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Abstract—The operation of wind turbines in real-world envi-
ronments can be affected by the presence of systematic errors,
which might diminish the Annual Energy Production up to 3-
4%. Therefore, it is fundamental to leverage the availability of
SCADA-collected measurements in order to formulate reliable
diagnosis methods. The static yaw error of a wind turbine
occurs when, due to wind vane or installation defects, the rotor
plane is systematically not perpendicular to the wind flow. The
present work is devoted to the experimental analysis of how
the presence of a static yaw error affects the wind turbine
nacelle anemometer measurements. Measurements collected at
the Eolos Wind Research Station at the University of Minnesota
are analyzed. The qualifying aspect is that a utility-scale wind
turbine has been fully controlled and imposed to set to a
non-vanishing yaw error. Furthermore, approximately two rotor
diameters south of the turbine there is a meteorological tower
which provides unbiased measurements of the environmental
conditions. The main result of this work is that, for given wind
speed measured by the meteorological mast anemometers, the
measurements of the nacelle wind speed changes systematically
in presence of the static yaw error. This aspect has up to now
been overlooked in the literature. Therefore, the results of this
work might stimulate a critical revision of the existing methods
for static yaw error diagnosis and the formulation of new ones.

Index Terms—Wind Energy, Wind Turbines, Measurement,
Yaw Error, Anemometer, Instrumentation

I. INTRODUCTION

Wind turbines are considered a leading technology for
power generation from renewable sources [1], such that the
European Commission has set a target that half of the elec-
tricity produced in Europe by 2050 should be produced from
wind. Therefore, there is ever-growing attention towards the
formulation of intelligent wind farm Operation & Maintenance
strategies, in order to diminish energy losses and maximize
the lifetime of the wind turbines. In this context, there is
as well an ever-growing interest towards the optimization
of the efficiency of real-world wind turbines in operation.
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This objective requires reliable methods for the individuation
and the solution of systematic errors affecting wind turbine
operation, such as blade pitch misalignment [2] and systematic
yaw error [3].

The control system of a wind turbine operates to minimize
the static yaw error, which means that the plane of the rotor
should be perpendicular to the incoming wind. Therefore, in
general, the yaw error is a dynamic quantity which could
be conceived as a Gaussian variable which should have a
vanishing mean. Mainly due to wind vane defects, it might
happen that the yaw error has also a non-vanishing static
component. This means that, when the control system indicates
a correct alignment of the rotor, the rotor is not exactly
perpendicular to the wind flow. If the static component of the
yaw error is remarkable (in the order of more than 5°), the
effect on the energy production is non-negligible [4]. Actually,
if the static yaw error is indicated with v, the component of
the wind intensity v which is really perpendicular to the rotor
is v cos+y. Since in a first approximation the extracted power
P scales with the cube of the longitudinal wind intensity, a
static yaw error y affects the extracted power by a factor of
cos 2.

Based on the above considerations, there is attention in the
scientific literature about the methods for individuating the
static yaw error of wind turbines operating in field [5], [6].
The widespread diffusion of Supervisory Control And Data
Acquisition (SCADA) measurements comes at hand because
vast sets of data are available to the end user. Yet, the
individuation of the static yaw error based on SCADA data
analysis is cumbersome due to the fact that, according to
the collected direction data mediated by the nacelle transfer
function, the wind turbine is oriented correctly, while it is
not. Therefore, the literature is devoted to the formulation of
methods which are based on somehow indirect consequences
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of the static yaw error, as for example under-performance.
For completeness, it should be cited that there are studies
based on the use of upwind sensor systems like LiDAR or
Spinner anemometers. The use of such sensors allows for
circumventing the drawbacks of the SCADA-collected data,
but their exploitation is costly against an uncertain outcome
(the selected wind turbine might not have yaw error problems).

The motivation of this study is that important aspects of the
influence of the static yaw error on the measurements collected
by the affected wind turbine have been up to now overlooked.
Furthermore, as argued in [7], for real-world test cases, there
is a lack of labeled data, which means an established ground
truth about the presence of a static yaw error. The aim of
this work if filling the above gaps. The related work and the
innovative contributions of this study are outlined in detail in
the following Subsection I-A.

A. Related Work and Innovative Contribution

As argued above, most static yaw error diagnosis methods
in the literature are based on the individuation of an under-
performance. This substantially means analyzing the power
curve [8], which is the relation between the incoming wind
speed and the extracted power. In principle, the presence of the
static yaw error should be detected from a slightly diminished
extracted power for a given wind speed. In practice, detecting
such effects is a complicated task due to the fact that the power
extracted by wind turbines has a multivariate dependence on
working parameters and environmental conditions. Therefore,
non-trivial data analysis methods are required.

