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Optimized method for multi-axial fatigue testing of
wind turbine blades

Oscar Castro®!*, Federico Belloni*P, Mathias Stolpe®, Siileyman Cem
Yeniceli?, Peter Berring?®, Kim Branner?®

% Technical University of Denmark, DTU Wind Energy, Frederiksborgvej 899, 4000 Roskilde
bBlade Test Centre A/S, Landdybet 10, 9220 Aalborg

Abstract

An optimized method for testing wind turbine blades under fatigue is suggested.
With this method, material-based damage targets along the blade are reached
by applying an optimal combination of different uni- and multi-axial test blocks.
The combination of test blocks is found using continuous linear optimization.
Aeroelastic simulations are carried out to estimate both target and test strain-
based damage in the blade. By applying the proposed method to a commercial
wind turbine blade, the presented analysis illustrates that improved fatigue tests
compared to current standard fatigue tests can be obtained in terms of both
accuracy and total test time.

Keywords: Fatigue testing, Wind turbine blades, Optimization

1. Introduction

The time needed for the dynamic fatigue test of a large wind turbine blade
can be several months. In Table 1, the expected fatigue test time as a function
of blade length is shown. The natural frequencies for future long blades are
estimated from engineering judgment based on those known for the DTU 10
MW reference wind turbine [1] with 86.4-meters blades. The test times take

into account that tuning masses are added to match target loads and that tests
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regularly are stopped for inspections. It assumed that flapwise frequencies are
reduced with 30% and edgewise frequencies with 15% due to tuning masses. It
is also assumed that 2 million cycles are applied in both flapwise and edgewise
directions, and that total test time campaign (including inspections, etc.) is
double that of the actual running test time. As can be seen, the test time
for a 150-meters blade, for example, is expected to exceed one year when also
instrumentation and static tests are included. Thus, there is a clear need to

shorten the test time.

Table 1: Expected fatigue test time as a function of blade length.

Blade length [m] | Natural frequency [Hz] | Test time [days]
Flapwise | Edgewise
86.4 0.61 0.93 167
100.0 0.50 0.75 205
120.0 0.41 0.61 251
150.0 0.32 0.47 323
200.0 0.23 0.33 453

Furthermore, these certification tests might not represent the real world very
well [2]. In operations blades are exposed to torsion and bending in different
directions at the same time. However, current standards [3, 4] describe to
test the blades consecutively under flapwise and edgewise loading only. This
sequential approach to some extend omit the effects of combining the loads on
the blade response. This may be a problem since the damage mechanisms that
develop in composite materials and adhesive joints (the main components of
wind turbine blades) under multi-axial fatigue loading can be different than the
ones that develop under uni-axial loading conditions [5, 6]. Hence, the damage
mechanisms controlling the fatigue failure of wind turbine blades in operation
might not be captured accurately in the test facilities and, therefore, not taken
into account in the certification [7]. The wind-turbine-blade testing industry

consequently also needs fatigue test methods that better match the loads to
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which the blades are exposed to in real operational conditions. Considering all
this, this paper explores new possibilities to make fatigue tests for wind turbine
blades more realistic and efficient compared to current standard tests.

In order to make the fatigue tests more realistic, several methods to test
the blades in the flapwise and edgewise directions at the same time have been
proposed since the late 1990s. Hughes et al. [8], for example, were the first to
propose a bi-axial fatigue test by applying forced flapwise and edgewise excita-
tion through two ground-based exciters and a bell crank system. Even though
this method was a significant improvement compared to traditional single-axis
tests because better control of the load ratio and phase angle between the flap-
wise and edgewise loads were achieved, it was found that long test time and
very high energy consumption were needed to reach the target loads.

Based on these results, White [9] proposed to excite the blade at the reso-
nance frequency in order to decrease the test time and the energy consumption.
By using a flapwise resonance excitation combined with an edgewise forced ex-
citation, White showed that half the test time was saved with this method com-
pared to the method suggested by Hughes et al. Afterwards, other resonance
methods were also proposed. For example, resonance excitation was applied
in the edgewise direction while a forced excitation was applied in the flapwise
direction in [10, 11]. For this approach, no reduction of the test time was found
compared to the single-axis tests in addition to a greater difficulty level in con-
trolling the loads. Furthermore, methods in which the system is excited in res-
onance in both directions at the same time were proposed in [12, 13, 14, 15, 11].
For these methods, in contrast, it was found that an improvement of the test
time compared to single-axis tests and/or the level of accuracy respect to the
target loads can be obtained depending on the ratio between the flapwise and
edgewise loads.

The ratio between the flapwise and edgewise loads during bi-axial resonance
tests have been controlled mainly through two approaches. The first approach,
called chaotic, consists of controlling only the amplitude ratio between the two

load directions [12, 14, 16, 15, 17, 11]. By using this approach, faster fatigue
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tests can be carried out compared to single-axis tests [15]. However, it has also
been found that a significant overload can be generated in certain regions of the
blade because the target loads in the flapwise and edgewise directions are not
reached at the same time [16, 11]. Greaves [16], for example, found that the
pressure side of the leading edge of a 100-meters blade was highly overloaded
when chaotic loads were applied, even though it was an improvement over single-
axis tests. Nevertheless, Greaves et al. [17] managed to apply more realistic
loads over a 40-meters blade while at the same time reducing the test time
with 55% compared to single-axis tests. This was done by applying an optimal
combination of chaotic load cases, which were defined by the number of cycles,
the pitch angle of the blades on the test stand and the amplitude ratio between
the flapwise and edgewise loads.

In the second approach, called phase-locked, not only the amplitude ratio
between the loads is controlled but also their frequency ratio and phase angle
[18, 14, 16, 11]. By applying this approach, a better representation of the real
loading conditions can be obtained depending on phase angle and the frequency
ratio between the loads. Greaves [16], for example, found that a phase angle of
66° provided the closest match between the test loads and the target loads at
the root of a 100-meters wind turbine blade; whereas, Post [11] found a good
match of the target loads of a 60-meters wind turbine blade when the frequency
ratio between the loads was 1:1. Moreover, the frequency ratio seems to affect
also the test time. According to Post [11], a longer time than the single-axis
tests was needed to complete the test of the evaluated 60-meters wind turbine
blade when the frequency ratio between the flapwise and edgewise loads was
1:1. Whereas, for the same blade, around 40% improvement in the test time
compared to single-axis tests was reached when the flapwise-edgewise frequency
ratio between the loads was 1:2.

A few papers have suggested optimization approaches to generate test setups
that either maximize the accuracy level of the test loads respect to the target
loads or minimize the total test time [19, 20]. Lee and Park [19], for example,

found an optimal flapwise test setup in which the exciter location was defined in
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a way that the actuating force and the maximum error between the test loads
and the target loads were minimized in a 48.3-meters blade. Whereas, Melcher
et.al. [20] suggested an optimization scheme using virtual masses and spring
elements to minimize the total test time, which can be applied to both uni-axial
and bi-axial test setups. By applying this method, they found that 30% of the
total test time was saved in comparison with current standard tests.

As can be seen, all approaches have advantages and disadvantages in terms of
testing time and level of accuracy with respect to target loads. However, most
of them have not considered the cumulative effect of the applied loads based
on the corresponding strain or stress cycles, which ignores the actual effects of
the loads on the material response. Moreover, little attention has been given
to analyzing the contributions on the blade response and the test time when
uni-axial and bi-axial load blocks are combined to reach material-level targets.

In this context, the present paper presents a new fatigue method for test-
ing wind turbine blades. The novelty of this method lies in finding an optimal
combination of different uni- and multi-axial test blocks that allows reaching
material-based targets along the blade both faster and more accurate than cur-

rent standard test methods.

2. Methods

In this section, the suggested method for multi-axial fatigue testing of wind
turbine blades is described. The section starts by describing the fatigue ap-
proach assumed to characterize the response of the blade under different test
blocks. Then, the aeroelastic simulations needed to estimate such responses are
explained. Finally, an optimization problem find the optimal combination of

test blocks is described.

2.1. Fatigue approach

In this approach, the effect of the applied loads on the fatigue response of

the blade is accounted for at the material level, considering the longitudinal
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strains along the span-wise blade direction, €,. These strains can be estimated
analytically using beam theories, such as the Euler-Bernoulli beam theory [21],
experimentally using, for example, strain gauges, or numerically using cross-
section analysis tools, such as BECAS [22] and VABS [23], or 3D finite element
models [24].

Following the fatigue approach suggested in [2], a point on the blade is
properly tested when the equivalent damage ratio, EDR;, defined as the ratio
between the damage due to the test loads, D!***, and the damage expected
during operational conditions (i.e., the target damage), ngt, is equal or higher

than one, i.e. when

Dtest étest N\ ™
Y [ czamp,i
EDR; = Dtgt - ~tgt > 1 (1)
% zZ,amp,t
~test . . v . Atgt . .
where, €77, ; is the equivalent test strain amplitude, €% ; is the equiva-

lent target strain amplitude, and 7 is the slope of the equivalent ¢ — N curves,
see [2] for more details.
Note that D! and Dﬁg " are independently estimated as follows [2]:
nEm

Di _ z.(Azmp,i (2)

b
where 71 is the equivalent number of cycles; €. gmp.; is chosen appropriately

~tgt

aa Atest or é

as € amp.i - and b is the inverse of log b, which is the intercept with

z,amp,i’
the log e-axis of the ¢ — N curve for [2|the equivalent strain block [2].

