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Abstract; Fatigue strength assessment of a horizontal axis wind turbine (HAWT) composite blade is considered.
Fatigue load cases are identified, and loads are calculated by the GH Bladed software which is specified at the
TIEC61400 international specification and GL. (Germanisher Lloyd) regulations for the wind energy conversion sys-
tem. Stress analysis is performed with a 3-D finite element method (FEM). Considering Saint-Venant's principle,
a uniform cross section FEM model is built at each critical zone. Stress transformation matrixes (STM) are set up
by applied six unit load components on the FEM model separately. STM can be used to convert the external load
into stresses in the linear elastic range. The main material of composite wind turbine blade is fiber reinforced plas-
tics (FRP). In order to evaluate the degree of fatigue damage of FRP, the stresses of fiber direction are extracted
and the well-known strength criterion-Puck theory is used. The total fatigue damage of each laminate on the critical
point is counted by the rain-flow counting method and Miner's damage law based on general S-N curves. Several
sections of a 45. 3 m blade of a 2 MW wind turbine are studied using the fatigue evaluation method. The perform-
ance of this method is compared with far more costly business software FOCUS. The results show that the fatigue
damage of multi-axis FRP can be assessed conveniently by the FEM-STM method. And the proposed method gives
a reliable and efficient method to analyze the fatigue damage of slender composite structure with variable cross-sec-
tions.
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0 Introduction

Thanks to the advantages of wind turbine
electricity generator, such as pollution free, fast
installation, commissioning capability and low
operation and maintenance cost etc. , the recent
growth rate of wind energy capacity has been well
documented and predicted to accelerate worldwide
in the next years. Along with these advantages,
the main disadvantage of the wind energy indus-
try is the temporary nature of wind flow. There-
fore, using reliable and efficient equipment is
critical for getting as much as energy from wind
during the limited period of time.

The blade is one of the most important com-

ponents in a wind turbine which is designed ac-
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cording to aerodynamic science in order to capture
the maximum energy from the wind flow".
Nowadays, almost all MW scale blade of horizon-
tal axis is completely made of composite materi-
als. Advanced fiber reinforced plastics ( FRP)
composite materials systems (carbon/epoxy and
glass/epoxy) are extensively used in the design.
These composite materials systems and laminates
improve the stiffness/mass and strength/mass ra-
tios and also provide good resistance to the static
and fatigue loading™.

The blade of wind turbine is expected to sus-
tain its mission for about 20—30 years. There-
fore, designers must carefully consider the fa-
tigue life of the blades in their structural design

and must test the full-size structure. The first
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barrier of full-size test is to determine the equiva-
lent test loads by fatigue load spectrum which is
calculated according to IEC61400 and GL2010.
Freebury™ revealed a simplified method that
transforms fatigue load spectrum to equivalent-
damage loads and their method was used to design
and test the new blade. However, the full-size
test needs much time and money. It is another
barrier to overcome. So a fatigue assessment
method is accepted if it could simulate the fatigue
damage precisely using the powerful computing
capacity of modern computer. Palmgren™ and
Miner™ proposed the linear damage hypothesis:
which

throughout a fatigue lifetime, was equal to N,

the stress cycle, remained constant
and the fraction of that lifetime consumed in
every cycle was constant and equal to 1/N. For
the particularity of the wind turbine blade, there
still are some difficulties need to be considered.
On the one hand, the long-term loads on the
blade, including aerodynamic load, force of gravi-
ty, gyroscopic moment and inertia force, etc. ,
are almost impossible to predict and are also
changing among all cross sections. Applying all
these time-series loadings of every section to one
blade in simulation should be carefully consid-
ered. On the other hand, the fatigue damage cri-
teria of composite material are important in fa-
tigue analysis.

