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ARTICLE INFO ABSTRACT

Keywords: Wind turbines are frequently employed to harness the kinetic energy of the wind for electricity generation, and
Wind turbine they are anticipated to encounter diverse wind forces that could lead to potentially severe structural reactions.
Nacelle Hence, structural health monitoring is an essential task for safe and productive operation of wind turbines. The
Structural health monitoring 1 health - £ wi bi . 11 . . 1

GNSS structural health monitoring of wind turbines is usually conducted using strain gauges, accelerometers, etc.,
Timeseries while few studies have applied Global Navigation Satellite System (GNSS) technology for monitoring the
Multipath response of wind turbines. This study is the first attempt to evaluate the performance of GNSS receivers in

monitoring the behaviour of the nacelle of a wind turbine. For the purpose of this study, we conducted exper-
iments where the position and behaviour of the nacelle was recorded by an array of GNSS receivers strategically
positioned on a wind turbine nacelle. A GNSS base station was used for post-processing the GNSS raw data and
the GNSS time-series were analysed to evaluate the GNSS receivers’ performance. Two experiments were con-
ducted. In the first experiment, we evaluated the performance of the GNSS receivers depending on their position
on the nacelle and analysed of the precision of the estimation of nacelle position and orientation. In the second
experiment, we assessed the GNSS performance under different configurations of nacelle and turbine blade
movements, considering scenarios where the nacelle was either stationary or subjected to rotation, and the
turbine blades were either stationary or in motion. As the first pioneering study in wind turbine nacelle moni-
toring with GNSS, in the study, we present the main results of the performance of GNSS receivers in monitoring
the behaviour of the nacelle of wind turbine and we develop methodologies in GNSS data analysis to enhance the
precision of the GNSS time-series. The study revealed a planar precision range of 5-7 mm during blade rotation,
improving to 4-6 mm when the blade slows or stops, alongside a high precision of 1.6 degrees for nacelle bearing
determination using GNSS coordinates.

Geometric constraint

1. Introduction

Wind turbines are key components of renewable energy and play an
important role in reaching net zero strategies, which further contribute
to mitigating the impact of climate change. Growing wind farm numbers
not only require installing turbines but also demand a robust framework
for sustainable monitoring and maintenance to ensure operational
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availability and reliability. Implementing continuous Structural Health
Monitoring (SHM) is essential for wind farm managers in ensuring
optimal performance, providing early fault detection, and enabling
timely maintenance which significantly enhances the entire life cycle of
the wind turbines. With the advancement and optimisation of wind
turbine technology, the wind turbines nowadays are more structurally
flexible, presenting challenges due to varying modal frequencies [1].
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Empirical SHM studies conducted regarding wind turbines are primarily
for the blades, tower and wind turbine foundation, where the structural
dynamic responses such as strain, fatigue, and modal property are
monitored and derived by a combination of different sensors, such as
strain gauges [2], Linear Variable Differential Transformer (LVDT) [3],
accelerometers [4], piezoelectric transducers [5],
micro-electromechanical system (MEMS) [6], and Fiber Bragg Grating
(FBG) [7].

For instance, Ou, et al. [8] employed a set of accelerometers on a
small wind turbine blade with the aim to detect damage through the
acquired response signals using appropriate statistical and modal anal-
ysis. Barber, et al. [9] designed a cost-effective self-sustaining wind
turbine blade SHM system using MEMS incorporating several different
sensors including inertial measurement unit (IMU), pressure sensor, and
acoustic sensor, etc. Smarsly, et al. [10] also installed the SHM system on
an onshore wind turbine for the steel tower and foundation monitoring,
including anemometers mounted on the nacelle; accelerometers,
displacement transducers and temperature detectors installed in the
tower and seismic accelerometers placed at the foundation.

With the development of Global Navigation Satellite System (GNSS)
technology for the past few decades, GNSS could reach mm-level accu-
racy by using a rover-reference receiver formation and employing post-
processing kinematic technique, which could be a competitive candidate
for structural health monitoring [11-13]. According to Yu, et al. [14],
SHMs were already implemented with GNSS for civil engineering in-
frastructures either by real-time kinematic (RTK) [15] or postprocessing
kinematic (PPK) [16] and had been proven mature over last two
decades.