Hence, the goal is to find a combination of test blocks that allows to properly
evaluate all the points in the blade by satisfying Eq. 1 and, at the same time,
minimizes the total test time and keeping EDR; as close to one as possible.

It is worth to note that the fatigue approach suggested in [2] assumes a
linear cumulative damage model that follows the Palmgren-Miner’s rule [25, 26].
Although the accuracy of this rule has been shown to be low for predicting the
fatigue life of composite materials under variable loading [27], this approach

is used in this study because the Palmgren-Miner’s rule is currently the most

widely used damage accumulation model. More advanced cumulative damage
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rules designed for composite materials, or damages based on the actual damage
mechanisms developed in composite structures, could be used instead when they
are available.

Before continuing with the description of the aeroelastic simulations, note
as well that, in many cases, the information needed to estimate the strains in
the blades, such as airfoil geometry, material properties, material lay-up, or the
cross-section properties, is not provided by blade manufacturers due to confi-
dentiality reasons. In those cases, the modified bending moment, M [’3, proposed
in [2] can be used instead. As shown in [2], this modified bending moment
provides the same FDR; than the strains, but only needs as inputs the bend-
ing moments applied to the structure and the ratio between the cross-sections
stiffnesses, avoiding in this way compromise any confidential information about
the blade design.

This method can be used, for example, to reproduce the results obtained in
this study, see Section 3. Although in the present study FDR; was estimated
based on strains, the calculation of EDR; based on M, /’3 must produce the same

results.

2.2. Aeroelastic simulations

The aeroelastic simulations needed to estimate the equivalent damage ratio
(see Eq. 1) for different single- and multi-axial fatigue test blocks are described
in this section.

In order to estimate the equivalent test strain amplitude X5t ;; for the
different fatigue test blocks j, aeroelastic simulations were carried out by means
of a software for blade test simulations developed by DTU Wind Energy. In
this software, the blade is modeled by using 3D Timoshenko beam elements
[28], oriented horizontally and constrained such that all six degrees of freedom
at the root node are fixed. This mimics the test setup, where the blade is fully
clamped to the test rig in a horizontal position by means of steel bolts.

The equation of motion used to model the blade response is defined as sug-

gested in [16]. According to that, the structural damping matrix is obtained
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using Rayleigh damping [16], and the gravitational force and the flapwise and
edgewise aecrodynamic forces are calculated according to [16].

The fatigue resonance testing is modeled by applying a resonance excitation
to the blade at a specific longitudinal coordinate [16]. The excitation is defined
as a mass translating on a straight path along the applied force direction at
a frequency equal to the blade first or second eigenfrequencies, depending on
the test. Additionally, the so-called tuning masses used in these tests to adjust
the dynamic blade response are modeled as concentrated masses and located at
specific nodes.

The blade displacement is obtained using the Newmark-/ time integration
method [29] and the internal element loads for each of the beam elements are
found according to [16]. A simulation time ¢ is chosen which excludes the
transient phase of the load application.

Strain time series for the chosen time period of ¢y are calculated at each
analyzed blade location ¢ using the applied loads and blade cross-sectional prop-
erties, as described in [2]. Based on these strain time series, and for each fatigue

test block j, the equivalent test strain amplitude, 557 5,

is calculated.
According to this, different tuning mass distribution and excitation configu-

rations were provided as input to the aeroelastic simulations in order to obtain

the different test blocks. Single-axis flapwise and edgewise tests, bi-axial chaotic

tests and bi-axial phase-locked tests were simulated, as described in Section 3.1.

On the other hand, in order to estimate the equivalent target strain am-

tgt

amp,i» &t the different blade locations i, aeroelastic simulations of the

plitude, €
entire wind turbine were carried out similar to the aeroelastic simulations pre-

sented in [30]. The strain time series obtained from these simulations were

post-processed according to [2] in order to calculate the corresponding éfi%p,r
Once él5% ., and éfﬂfw’i were obtained and based on Eq. 1, the equivalent

damage ratio at the different blade locations i caused by the different test blocks
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Jj for a given time period ¢y, EDRj; +,, were calculated as follows:

gtest m
EDRji v, = (amp’ﬂ’m) (3)

In the next section, an optimization method that combines the EDR;; +,

from the different test blocks to minimize the total test time is proposed.

2.3. Optimization problem

An optimization problem for designing fatigue tests for rotor blades is pro-
posed in this section. In this problem, a combination of test blocks j that min-
imizes the total test time, T, while keeping E DR, at each point 7 of the blade
as close as possible to one, is found by solving a continuous linear optimiza-
tion problem [31]. In this analysis, only the operational test time is considered.
Changes in the test setup, stops for inspections and equipment maintenance,
among others, are not included.

The optimization problem is modeled by introducing continuous variables
x; > 0 describing the number of times that the test block j should be applied.
The choice of modeling the variables as continuous rather than integer is moti-
vated since the optimal variables, if non-zero, are expected to be large and that
the errors and the total test time are only marginally influenced by rounding to
the nearest integer.

Define the error e; as the difference between the target equivalent damage
ratio at each point i, EDR; 14, which is assumed equal to one (meaning that
D!t must be ideally equal to D' at the end of the test, see Eq. 1) and the
total equivalent damage ratio at the end of the test, Y7L | 2, EDRj; 1,, where n;
is the total number of evaluated test blocks. This is computed by the equality

ny
¢; = EDRiyge — Y 2, EDRiy, (4)
j=1
which is linear in the variables . The accumulated test time becomes a linear

function of the variables through

T() =t o, )
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The optimization problem under consideration is then to minimize the total

test time while satisfying limits on the errors, i.e. the problem

minimize T'(x)
zeR™

subject to e; <e;i(x) <& i=1,...,ny (6)

x>0

where e; and e; are user supplied lower and upper limits on the acceptable
errors. Since the errors e;(x) are linear functions in the variables z, problem (6)
is a linear optimization problem. Moreover, if the allowable errors are chosen
to be too stringent the feasible set may very well be empty, i.e. there are not
test blocks and/or time enough to come sufficiently close to the targeted values.
Since the problem is a linear optimization problem this situation can be robustly
and correctly detected by modern numerical optimization methods and the user
can be advised to increase the error bounds or to provide additional test blocks
or test time.

The optimization problem can be efficiently and accurately solved by nu-
merical optimization methods based on either interior-point methods, see e.g.
[32], or the Simplex method, see e.g. [31]. There exist many academic and
commercial software implementing these methods and even if a large number
of test blocks is suggested by the user, the corresponding optimization prob-
lems will be relatively modest scale (compared to other applications of linear
optimization) and one can expect to model and solve these problems within a

matter of seconds.

3. Results

In order to show the capabilities of the proposed fatigue test method, a case
study based on a commercial wind turbine blade is described in this section.
This blade is first analyzed according to the IEC 61400-23 standard [3] and then
according to different optimization cases. The total test time and the equivalent
damage ratio are compared between the different evaluated test cases. Finally,

a more detailed description of the optimal solution is provided in order to better

10
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explain the capabilities of the proposed method in finding an improved fatigue

test plan compared with the current standard test plan.

3.1. Case study

A commercial 14.3-meters wind turbine blade manufactured by Olsen Wings
A/S [33] is used in this analysis in order to demonstrate the capabilities of the
proposed method. All the information related to the blade structural properties
is shown in Appendix A-Appendix C.

In this analysis, 18 cross-sections along the blade were analyzed, includ-
ing the root, the transition region between the circular and the airfoil cross-
sections, and the maximum chord, see Appendix B. In each of these cross-
sections, 50 points (or stations) located at the external surface of the cross-
sections were evaluated, see example in Fig. 1. The stations covered all cross-
section regions, namely suction-side trailing-edge (SS-TE), suction-side spar-cap
(SS-SC), suction-side leading-edge (SS-LE), pressure-side trailing-edge (PS-TE),
pressure-side spar cap (PS-SC), and pressure-side leading-edge (PS-LE).

15

10.0"‘0.
L sssC e

[ ]
5,0 %
o *ssTE 218 %
L]
IR o 25
50 45 %4 PTE PS-LE &
o Q
L]

[ )
o PS-SC  o® 30
'0.0'.

35
Figure 1: Example of stations evaluated within the blade cross-sections. Suction-side trailing-
edge (SS-TE), suction-side spar-cap (SS-SC), suction-side leading-edge (SS-LE), pressure-side
trailing-edge (PS-TE), pressure-side spar cap (PS-SC), pressure-side leading-edge (PS-LE).
Several single edgewise and flapwise, and bi-axial chaotic and phase-locked

test blocks were evaluated. The equivalent damage ratio FEDR;; 4, caused by

11
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each of these test blocks j at the different ¢ stations for a given time period tg,

were calculated using Eq. 3. Aeroelastic simulations were carried out according

to Section 2.2 in order to calculate ég%p)i (see Appendix B and Fig. 2-a)
and égﬁ%yﬁ,to. For that, 7 and 7 were assumed equal to 2E6 cycles and 10,

respectively. No mean correction of the strain amplitudes was done due to
the lack of information regarding the material fatigue properties. Although
this assumption affects the calculations on the actual effect of the loads on the
material response, it does not compromise the purpose of this work on showing
the advantages of the proposed method. In future analyzes, better estimates of
the material response can be carried out if manufactures provide information

on the material properties.

