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ABSTRACT — Measuring and logging of fatigue loads is essential for individual life time estimations
of operating wind turbines. This contribution investigates the quality of the widely accepted modal
decomposition and expansion (MDE) approach for the estimation of fatigue indicators on the basis
of a limited number of acceleration measurements. A cantilever beam is chosen as simple test struc-
ture in order to identify possible pitfalls inherent to the MDE method in a transparent way. Analytical
mode shapes are chosen as basis for the modal expansion as a first approach. Several experimental
tests approve the feasibility of this procedure and show good agreement between measured and esti-
mated fatigue indicators after minor model refinements based on experimental modal analysis. Future
investigations include the application of this method to full-scale wind turbines.

1 Introduction

The global challenge of limited fossil resources causes a growing significance of renewable energies. Due to their
comparatively high energy efficiency wind turbines play an important role to accomplish the transition to sus-
tainable energy sources. A robust design of the mechanical components of wind turbines with respect to fatigue
behaviour is a prior target in the dimensioning process. According to the certification guidelines by DNV GL [1]]
wind turbines are designed for a life time of at least 20 years. However, the design load assumptions are conserva-
tive compared to the actual loads acting on a physical wind turbine, implying a discrepancy between the actual and
anticipated fatigue progression. Thus, in order to asses the individual life time of a wind turbine, reliable tracking
of the actually endured fatigue loads at critical spots is of great interest. Direct measurement of strains in operat-
ing wind turbines imposes high requirements on the measurement equipment and is in any case only possible at
accessible measurement positions. An indirect derivation of fatigue indicators by rather simply obtainable motion
quantities, e.g. accelerations, is more reasonable in this context.

The aim of this contribution is to provide a basis for the fatigue estimation based on a limited number of
acceleration measurements applying the Modal Decomposition and Expansion (MDE) approach. The MDE is a
widely accepted method for full-field stress and strain recovery and has been applied on a wide range of mechanical
and civil structures [2H5]. A comparison with other state-of-the-art strain estimation methods like Kalman filtering
and joint-input filtering techniques is given in [6]. Despite the already existing application cases, the goal of this
contribution is to identify possible pitfalls which are connected with the practical implementation of the MDE in
a separate simple testing environment. This is reasonable since practical investigations on physical wind turbines
always require standstill periods and must therefore be reduced to a minimum.

On that account, first practical tests were conducted on a steel cantilever beam which can be regarded as
simplified model of a wind turbine tower. The experiences made are considered as basis for future applications on
a small scale wind turbine [7] as well as on a full scale prototype turbine [8]].



The paper is organised as follows. Section[2]briefly describes the basic principle of the MDE and the required signal
processing. Furthermore an outlook to fatigue estimation methods is given. In Sec. [3|the introduced procedure is
investigated in practical tests, and results are discussed in detail. In addition, a model refinement is performed on
the basis of experimental modal analysis.

2 Theoretical background

In Sec. 21| the basic principle of modal decomposition and expansion is illustrated. As an overview, the required
steps for the computation of strain estimations on the basis of MDE are depicted in Fig. 2| The necessary signal
processing is explained in Sec.[2.2] Basic fatigue estimation methods are introduced in Sec. 2.3

2.1 Modal decomposition and expansion

In general, the dynamic displacement w(x,#) of a continuous one-dimensional system can be represented by the
linear combination of its continuous mode shapes @;(x) and modal coordinates ¢;(¢) with j=1,...,e. In practice,
depending on the frequency range of excitation, usually only a small set of n lower modes provide a significant
contribution to the dynamic displacement. Thus, the omission of higher modes (modal truncation) allows for the
approximation of w(x,7) by a finite sum,

Wi t) = iw,-(x) 45(0) ~ il<pj<x> 45(0). W
= =

In the application case of a wind turbine tower the first three bending modes can be identified as most significant []],
thus n = 3.

Relation (I) is exploited for the principle of MDE on a given set of vibration measurements. Due to their
reliability and robustness accelerometers are usually used in the field of structural dynamics. The measured accel-
erations conducted at discrete positions x;, k = 1,...,m are combined into the vector w(t) € R™,

w(t) = [(xi,t) oo ()] )

For modal decomposition of w(¢) n continuous shape functions ¢;(x), each evaluated at the m measurement
positions x;, and n modal accelerations () are required which can be combined into the vectors ¢ ; € R and

i(t) € R, respectively,
T .
d)j: [(pj(xl) (pj(xm)] s ]:1,...,11 (3)
and
- o . T
d(t)=[Git) ... G.(0)] . @
With Eq. (3) and (@) the set of acceleration measurements w0 (¢) can be approximately modally decomposed ac-
cording to Eq. (),

w(t)~ [pr ... b dl). (5)
3]