In [9], the power curve is analyzed through the binning
method upon grouping the data per yaw error intervals of
2°. In [10], the employed power curve model is Least-Square
B-spline Approximation upon (similarly to [9]) grouping the
data per yaw error intervals. In [11], a more complex model
is employed which takes as input also operation variables like
rotor speed and blade pitch and the yaw error is detected from
the residuals between measurements and model estimates. The
work in [12] is particularly inspiring for the purposes of the
present study. First of all, it is based on ground truth evidence
provided by LiDAR measurements. Secondarily, critical re-
sults related to the use of SCADA data are obtained but not
fully interpreted. Two methods for power curve analysis are
employed. The former is the binning method and the latter is
based on the rejection of outliers with respect to the nominal
power curve. The former method is therefore based merely
on the observed power curve (without processing) before and
after the correction of the static yaw error. The comparison
between those curves provides implausible results, i.e. a large
overestimation of the impact of the yaw error on the power
output. The work in [13] constitutes the premise of the present
study. Actually, the authors of [13] had the possibility of fully
controlling a wind turbine (Eolos Wind Research Station at the
University of Minnesota), which is a 2.5 MW Clipper C96.
The authors have forced the operation of the wind turbine
subjected to several values of static yaw error, thus obtaining
labeled data from which they could investigate phenomena

highlighting the presence of the static yaw error. In particular,
the employed method is a data-driven fit to a physical model
of the power curve, inspired by the cosine cube law cited in
Section I.

The present study is as well based on measurements col-
lected at the Eolos Wind Research Station at the University
of Minnesota, which therefore means labeled data. Actually,
three data sets, with 0° and +10° of static yaw error, are
analyzed. The objective of this work is to analyze if the
presence of the static yaw error has an influence on nacelle
anemometer measurements. If the answer to this question is
positive, as is supported by the results collected in this work
and hinted in the work [14], this means that the detection
methods based on the power curve analysis should be revised
critically. Actually, when analyzing the power curve of a wind
turbine, the implicit assumption is that the x-axis (i.e. the wind
speed) is a fixed reference. Yet, it rather is a measurement and
in particular, it is a measurement that might be influenced by
the presence of the static yaw error, since it is collected behind
the rotor span. The results collected in this work, therefore,
stimulate a critical revision of the methods employed up to
now and suggest a more in deep exploitation of the nacelle
anemometer measurements for static yaw error detection. It
should be noticed that this work has been made possible by
the experimental setup (described in detail in Section II-A)
which is unique in the literature, due to two matters of fact:

o The fact that the wind turbine can be fully controlled for
research purposes leads to collected labeled data, about
which the presence of a certain yaw error is ascertained;

« The presence of a meteorological tower, sited approxi-
mately two rotor diameters south of the wind turbines,
guarantees that there are measurements of environmental
conditions, which are not affected by the presence of the
static yaw error on the target wind turbine.

The structure of the work is therefore the following. The
experimental setup and the data analysis methods are described
in Section II. The results are outlined in Section III and the
conclusions are drawn in Section IV.

II. MATERIALS AND METHODS
A. The Eolos Wind Research Station

The experimental facility is described in [15] and we refer
to that study for further details. The station consists of a 2.5
MW upwind, 3-bladed, horizontal-axis wind turbine (Clipper
Liberty C96) and a 130 meters meteorological tower, sited
170 meters south of the wind turbine. Four high-resolution
sonic anemometers (Campbell Scientific, CSAT3) are sited on
the tower at meaningful heights: rotor top tip (129 m), hub
height (80 m), rotor bottom tip (30 m), and standard 10 m.
Cup anemometers (Met One, 014-A) are installed 3 m below
each sonic anemometer. The Eolos turbine is variable-speed,
variable-pitch regulated, with a rotor diameter 96 m and a hub
height of 80 m. The cut-in, rated and cut-out wind speeds are
4, 11 and 25 m/s. For the purposes of this work, Supervisory
Control and Data Acquisition (SCADA) data collected with a



sampling rate of 1 Hz have been analyzed. The scheme of the
sensors arrangement is reported in Figure 1.
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Fig. 1. The scheme of the sensors, adapted from [15].

The employed meteorological mast measurements are the
following:
e v, (m/s), wind speed measured by a sonic anemometer
at the same height of the wind turbine hub (80 meters);
e v. (m/s), wind speed measured by a cup anemometer
placed three meters below the sonic one (i.e. 77 meters);
o 6,,(°) is the wind direction measured at the top tip of
the blade (129 meters);
e 6(°) is wind direction measured at hub height;
e O4own(®) is the wind direction measured at the rotor
bottom tip (30 meters);
The employed SCADA-collected measurements are:
e v, (m/s), wind speed measured by the nacelle anemome-
ter,
o P (kW), which is the power output;
o p (kg/m?), air density;
« turbine state.
The representation of the presence of a static yaw error is
given in Figure 2.