Station

Figure 2: (a) Equivalent target strain amplitudes, éta%p, in micro-strains, and (b) damage

target, D'9%, along the blade for /m = 10 and # = 2E6 cycles.

Furthermore, the blade structural damping was set to a value of 0.25% for the
first and second eigenmodes, whereas the aerodynamic damping was modelled
as described in Section 2.2. The drag coefficient was assumed equal to 2.7 for
all blade cross-sections [34, 35]. The &5l .,  strains were calculated for the
different test blocks j, which were defined by varying both the values of the
tuning masses along the blade and the exciter configuration in both flapwise

and edgewise directions, see Table 2.

As shown in Table 2, four tuning mass locations, z;, were defined at 21.0%,

12
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Table 2: Tuning mass, m¢/Mmpade, blade excitation, F//EC, and phase angle, ¢, input data
at pre-defined span blade locations, z¢, needed to define different test setups to be evaluated
during the optimization.

mt/mblade F/EC

z¢ [%] | min | increment | max type min | increment | max
21.0 | 0.43 0.13 1.00 | edgewise | 0.0 0.03 0.46
31.5 | 0.53 0.13 1.00 | flapwise | 0.0 0.17 0.86
42.7 | 0.00 0.05 0.40 - - - -
69.9 | 0.00 0.03 0.13 - - - -

Phase angle, ¢ [°] (only for phase-locked cases)

min increment max

15 15 165

31.5%, 42.7%, and 69.9% of the blade span. For each of these locations, six
possible tuning masses, m;, were considered, which were established based on
predefined minimum and maximum mass values, and a certain mass increment.
Consequently, 1620 tuning mass distributions were analyzed, which were ob-
tained as a result of combining the different tuning mass values at different
locations. The tuning mass values were normalized with respect to the blade
mass, i.e., Myjade = 150kg.

Moreover, for each of these tuning mass distributions, different exciter config-
urations were analyzed, see Table 2. The locations of the edgewise and flapwise
exciters were defined at 21.0% and 31.5% of the blade span, respectively. Dif-
ferent exciter load levels, F', were considered in the two directions, which varied
from zero to a maximum value, every certain load increment. In this way, the
edgewise, flapwise, and chaotic test block configurations were defined. The ex-
citer load levels were normalized with respect to the load capacity of the exciters,
EC, in the corresponding direction, i.e., EC¢q4. = 3.5kN and ECYy,, = 7.0kN.

Phase-locked 1:2 test block configurations were also included. This type
of phase-locked case was chosen because it is closer to the intrinsic flapwise-

edgewise-natural-frequency ratio of the blade. No phase-locked 1:3 test block

13
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configurations were analyzed because they would require in reality the use of
1D masses [11] to decrease the edgewise natural frequency to the desired level.
This would make the test setup complex and difficult to implement, especially
for large wind turbine blades. In this sense, only the previously-defined test
block configurations that had a frequency ratio of 0.5 +0.0001 were considered
to define the phase-locked cases. For these cases, phase angles, ¢, from 15° to
165° every 15° were taken into account, see Table 2.

For the test equivalent strains, 550 .. . a simulation time o = 100s was
used, which excluded the transient phase of the load application. The simulation
time was chosen by using the least common multiple value [36], as described in
[16]. This simulation time was found sufficient as the applied load frequencies in
the flapwise direction, ffiqp, for all evaluated biaxial cases were within a range of
1.829 Hz - 2.240 Hz, and the applied load frequencies in the edgewise direction,
fedge, for all evaluated biaxial cases were within a range of 3.714 Hz - 4.667 Hz.
Moreover, the ff1qp and feqqe frequencies were normalized respect to the natural
frequencies of the blade in the corresponding directions, fyiqde, fiap = 2.286H 2
and fyade,cdge = 4.762H z.

In all cases, the maximum and minimum test loads that excited the limits
imposed by the blade ultimate loads (see Fig. Appendix C) were not considered
within the optimization. Not considering these test cases might be conservative
as blades could survive higher loads than the ultimate ones, as shown in [37].
However, as this behavior might change from blade to blade and no previous
information in this regards was known for the blade under consideration, it was
decided to be conservative. Nevertheless, it is worth noting that including the
test cases with higher loads within the optimization might improve the results
obtained from the proposed method as shorter test times could be achieved.

The optimized solutions were obtained by solving the linear program outlined
in Section 2.3. In all cases, the lower error limit, e;, was set equal to 0 to ensure
that all the points reach the targets. The upper error limit, €;, was assumed
equal to infinity to allow the algorithm to find the shortest total test time.

Different fatigue test solutions were analyzed, including the standard test

14
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solution and different optimized solutions. The different optimized solutions
covered the cases in which each type of loading condition (i.e., uniaxial, chaotic,
and phase-locked 1:2) was analyzed independently and when all of them were
combined. The different optimized solutions were compared with the standard
test in terms of total test time, 7'/Tstd, minimum and maximum equivalent

damage ratio, EDR,,;, and EDR,,,. respectively, and maximum fatigue test

test
max*

damage, D

The fatigue test damage, D'’ was estimated based on Eq. 2 and it was
used just as a benchmark point in terms of possible fatigue failures of the blade
under the different obtained fatigue test solutions. According to Eq. 2, a value
of b = 0.0068 was assumed, which corresponds to the static strain strength in
compression of a typical glass/epoxy material [1], including a safety factor of
2.205 according to [38]. A limit damage fraction equal to the unity (i.e., D; = 1)
was also assumed as a reference in this study, although it has been shown that
the failure in composite materials can happen for smaller or larger limit damage
fractions than one (i.e., D; # 1) [27].

Similarly, the total damage corresponding to the equivalent target strain
amplitude, D", was also estimated assuming b= 0.0068, see Fig. 2-b. As
shown in this figure, the blade seems not to fail after the operational lifetime is
reached.

In the following sections, the results related to the total test time and the

fatigue response of the blade for the standard fatigue test and the different

optimized fatigue tests are presented.

3.2. Standard test

In current standard fatigue tests, the blades are usually tested consecutively
under flap-wise and edgewise fatigue loading, considering only target fatigue
bending moments, M%*, in these two directions [3, 4]. For that, tuning masses
are located along the blade and loads are applied in a way that the target
bending moments are reached by the test fatigue bending moments, M?¢st, in

the most critical regions of the blade after the equivalent number of cycles 7 is
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applied.

Accordingly, the normalized tuning mass distributions, m;/mpqqe, the nor-
malized excitation configurations, Fyiap/EC f1ap and Feqge/ECeqge, and the nor-
malized frequencies with which the loads were applied to the blade, ffiap/ forade, fiap
and fedge/ foiade,edge, defined to carry out the standard flapwise and edgewise
fatigue test simulations for the blade under study are shown in Table 3. See
values of myiade; ECtiap, ECedges folade,flap, ad folade,edge in Section 3.1. Ad-
ditionally, the time needed to carry out each test block, tpock, is also shown in
Table 3, which was normalized respect to the total test time, Ti¢q.

These test setups were defined to reach the M!9* moments in the two di-
rections (see Appendix C) in most of the regions between the root and 70%
of the blade span (see, Fig. D.11), according to suggestions provided by the
manufacturer. The minimum and maximum test fatigue bending moments did

not exceed static ultimate moments, as shown in D.12.

Table 3: Test scenarios for the standard test.

Tuning masses Blade excitation

Single-axial flapwise (tuik, f1ap/Tsta = 65.4%)

ze (%] | me/Mplade | Friap/ECiap | Fedge/ECedge | friap/ folade,flap | fedge/ folade,cdge

21.0 0.43 - - - -

31.5 0.53 0.86 - 0.98 -

42.7 0.18 - - - -
Single-axial edgewise (tpik,ecdge/Tsta = 34.6%)

ze (%] | mu/muiade | Friap/ECtiap | Feage/ECeage | friap/ folade,flap | fedge/ foiade,edge

21.0 0.97 - 0.20 - 0.89

31.5 0.67 - - - -

42.7 0.13 - - - -

69.9 0.05 - - - -

The EDR; ratio along the blade after the simulated standard fatigue test is
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shown in Fig. 3. As shown in Fig. 3-a, many regions along the blade over-pass
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the target strain-based damage, EDR; ;4:, of one assumed in Section 2.3. The
the regions with higher EDR,; are the ones at the spar caps close to the root
and at the SS-LE and PS-TE regions towards the caps at around 65% of the
blade length. The EDR; ratio after each block test is shown in Fig. D.13.

EDR

log, ,(EDR)

Station

Figure 3: EDR after the simulated standard fatigue test with a colorbar scale up (a) to
the maximum value, in log scale, and (b) to one. The yellow regions on the right-side plot

correspond to the ones that are on or above of target.