However, GNSS technology has seen very little integration with wind
turbines, especially much less in SHM applications. Maes, et al. [17]
conducted the motion tracking of a wind turbine blade using RTK GPS
when the turbine blade was hoisted. Ren, et al. [18] estimated the wind
turbine hub displacement for offshore wind turbine in real time using an
integrated GNSS and IMU. But these two studies are both regarding the
turbine installation stage and the displacements are due to human fac-
tors. Caterino, et al. [19] conducted an evaluation of GNSS technology’s
feasibility for monitoring wind turbine structures. They performed a
series of numerical simulations using a wind turbine case study to
quantitatively evaluate whether GNSS was feasible for structural control
of wind turbines. Rossi, et al. [20] also simulated the motion of a wind
turbine using a robot with the aim of tracking its motion with GNSS. In
their study, the GNSS antenna and receiver were mounted on the robot
executing translation and rotation motions. These two studies demon-
strated the potential of GNSS in monitoring wind turbine movement
through numeric data simulation. Nevertheless, neither of the research
has applied GNSS receivers directly on real-world wind turbine moni-
toring projects.

Therefore, in this study, we placed four strategically arranged GNSS
antennas on a bracket fixed to the nacelle of a small wind turbine, to
evaluate the performance of GNSS receivers in the challenging condi-
tions of wind turbine monitoring, where the periodic rotation of the
wind turbine blades create periodical obstructions and repeated strong
multipath conditions [21]. The study did not aim to evaluate GNSS
performance in monitoring wind turbine and nacelle deformation
(either dynamic or slow), but rather focused on assessing GNSS precision
in monitoring the kinematic behaviour of the nacelle (i.e. positioning
and orientation). For this purpose, this study focused on the evaluation
of the precision and performance of the GNSS receivers (i) depending on
the relative position of the GNSS antenna on the nacelle, and (ii)
regarding the operational states of the wind turbine. (i.e. either a sta-
tionary condition or rotational movement of the nacelle, coupled with
either stationary or circular motion of the wind turbine blades).
Furthermore, this study focuses on the development of methods to
enhance the GNSS time-series precision for position and orientation
estimation of the wind turbine nacelle. The performance evaluation of
the GNSS receivers was based on two controlled experiments by
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monitoring the nacelle under various operational states of wind turbine,
where four GNSS receivers were deployed on the nacelle of a wind
turbine and recording the position and behaviour of the wind turbine
nacelle.

This paper is structured as follows, firstly, the experiment is intro-
duced in Section 2. In Section 3, the GNSS timeseries processing and
analysis procedure is proposed, and in Section 4, the results of the GNSS
are presented, together with accuracy improvement strategies incorpo-
rating the multiple antennas, the GNSS measurement errors are also
analysed based on four different nacelle and turbine blade movement
cases. And finally, the results are discussed, and the conclusions are
made for generalisation of wind turbine monitoring.

2. Experimentation

The experiment was carried out by using a small wind turbine
(specification in Table 1), manufactured by Zhejiang WinPower Energy
Technology Co Ltd (China), at the University of Nottingham Ningbo
China (UNNC) on 18/08/2020. The equipment was mounted as shown
in Fig. 1. The T-shaped metal frame was fixed rigidly on top of the na-
celle and followed potential rotational movement of the nacelle. The
wind turbine blades could execute circular motion in the vertical plane,
with a logger recording the total number of rotations in the vertical
plane, while the nacelle could rotate in the horizontal plane.

Four GNSS antennas were mounted on the metal frame; three GNSS
antennas were mounted at the three arm-ends of the metal frame and
one GNSS receiver at the connection-centre of the T-shaped metal frame
(Fig. 2). The distance of each arm-end from the centre of the frame was
0.4 m. Three GNSS stations were consisted of Leica GS10 GNSS receivers
connected to Leica AS10 GNSS antennas, labelled as sd1, sd2, sd3,
whereas one GNSS station was consisted of Javad GNSS receiver and
antenna. For the two experimental sessions, two different deployments
of the GNSS stations were applied; (i) for the first session, the equipment
was arranged as Fig. 3a and the GNSS measurements were carried out
from around 07:00:00 to around 08:30:00 GPST; (ii) the second session
was arranged similarly according to the plan on Fig. 3b, and the mea-
surement was carried out on about 09:21:00 to 10:40:00 GPST. The
GNSS receivers were recording with a 10 Hz sampling rate by tracking
satellites signal of from GPS, GLONASS and Galileo. A base station
consisted of a Leica GR10 receiver and AR 25 antenna was established
on the roof of Science and Engineering Building (SEB) in UNNC, also
recording GPS, GLONASS and Galileo signals. The baseline distance
between rover and base was ~360 m. The Javad receiver did not record

Table 1

Wind turbine parameters.
Model Horizontal-axis small wind turbine FS-300
Type Onshore