This study focuses on these aspects men-
tioned above and proposes a fatigue assessment
procedure of composite wind turbine blade. Based
on the hypothesis that the materials is in the
range of linear elasticity during the working peri-
od, a stress transformation matrix (STM) is set
up to convert the time-series fatigue loads into
stress components. And according to the Puck’s
theory™®™ the stresses of f[iber direction are ex-
tracted. The total fatigue damage of each lami-
nate on the critical point is counted by the rain-
flow counting method and Miner' s damage law
based on general S-N curves. The proposed pro-
cedure has been written into a code in Matlab,

called the FEM-STM method. The performance

of this method is compared with that of a far

more costly business software FOCUS., The fa-
tigue damage of multi-axis FRP could be assessed
conveniently by the FEM-STM method. This
proposed method gives a reliable and efficient
method to analyze the fatigue damage of slender

composite structure with variable cross sections.

1 Load Analysis

1.1 Source of loads

It is necessary to understand the loads on the
wind turbine blade before fatigue assessment.
The most important sources of the load of a wind
turbine are gravitational load, inertial load and
aerodynamic load™ .

The earth’s gravitational field causes a sinu-
soidal gravitational load on each blade. This load
is easily recognized in the time series of the edge-
wise bending moment. Since the wind turbine is
expected to operate over 20 years, the stresses
from gravity load are important in the fatigue a-
nalysis.

Inertial load occurs when the turbine is accel-
erated or decelerated, such as the start-up of the
rotor and shut-down of the rotor. The component
of the inertial load affects the flap-wise bending
moment,

As a result of wind shear, the mean wind
speed increases with the height above the ground.
Wind shear gives a sinusoidal variation of the
wind speed seen by a blade with a frequency cor-
responding to the rotation of the rotor. The tur-
bulent fluctuations superimposed on the mean
wind speed also produce a time variation in wind
speed and thus in angle of attack.

In addition to the above main source of
loads, tower shadow effect, cross wind and yaw
rate also produce a time variation in the aerody-
namic load. According to the actual wind turbine
design, however, their effects are small and can

be neglected.
1.2 Load calculation

The reference frame of load is shown in
Fig. 1. Aerodynamic loads are calculated by GH

bladed software based on momentum-blade ele-
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Fig. 1 Blade coordinate

ment theory which has been widely used in aero-
dynamics design. According to this theory, the
normal force component and tangential force com-
ponent of the blade in the blade coordinate!® can

be derived as
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where p is the air density, B the quantity of
blades, r the local radius, @ the azimuth angle of
wind turbine, C(7r) the length of chord, C, (r),
C, (r) the lift coefficient and resistance coefficient
of local radius. And C, (r),C,(r) can be derived
by the lift coefficient, resistance coefficient of air-
foils and inflow angle ¢ as follows
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The flap wise moment, edgewise moment and

torque can be derived as follows

R
MXB(V) :J_rdFYB (5)

R
My}g(i") :J TdFXB (6)

Mg,/ (10° N + m)

-15 ' . . : .

0 2 4 6 8 10 12
Time point / 10’

(a) Edge wise moment

les (r) -

R R
— U (x, —x.)dFyg "‘Jr(y/)*yL)dFXBJ (7

where P is the pressure center of airfoil and C the
torsion center.
The gravitational load (Fig. 2) in the blade

coordinate can be derived as
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Fig. 2 Gravitational loading

The inertial loading generated by blade rota-
tion is considered as axial load which is not
change with time. Fig. 3 shows the time-series fa-
tigue loadings of one load case of a 2 MW wind
turbine blade at the blade root section. The wind
speed is 6 m/s and keeps for 10 min in this load
case. Calculation performs every 0. 05 s and six
loading components are saved at each time, so ev-
ery loading component contains 12 000 time
points in total.

1.3 Loading cycle

To calculate the blade fatigue damage cumu-
latively, the different wind speed and cycle num-
ber should be assumed. The Weilbull distribution
is used to describe the wind speed distribution.

The wind speed probability density function and
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Fig. 3 Time-series fatigue loadings at blade root

cumulative distribution function can be described
as

o =K(2)

C

F(p) =1— exp [— (i)K} (10)

¢
If the wind speed is divided into a number of in-
tervals, the total hours of interval in a year is

T, =8 760F () |47 (a1

where A is the range of interval.