Furthermore, in Fig. 3-b, the regions in which the EDR; ;4 ratio is reached
(or over-passed) are shown in yellow, while the regions under target are shown
in other different colors. As seen in Fig. 3-b, the spar-caps are on target all
along the blade span; whereas, the trailing-edge and leading-edge are on target
from %5 to %65 of the blade span. Nevertheless, the regions in between the
spar-caps and the trailing-edge and leading-edge along on the entire blade, in
which the sandwich panels are normally located, do not reach the strain-based
target damage.

Even though some regions over-passed the EDR; ;4 ratio, the blade seems
not to fail after the test is completed, see Fig. 4. As shown in Fig. 4, the higher
test damage is located at the spar-caps in a region between 40% and 80% of the
blade span.

Based on all this, the question is now: Can the strain-based target damage
be reached in the entire blade both faster and more accurately compared to the

standard tests? This question will be answered in the next sections.
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Figure 4: Total damage, D*¢**, along the blade after the standard fatigue test. In log scale.

8.8. Comparison between standard test and optimized solutions

In this section, the different optimized fatigue test solutions are analyzed. As
shown in Table 4, and contrary to the standard test, all optimized solutions reach
the strain-based target damage in all the blade stations as EDR,,;, is equal to
the unity in all of them. Nevertheless, FDR,,,, is significantly higher for the
optimized solutions than for the standard test. Moreover, in the optimized
cases in which only uniaxial loads or phase-locked loads are considered, D!¢st
is higher than the unity; whereas, in the cases in which only chaotic loads are

considered, or all types of loads are combined, the blade does not seem to fail

test

as D!t is lower than one. In fact, the DSt

. damage for the last two cases is

slightly lower than the one obtained from the standard test.

Furthermore, a longer test time is necessary when considering only optimized
uniaxial or phase-locked tests than for the standard test, see Table 4. Conversely,
around 50% reduction in total test time compared to the standard test time can
be obtained when only chaotic loads are considered or all types of loads are
combined. This means that, for the last two optimized cases, not only more

accurate but also faster tests are obtained.
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Table 4: Comparison between the standard test and different optimized solutions.

T/Tstd | EDRpin | EDRpas | DSt

Standard (no optimized) 1.00 0.02 6.96 0.70
Uniaxial 6.66 1.00 839.96 26.02
Chaotic 0.53 1.00 187.22 0.65
Phase-locked 1 : 2 2.84 1.00 414.47 2.28
All combined 0.50 1.00 170.78 0.69

Additionally, it was found that in the case of only chaotic cases are con-
sidered, five different chaotic configurations are needed to obtain the optimal
solution; whereas, in the case in which all test blocks are combined, four chaotic
configurations and one single-axial edgewise configuration are needed for the
same purpose. This indicates that, for the evaluated blade, chaotic loads can
provide better solutions than the independent single-axial loads applied in the
standard test, but an even better solution can be found when the chaotic loads
are complemented with single-axial cases.

In the next section, a more detailed description of the results obtained from

the all-combined-loading optimal solution is presented.

8.4. All-combined-loading optimal solution

The normalized tuning mass distributions, m;/mpaqde, the normalized ex-
citation configurations, Ffiap/EC t1ap and Fegge/ECeqqe, and the normalized
frequencies with which the loads were applied to the blade, friap/ foiade, flap a00d
fedge/ foiade,edge, for the all-combined-loading optimal solution are shown in Ta-
ble 5. See values of myiade, ECt1ap; L Cedge, foiade, flaps a0d foiade,edge in Section
3.1.

As shown in Table 5, four chaotic cases and one single-axial edgewise case
applied during different time periods, ¢y /T, define this optimal solution. In the
case of the chaotic scenarios, different tuning mass distributions and different
load configurations are needed. Note that no phase-locked case is included in

the solution. The minimum and maximum test fatigue bending moments in the

19



435

440

445

450

different configurations within this optimal solution did not exceed the static
ultimate moments, see Fig. E.14.

With this optimal solution, the EDR; ratio is reached all over along the
blade, see Fig. 5-b. The regions with the higher EDR, are the ones at the
root between PS-SC and PS-LE, and between SS-SC and SS-TE, see. Fig. 5-a.
Whereas, the regions with the lower EDR; are at the root at PS-TE and SS-LE
far from the spar-caps, and in the spar-caps towards the tip from 40% the blade
span. The equivalent damage ratio, FDR;, after each block test within the

optimal solution is shown in Fig. E.15.

log, (EDR EDR
50 9:(EOR) 50 1
2 PS-TE
40 0.8
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Figure 5: EDR after the all-combined-loading optimized fatigue test with a colorbar scale up
(a) to the maximum value, in log scale, and (b) to one. The yellow regions on the right-side

plot correspond to the ones that are on or above the target.

Furthermore, a comparison between the EDR; ratio in the different cross-
section regions along the blade for the standard test and the all-combined-
loading test is presented in Fig. 6. As shown in this figure, and as described
before, the E DR, ratio is reached everywhere in the blade when the optimal so-
lution is considered. Whereas, for the standard fatigue test, many areas within
the cross-section regions are not well tested, especially the ones where the sand-
wich panels are normally located. In addition, for the optimal solution, the
EDR,,,, at each cross-section is higher close to the root, but start decreas-

ing towards the tip. In fact, EDR; tends to one in almost all stations in the
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Table 5: Test scenarios for the all-combined-loading optimal solution.

Tuning masses

Blade excitation

Chaotic No 1 (tyx/T = 1.9%)

ze (%) | my/Mbiade | Friap/ECriap | Fedge/ECedge | friap/ foiade,flap | fedge/ foiade,edge
21.0 0.83 - 0.17 - 0.79
31.5 1.00 0.86 - 0.81 -
42.7 0.07 - - - -
69.9 0.13 - - - -
Chaotic No 2 (tp/T = 81.3%)
ze (%] | me/muiade | Friap/ECtiap | Feage/ECeage | ffiap/ forade,flap | fedge/ foiade,edge
21.0 0.83 - 0.20 - 0.94
31.5 1.00 0.86 - 0.97 -
42.7 0.18 - - - -
Chaotic No 3 (tyx/T = 0.9%)
ze (%) | mye/Mbiade | Friap/ECriap | Feage/ECedge | friap/ foiade,flap | fedge/ foiade,edge
21.0 0.97 - 0.20 - 0.79
31.5 0.93 0.86 - 0.82 -
42.7 0.18 - - - -
69.9 0.13 - - - -
Chaotic No 4 (tpr/T = 1.8%)
ze (%] | me/muiade | Friap/ECtiap | Feage/ECeage | ffiap/ forade,flap | fedge/ foiade,edge
21.0 1.00 - 0.20 - 0.91
31.5 0.53 0.86 - 0.92 -
69.9 0.05 - - - -
Single-axial edgewise (tp/T = 14.0%)
ze (%] | me/muiade | Friap/ECtiap | Feage/ECeage | ffiap/ forade,flap | fedge/ foiade,edge
21.0 0.70 - 0.23 - 0.98
31.5 0.93 - - - -
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cross-sections close to the tip.

0.00% span 24.48% span
r T T T T T T

0 H N 102}

& I oo™ LY P o
810 = " IR Y &
10° /‘\\// \\/\Jf\\//\
NN SR S O
(}5@ c? %% Q% Q% Q%
(a) (b)
48.95% span 83.92% span
2 ' ' T ' ' 2 [ " ' i T
10 10 |—Sta.udard —-—-All-combined opt.
v . :‘\ /'I ‘\\
a s \ AN

10° &\""’\,_7.9\-&'@&‘:; ".\'_____ L. V/\—/

Figure 6: Comparison between the EDR for the standard test and the all-combined-loading
optimized fatigue test at different blade spans: (a) 0.00%; (b) 24.48%; (c) 48.95%; and (d)
83.92%.

Although some regions exceeded the EDR; ;4 ratio, especially the ones close
to the root (see Fig. 5-a), the blade seems not to fail as D!t is lower than
one, see Fig. 7. As shown in this figure, the higher damage is located at the

w5 Spar-caps in a region between 40% and 80% of the blade span. This region and

the damage level are similar to the ones obtained from the standard fatigue test,

see Fig. 4.

4. Discussion

In the previous section, it was shown that faster and more accurate fatigue

w0 tests than the ones suggested by current standards can be obtained for the
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Figure 7: Total damage, D'¢*t, along the blade after the all-combined-loading optimized

fatigue test. In log scale.

blade under study by implementing the suggested optimization testing method.
In this section, an explanation of how this may be possible, the benefits of
these improvements and possible future ways to find even better solutions are
discussed.

When bending moments in the flapwise and edgewise directions are applied
independently during the test, only the cross-section regions located in these two
directions (e.g., spar-caps, leading-edge, and trailing-edge) can reach the strain-
based target damage once the equivalent-fatigue-bending-moment targets are
reached [2]. This means that longer tests would be needed to achieve the strain-
based target damage in other regions, such as sandwich panels, causing at the
same time over-testing and possible failures in the spar-caps, leading-edge, and
trailing-edge.