Rated voltage (V) 24 /12
Rated output power 300

w)
Blade material & Aluminium alloy -three blades
quantity
Wheel diameter (m) 2
Start-up wind speed 2
(m/s)
Cut-in wind speed 3
(m/s)
Rated wind speed (m/ 10
s)
Safety wind speed 35
(m/s)
Working temperature —40 to 50
(§9)

Turbine weight (kg) 32

Generator Type three-phase AC synchronous permanent magnet

Controlling Dump load; automatically adjusting to headwind;
electromagnetic/manual brake
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Fig. 2. Schematic drawing of the wind turbine from side view and top view with the layout of the GNSS sensors.

any data during both sessions; therefore, Javad measurements were not
included in the data analysis.

In the first experimental session, the nacelle and the blades of the
wind turbine were rotating freely, depending on the wind direction and
speed, whereas in the second experimental session, four different sce-
narios of the nacelle and wind turbine behaviour (i.e. either free or no
rotation-yaw motion of the nacelle paired with either free or no rotation

of the blades) were applied to examine the errors of the GNSS mea-
surements for various cases of operational modes of the wind turbine
and study how the kinematic behaviour of the nacelle and blades affects
the GNSS measurements. The wind on the day was moderate with an
average speed of around 18-25 kph (from 07:00-11:00 GPST) [22]. The
GNSS raw data were collected on the memory (SD cards) of the Leica
receivers, recording triple frequency GNSS measurements.
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Fig. 3. The layout of the four GNSS antennas mounted on the metal frame for the two experiments.

3. GNSS data processing and methodology

The data of the GNSS receivers of the wind turbine and the base
station were converted to RINEX format and post-processed using post-
processing kinematic (PPK) technique. The PPK was a double difference
method, where the GNSS base station was used as reference station to
cancel or largely mitigate the common errors, such as satellite orbit
error, receiver errors, ionospheric and tropospheric errors, etc., between
the GNSS base station and the GNSS receivers of the wind turbine. This
meant that the GNSS residual error sources would mainly be due to
multipath effect and dilution of precision caused by the relative geom-
etry of the receiver-satellite [21] and potential unmitigated ionospheric
and tropospheric error, and white noise [16].

For the process of the GNSS data, the RTKPOST module of the open-
source software RTKLIB [23] was used, with the solution settings shown
in Table 2. For monitoring purposes, only the displacement of the wind
turbine, which was expressed as the relative movement with respect the
base station, was computed [12,24]. Therefore, the results were
expressed in E/N/U baseline solutions, with the baseline distance pro-
jected onto local E/N/U directions and the reference station as the
origin. The results for the first session of the experiment were shown as a
timeseries in Fig. 4 and Fig. 5, where the E/N/U GNSS timeseries and
wind turbine rotation logger data were used. Regarding the time scale
(x-axis), a common timestamp was used with the starting point (t = 0) as
reference for all timeseries of the three stations. The coordinates in
y-axis were offset on purpose for a clearer view of the data.

Based on the obtained 10-Hz E/N/U GNSS timeseries we analysed
the performance of the GNSS receivers in monitoring the wind turbine
nacelle behaviour. More specifically, for the first experiment we
analysed:

1) the precision of the position estimation of the GNSS receivers,
depending on their position on the wind turbine nacelle,

Table 2

RTKLIB settings.
RTKPOST options Settings
Position mode Kinematic
Frequency L1412
Filter type Combined
Elevation Mask 15 degrees

Receiver dynamics/Ocean tide corrections Off

Ionosphere correction Broadcast
Satellite ephemeris/Clock Broadcast
Troposphere correction Saastamoinen
Navigation System GPS only
Ambiguity Resolution Continuous
Min Ratio to fix ambiguity 3

2) the precision of the orientation estimation of the nacelle based on the
analysis of the three GNSS time-series their geometric relationship.

3) the potential enhancement of the estimated position and orientation
of the wind turbine nacelle by analysing the GNSS time-series and
applying the geometric constraints between the GNSS receivers.

For the second experiment we analysed the performance of the GNSS
time-series for various scenarios of nacelle motion and rotation of the
wind turbine blades.

