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ABSTRACT

For efficient diagnostics of the structural health (SHM) of wind turbine structures, it is essential to ensure a good understanding
of operating conditions across the design envelope. Operating conditions however vary significantly depending on the layout,
the terrain and the atmospheric conditions on site. In larger wind plants in particular, featuring large diameter rotors, flow
distortion (i.e., wake effects) among turbines may yield notable impact on power production and acting loads. Moreover, the
highly non-stationary nature of wind loading renders the system identification and damage detection tasks non-trivial. A bi-
component SHM framework to account for short- and long-term variability has been introduced. Our intention is to further
enhance it to account for the interactions with other turbines. In this study we focus on the long(er)-term loads induced by wake
effects when the turbine is operating in power production mode. Applying coarse resolution models we estimate the relative
impact that wind conditions bear on the loads of the support structure. The application of the proposed methodology for an
operating SHM system, is illustrated via a simulated experiment for an arbitrary wind plant with prescribed site conditions.
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INTRODUCTION

For efficient diagnostics of the structural health of wind turbine structures, it is essential to ensure a good understanding of
operating conditions across the design envelope. Operating conditions however vary significantly, even within the wind farm,
depending on the layout, the terrain and the atmospheric conditions on site. In larger wind plants in particular, featuring large
diameter rotors, flow distortion (i.e., wake effects) among turbines may yield notable impact on power production and acting
loads [1]. Moreover, the highly non-stationary nature of wind loading renders the system identification and damage detection
tasks non-trivial.

A bi-component structural health monitoring (SHM) framework to account for short- and long-term variability has been in-
troduced in [2]. In this study we focus on the long(er)-term loads induced by wake effects when the turbine is operating in
power production mode. In this context, the residual life is estimated by weighting the damage induced from a subset of design
load cases on the basis of the long-term distribution of the wind. For this purpose we apply coarse resolution models, further
described in Section , in order to estimate the relative impact that wind conditions such as wind speed, direction and turbulence
intensity, bear on the loads of the support structure. We then derive parametric models of the load distributions, with a proce-
dure similar the one described in [3], which allows for obtaining statistical maps of fatigue damage accumulation in different
turbines within a given wind plant in a given site.

In order to illustrate the application of the proposed methodology for an operating SHM system, in Section , a simulated
experiment is performed for an arbitrary wind plant with prescribed site conditions. The site is mainly defined by the long-term
probability distribution of mean wind speed and direction and a given wind plant layout. Finally, we illustrate the calculation
of residual life and the relative impact of wake effects.



MODELS AND METHODS

Coarse resolution models

Models of wind turbine and plant dynamic response span in fidelity from those used for design verification and analysis of wind
turbines, to those applied in wind farm layout and control optimisation. Depending on the specific task, different subdomains
are modelled with different fidelity. Namely, for design verification current design standards prescribe high fidelity aero-elastic
simulations over an envelope of design cases, but the influence of wakes is only accounted for by means of a site suitability
assessment in which an effective turbulence intensity, higher than the ambient turbulence, is prescribed. For layout and control
optimisation, coarse resolution models of the whole farm are applied, which typically include quasi-static aerodynamics and
state-space models of wind turbines, 2D wind field, and semi-empirical wake models. Several implementations of such models
exist, we adopt the Aeolus toolbox [4], with corresponding models briefly described next.

Wind Turbine

The wind turbine is modeled via quasi-static aerodynamics and dynamics models of torsion in the drive train, generator torque,
blade angle control actuator and tower bending. Such models comprise a set of differential and algebraic equations (Equations
1). Table 1 summarizes the main variables and parameters.
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Wind and Wakes

A 2-D wind field at hub height is modeled using a single point spectrum and a coherence function, known as the Sandia or Veers
method. The spectrum describes the frequency characteristics of a given component k of the wind field at a given point. The
coherence function describes the correlation as a function of spatial separation, mean wind speed, and frequency. Equations 2
describe the Kaimal Spectrum and coherence function, which are applied to generate time series considering that the turbulence
structure is Frozen (i.e., Taylor’s frozen turbulence).
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A more realistic simulation method for the wind field at the farm level is the complex cross-spectral method [5], which computes
the cross-spectrum amongst wind turbines. The coherence parameter between turbines r and c, the delay from turbine to turbine
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The wake effects considered are wind speed deficit, expansion of the wake width, meandering of wake center line, and wake
merging.2 The mean wind speed deficit ⌧

w

downwind of a rotor, the wake expansion radius e, and wake merging are estimated
based on Fransen’s model. ⌧

w

at a distance d depends on the ambient wind speed u

x

, the thrust coefficient C
T

, and the wake
width D. The wake expansion radius e, which defines D, is in turn a parametric equation as shown in Equations 4. Table 2
summarizes the main parameters and variables in the wind and wake models.
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Parametric Models for Estimating Residual Life