This explains why, for the standard test case, the EFDR ratio is equal or
higher than one only at the spar-caps from the root to %80 of the blade span,
and at the trailing-edge and leading-edge from %5 to %65 of the blade span (see

Fig. 3-b), since the target flapwise and edgewise bending moments are reached
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in these regions respectively, see Fig. D.11. This also explains why, for the
optimized solution considering only uniaxial test blocks, a test time 6.6 times
longer than the one for the standard test is needed to reach the strain-based
damage everywhere in the blade, and possible failure can happen as D5t is
significantly higher than the unity, see Table 4.

On the other hand, when multi-axial loads are applied instead, not only the
cross-section regions at the flapwise and edgewise directions can reach the strain-
based target damage, but also the others, as shown in Sections 3.3 and 3.4. This
is because the direction of the resultant bending moment is different than the
flapwise and edgewise directions and changes as the magnitude, frequency, and
phase angle of the flapwise and edgewise bending moments change. This can
help to better test the different cross-section regions and to decrease the total
test time as the loads are applied simultaneously, as explained in [15].

This can be seen, for example, when only chaotic test blocks were considered
in the optimization process, see Table 4. As shown in this table, the strain-based
target damage was reached in all points much faster and with less damage than
the optimized solution considering only uniaxial test blocks. This is because,
when a chaotic load is applied during a certain time (see Fig. 8), several loading
patterns are obtained as the phase angle is not controlled and, therefore, several
cross-section points can be excited at the same time. Moreover, the reduction
of time obtained in this solution agrees with what was found by Greaves et al.
[17], in which 55% of the test time was safe in comparison with standard tests
when an optimal combination of chaotic load cases was applied to a 40-meters
blade.

However, longer and more damaging tests were obtained when only phase-
locked were considered in the optimization process compared to the standard
solution. This is because, for the phase-locked cases, specific cross-section points
are excited depending on the magnitude and frequency of the flapwise and edge-
wise bending moments, but especially on the phase angle between these two
moments [11]. As shown in Fig. 9, for a specific load level and frequency ra-

tio, different load patterns can be obtained for different phase angles, which
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Figure 8: Example of bi-axial chaotic test case: bending moment envelope along the blade.

affect only specific cross-section points. This means that several phase-locked
cases and longer test time are needed to reach the targets in the entire blade,
which could also cause an over-testing in some of the cross-section regions and,

therefore, possible failures, as shown in Table 4.
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Figure 9: Example of bi-axial phase-locked 1:2 test case: bending moment envelope along the

blade surface for (a) ¢ = 10°, and (b) ¢ = 40°.

These results contradict in some way what was found by Post, [11], in
which around 40% improvement in the test time compared to standard tests
was reached when phase-locked 1:2 loading were applied to a 60-meters wind

turbine blade. In that case, the the natural frequency ratio of the blade was also
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closer to 1:2. The possible difference between the two studies is that, in [11],
the target damage was accounted for in terms of fatigue bending moments and
not on strains. In that study, the equivalent number of cycles, n, is equal to 1E6
and 2E6 cycles for the flapwise and edgewise directions, respectively; which was
used as reference not only to complete the standard tests but also to complete
the phase-locked test. This makes the time needed to complete the phase-locked
test lower than the one needed to reach target strain-based damage based on
n = 2FE6 cycles, as the one assumed in the present study.

In spite of this, it is worth to say that the phase-locked cases could be
beneficial when specific regions within the cross-sections are to be tested, for
example, when damages located at specific locations in the blade are to be
evaluated.

Nevertheless, the main advantage of the optimization method proposed in
this work is that it considers the benefits of using different uni- and multi-
axial test configurations to reach target damages at the material level. For
example, for the blade evaluated in this study, different chaotic test blocks were
complemented by a single-axial edgewise test block to make the test even faster
and more accurate, see Sections 3.3 and 3.4. In this case, the different chaotic
configurations contribute to quickly reach the target strain-based damage in
most of the cross-section stations, see Fig. 10; whereas, the single-axial edgewise
configuration contributes to exciting only a few stations at the leading-edge and
trailing-edge in order to reach the target in these areas. In this way, it was
avoided to significantly over-testing the regions that already reached the damage
targets (see Fig. 10) and, at the same time, decreasing the testing time.

In fact, even faster and more accurate solutions can be obtained with the
proposed optimization method if the input data to optimize is improved. One
way to do this is by not considering in the optimization process the regions
of the blade that are not critical. Another way is by better defining the test
configurations to be optimized. In particular, by considering tuning mass dis-
tributions and loading configurations that can ensure that different percentages

of the blade span can be tested without considerably affecting the rest of the
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Figure 10: Damage contribution of the different block tests within the optimal solution (i.e.,
chaotic 1, Chl; chaotic 2, Ch2; chaotic 3, Ch3; chaotic 4, Ch4; and single-axial edgewise, E)
to the blade stations. The stations at the root are shown as an example. See Fig. 1 for the

station enumeration within the cross-section.

blade. By doing this, for example, the over-testing at the root shown in Fig. 6-a
could have been reduced. Note that the more test configurations to evaluate,
the greater the need for computational resources to run the simulations, espe-
cially the aeroelastic ones. Hence, we must find a way to minimize the number
of possible cases to evaluate, but that in turn, they contribute more to the final

solution.

5. Conclusions

An optimized method for multi-axial fatigue testing of wind turbine blades is
proposed. By applying the proposed method, improved fatigue tests compared
to current standard fatigue tests are obtained in terms of both accuracy and total
test time. This is achieved by considering several possible test configurations,
minimizing the total test time, and satisfying predefined error limits. Moreover,
the response of the blade is accounted for at the material level by considering

strain-based damage targets.
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The proposed optimization method was applied to a commercial wind tur-
bine blade in order to illustrate its capabilities. Contrary to standard tests,
it was found that all regions along this blade reached the strain-based target
damage when using the proposed optimization method, along with the fact that
no failure due to static and fatigue loading was predicted. This was done by
combining four different chaotic cases with a single-axial edgewise case. In addi-
tion, it was found that the equivalent damage ratio, EDR, in most of the blade
stations tended to one. This indicated that the over-testing was significantly
reduced in most of the blade. Furthermore, a reduction of 50% of the total test

time was also achieved in comparison with the current standard test.
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Appendix A. Structural blade properties

Table A.6: Radial position, r; mass per unit length, mg; radius of inertia with respect to

elastic center, iz and riy; flapwise bending stiffness, El.; edgewise bending stiffness, EIy;

torsional stiffness, GJ; axial stiffness, F'A; structural pitch, ).

r mg rig vy EI, EI, GJ EA 0,

m) | lkg/m) | ) ) | Wn? | (Naw?) | [Nan?rad) | (V] ]
0.00 | 2.71E+02 | 2.31E-01 | 2.32E-01 | 3.20E+08 | 2.17E4+08 | 6.69E+07 | 4.82E+09 | 1.60E+01
0.75 | 1.80E+02 | 2.41E-01 | 2.90E-01 | 1.89E+08 | 1.66E+08 | 5.34E+07 1.45E409 | -1.25E401
1.50 | 1.09E+02 | 2.33E-01 | 3.11E-01 | 5.88E+407 | 1.15E+08 3.05E+07 8.68E+08 | -1.20E+01
2.18 | 7.37TE4+01 | 2.06E-01 | 3.02E-01 | 4.17E4+07 | 9.00E+407 2.09E+07 7.69E+08 | -9.09E+00
2.75 | 6.63E4+01 | 1.75E-01 | 2.89E-01 | 2.99E+07 | 9.60E+407 1.51E4+07 | 7.55E4+08 | -6.62E+00
3.50 | 6.17TE+01 | 1.36E-01 | 2.65E-01 | 1.75E+07 | 7.54E4+07 | 8.67TE4+06 | 7.64E+408 | -5.47E+00
4.00 | 5.74E4+01 | 1.14E-01 | 2.44E-01 | 1.32E4-07 | 5.25E4+07 5.96E+06 7.56E408 | -4.64E400
4.50 | 5.41E+01 | 9.77E-02 | 2.24E-01 | 9.76E+06 | 3.67E4+07 | 4.14E+4+06 | 7.28E+08 | -3.75E+00
5.50 | 4.78E+401 | 7.46E-02 | 1.98E-01 | 4.70E+06 | 2.29E+407 | 2.16E+06 5.99E4+08 | -1.40E+400
6.10 | 4.34E+01 | 6.52E-02 | 1.83E-01 | 3.17TE+06 | 1.81E+407 1.55E4-06 5.31E4+08 | -1.29E+00
7.00 | 3.72E401 | 5.49E-02 | 1.65E-01 | 2.12E+06 | 1.24E+407 1.00E+4-06 4.42E+08 | -8.57E-01
8.25 | 3.02E+01 | 4.57E-02 | 1.45E-01 | 1.10E4+06 | 7.86E+06 | 6.10E4+05 | 3.44E408 | -7.10E-01
9.00 | 2.66E+01 | 4.20E-02 | 1.38E-01 | 7.30E+05 | 6.03E4+06 | 4.64E+405 2.74E+08 | -4.82E-01
9.75 | 2.31E+01 | 3.89E-02 | 1.33E-01 | 5.39E+05 | 5.08E+06 | 3.71E+405 2.31E4+08 | -6.07E-01
11.00 | 1.92E4+01 | 3.40E-02 | 1.28E-01 | 3.40E+05 | 3.28E+06 | 2.79E+405 1.75E+408 | -5.74E-01
12.00 | 1.58E+01 | 2.91E-02 | 1.21E-01 | 2.01E405 | 2.49E+06 1.76E+05 1.38E+408 | -3.08E-01
13.55 | 7.08E+00 | 1.46E-02 | 7.84E-02 | 5.38E+04 | 9.35E+05 3.15E+04 | 6.60E407 | -7.62E-01
14.30 | 1.31E400 | 1.42E-03 | 1.03E-02 | 5.00E+02 | 5.00E+402 4.60E+01 4.51E+06 | -1.98E-+00
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Table A.7: Radial position, r; chord length, ¢; ratio between profile chord and height, ¢/t.