4. Data analysis

The preliminary analysis of the E/N GNSS timeseries (Fig. 4) showed
that the GNSS receivers sd1 and sd2 were executing periodic movement,
with the amplitude reaching about 0.8 m, which practically corre-
sponded to the circular motion of the nacelle. However, for GNSS time-
series of sd3, as it was at (or very close to) the rotation centre of the
nacelle, the range of E/N was only below 0.1 m representing GNSS
measurement errors. In Fig. 5, the Up timeseries was depicted, with the
green line indicating the transient rotation speed, calculated as the
gradient of the number of rotations with respect to time. It was observed
in Fig. 5 that the high rotation speed occurring between 1000 s and
2000 s correlated to the larger spread of the Up component of GNSS
timeseries, indicating lower GNSS precision. From Fig. 5, it was revealed
that the sd3 GNSS receiver had the lower precision compared to sdl,
while the sd2 receiver seemed to have the most precise performance.
This could be justified by the location of the GNSS antennas and the
impact of the rotation of the wind turbine blades, since the sd2 receiver
was the furthest away from the wind turbine blades, and the sd3 receiver
was at the centre on the nacelle where the multipath effect was signif-
icant coming from both side of the blade rotation, whereas the sd1
receiver was only influenced partially as it was on the left side of the
nacelle.

4.1. Precision analysis

In Fig. 6, the N-E trajectory of the nacelle movement for sd1 and sd2
was shown, where an obvious circular shape could be observed from the
scatter, representing the trajectory regarding the rotation centre of the
nacelle. The radius of the circle was around 0.4 m, corresponding to the
distance from sd1 to sd3 and sd2 to sd3, as the receiver sd3 could be
considered practically at the centre of nacelle rotation motion. The
uneven distribution of the scatter points meant that the nacelle mainly
oscillated in a limited azimuth range.

Furthermore, a circular fit was applied on the Easting-Northing tra-
jectory data based on least squares using the Pratt method [25] for the
sd1l and sd2 timeseries data between the period of 2100 s to 4000 s,
since the wind turbine blade rotations were few during that time period,
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Fig. 4. Easting/Northing timeseries for the first measurement session for sd1, sd2, and sd3 stations.
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Fig. 5. Up components for sd1, sd2, and sd3 in correlation with the rotation
speed for the first measurement session.

which consequently resulted in reduced multipath-induced noise. By
using the circular fitting, the centres and radii of the circle defined by
sd1l and sd2 could be estimated. Based on the estimated radius and
centre of sdl and sd2 receivers’ data, the precision of the planar

O scatter === fitted circle
0.4 - «

0.2

Northing (m)
o

-04 02 0 0.2 0.4
Easting (m)

(Easting-Northing components) GNSS measurement were computed as
the standard deviation of the radius residuals.

The radius residuals timeseries of sd1 and sd2 and the Easting/
Northing of sd3 were presented in Fig. 7, where it was confirmed that the
standard deviation of the timeseries seemed to be correlated with the
rotation speed, e.g., the standard deviation tended to increase with the
rotation speed.

Tables 3 and 4 presented the standard deviations of the Up-
component of sd1, sd2, sd3 (Fig. 5), and the radial residuals of sd1,
sd2 and Northing/Easting component of sd3 (Fig. 7) respectively, for
various periods which corresponded to relatively large rotation speed (i.
e. 265-390 s, 1050-1250 s, and 1520-1820 s) and very slow or with no
rotation speed (i.e.2100 —4100 s). The standard deviation expressed the
range of the residuals and corresponded to data noise. The results of
Tables 3 and 4 confirmed the outcome of Figs. 4 and 6, that the receiver
at sd3 was less precise relatively to the other two receivers for both
horizontal and vertical components and that sd2 was more precise than
sd1.

We computed the timeseries of horizontal distances by establishing
three pairs among the three receivers (sd1, sd2, and sd3) using their
Easting and Northing measurements. The distances between sd1/sd2 to
sd3 were predetermined and fixed at 0.4 m, based on the dimensions of
the metal bracket used for receiver installation on the nacelle. We
assessed the accuracy and precision of distance measurements by
calculating accuracy as the variance between the average distance
estimation and the known-fixed distances value. Precision was

0.4

027

Northing (m)
o

-04 0.2 0 0.2 0.4
Easting (m)

Fig. 6. Northing vs Easting for sd1 (left) and sd2 (right) for the first measurement session (The red circular curve is the circular fit based on the scattered

measurements).
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Table 3

Standard deviation of Up timeseries for each period (unit: mm). The first three
columns correspond to fast blade rotation and the last column corresponds to a
relative slow blade rotation.

Up (in mm) 265-390 s 1060-1250 s 1520-1820 s 2100-4000 s
sdl 14 14 15 11
sd2 11 11 10 9
sd3 28 23 22 11
Table 4
Similar to Table 3 for the planar precision (unit: mm).
265-390 s 1060-1250 s 1520-1820 s 2100-4000 s
Radius Residual (in mm)
sdl 7 6 7 6
sd2 5 5 6 4
E/N (in mm)
E sd3 10 10 8 5
N sd3 13 9 13 8

determined as the standard deviation of the distance’s residuals, derived
from the differences between the estimated distances and the fixed
distances.