The mode shape matrix ® € R”*" includes the n mode shape vectors ¢ ;. If n matches m, i.e. the number of mea-
surement location equals the number of modes of interest, a direct approximation g(t) for the modal accelerations
can be obtained,

G(t) ~q(t) =@ " w(r). (6)

In case more measurements than modes of interest are available, a least-squares solution can be found for q(7).
The mode shapes matrix ® is to be derived either by experimental modal analysis [9]], finite element (FE),
multibody [[104/11] or idealised analytical models. All these approaches assume that the experimental or numerical
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mode shapes correspond sufficiently to their physical counterparts. In the context of this contribution analytical
mode shapes are chosen as a first approximation as exemplary shown in Fig. [T}

To find an analytical approximation for the axial strain field &,(x,z,) at any location x, z in the beam structure,
the EULER-BERNOULLI theory is exploited according to which the axial strains are directly linked to the beam
curvature

&(x,z,t) = —w'(x,1)z, (7

with z being the distance to the neutral axis.
With reasonable estimations for the modal accelerations g(¢) from Eq. (6) the beam curvature acceleration
w” (x*,1) at any location x* can be approximated by means of modal expansion according to relation (T)),

W (" 0) W (1) = Y o () (1), (8)
j=1

with @7 (x*), j=1,...,n being the n curvature or strain mode shapes, respectively, evaluated at location x*.

Note that (p}’ (x) can be directly expressed in closed form when considering the analytical mode shapes, Fig. .
In contrast to that, FE or multibody models provide curvature mode shapes only in terms of discrete vectors at the
respective node locations. For the modal expansion to position x* an appropriate interpolation of the curvature
mode shape vectors is required in general.

Combining Eq. (7) and Eq. (8) eventually yields an estimation for uni-axial strains & (x*,z,7),

& (x",z,1) ~ & (x*,7,1) = —zw" (X", 1). )

Equation (9)), however, requires a twofold time integration of the curvature acceleration w” (x*,), which has to be
performed with special care, see Sec.[2.2] for further details.
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Fig. 1: a Cantilever beam model of length ¢ b The first n = 3 uni-axial bending mode shapes ¢ The corresponding strain mode shapes.
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Fig. 2: Required steps for strain estimations on the basis of MDE

2.2 Signal processing

In general, the integration of discrete time signals is a common signal processing task. An overview of different
methods, among them both time and frequency domain techniques, is given in [12]. In addition, different well-
established integration methods are investigated in detail concerning their relative integration error in [[13]]. It is
shown that intuitive integration in frequency domain — i.e. performing a Discrete Fourier Transform (DFT) of the
time signal, dividing the spectrum by i® followed by inverse DFT — is superior to all other analysed techniques.
On that account, the curvature acceleration w” (x*,7), Eq. (7)), is double integrated in frequency domain to get the
curvature displacement w” (x*,7) required for Eq. (§),

1
(iw)?

F W' (0} (10)

However, special care has to be taken when it comes to practical effects like biased or noisy signals as well as
unknown initial conditions. A bias at acceleration level only already results in linear drift at velocity and quadratic
drift at displacement level. As proposed in [13]], drift effects can be minimised by high-pass filtering prior to the
integration process. Due to leakage effects, which occur in the DFT and inverse DFT procedure, high-pass filtering
is required again after integration in frequency domain. For that reason, a digital high-pass filter with 6 order
Butterworth contour according to Fig. |3| was designed.

The entire signal processing within this contribution was performed offline using Matlab. By applying reverse
filtering methods using the internal £i1tfilt function, the non-linear phase characteristics, see Fig. [3b, could be
compensated. However, this procedure is non-causal and therefore generally not applicable to realtime tasks.
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Fig. 3: Frequency response of 6" order Butterworth high-pass filter with f.,, = 7Hz; frequency normalised by Nyquist rate fy = 2560Hz. a Magnitude plot.
b Phase plot.



2.3 Fatigue assessment

In order to estimate the actual fatigue progression, structural damage effects have to be derived from strain time his-
tories at critical spots using available damage accumulation models like the widely accepted PALMGREN-MINER
rule [[14}/15]. According to this hypothesis, fractions of damage are accumulated in linear manner,

D:Z%, (11)

with n; being the number of cycles at a stress level o; and NV; being the maximal tolerable number of cycles defined
by experimental S-N fatigue curves. In order to determine the number of stress cycles n;, actual stress time histories
have to be classified using cycle counting methods, such as rainflow counting [16]]. A typical rainflow histogram
can be found in Fig.[8d. Structural rupture is generally assumed when D approaches 1.

With readily available strain estimations, Eq. (9)), the corresponding uni-axial stress responses can be recovered by
taking (e.g. linear) material characteristics into account,

Oy (x",2,1) = Gy (x",z,t) = E&(x",2,1), (12)

with E being Young’s modulus at the considered structural point x*.