r c c/t r c c/t
] | ) H | | -]
0.00 | 7.21E-01 | 1.00E+02 | 9.37 | 5.77E-01 | 2.04E+01
0.50 | 6.94E-01 | 1.00E402 | 9.94 | 5.56E-01 | 2.01E+01
1.03 | 1.13E4+00 | 5.72E+01 | 10.50 | 5.40E-01 | 1.96E+01
1.59 | 1.32E4+00 | 4.40E+01 | 11.00 | 5.26E-01 | 1.91E+01
2.18 | 1.33E+00 | 3.89E401 | 11.40 | 5.11E-01 | 1.86E+401
2.80 | 1.28E+00 | 3.43E401 | 11.90 | 4.93E-01 | 1.80E+01
3.45 | 1.20E+00 | 2.98E+01 | 12.30 | 4.70E-01 | 1.74E+01
4.11 | 1.10E400 | 2.64E401 | 12.60 | 4.41E-01 | 1.68E+401
4.79 | 1.01E+00 | 2.40E401 | 12.90 | 4.06E-01 | 1.62E+01
5.47 | 9.10E-01 | 2.27E+401 | 13.20 | 3.63E-01 | 1.57E+01
6.16 | 8.24E-01 | 2.19E+401 | 13.50 | 3.13E-01 | 1.52E+01
6.83 | 7.50E-01 | 2.15E+01 | 13.70 | 2.55E-01 | 1.47E+01
7.50 | 6.89E-01 | 2.12E+01 | 14.00 | 1.90E-01 | 1.44E+01
8.15 | 6.41E-01 | 2.10E401 | 14.10 | 1.18E-01 | 1.40E+401
8.77 | 6.04E-01 | 2.07E401 | 14.30 | 3.96E-02 | 1.37E+01

Table A.8: Section number, sec; half-chord coordinates, Zpos, Ypos, and zpos; aerodynamic

twist, 5.
sec Zpos Ypos Zpos B sec Tpos Ypos Zpos B
(-] [m] [m] [m] [°] [-] [m] [m] [m] ]
1 0.00E4-00 | 0.00E400 | 0.00E4-00 | -1.60E+01 | 11 | -1.03E-01 | 4.36E-03 | 7.52E+00 | -2.43E4-00
2 | -4.78E-02 | 1.38E-02 | 7.46E-01 | -1.60E+01 | 12 | -9.48E-02 | 3.11E-03 | 8.27E+00 | -1.88E+00
3 -1.87E-01 | 5.16E-02 | 1.49E+400 | -1.54E+01 | 13 | -8.87E-02 | 2.35E-03 | 9.02E+00 | -1.52E+4-00
4 | -1.94E-01 | 4.84E-02 | 2.24E+00 | -1.40E+01 | 14 | -8.42E-02 | 1.91E-03 | 9.78E+00 | -1.30E+00
5 -1.85E-01 | 3.94E-02 | 2.99E+00 | -1.20E+01 | 15 | -8.08E-02 | 1.63E-03 | 1.05E+01 | -1.16E400
6 | -1.71E-01 | 2.96E-02 | 3.75E+00 | -9.82E+00 | 16 | -7.74E-02 | 1.39E-03 | 1.13E+01 | -1.03E+00
7 -1.56E-01 | 2.10E-02 | 4.50E+00 | -7.68E+400 | 17 | -7.25E-02 | 1.05E-03 | 1.20E+01 | -8.27E-01
8 | -1.40E-01 | 1.43E-02 | 5.25E+00 | -5.83E+00 | 18 | -6.33E-02 | 4.65E-04 | 1.28E+01 | -4.21E-01
9 -1.26E-01 | 9.56E-03 | 6.01E+00 | -4.35E+00 | 19 | -4.51E-02 | -3.09E-04 | 1.35E+01 3.92E-01
10 | -1.13E-01 | 6.40E-03 | 6.76E4+00 | -3.23E400 | 20 | -5.94E-03 | -2.07E-04 | 1.43E+01 | 2.00E+400
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Appendix B. Equivalent target strain amplitude