Table 5 presented the accuracy and the precision for distance
calculation of sd1-sd2, sd2-sd3, and sd1-sd3. Based on the calculated
accuracy and precision, the accuracy of the distances related to the sd3
GNSS receiver was lower, since the error of the distances sd1-sd3 and
sd2-sd3 were 23 mm and 11 mm, respectively, whereas the error of sd1-
sd2 was only 1 mm. The larger errors in the distances with respect to sd3
were due to larger noise level of E/N GNSS coordinates of sd3, indicated

Table 5

Statistic table for distance of sd1 to sd3, sd2 to sd3, and sd1 to sd2. The precision
and accuracy were expressed as standard deviation and deviation from the true
value, respectively.

Average Standard deviation True value Error
(mm) (mm) (mm) (mm)
sd1- 377 8 400 -23
sd3
sd2- 411 5 400 11
sd3
sd1- 564 7 565 -1

sd2

Engineering Structures 317 (2024) 118633

also in Fig. 5 and Fig. 7, based on which the corresponding distances
(sd1-sd3 and sd2-sd3) were calculated. The precisions of all distances
similarly ranged between 5 to 8 mm.

4.2. Nacelle orientation analysis

The second parameter analysed was the orientation of the nacelle,
determined as (i) the azimuth of the nacelle defined based on the
Easting-Northing measurements of sd2 and sd3 receivers, and (ii) the
azimuth of the axis defined by sd1 and sd3 receivers (metal bracket)
which was parallel to the rotation plane of the turbine blade. The
orientation in both cases was computed as the azimuth of sd2 to sd3 and
sd1 to sd3 based on Eq. 1:

AE
Agzimuth = tan—— 1
Zimu arctan (@)

where AE and AN were the difference between the receivers (sd1 and
sd3 or sd2 and sd3) in Easting and Northing.

In Fig. 8, the azimuth from sd2 to sd3 and from sdl to sd3 was
presented as timeseries, with 0 degrees corresponding to the North,

+ 180 degrees to the South, 90 degrees to the East, and —90 degrees to

the West. Notably, significant oscillations occurred around 0 degrees for
sd2 to sd3, indicating frequent nacelle oscillations around the North/
South axis. Additionally, the geometry among the three receivers
established a correlation between the azimuth formed by sd2 to sd3 and
that formed by sd1 to sd3, governed by the rigid metal arm. This cor-
relation was expressed in Eq. 2:

. . b . .
Azimuthg, o sq3 = Azimuthggo, sas + 2 (unit : radians) (@)

Utilizing Eq. 2, the azimuth of sd1 to sd3 can be derived from the
azimuth of sd2 to sd3. Consequently, the disparity between the azimuth
of sd2 to sd3 obtained through coordinate computation and the azimuth
of sd2 to sd3 computed from that of sd1 to sd3 can be quantified. Fig. 9
illustrated the residuals of the nacelle azimuth, representing the differ-
ence between these two azimuth calculations involving the three
receivers—sd1, sd2, and sd3.

The observed azimuth residuals predominantly fluctuated within the
range of —5 to 5 degrees. However, during periods of elevated rotation
speed of the turbine blade, there was an escalation in the variability of
residuals, indicating the influence of data noise on the estimation of
nacelle azimuth. Specifically, the standard deviation from 1000 to
2000 s, corresponding to heightened wind turbine blade movement, was
1.8 degrees. In contrast, during intervals from 3000 to 4000 s, associated
with minimal or no turbine rotation, the standard deviation reduced to
1.3 degrees (as shown in Fig. 9).

4.3. Positioning analysis based on geometrical constraints

The position of the GNSS receiver sd3 can be estimated by using the
position of the GNSS receivers at sd1 and sd2 and the geometric con-
straints between the three receivers. Based on the geometry of the
bracket for setting up the GNSS receivers, the GNSS receivers formed a
right angle with equal distances between sd1 to sd3 and sd2 to sd3.
Based on the distances and orientation of the GNSS receivers (Fig. 10),
the Easting and Northing of sd3 can be expressed as function of the
location of GNSS receivers sd2, sd1 and their relative distances and
azimuths, by using following Eqs. 3 and 4:

" . . "
Esd3 = Esdz + lstto sd3 * SIH(AZlmuthstm sdB)Nst

= Nsd2 + lstto sd3 * COS (AZimUthstm sd3) (3)

/ . . ’
Esd3 = Esdl + lsdlto sd3 * SIH(AZlmuthsdlto sd3 )Nsd3

= Nsdl + lsdlm sd3 * COS (AZimuthsdlto sd3) (4)
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where Egg;  Ngg1 , Esgo Nsg2 were the Easting and Northings of sd1 and
sd2 receivers, respectively; and Loy sa3 Ldiosas and Azimuthggo, sas
Agimuthggy,, g3 Were the distances and azimuths between sd2-sd3 and
sd1-sd3, respectively.