2 Structure Analysis

In order to assess the fatigue damage of
blade, the stress of blade structure is necessary.
FEM method is used and calculation is implemen-
ted in the ANSYS software. The stress analysis
is performed with a 3-D finite element model at
every blade section where the fatigue loadings is
calculated. Taking the Saint-Venant' s principle
into consideration, uniform cross section FEM
models are built at each section. Based on the hy-
pothesis that the materials is in the linear-elastic
range during the working period, an STM is set

up to convert the time-series fatigue loadings into

stress components. According to the Puck’ theo-
ry, the stress component of fiber direction as the
equivalent stress is used to calculate the fatigue

damage of laminate composites.
2.1 FEM model

The proposed method is suitable for slender
structure of which the loading changes along the
span-wise direction. The investigated blade con-
sists of three main parts, called the spar cap,
shear web and skin. Fig. 4 (a) shows the section
profiles of blade from the view of blade root, and
Fig. 4(b) the internal structure of blade.

Tri-axial, bi-axial fabrics and core materials
(polyvinyl chloride (PVC) or B wood) are used in
the skin structure commonly, and unidirectional,
bi-axial fabrics and core materials are used in the
spar structure usually. Bi-axial and tri-axial plies
contain two and three same unidirectional fabrics,
respectively, which are stitched together. The
configuration of the bi-axial lamina is [ 4 45/—
45 ]+ and the configuration of the tri-axial lami-
nate is [0/445/—45]r. The bi-axial and tri-axial
laminates and direction are shown in Fig. 5,

where the solid line depicts the fiber of the com-
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(b) Blade structure

Fig. 4 Blade profile and structure
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Fig.5 Fiber direction of bi-axial and tri-axial laminate

posite,

Wind turbine blade is the typical thin-walled
structure. Under the plane stress hypothesis, the
orthotropic materials has only four material pa-
rameters E;, E,, v»s Gyzs and the constitutive

equation is shown as follows
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In order to obtain the structure stresses, uni-
form cross section FEM models are built at each
critical section position. Fig. 6 (a) shows the sec-
tion profile of blade from top view, and Fig. 6(b)

a FEM model of uniform cross section. Consider-

ing the Saint-Venant's principle, the length of
uniform cross section FEM model must be long
enough. Multiple point constraint (MPC) is used
to load the forces and moments onto the struc-
ture. Fig. 6(c) shows MPC method in the FEM

model from top view.

y
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(a) Blade profile

(b) Uniform cross section FEM model
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Fig. 6 Uniform cross section FEM model

The primary node of MPC is located at the
shear center of the cross section in the middle of
the uniform cross section, and the slave nodes
connect with the end of model. Displacement con-
straints are applied on the other end of the model.
Through such processing, the force applied on
the primary node won't generate additional ben-

ding moment.
2.2 Stress transformation matrix

In order to convert the time-series fatigue
loadings into stresses, an STM is set up based on
the hypothesis that the materials is in the range of
linear-elastic during the working period.

Under the condition of above assumption,
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the multi-force effect should satisfy the superpo-
sition principle. Firstly, a unit loading compo-
nent (M X B=1) is applied to the primary node of
FEM model. Stresses of any node in the result ar-
ea could be extracted in the layer coordinate (g,
means the direction of stress is parallel to the 0°
fiber and the direction of stress is perpendicular to
0° fiber). Thus, the stress components of a node
(61 02 03 T12 713 723 (o5 =715 =123 = 0 in the plane
stress condition) come into being. Because of
stress state of a point is a second-order symmetric

tensor, under the plane stress hypothesis, the

stress component of other direction can be derived

as

Jm IX cos*0 sin’@ — 2sinfcosd Jm
0s = sin’@ cos*0 2sinfcosl o2

L’lz J sinfcos) — sinfcosf  cos’ O — sin’@ L’lg J

(13)
where 0 is the angle between the 1-coordinate sys-
tem and x-coordinate system, as shown in Fig. 7,
here, the solid line depicts the fiber of the com-

posite,

v

X

Fig. 7 Transformation of coordinates

Applying the other five loading components
(MyB=1, M,B=1, FxB=1, Fy\B=1, F,B=1)
separately on the primary node of FEM model in
the same routine, the corresponding stress com-
ponents could be extracted.