Fig. 2. Representation of a wind turbine operating subject to a static yaw
error -y, adapted from [4].

B. Data sets and processing

The employed data sets are indicated in Table 1. The
sampling time is 1 second and the SCADA-collected data and
the meteorological data are synchronized.

TABLE I
THE ANALYZED DATA SETS

Data Set Yaw Error Number of samples
Do 0° 428127
Do 10° 431972
D_19 —10° 518328

The following pre-processing steps are applied:

« Data have been averaged with 10 seconds of averaging
time (10 records);

« Request that the turbine state corresponds to turbine ok
and running;

o Request that 90° < 6 < 270°, in order to avoid the
meteorological mast being under the wake of the wind
turbine;

« Renormalize all the measurements of wind speed accord-

ing to
p \?
Upr =0 ( ) ; (1)
pref

where p.r = 1.225 kg/m?®.
o Request that

p- bl 0.2°/m. )
R

Equation 1 is a common practice in order to renormalize the
wind speed, referring to standard air density conditions. The
rationale of the filtering in Equation 2 is selecting data with a
comparable amount of wind veer [16], which is requested to
be low enough to neglect the influence of such factor on rotor

rotation and turbine behavior.

C. Methods

The first wind speed analysis method is based on visualizing
the relation between v,, (target) and v, and v, (references) and
inquiring how this changes for the three data sets. In order to
make the comparison quantitative, a linear relation is posed in
Equations 3 and 4:

Vn = k10s; €)]

Uy, = kove. 4

The behavior of k; and k9 as a function of the static yaw error
is analyzed.

Furthermore, the power curve is analyzed using the binning
method. Power data are averaged per wind speed intervals of
0.5 m/s. The nacelle wind speed v,, and the meteorological
tower vy are respectively put in the x-axis, in order to compare
how the observed power curves change. The performance
difference between a target data set (D19 or D_19) and Dy is
quantified as follows.

« First, weight the observed frequency w; per wind speed
bin of the Dy data set against the observed average power
for that bin P;. The Equation is:

Pt =>  Pi-w, 5)



o Compute the indicator of the performance which would
be achieved if, with the frequencies, w; of the D, data
set, the wind turbine had behaved as in the D¢ data
set. This means substituting P; in Equation 5 with the
average power for the corresponding bin in the Dy
data set (P; 4+19), as in Equation 6:

Piotx10 =Y _ Pix10- wi, (6)
i
o The average percentage performance difference between
the target and reference case is estimated as:

P,
Agip =100 (” — 1) : (7
Piot,+10

III. RESULTS

The results of the wind speed analysis are visualized in
Figures 3 and 4. When the yaw error is +10°, the wind
speed measured by the nacelle anemometer is systematically
higher than that measured by the meteorological mast sonic
anemometer. The effect is less pronounced for the case —10°.
The difference between the +10° and —10° indicates that the
results depend on the relation between the yaw error and the
rotor sense of rotation. In general, the takeaway message from
Figures 3 and 4 is that the nacelle wind speed measurements
are influenced by the presence of the yaw error. With the
type of data at disposal, it is impossible to argue within what
limit this is a matter of unreliable nacelle transfer function in
yawed conditions or of flow acceleration in the proximity of
the nacelle anemometer, which is induced by the rotor rotation.
In general, this aspect has up to now been overlooked in the
literature about the static yaw error.
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Fig. 3. The average nacelle anemometer wind speed (vy,) per meteorological
tower sonic anemometer wind speed (vs) intervals of 0.25 m/s. Bins with
more than 50 measurements are kept.

In Tables II and III, the results for the linear regression
between v, (respectively v.) and v, are reported for the
various cases. It results that the coefficients largely increase
in the +10° case with respect to the 0°, while they decrease
very slightly in the opposite case —10°. Although basic
aerodynamic principles suggest that symmetrical static yaw
errors (+10°) should have an equal effect on wind turbine
performance, in reality, this is not the case. The rotation of
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Fig. 4. The average nacelle anemometer wind speed (v, ) per meteorological
tower cup anemometer wind speed (v.) intervals of 0.25 m/s. Bins with more
than 50 measurements are kept.

the rotor exacerbates (or reduces) the impact of flow acceler-
ation in the vicinity of the nacelle anemometer, resulting in
asymmetrical effects.