Then, the Easting and Northing of GNSS receiver sd3 can be
computed as the weighted average of the Easting and Northing co-
ordinates derived directly from the measurements of GNSS receiver sd3
and the coordinates based on the computations of Equations 3 and 4 and
the measurements of GNSS receivers sd2 and sd1, respectively. The
weighted average equations of Easting and Northing can be expressed
with the following formulae:

WiEgas + WiE 45 + WiE
WE + Wy + W

WaNygs + WyNygs +WiNys
Wy + Wy + Wy

Esd3adj = INsd3adj =

)

where the Wy W, and W,,Wy W, and W,, denoted the weights of
each component as they were derived based on the estimated precision
of the GNSS receivers sd3, sd1 and sd2, respectively. The weights were
calculated all based on the period of 2100 s to 4000 s, where there was
less movement from the rotation blade and the standard deviation of the
timeseries remained stable. The calculation of the wg, w;, w;; and wy W),
wy, were as follows (Equation 6), where ogg_, and ogg,, were the standard

'sd1 'sd2
deviation of radius residual of sd1 and sd2 respectively.

1 , 1 p 1 1 ,
Wi = 2 W= 7 W= Wy = z Wn
(GEsds ) (GRRSCII > (“‘“‘sdz ) (GNsdB )
V2 2
1 . 1
= W =—" (6)

2 N 2
ORRyg1. ORRygp
(=) ()

Furthermore, apart from using the weighted average for the calcu-
lation of the error in sd3 Eastings and Northings, we also calculated the
mean average by assuming that all the GNSS measurements were of
similar precision and allocating equally weight of 1/3.

As the geometry of the metal frame was known, there were two
geometric constraints that could be applied to limit the uncertainty of
the GNSS estimation of station sd3 by reducing its standard deviation, as
shown in Table 5 and Eq. 2. In Table 5, the distance between sd1 and
sd3, and the distance between sd3 and sd2 could either be determined
and set to a fixed value, referred to as fixed distance; or still be calculated
using the sd1, sd2, sd3 coordinate timeseries referred as unfixed dis-
tance. In Eq. 2, the azimuth sd1 to sd3 could be fixed by either using the
azimuth of sd2 to sd3 added by n/2, referred to as fixed or by the azi-
muth calculation using coordinate timeseries of sd1 and sd3 referred to
as ‘not fixed’.
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To evaluate the improvement of using a fixed distance or a known
azimuth constraint, four cases were considered: 1) fixed angle, fixed
distance. 2)fixed angle, not fixed distance, 3) not fixed distance and not
fixed angle, 4) not fixed angle and fixed distance.

Table 6 displayed the outcomes for both weighted average and mean
average across various scenarios. Notably, the scenario with a non-fixed
angle and fixed distance exhibited the highest precision among the four
cases, achieving a precision of 6.6 mm for Easting and 7.9 mm for
Northing. Interestingly, the weighted average results showed only
marginal improvement in precision compared to the averaged results.

4.4. Analysing the performance of GNSS receivers for various motion
modes of the wind turbine nacelle

In the second experiment, we examined the performance of the GNSS
receiver for four different modes of operation states of the wind turbine,
defined by the movement of the nacelle and the rotation of the blades; (i)
case A, where the nacelle was not moving or it was moving very slowly
(i.e. no or very little yaw motion of the nacelle) and the blades were not
rotating; (ii) case B, where the nacelle was restrained and cannot move
(i.e. no yaw motion) but the blades can freely rotate; (iii) case C, where
nacelle can freely move (i.e. free yaw motion) but the blades were not
rotating; and (iv) case D: where the nacelle can freely move (i.e. free yaw
motion) and the blades were rotating. For the cases A and B of the second
experimental session, the nacelle was forced to stay still even if the blade
was moving. In this experimental session we focused on the analysis of
sd2 GNSS receiver, the GNSS receiver positioned at the tail of the na-
celle, as it was proved to be location of the nacelle with the lowest
impact on the GNSS measurements. Figs. 11 and 12 showed the Easting/
Northing/Up timeseries for the four different cases (A-D) for the GNSS
receiver at sd2 as well as the rotation blade speed for each case.