In order to facilitate the following descrip-
tion, the stress component which is obtained
from MxB =1 could be represented symbolically
by [ 611 +021 051 5041 » 061 1" . Analogously, the other
stress components can be represented symbolical-
ly in the same way. Thus, the stress transforma-
tion matrix of the ith node can be built using the

above stress components.

STtM(i) = | " R (14)

When time-series fatigue loads are applied to
a cross section of this blade, the time-series stress

result of every node on the section can be obtained
by STM.

(o8] MXB
(o] MYB
oL sy M (15)
Ti12 XB
T13 FYB
T23 FZB

2.3 Fatigue analysis

After getting the time-series stress compo-
nents, fatigue damage is estimated by using the
S-N linear damage equation and Goodman dia-
grams. Goodman diagram shows the relationship
between the mean and the range component re-
sistances R and actions S and it can be construc-
ted in Fig. 8. The number of tolerable load cycles
]

N can be determined as follows

N =

m

Rm +‘ Rk.< ‘_ 2X2.205 Sk,M _Rm ‘H Rk.< ‘
2X1.6335X S

(16)
where N is the permissible load cycle number,
S,.m the mean value of the characteristic actions,
S;.a the amplitude of the characteristic actions,

Amplitude

R,/ Vi

/]

Sk.A ]

R, / Y R,

]

Fig.8 Goodman diagram'
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R,., the characteristic short-term structural mem-
ber resistance for tension, R, the characteristic
short-term structural member resistance for com-
pression, m the slope parameter of the S-N curve
(m=10 for glass fiber reinforced plastics (GFRP)
and laminates with epoxy resin matrix).

According to the Puck’s theory!”, the stress
component of fiber direction is used to calculate
the fatigue damage of laminate composites. The
mean value and amplitude value of time-series
stress component is calculated by the rain-flow
counting method. The fatigue damage D is de-
fined as the sum of the quotients of existing load
cycle number to permissible load cycle number
N;,.

an

n
D= —

2N,

To sum up, the proposed fatigue assessment

method could be described by the flow chart

shown in Fig. 9.

3 Calculation Examples

According to the fatigue assessment method
mentioned above, the fatigue damage of root sec-
tion of a 2 MW-45. 3 m variable speed variable
pitch wind turbine GFRP blade is estimated. Fa-
tigue load cases are identified and loads are calcu-
lated by the GH bladed software, The wind speed
is 6 m/s and keeps for 10 min and yaw angle is 0°
in this load case.

This load case will happen

70 931 times in 20 years. The time-series fatigue

Model preparation

(profile, material, layup,
load cases, etc.) _1
FEM model |Aerodynamics model |—

6 unit loading
components
separately

STM on Time-series fatigue
every node loadings

[ ]

Load calculation
simulation

Frequency and times
of load cases

Time-series stress
components

Puck theory
Equivalent stress
components

Rain-flow & S-N

Fig. 9 Flow chart of fatigue assessment

loadings of blade root section are shown in Fig. 3.
The pitch circle diameter of the blade root is
2.2 m. The layup of the root contains 2-layer bi-
axial as inner skin, 35-layer tri-axial as root rein-
forcement, and 2-layer bi-axial as outer skin. The
material properties are shown in Table 1.
The

boundary conditions are shown in Fig. 10.

FEM model of root section and its
The stress transformation matrix of the first
tri-axial layer on node No. 1290 is obtained by the

aforementioned method as follows.