3 Experimental application

After introducing the test setup and suitable quality measures, the MDE principle for the estimation of strains is
investigated in two practical test cases with different types of excitation. To evaluate the results in detail, suitable
quality measures are introduced.

3.1 Test setup

The investigations within this contribution concentrate on a homogeneous steel cantilever beam structure with
properties according to Table dc. Three PCB accelerometers (sensivity: 500mV/g) were mounted on the surface
to observe the first three uni-axial bending modes, Fig. p. Reference strains at sensor location x* were acquired
using Vishay strain gauges in a full bridge circuit, Fig. Ba. All responses were recorded with a sampling rate of
at least 5120 Hz using a MEDARedSens data acquisition system. Since the quality of the investigated MDE method
strongly depends on the observability of relevant modes, optimal positions x, k = 1,2,3 for the accelerometers
were determined using optimisation methods. As proposed in [17]], a genetic algorithm was applied.

The computation of optimal sensor positions prior to any measurements is particularly important regarding the
future application on more complex structures like a wind turbine. Both sensor installation and the modification
of sensor locations is only possible when the turbine is brought to a stop and locked, which is directly linked to
economical cuts for the operating company. Thus, standstill periods for installation services must be reduced to a
minimum, making available optimal sensor positions fundamental.

3.2 Quality measures

In the two following test cases, strain estimation results & (x*,7) need to be compared with the corresponding
reference time histories & (x*,7), recorded by strain gauges on the structure surface at location x*. With € being the
sample vector of measured strains during one test period and € being the corresponding sample vector of estimated
strains, the Time Response Assurance Criterion (TRAC) [4] can be applied as suitable means,
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c
Cantilever beam properties \ \ Position x/l Sensor type
Young’s modulus E 210 GPa x* 0.15 Vishay strain gauges
Density p 7850kg/m3 X1 0.38 PCB accelerometer
Length 4 665 mm X2 0.65 PCB accelerometer
Cross section A 45 x 8mm X3 0.90 PCB accelerometer

Fig. 4: Experimental setup. a Sensor locations on the cantilever beam with accelerometers at positions x;, k = 1,2, 3 and strain gauges at position x*. b PCB

accelerometer mounted on the beam structure. ¢ Experimental setup parameters.

A TRAC value close to 1 indicates a strong correlation between both signals. However, the TRAC is only useful
for a qualitative comparison. In order to also account for amplitude differences, the relative error e(¢) is introduced,
B (1) — E(x"t)

e(t) = 14)

max (&, (x*,7))

In Sec. [3.4]a model refinement is conducted on the basis of experimentally obtained modal parameters. In order
to measure the correlation between experimentally identified mode shape vectors ey ; and those of the analytical
model ¢y, ;, the Modal Assurance Criterion (MAC) is used,

( ;rx,i¢an7j)2
(‘ng,i d)ex,i) <¢}n’j d)an’j) |

with k being the number of considered mode shapes.

MAC(ij) = ij=1,... k, (15)

3.3 Free vibrations test

As a first approach, the cantilever beam was statically deflected by an additional mass attached to the free end
of the structure by a thin cord. After cutting the connecting cord between mass and beam, i.e. removing of the
static load instantly, the beam begins to vibrate according to its eigen-behaviour. The recorded m = 3 normalised
acceleration responses w(7) at sensor locations x;, k = 1,2,3 are shown in Fig. . After modal decomposition
on the basis of analytical mode shapes, estimates for the first n = 3 modal accelerations g(¢) according to Eq. (6)
can be obtained. A section of the corresponding time histories is shown in Fig. [Sb. As can be seen, the resulting
free vibrations response is mainly determined by the first mode, while ¢, (¢) and §3(¢) already decay to zero after a
short period.
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Fig. 5: Results of free vibrations test. a Normalised acceleration measurements w(r) at locations x;, k = 1,2,3 b Normalised decomposed modal accelera-
tions g(t) ¢ Estimated and measured strains at location x* d Relative error ()



Figure compares the estimated strains &(x*,7) on the beam surface at location x* with the corresponding
recorded reference strains &,(x*,¢). A TRAC value of 0.9973 indicates a very qualitative correlation between both
curves. The phase distortion, induced by the high-pass filtering during the double integration process, could be
compensated successfully, see Sec. However, the strain amplitudes are obviously estimated too high, resulting
in a maximal relative error of approximately 15 %, see Fig. [5d.

This exemplary test case demonstrates the general feasibility of strain estimation by using simple analytical
mode shapes. Results show a slight amplitude overestimation which, however, is justifiable for conservative fatigue
assessments.