For case A, it seemed that there was almost no motion of the nacelle
for the time-interval between t = 3760 s to t = 3820 s, while for the rest
of the period there was some slow motion of the nacelle affecting mainly
the Easting component with a range of 0.2-0.3 m. There was practically
no rotation of the blades which was reflected also by low deviation of the
Up time-series (6 = 9.0 mm). For case B, the nacelle was restrained
which resulted to very limited motion, especially for the period up to
t =500 s, whereas for the time interval t =540 s to t = 600 s, there
were some larger deviations of the nacelle expressing a combination of
motion and noise produced by the blades rotation as it was expressed in
the Up time-series (6 = 8.5 mm). For the case C, there was no rotation of
the blades which resulted to low data noise as expressed in the low
deviation of Up time-series (c = 6.6 mm) and the nacelle moved freely
in Easting and Northing time-series in a range of 0.66 m and 0.21 m,
respectively. Finally for the case D, the nacelle was under free rotation
and probably subjected to stronger wind as the motion range was about
0.69 m and 0.57 m for Easting and Northing time-series respectively,
while the speed rotation of the blades was also high resulting to rela-
tively to highly noisy data in Up time-series (¢ = 10.4 mm).

Figs. 13 and 14 presented spectral analysis of the Easting, Northing
and Up time-series using DFT. For the high-frequency range (i.e. >1 Hz)
mainly expressing white noise of GNSS data, the larger peaks

Table 6
The E/N precision for sd3 considering the sd1 and sd2 measurements for the
whole period for four different cases for both weighted average and average.

6 (mm) Weighted average Average (1/3 wt)
Both fixed E 7.9 8.4
N 8 8.1
Fixed angle E 8.2 8.5
Not fixed distance N 9.4 9.4
Not fixed angle E 6.6 6.7
Fixed distance N 7.9 8.1
Not fixed angle E 7.2 7.2
Not fixed distance N 9.5 9.5
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corresponded to cases B and D, in which turbine blades were rotating.
On the contrary, the lower peaks corresponded to cases A and C, in
which the blades were not rotating. Furthermore, white noise level was
more significant for case D than C, indicating that the white noise level
for frequencies > 1 Hz increased with the rotation of the blades due to
the GNSS multipath error [21,26]. Also, it seemed that larger white
noise level was observed for case D compared to B, and for C compared
to A for Easting, probably due to the multipath effect induced predom-
inantly by free motion of the nacelle since the turbine blades were not
moving in both cases. On the other hand, for the low-frequencies range
(i.e. <1 Hz), the Easting and Northing spectra were a combination of the
low-frequency motion of the nacelle and coloured noise of the GNSS
time-series (especially for frequencies < 0.1 Hz). It was observed that for
the cases C and D, where the nacelle experienced unrestricted move-
ment, the E/N spectra was distinguished by elevated peaks in contrast to
cases A and B, where the nacelle remained stationary or exhibited
minimal movement.

5. Discussion

The first experimental session focused on (i) the analysis of the
precision of the GNSS receivers, depending on their location on the
nacelle of the wind turbine, and (ii) the determination of the precision of
positioning and orientation of the nacelle, and how the precision could
be improved by using geometric constraints between the receivers. From
the analysis of the time-series of the three GNSS receivers, it was
observed that the GNSS receiver with the highest precision (lower
standard deviation) was the one located at the tail of the nacelle, which
was the GNSS receiver furthest from the wind turbines blades. This was
confirmed by the standard deviation of the GNSS Up time-series, which
expressed GNSS data noise, as the standard deviation of GNSS receiver
sd2 was the lowest, reaching 9 mm, as compared to other two GNSS
receivers (sd1 and sd3), which reached 11 mm. Furthermore, it was
observed that the GNSS receivers’ precision depended also on the
rotation speed of the blade since the GNSS data noise increased with the
rotation speed of the blade. More specifically, the standard deviation of
the GNSS Up time-series of sd1, sd2 and sd3 for time-interval of high
speed of blade rotation (from t =265s to t =390 s) was 14, 11 and
28 mm, respectively, whereas for low speed of the blade rotation (from
t =2100 s to t = 4000 s) the corresponding standard deviation of sd1,
sd2 and sd3 GNSS receivers was 11, 9 and 11 mm, respectively.