TABLE II
THE RESULTS FOR k1

Data Set k1
Do 1.06
D1o 1.14
D_19 1.02
TABLE III

THE RESULTS FOR ko

Data Set ko

Do 1.05
D1o 1.15
D_19 1.02

The power curves obtained using the nacelle anemometer
are reported in Figure 5. A situation similar to the study in [12]
arises. In the case with 10° of static yaw error, the power curve
appears largely under-performing, while in the case —10° the
power curve is comparable with the 0° case and this is not
consistent. This means that the results of [12] about the power
curve analysis, as well as those here collected for the 10° case,
might be explained by the hypothesis that the nacelle wind
speed measurement is biased (overestimated) in presence of
the static yaw error and this leads to exaggerating the apparent
effect of the yaw error on the power curve. When comparing
the performance of a wind turbine in the presence or absence
of static yaw error, it is important to use a reference that is
not influenced by the error. For example, meteorological mast
measurements can provide an unbiased reference of the en-
vironmental conditions, enabling a more accurate comparison
of wind turbine performance. Nevertheless, the power curve
reported in Figure 6 shows that it is any case complicated to



use as a reference for wind turbine performance analysis a
wind speed measured around two rotor diameters far from the
rotor.
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Fig. 5. The average power curve for Dg, Dio and D_1¢g. The nacelle
wind speed vy, is used as a reference in the x-axis. Bins with more than
50 measurements are kept.
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Fig. 6. The average power curve for Do, D10 and D_1¢. The meteorological
mast sonic anemometer wind speed vs is used as a reference in the x-axis.
Bins with more than 50 measurements are kept.

The results in Table IV indicate that the assumption that v,,
is unbiased by the presence of static yaw error is implausible.
For example, a static yaw error of 10° is estimated to cause
an average performance improvement of +1.7% compared to
the O degree case, which is unlikely. Similarly, the estimated
average performance decrease of -20.2% for the —10° degree
case is also unrealistic. While there are some critical points in
our analysis due to the distance between the meteorological
tower and the turbine, the results obtained with v, are more
consistent. Specifically, both positive and negative static yaw
errors result in a significant decrease in turbine performance.
However, additional data sets are needed to obtain more
accurate performance analyses using vs.

IV. CONCLUSIONS

The main focus of our work is to investigate how the
presence of a static yaw error affects the measurements of the
nacelle anemometer of a wind turbine. As we highlighted in
Section I, a comprehensive analysis of this aspect is essential
for gaining a deeper understanding of the effects of the yaw

TABLE IV
THE RESULTS FOR A

Wind Speed A 10 A_ 10
VU, -20.2% +1.7%
Vs -13.4% -7.2%

error, and for identifying its presence. This aspect has largely
been overlooked in the literature to date, underscoring the
importance of our research in shedding new light on the effects
of the static yaw error on wind turbine performance.

Our experimental setup is unique in the literature, as we
have access to a fully controlled, utility-scale wind turbine
located at the Eolos Wind Research Station at the University
of Minnesota. Furthermore, a meteorological mast situated ap-
proximately two rotor diameters south of the turbine provides
accurate and unbiased measurements of the environmental
conditions. This configuration allows us to have the two critical
ingredients that have been lacking in previous studies:

o labeled data, for which the presence of the static yaw
error is ascertained;

o a measurement chain for environmental conditions that is
entirely immune to the effects of the static yaw error.

The results of our study, presented in Section III, clearly
demonstrate that the presence of static yaw error, specifically
£10°, impacts the relationship between wind speed measured
at the meteorological mast and that measured by the nacelle
anemometer. The extent of the effect is likely influenced by
the interaction between the yaw error and rotor rotation. In
light of these findings, it is inappropriate to use the wind
turbine power curve alone to diagnose the static yaw error
without considering the potential influence on nacelle wind
speed measurements. Our analysis shows that the power curve
inferred from the nacelle wind speed measurements for both
+10° cases is inconsistent. Specifically, the 10° case shows an
unrealistic average performance degradation of —20%, likely
due to an overestimate of nacelle wind speed. These findings
are discussed in detail in Section III

The limitations of nacelle wind speed measurements due to
their collection behind the rotor span are well documented in
the literature. [17]. Nevertheless, the results of this paper shed
light that the fact that the wind turbine nacelle anemometer is
sited behind the rotor can be leveraged in order to detect the
static yaw error. The phenomenon to be addressed would be
a change in how the wind turbine measures the wind speed,
relative to a reference, which can be more conveniently be
a meteorological mast but in principle can be also a nearby
wind turbine. If two nacelle anemometers are installed, flow
equilibrium considerations might be employed, as is done in
[14]. Furthermore, the results of this work not only highlight
the importance of considering the impact of the static yaw
error on wind turbine performance, but also provide a starting
point for further research into other effects of the error, such
as increased tower vibrations or uneven blade loading. In



general, the results of this work should be taken into account
for future developments in data-driven wind turbine condition
monitoring [18], [19].
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