We revisit the parametric models as a means to model the wind turbine response over a wide variety of wind conditions. [3]
proposed a method to estimate fatigue loads with parametric models. They focused on blade flap- and edge-wise blade root
moments. Based on measurements at high wind speeds (15 to 19 ms-1) they derive parametric models of statistical moments
(µ

i

) to fit short-term probability distributions f(x), which are then weighted by the long-term distribution of wind speed f(U)

to estimate a lifetime load distribution F (x). The workflow is as follows

1. Identify a probability distribution suited to fit load ranges L

r

of 10-min time series, discarding low amplitude ranges
which have negligible effect on damage, a quadratic Weibull distribution is found suitable.

2. Map the parameters of the distribution to a power law function of wind speed U and turbulence intensity I by linear
regression

µ̂

i

= a

i

✓
U

Uref

◆
bi
✓

I

Iref

◆
ci

(5)

where Uref and Iref are the geometrical means of the data set.

3. Model short-term load distribution f(L

r

) with µ̂1, µ̂2, and µ̂3.

4. Estimate lifetime load distribution F (L

r

) by weighting with f(U)

F (L

r

) =

Z
f(L

r

|U, I)f(U)dU (6)

In this work we focus on the tower fore-aft bending moment, using the models described in Sections -. We simulate bending
moments in several turbines exposed to different wind conditions, then follow the previous workflow but extend the analysis
to (i) a wider range of wind speeds and (ii) add the dimension of wind direction to account for wakes. The wind speed is
considered to be Weibull distributed (Equation 7), while the wind direction distribution is described by a wind rose as shown in
Figure 2.
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We define residual life Lres as the remaining of the design life L

D

and the accumulated damage equivalent load Leq.
1[6] refers to this wind model as SWF No Taylor, and to the Sandia Method as SWF Taylor.
2Similarly to the two wind models, [6] refers to two implementations of the wake effects, SWF Taylor is the coarser one based on Jensen’s models and SWF

No Taylor is based on Frandsen’s models.



CASE STUDY

A wind farm consisting of 4 5MW wind turbines is defined for this study, as illustrated in Figure 1. It is assumed that the wind
farm is located at a site with a long-term wind speed and direction distribution as illustrated in Figure 2. The motivation for
the selection of this layout is to capture the different wake situations, and to resemble a fairly good wind farm layout for a site
with (i) a South-West main wind direction aligning with the x-direction in the layout sketch; (ii) uneven distribution of the wind
turbines attributed to topographic constraints; and (iii) fairly well spaced turbines, particularly along the mean wind direction.
WT2 and WT3 are located at (x, y) = (0, 4�

r

) and (x, y) = (0, 6�

r

) from WT1, and WT4 is located at (x, y) = (6�

r

, 3�

r

)

from WT1.

Fig. 1 Wind farm layout sketch: main wind direction of the site coincides with x-axis.

Fig. 2 Wind speed distribution, wind direction rose, and wind speed rose.

For simplicity in this work we consider wake conditions to be represented by two main cases. Wind blowing from South-West,
which is the main wind direction, is the low wake condition as most turbines are free from the distortion of others. Wind
blowing from South-East is considered as the large wake condition. These two wind directions are meant to represent the
overall wake effects. Sampling from the Weibull distribution f(U) of the wind speed (Equation 7 and left plot in Figure 2) in
the range from 6 to 18 ms-1 for these two main wind directions, we derive a load envelope over a wide variety of conditions.
This is indicated by the probability of exceedance diagrams in Figure 3, where for the two cases simulated rainflow load ranges
L

r

of all the turbines are plotted in grey. The summary of the farm load envelope for each turbine is shown in black by means
of the binned average. We can distinguish a faint tendency of higher loads at larger L

r

for wind turbines located down stream
of other turbines. Namely, WT4 for South-West wind; and WT2, WT3 for South-East. However, larger larger load ranges L

r

correlate to some extend wind mean wind speed, therefore to account for the long-term effects we need to weight with f(U).