At

Table B.9: Equivalent target strain amplitude, € agwtl p.i? along the blade in [m/m] for = 10
)
and n = 2E6 cycles.
Cross-section + [m]
point 0.00 0.75 150 218 275 3.00 3.50 4.50 5.50 6.10 8.25 9.00 9.75 10.00 11.00 12.00
1 1.52E-04 | 2.26E-04 | 4.76E-04 | 5.23E-04 | 4.34E-04 | 4.26E-04 | 4.47E-04 6.22E-04 | 7.26E-04 | T.51E-04 6.86E-04 | 5.88E-04 | 5.17E-04 | 5.05E-04 | 3.91E-04 | 2.49E-04
2 214TE-04 | 2.06E-04 | 4.72E-04 | 4.99E-04 | 4.08E-04 | 4.00E-04 | 4.22E-04 | 5.04E-04 | 6.02E-04 | T.15E-04 | T44E-04 | T.60E-04 | 6.69E-04 | 5.44E-04 | 4.56E-04 | 4.39E-04 | 3.42E-04 | 2.14E-04
3 1A2E-04 | 1L95E-04 | 4.65E-04 | 443E-04 | 3.52E-04 | 3.42E-04 | 3.69E-04 | 4.66E-04 | 5.61E-04 | T.03E-04 | T44E-04 | T.60E-04 | 6.71E-04 | 5.12E-04 | 3.92E-04 | 3.54E-04 | 2.77E-04 | 1L.63E-04
4 1.39E-04 | 1.90E-04 | 4.30E-04 | 4.14E-04 | 3.29E-04 | 3.21E-04 | 3.57E-04 | 4.54E-04 | 5.45E-04 | 7.12E-04 | 7.68E-04 | 7.81E-04 | T.03E-04 | 5.27E-04 | 3.95E-04 | 3.40E-04 | 2.58E-04 | 1.33E-04
5 1.38E-04 | 1.86E-04 | 3.69E-04 | 3.97E-04 | 3.22E-04 | 3.20E-04 | 3.64E-04 | 4.59E-04 | 5.42E-04 | 7.30E-04 | 8.15E-04 | 8.23E-04 | 7.65E-04 | 5.81E-04 | 4.51E-04 | 3.92E-04 | 2.92E-04 | 1.51E-04
6 140E-04 | 1.84E-04 | 3.27E-04 | 3.94E-04 | 3.31E-04 | 3.36E-04 | 3.91E-04 | 4.80E-04 | 5.54E-04 | 7.84E-04 | 8.85E-04 | 8.90E-04 | 8.60E-04 | 6.70E-04 | 5.47E-04 | 4.88E-04 | 3.58E-04 | 2.00E-04
7 144E-04 | 1.84E-04 | 3.06E-04 | 4.05E-04 | 3.56E-04 | 3.69E-04 | 4.35E-04 | 5.16E-04 | 5.84E-04 | 848E-04 | 0.73E-04 | 0.78E-04 | 9.84E-04 | 7.80E-04 | 6.70E-04 | 6.14E-04 | 4.49E-04 | 2.6TE-04
8 149E-04 | 1L.90E-04 | 3.02E-04 | 4.30E-04 | 3.95E-04 | 4.16E-04 | 4.93E-04 | 5.6TE-04 | 6.28E-04 | 9.24E-04 | LOSE-03 | LOSE-03 | L13E-03 | 9.25E-04 | 8.11E-04 | T.56E-04 | 5.52E-04 | 3.43E-04
9 LH4E-04 | 1L9TE-04 | 3.18E-04 | 4.57E-04 [ 444E-04 | 4.70E-04 | 5.49E-04 | 6.12E-04 | 6.70E-04 | 1.00E-03 | 1.19E-03 | 1.20E-03 | 1.28E- 1O4E- 9.32E-04 4.24E-04
10 1.60E-04 | 2.08E-04 | 3.43E-04 | 5.00E-04 | 5.00E-04 | 5.31E-04 | 6.18E-04 | 6.76E-04 E-04 | 1.10E-03 | 1.30E-03 | 1.32E-03 | 1.44E-03 | 1.19E-03 | L.OSE-03 5.05E-04
1 65E-04 | 2.18E-04 | 3.89E-04 | 5.49E-04 | 5.58E-04 | 5.94E-04 | 6.88E-04 | 7.45E-04 | 8.01E-04 | 1.19E-03 | 1.42E-03 | 1.44E-03 | 1.60E-03 | 1.34E-03 | 1.23E-03 | 1.ISE-03 | 8.69E-04 | 5.82E-04
12 1.69E-04 | 2.30E-04 | 4.43E-04 | 6.01E-04 | 6.18E-04 | 6.57E-04 | 7.50E-04 | R.15E-04 | 8T1E-04 | 1.28E-03 | 1.54E-03 | L56E-03 | L76E-03 | 1.49E-03 | 1.38E-03 | 1.33E-03 | 9.77E-04 | 6.55E-04
13 L73E-04 | 243E-04 | 5.02E-04 | 6.53E-04 | 6.76E-04 | 7.21E-04 | 8.30E-04 | 8.83E-04 | 9.42E-04 | 1.37E-03 | 1.65E-03 | 1.67E-03 | 1.90E-03 | 1.62E-03 | 1.52E-03 | 1.46E-03 | 1.OTE-03 | 7.20E-04
14 L76E-04 | 2.55E-04 | 5.59E-04 | T.04E-04 | T.32E-04 | T.82E-04 | 8.99E-04 | 9.49E-04 | LOIE-03 | 1.45E-03 | 1.75E-03 | L77E-03 | 2.03E-03 | 1L.75E-03 | 1.64E-03 | 1.58E-03 | 1.16E-03 | 7.75E-04
15 L78E-04 | 2.67E-04 | 6.13E-04 | 7.52E-04 | 7.84E-04 | 8.38E-04 | 9.63E-04 | 1.01E-03 | 1.07E-03 | 1.53E-03 | 1.83E-03 | 1.86E-03 | 2.14E-03 | 1.85E-03 | 1.74E-03 | 1.67E-03 | 1.23E-03 | 8.18E-04
16 1.79E-04 | 2.76E-04 | 6.60E-04 | 7.86E-04 | 8.22E-04 | 8.80E-04 | 1.01E-03 | 1.06E-03 | 1.11E-03 | 1.58E-03 | 1.89E-03 | 1.92E-03 | 2.22E-03 | 1.92E-03 | 1L81E-03 | 1.74E-03 | 1.27E-03 | 8.46E-04
17 L79E-04 | 2.81E-04 | 6.92E-01 | 8.25E-04 | 8.65E-04 | 9.25E-04 | 1.0GE-03 | 1.10E-03 | L.14E-03 | 1.60E-03 | 1.92E-03 | 1.94E-03 | 2.25E-03 | 1.95E-03 | 1.84E-03 | 1.77E-03 | 1.29E-03 | 8.57E-04
18 1L78E-04 | 2.84E-04 | 7.24E-04 | 8.58E-04 | 9.00E-04 | 9.62E-04 | 1.10E-03 | L.13E-03 | L16E-03 | 1.62E-03 | 1.93E-03 | 1.95E-03 | 2.26E-03 95E-03 85E-03 | 1.77E-03 | 1.29E-03 | 8.49E-04
19 L7TE-04 | 2.83E-04 | T45E-04 | 8.80E-04 | 9.23E-04 | 9.83E-04 | L11E-03 | LI14E-03 | LISE-03 | 1L.60E-03 | 1.90E-03 | 1.91E-03 | 2.21E-03 | 1.91E-03 | 1.81E-03 | 1.72E-03 | 1.25E-03 | 8.18E-04
20 1.74E-04 | 2. 04 | T.54E-04 | 8.88E-04 | 9.29E-04 | 9.87E-04 | 1.11E-03 | 1.13E-03 | 1.I8E-03 | 1.56E-03 | 1.83E-03 | 1.82E-03 | 2.11E-03 | 1.81E-03 | 1.73E-03 | 1.63E-03 | 1.18E-03 | 7.64E-04
21 1.72E-04 | 2.7T1E-04 | T49E-04 | 8.82E-04 | 9.16E-04 | 9.69E-04 | 1.09E-03 | 1.10E-03 | 1.12E-03 | 146E-03 | 1.71E-03 | 1.69E-03 | 1.94E-03 | 1.66E-03 | 1.59E-03 | 1.49E-03 | 1.08E-03 | 6.87E-04
22 1.69E-04 | 2.63E-04 | 7.31E-04 | 8.56E-04 | 8.77E-04 | 9.24E-04 | 1.04E-03 | 1.05E-03 OTE-03 | 1.33E-03 | 1.54E-03 | 151E-03 | L.72E-03 | L52E-03 | 1.45E-03 | 1.35E-03 | 9.61E-04 | 5.87E-04
23 1.65E-04 | 2.49E-04 | 6.92E-04 | 8.05E-04 | 8.10E-04 | 8.48E-04 | 9.46E-04 | 9.50E-04 | 9.77E-04 | 1.16E-03 | 1.32E-03 | 1.26E-03 | 1.43E-03 | 1.27E-03 | 1.22E-03 | 1.11E-03 | 7.81E-04 | 4.54E-04
24 L6IE-04 | 2.39E-04 | 6.55E-04 | 7.58E-04 | T.49E-04 | 7.78E-04 | 8.62E-04 | 8.76E-04 | 8.97E-04 | LO2E-03 | 1L.13E-03 | 1.06E-03 | 1.19E-03 | L.OGE-03 | 1.03E-03 | 9.13E-04 | 6.32E-04 | 3.47E-04
25 1.56E-04 | 2.16E-04 | 5.51E-04 | 6.26E-04 | 5.77E-04 | 5.85E-04 | 6.39E-04 | 6.45E-04 | 6.48E-04 | 6.31E-04 | 6.44E-04 | 5.81E-04 | 5.90E-04 | 5.50E-04 | 5.26E-04 | 4.89E-04 | 3.26E-04 | 1.36E-04
26 1.51E-04 | 1.97E-04 | 4.81E-04 | 5.37E-04 | 4.62E-04 | 4.55E-04 | 4.76E-04 | 4.71E-04 | 4.63E-04 | 4.09E-04 | 4.15E-04 | 4.40E-04 | 4.21E-04 | 3.96E-04 | 2.70E-04 | 3.09E-04 | 2.52E-04 | 2.11E-04
27 146E-04 | 1.83E-04 | 4.00E-04 | 4.35E-04 | 3.39E-04 | 3.16E-04 | 3.06E-04 | 3.12E-04 | 3.50E-04 | 4.93E-04 | 6.02E-04 | 7.24E-04 | 9.21E-04 | 7.87E-04 | 5.85E-04 | 6.57E-04 | 5.26E-04 | 4.26E-04
28 142E-04 | 1L.71E-04 | 3.32E-04 | 3.46E-04 | 2.81E-04 | 2.73E-04 | 2.69E-04 | 3.17E-04 | 4.06E-04 | 7.18E-04 | 8.90E-04 | 9.80E-04 | 1.20E-03 | 1.10E-03 | 9.32E-04 | 9.50E-04 | 7.39E-04 | 5.59E-04
29 1.39E-04 | 1L.63E-04 | 3.33E-04 | 3.42E-04 | 3.37E-04 | 3.55E-04 | 3.75E-04 | 4.18E-04 | 5.08E-04 | 8.92E-04 | L12E-03 | 1.23E-03 | L57TE-03 | 1.34E-03 | 1L18E-03 | L17E-03 | 9.00E-04 | 6.58E-04
30 1.38E-04 | 1.64E-04 | 3.69E-04 | 3.76E-04 | 4.23E-04 | 4.62E-04 | 5.01E-04 | 5.32E-04 | 6.15E-04 | 1.05E-03 | 1.32E-03 | 1.43E-03 | 1.80E-03 | 1.54E- 1.39E-03 | 1.35E-03 | 1.03E-03 | 7.28E-04
31 141E-04 | 1.71E-04 | 4.07E-04 | 4.11E-04 | 5.03E-04 | 5.56E-04 | 5.95E-04 | 6.08E-04 | 6.93E-04 | L.ITE-03 | 1.47E-03 | 1.59E-03 | 1.97E-03 | 1.65E-03 | 1.53E-03 | 1.46E-03 | 1.11E-03 | 7.78E-04
32 1.45E-04 | 1L.81E-04 | 4.59E-04 | 4.53E-04 | 5.69E-04 | 6.27E-04 | 6.79E-04 | 6.91E-04 | 7.69E-04 | 1.26E-03 | 1.58E-03 | 1.68E-03 | 2.09E-03 | 1.76E-03 | 1.64E-03 | 1.57E-03 | 1.18E-03 | 8.15E-04
33 L50E-04 | 1.8SE-04 | 5.02E-04 | 4.88E-04 | 6.14E-04 | 6.76E-04 | 7.37E-04 | 7.45E-04 | 8.16E-04 | 1.31E-03 | 1.64E-03 | L.73E-03 | 2.15E-03 | 1.82E-03 | L.71E-03 | 1.63E-03 | 1.22E-03 | 8.35E-04
34 L56E-04 | 2.02E-04 | 542E-04 | 5.22E-04 | 6.50E-04 | 7.14E-04 | 7.82E-04 | 7.86E-04 | 8.47TE-04 | 1.33E-03 | 1.66E-03 | 1.74E-03 | 2.16E-03 L76E-03 | 1.66E-03 | 1.24E-03 | 8.41E-04
35 L62E-04 | 2.14E-04 | 5.61E-04 | 5.42E-04 | 6.65E-04 | T.29E-04 | 8.01E-04 | T. BA49E-04 | 1.31E-03 | 1.63E-03 | L.7T1E-03 | 2.13E- L76E-03 | 1.65E-03 | 1.23E-03 | 8.35E-04
36 L6TE-04 | 2.27E-04 | 5.72E-04 AYE-04 | 6.66E-04 | T.28E-04 | 8.01E-04 | 7.94E-04 35E-04 | 1.28E-03 | 1.59E-03 | 1.66E-03 | 2.07E-03 1.72E-03 | 1.61E-03 | 1.21E-03 | 8.14E-04
37 1.72E-04 | 2.38E-04 | 5.70E-04 | 5.50E-04 | 6.55E-04 | 7.12E-04 | 7.79E-04 | T.71E-04 | 8.11E-04 | 1.21E-03 | 1.50E-03 | 1.56E-03 | 1.94E-03 1.63E-03 | 1.53E-03 | 1.15E-03 | 7.7T9E-04
38 L76E-04 | 2.45E-04 | 5.56E-01 | 5.39E-04 | 6.31E-04 | 6.84E-04 | T41E-04 | 7.31E-04 | 7.67E-04 | L1IE-03 | 1.37E-03 | 1.42E-03 | 1.78E-03 L51E-03 | 1.42E-03 | 1.OGE-03 | 7.32E-04
L79E-04 | 2.51E-04 | 5.33E-04 | 5.19E-04 | 5.97E-04 | 6.43E-04 | 6.89E-04 | 6.76E-04 | T.08E-04 | 9.89E-04 | 1.21E-03 26E-03 | L58E-03 1.36E-03 | 1.28E-03 | 9.64E-04 | 6.73E-04
40 L8IE-04 | 2.54E-04 | 5.04E-04 | 4.92E-04 | 5.54E-04 | 5.93E-04 | 6.28E-04 | 6.10E-04 | 6.37E-04 | 8.56E-04 | 1.04E-03 | 1.08E-03 | 1.36E-03 1.20E-03 | L13E-03 | 853E-04 | 6.04E-04
41 1.82E-04 | 2.53E-04 | 4.72E-04 | 4.60E-04 | 5.04E-04 | 5.36E-04 | 5.59E-04 | 5.39E-04 | 5.63E-04 | 7.20E-04 | 8.66E-04 | 8.94E-04 | 113E-03 1.03E-03 | 9.75E-04 | 7.39E-04
42 1.82E-04 | 2.49E-04 | 4.43E-04 | 4.27E-04 | 4.52E-04 | 4.77E-04 | 4.89E-04 | 4.71E-04 | 497E-04 | 5.94E-04 | 6.96E-04 | 7.12E-04 | 9.06E-04 | 8.18E-04 | 8.54E-04 | 8.20E-04 | 6.27E-04
43 1L81E-04 | 2.43E-04 | 4.20E-04 | 3.98E-04 | 4.03E-04 | 4.20E-04 | 4.25E-04 | 4.15E-04 | 444E-04 | 4.90E-04 | 5.52E-04 | 5.61E-04 | 7.13E-04 | 6.93E-04 | 6.96E-04 | T.03E-04 | 5.41E-04 | 3.99E-04
44 1L.79E-04 | 2.36E-04 | 4.00E-04 | 3.80E-04 | 3.61E-04 | 3.74E-04 | 3.83E-04 | 3.81E-04 | 4.10E-04 | 4.31E-04 | 4.62E-04 | 4.69E-04 | 5.68E-04 | 5.61E-04 | 5.04E-04 | 5.82E-04 | 4.51E-04 | 3.40E-04
45 L76E-04 | 2.26E-04 | 3.91E-04 | 3.66E-04 | 3.31E-04 | 3.38E-04 | 3.46E-04 | 3.58E-04 | 3.99E-04 | 4.31E-04 | 4.50E-04 | 4.65E-04 | 4.83E-04 | 4.7T1E-04 | 4.66E-04 | 4.83E-04 | 3.80E-04 | 2.90E-04
46 1.73E-04 | 2.15E-04 | 3.96E-04 | 3.65E-04 | 3.17E-04 | 3.19E-04 | 3.30E-04 | 3.61E-04 | 4.19E-04 | 4.84E-04 | 5.04E-04 | 5.23E-04 | 4.73E-04 | 4.20E-04 | 4.06E-04 | 4.18E-04 | 3.32E-04 | 2.53E-04
47 1.70E-04 | 2.05B-04 | 4.18E-04 | 3.79E-04 | 3.21E-04 | 3.19E-04 | 3.35E-04 | 3.86E-04 | 4.58E-04 | 5.46E-04 | 5.74E-04 | 5.95E-04 | 5.19E-04 | 4.32E-04 | 3.84E-04 | 3.88E-04 | 3.10E-04 | 2.29E-04
8 1.66E-04 | 1.95E-04 | 4.61E-04 | 4.08E-04 | 3.40E-04 | 3.36E-04 | 3.57E-04 | 4.21E-04 6.02E-04 | 6.35E-04 | 6.60E-04 | 5.75E-04 | 4.64E-04 | 3.93E-04 | 3.90E-04 | 3.10E-04 | 221E-04
49 1.62E-04 | 2.00E-04 | 4.87E-04 | 4.4TE-04 | 3.72E-04 | 3.64E-04 | 3.88E-04 | 4.50E-04 | 545E-04 | 6.47E-04 | 6.81E-04 | T.08E-04 | 6.19E-04 | 5.04E-04 | 4.26E-04 | 4.19E-04 | 3.31E-04 | 2.27TE-04
50 L5TE-04 | 2.09E-04 | 4.92E-04 | 4.95E-04 | 4.16E-04 | 4.13E-04 | 4.39E-04 | 5.06E-04 | 5.93E-04 | 6.83E-04 | 7.14E-04 | TA0E-04 | 6.54E-04 | 5.53E-04 | 4.84E-04 | 4.78E-04 | 3.73E-04 | 2.48E-04
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Appendix C. Ultimate and target fatigue bending moments