Table 1 FRP material properties
Composite  Configuration BB/ o G,  [hickness/  Ri./  Ri./
MPa MPa mm MPa MPa
Uni-directional [0]r 39750 6300 0.282 6200 0. 87 770 565
Bi-axial [+45/—45] 11 400 11 400 0.490 12 800 0.514 — —
Tri-axial [0/445/—45]¢ 29250 11 000 0.300 6 200 0.862 680 545
STM (1 290) =
[—6.90E—5 —4.80E—5 6.96E—10 3.75E—5 —5.70E—5 1.39E—5 ]
—6.7E—11 —4.5E—11 6.64E—16 3.59E—11 —5.5E—11 4.04E—8§
0 0 0 0 0 0
2.68E—13 —3.9E—13 1.58E—9 2.48E—6 1.67TE—6 —1.4E—13
3.07TE—13 —4.5E—13 1.24E—13 —4.6E—12 9.58E—13 9.05E—13
—1.9E—16 —1.1E—16 1.11E—13 —5.4E—9 7.56E—9 7.33E—17 |
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(a) FEM model

(b) MPC constraint

Fig. 10 FEM model of blade root section and MPC con-

straint
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Fig. 11  Time-series stress component of the first tri-

axial on node No. 1290

For GFRP and laminates with the epoxy res-
in matrix, the slope parameter of the S-N curve is
m=10. After getting the time-series stress com-
ponent (see Fig. 11), the fatigue damage of this
layer at the position of node No. 1290 is calculated

Mg /(10°N * m)

% 2 4 6 8 10 12

Time point / 10°

(a) Edge wise moment

by the rain-flow counting method and S-N curve.
Under this load case, the total damage of this lay-
er at the position of node No. 1290 in 20 years is
D=1.730 56X10"",

The total damage of the first layer and the
last layer of root reinforcement is computed and
compared with the result of FOCUS software un-
der the same condition. They are shown in the ra-
dar chart in Fig. 12. The circumferential coordi-
nate represents the position of the profile, and the
radial coordinate is log;, (D) . Since FOCUS gives
multilayer equivalent results comprehensively,
the results of FOCUS are between the result of
the first layer and the last layer in the FEM-STM
method which can calculate the result of each lay-

er accurately.

FEM-STM method
on the last layer
FEM-STM method
on the first layer
FOCUS

Fig. 12 Fatigue damage of blade root in radar chart

As another calculation example, the fatigue
damage of a section which is 8. 438 m away from
root is estimated.

The fatigue loadings are shown in Fig. 13.
The layup of 8. 438 m section is shown in Fig. 14

in detail.

25
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Fig. 14 Layup
The total damage of the first layer and the last
layer of tri-axial is computed and compared with
that of FOCUS under the same condition. They
are shown in the radar chart in Fig. 15. From
the simulation results, it is obvious that the dam-
age of suction side is more serious than the dam-
The flap wise moment

The suc-

tion side is working in the state of compressive

age of pressure side.

(MyB) keeps positive in this load case.

and the pressure side is working in the state of
tension. Nevertheless, the compression perform-

ance of the tri-axial laminate is weaker than the

" Two-layer bi-axial

L L 1 L 1

2 4 6 8
Time point / 10°
(d) Flap wise force
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FEM-STM method
on the last layer
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Fatigue damage of 8. 438 m section
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tensile performance. This result is strongly in
line with the theorized expectation. Because of
trailing edge reinforcement layers, the tri-axial
laminates of trailing edge have less damage than
that of leading edge. Furthermore, the result also
shows that the FEM-STM method has a consist-
ent result with FOCUS.

4 Conclusions

Fatigue damage assessment is important in
the wind turbine blade design. A practical engi-
neering fatigue assessment method is proposed in
this study. Different from other assessment
methods, this method focuses on dealing with dif-
ficulty that the loadings along span-wise direction
are changing constantly, and calculating the fa-
tigue damage of laminates with multilayer of or-
thotropic materials. Obtaining STM is the key
step in the method. The time-series stresses can
be converted by STM from time-series fatigue
loadings. Fatigue damage can be calculated by
rain-flow counting method and S-N curve. Two
calculation examples of a 2 MW-45. 3 m variable
speed variable pitch wind turbine GFRP blade are
estimated. Based on the comparison of the calcu-
lation examples, the accuracy of the proposed fa-
tigue assessment method is verified. And the pro-
posed method has better adaptability and the re-
sult can be obtained one layer by one layer. The
proposed method gives a reliable and efficient
method to analyze the fatigue damage of slender

composite structure with variable cross-sections.
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