0.1 g and 0. 2 gM"%, respectively. The horizontal
seismic load of offshore wind turbines with 8 degree

seismic precautionary intensity are approximately two
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Table 3 Horizontal seismic load of offshore wind turbines

Seismic intensity 2.3 MW 3 MW 3.6 MW 5 MW 6 MW
Non-gravity 366. 4 336. 2 393.8 584.8 630. 68
7 Considering gravity 359.4 330.5 384.5 577.6 622.4
Difference/ % 1.91 1.7 2.4 1.25 1.3
Non-gravity 716.7 657.9 770.5 1144, 215 1 233.94
8 Considering gravity 703. 2 646.5 752.3 1130.2 1217.69
Difference/ % 1.92 1.8 2.4 1. 26 1.33

times that of 7 degree seismic precautionary in-

tensity seismic load.
3 Conclusions

A simple model of an offshore wind turbine
on amonopile foundation has been considered with
the aim to analyze the gravity influence on the
first natural frequency. The offshore wind tur-
bine system vibration is modeled using an Euler-
Bernoulli beam with axial and horizontal force.
Based on the research results, it is indicated that
the average influence of gravity on the natural fre-
quency is nearly 1. 8%, and there is few influence
of gravity on the second frequency. Considering
that the first natural frequency should lies be-
tween 1P and 3P, which is a relatively narrow
range, the design procedure requires an accurate
evaluation of the first natural frequency. From
this perspective, the first natural frequency is re-
duced due to gravity need to be considered for de-
sign of offshore wind turbine support structures,
especially for the first natural frequency of the
offshore wind turbine close to the lower limit 1P.

The research results also indicate that the
variations of horizontal seismic load and direct
wind load are very small due to the first natural
frequency vibration by the gravity. So in most ca-
ses, the gravity influence on the natural frequen-
cy could be ignored for calculating earthquake and

wind force.
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