3.4 Conclusion from free vibrations test

The previous results indicate that the analytical modal stiffnesses are higher than their actual physical counterparts,
resulting from parameter discrepancies between analytical beam model and physical reference structure. As a main
influence factor the idealised clamping boundary condition in the model can be identified. The physical clamping
undoubtedly exhibits a certain degree of flexibility, which can be additionally considered in the analytical model
by replacing the ideal clamping boundary condition with a torsional spring as a first approach.

A reasonable spring stiffness value was determined under the condition that the second eigenfrequency of the
physical beam is to be reproduced by the analytical model. Eigenfrequencies and mode shapes of the physical
structure were obtained by Experimental Modal Analysis (EMA).

For that approach six acceleration sensors were distributed on the cantilever structure, which was forced to
vibrations by an electro-mechanical shaker. A swept sine function with slowly increasing frequency was chosen
as excitation signal. One specific frequency response function (FRF) is shown in Fig. [6p, revealing clearly distinct
resonant frequencies. The coherence, Fig. [6p, indicates high confidence of the recorded data. Modal parameters
were extracted using the least-squares rational function method which is readily available in the Matlab Signal
Processing Toolbox.
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Fig. 6: Selected results of Experimental Modal Analysis. a One specific measured FRF and the identified frequency response. b Corresponding coherence.

A comparison of the model-based eigenfrequencies and the modal analysis results is given in Fig. [Ja. Despite
the fact, that the flexible clamping model was adapted to the second eigenfrequency only, also the first and the
third eigenfrequencies are reproduced more accurately compared to the model with rigid clamping. Further-
more, the MAC matrix shown in Fig.[/p indicates a high correlation between the experimentally determined mode
shapes ey ; and the corresponding analytical mode shapes of the flexible clamping model @y j, i, j = 1,2,3, thus
legitimating the flexible clamping approach.



Eigenfrequencies [Hz] |
Mode | Physical Analytical Flexible
structure model clamping
model

Ist 14.05 15.11 14.72 0.5

+7.547, +4.TT %
2nd 92.37 94.72 92.37

+2.547, +0.007% R D
3rd 247.28 265.23 258.88 3 3

+7.26% +4.69 % 2 2

: 1 1
cbex,z q)an,j

Fig. 7: a Experimental and analytical eigenfrequencies b MAC matrix of experimental mode shapes ex; and analytical mode shapes of flexible clamping
model ¢y, j, 7,7 =1,2,3

3.5 Forced vibrations test

Since due to the initial conditions mainly first eigenmode vibrations were induced during the free vibrations tests,
an additional forced vibrations test was conducted for a larger excitation bandwidth. An electro-magnetic shaker
was utilized to excite the structure by a linear frequency sweep up to 300 Hz, i.e. above the third eigenfrequency.
In contrast to Sec. [3.3] the MDE was here performed based on analytical mode shapes of the flexible clamping
model as derived in Sec.[3.4

One specific part of the resulting strain responses is presented in Fig.[8h for both measurements and estimations.
In order to evaluate possible phase and amplitude differences, Fig. [8p shows an enlarged section of the time
histories. Obviously, the amplitude errors could be decreased drastically compared to Sec.[3.3] The corresponding
relative error e(t) is reduced to under 5 %, which is already in the range of measurement noise, see Fig. . Larger
ringing in the initial phase is due to the settling time characteristics of high-pass filter required in the estimation
process. Regarding fatigue estimations, strain or stress time histories, respectively, have to be classified by e.g.
rainflow counting methods. For that reason, the rainflow counts of measured and estimated strains are compared
in Fig.[Bd. After clearing spurious counts due to measurement noise, both spectra show a strong correspondence,
resulting in comparable fractions of damage according to Section[2.3]

4 Conclusion & Outlook

In the context of structural dynamics the identification of fatigue indicators at critical spots is of great interest.
Within this contribution the widely accepted approach of Modal Expansion and Decomposition is applied in or-
der to estimate axial strains on the basis of a limited number of acceleration measurements. The objective of
this contribution is to identify possible pitfalls which are connected with the practical implementation MDE. For
this purpose, detailed practical tests were conducted on a steel cantilever beam. As a first approach analytical
mode shapes were used for the decomposition and expansion process giving qualitatively meaningful but slightly
overestimated strain results. By model refinements based on experimental modal analysis the estimation quality
could be increased to a relative error of less than 5 %, which is already at sensor noise level. As a consequence,
the estimated rainflow histograms required for fatigue assessment show a good agreement between estimated and
measured reference quantities as well.

These results provide a proper basis for future investigations which include the application of this method to
physical wind turbines. A suitable basis of relevant mode shapes is available by detailed multibody models which
have already been built up and validated for several prototypes [[10]]. A reasonable model-updating procedure
will be conducted on the basis of extensive measurement campaigns on a 3 MW wind turbine.
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