Table C.10: Maximum and minimum ultimate bending moments, U™ and U™ respec-
tively, in flapwise and edgewise directions including safety factors; and target fatigue bending
moments, M*9* in flapwise and edgewise directions for m = 10 and # = 2E6 cycles.
ro | Uper | Upin | Umer | Umyin | Mg, | M5,
[m] | [kNm] | [kNm] | [kNm] | [ENm] | [kNm] | [kNm]
0.00 | 217.20 | -285.50 86.00 -74.62 | 208.52 | 121.58
1.49 175.42 | -228.85 64.94 -57.31 167.98 91.03
2.99 137.39 | -176.42 51.19 -43.76 | 133.83 66.95
6.01 72.14 -91.91 27.73 -24.82 75.80 32.02
6.76 58.35 -75.04 22.94 -21.32 62.47 25.71
9.02 27.20 -34.57 11.78 -11.62 30.89 11.54
12.04 4.16 -4.73 2.18 -2.12 4.60 1.59

13.55 0.30 -0.30 0.19 -0.19 0.34 0.12

Appendix D. Standard fatigue test

In this appendix, additional information regarding the standard test simula-
tion is provided. The ratio between test fatigue bending moments, M?¢*¢, and
the target bending moments, M*9¢, for the flapwise and edgewise standard tests
is presented in Fig. D.11. In addition, a comparison between the maximum
and minimum fatigue bending moments applied during the test, M#qtigue, and
the static ultimate bending moments of the blade, My itimate, is shown in Fig.
D.12. Finally, the equivalent damage ratio, EDR, along the blade after the

single-axial edgewise and the single-axial flapwise standard tests is shown in

Fig. D.13.
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Figure D.11: Ratio between the test bending moments, M*®5t  and the target bending mo-

ments, Mt9¢ for both standard flapwise test and standard edgewise test.
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Figure D.12:

Comparison between the maximum and minimum loads during the test,
M tatigue, in flapwise and edgewise directions respect to the static ultimate loads, Myitimates

for (a) the standard edgewise fatigue test, and (b) the standard flapwise fatigue test.

Appendix E. All-combined-loading optimized fatigue test

Further information related to the all-combined-loading optimized solution is

s provided in this section. The comparison between the maximum and minimum
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Figure D.13: EDR after (a) the standard edgewise fatigue test, and (b) the standard flapwise

fatigue test. In log scale.

fatigue bending moments, Mqsigue, and the static ultimate bending moments,
Myitimate, for the different test configurations within the optimal solution is
shown in Fig. E.14. Additionally, the equivalent damage ratio, EDR, along the
blade after each of the different test configurations within the optimal solution

70 is shown in Fig. E.15.
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Figure E.14: Comparison between the maximum and minimum test loads in the flapwise and
edgewise directions respect to the static ultimate loads for each type of test within the optimal

solution (see Table 5): (a) Chaotic No 1; (b) Chaotic No 2; (¢) Chaotic No 3; (d) Chaotic No

4; (e) Single-axial edgewise case.
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Figure E.15: EDR after each type of test within the optimal solution (see Table 5): (a)
Chaotic No 1; (b) Chaotic No 2; (¢) Chaotic No 3; (d) Chaotic No 4; (e) Single-axial edgewise

case. In log scale.
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