Following the workflow described in Section , a first step is to identify a suitable probability function that can be parametrized.
Figure 4 shows a log-transform plot of a realisation of L

r

and the corresponding fit. Note that compared to the study in [3] (i.e.,
blade root loads of a single turbine at a high wind speed range) the probability of exceedance is not as well represented by a
Weibull fit to the truncated L

r

. This is further illustrated in Figure 5 and Figure 6 where the statistical moments prove to be a
function of wind speed. Notice also that for the case of low wake effects the moments of WT1 and WT2 show, as expected, a



Fig. 3 Envelope of load ranges L
r

: left main wind direction from South-West (low wake, 285 10-min time series), right main
wind direction from South-East (large wake, 291 10-min time series)

similar trend to wind speed. In the case of larger wake effects a similar trend amongst WTs is revealed, but with different mean
and slope at different wind speed ranges. This would result in different parametric models for each turbine and wind speed
range.

Fig. 4 Weibull fit

Moving on to the estimation of residual life, Table 3 indicates the residual life estimates based on the simulated loads. For these
estimates, the accumulated damage is normalized relative to the free wake condition. The free wake condition is defined with
the main wind direction from South-West (aligned with x-axis in Figure 1). The tables shows that WT4 is the one exposed to
higher loads overall, during different wind speeds and wind directions.

SUMMARY AND DISCUSSION

Coarse resolution and parametric models of loads can provide trends of the damage accumulation on structures. These physics
based models can aid SHM systems in tracking the performance of the structures over longer time frames thereby supporting
decisions for when to schedule maintenance. In the conceptual cased we present, the structures perform differently, one of them
(WT4) showing significantly less residual life than the rest. This information can aid in deciding which structure to monitor
within a wind farm, or how to map the information from a single wind turbine SHM system to monitor the performance of
other turbines. The next steps in this approach are to add fidelity by means of (i) larger set of load cases to reduce statistical
uncertainty, (ii) increase fidelity of physics and parametric models, and (iii) updating parametric models with data from SHM
system.
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Fig. 5 Statistical moments of tower fore-aft load ranges simulated in WT1 and WT2 versus mean wind speed (285 samples of
the wind from South-West), from left to right: mean µ1, coefficient of variation µ2, and skewness µ3

Fig. 6 Statistical moments of tower fore-aft load ranges simulated in WT1 and WT2 versus mean wind speed (291 samples of
the wind from South-East), from left to right: mean µ1, coefficient of variation µ2, and skewness µ3
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Prated 5 MW Rated power
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[ms-1] Average wind speed over the rotor area
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[ms-1] Effective wind speed
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[rpm] Measured generator rotor speed
⌦ [rad s-1] Rotor speed state
! [rad s-1] Generator rotor speed state
�
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�
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� [deg] Blade pitch angle
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�

m

[deg] Measured blade pitch angle
M

s

[Nm] Main shaft torque state
M

g

[Nm] Generator torque state
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T

[N] Thrust force
K

s

[Nm rad-1] Torsion spring constant
K
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[Nm rad-1] Tower spring constant
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[Nm (rad/s)-1] Torsion damping
B
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[Nm (rad/s)-1] Tower damping
N [-] Gear ratio
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[kgms-1] Generator rotor inertia
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[s] Generator time constant
Pdem [MW] Power Demand
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R

and �

Table 1: Parameters and variables of NREL 5 MW wind turbine model in Aeolus toolbox
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[m] Integral scale parameter: L
x

= 340.2, L
y

= 113.4

f [Hz] Frequency
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[ms-1] Mean wind speed at hub height
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x

l [m] y-distance in wind field grid
c

k

[-] Coherence parameter: c
x
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= 4.2

↵ [rad] Angle between main wind direction and a line between r-c
c

xx

[-] Auto-coherence parameter in x-direction (i.e., c
x

)
c

xy

[-] Cross-coherence parameter between x- and y-direction
c

rc

[-] Cross-coherence parameter between r-c
d
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[m] Distance between r-c
⌧

w

[ms-1] Mean wind speed deficit in wake
u

x

[ms-1] Mean ambient wind speed
D [m] Wake width downwind from a turbine
�0 [-] Constant in wake expansion model
↵

w

[-] Parameter in wake expansion model: ↵
w

= 0.5

k

w

[-] Constant in wake expansion model: k
w

= 2

Table 2: Wind field and wake simulation parameters

WT1 WT2 WT3 WT4
Lres[%] 1.4 3.6 3.7 0.5

Table 3: Estimated residual life in percentage of design life