Also, the precision of the estimated orientation of the nacelle was
investigated by analysing the computed nacelle orientation as derived
from the bearing formed by the two pairs of GNSS receivers (sd1-sd3 and
sd2-sd3). Based on the two estimations of the nacelle orientation and the
geometric constraints between the two formed GNSS pairs, it was
observed that the range of the nacelle azimuth estimation could vary
about + 5 degrees, depending also on the rotation speed of the blades.
Again, the deviation of the azimuth estimation increased with the
rotation speed of the blades. To enhance the precision of the estimated
position and orientation of the nacelle, we applied geometric constraints
based on the right-angle triangle formed by the three GNSS receivers and
their in-between fixed distances and formed angles. We examined the
four possible cases where combinations of the formed distances and
angles were constrained (i.e. fixed) or non-constrained (i.e. non-fixed)
and it was observed that the application of the distance geometric
constraints between the GNSS receivers had the main impact, since the
precision of the positioning estimation was improved by 1 mm. The
highest precision was achieved when the formed distances and the an-
gles between the GNSS receivers were constrained and non-constrained,
respectively, as the corresponding error (i.e. standard deviation) in
Easting and Northing was 6.6 mm and 7.9 mm, respectively. Further-
more, it was observed that by using the weighted average there was a
small improvement on the precision of the estimated Easting and
Northing coordinates compared to the averaged results, as the standard
deviation was slightly reduced, with the reduction reaching 0.5 mm.
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Fig. 11. The timeseries for E/N for sd2 station for 4 different nacelle/blade movement scenarios (Top left: Case A, Top right: Case B, Bottom left: Case C, and Bottom

right: Case D).

Finally, the second experimental session focused on the evaluation of
the wind turbine operational modes on the performance of the GNSS
receivers. We examined the GNSS receiver located at the tail of the
nacelle, since the GNSS receiver of this location was expected to have the
highest precision. Based on the analysis of the GNSS Easting, Northing
and Up time-series, it was observed that the noise of the GNSS data was
slightly amplified with the increase of the rotation speed of the nacelle
blades, affecting mainly the relatively high-frequency range (>1 Hz).
The increase of the white noise level and its frequency context depends
not only on the frequency motion of the wind turbine/blade, but also on
the angle of incident defined by the satellite, reflecting surface (wind
turbine) and the antenna, as observed in previous studies [26,27]. It
could also be inferred by comparison between case C and case A or case
D and case B that the horizontal rotation of the nacelle might also
amplify the GNSS error. To summarise, when the rotation blade and
nacelle were both moving, the measurement errors tended to be the
largest, followed by the case when rotation blade was moving and na-
celle was still, with the least measurement errors when the nacelle and
blade were both not moving.

6. Conclusion

In this feasibility study, the precision and performance of GNSS re-
ceivers were experimentally evaluated for determining the positioning
and orientation of a wind turbine nacelle. The experiments were con-
ducted on a small wind turbine with multiple strategically placed GNSS
devices atop the nacelle. By employing the GNSS PPK solution and
analysing the GNSS positioning time series (Easting, Northing, Up
components), we assessed the performance of the GNSS receivers and
examined the effects of turbine motion and receiver placement on their
performance.

In the first experiment, the precision of the planar components was

estimated to range from 5 to 7 mm when the turbine blades were under
rotation, improving to 4 to 6 mm when the turbine blades slowed down
or stopped. Similarly, the precision of the Up component improved
under these conditions. It was also found that GNSS precision deterio-
rated as the station approached the rotating blade. Specifically, the
precisions of the Up component close to and further away from the
blades were approximately 25 mm and 12 mm respectively, during
high-speed blade rotation. Hence, the study suggests that GNSS antennas
should be located at the nacelle’s tail, away from the blades. Addition-
ally, the study demonstrated that the nacelle’s bearing could be pre-
cisely determined using GNSS coordinates (with a precision level of
1.6°) even during varying blade rotation speeds. Using multiple GNSS
receivers and considering the geometric constraints between them (i.e.,
distances between antennas) can further enhance precision.

In the second experiment, the impact of multipath-induced errors
was investigated, particularly during blade rotation, which increased
white noise levels primarily in the high-frequency domain (>1 Hz). On
the other hand, the horizontal rotation of the nacelle could be identified
in the lower frequency domain in the E/N spectra.

This study is the first experimental attempt to demonstrate the po-
tential of GNSS technology for monitoring the kinematic behaviour of
wind turbine nacelles in positioning and orientation. It highlights key
practices for the efficient and reliable application of GNSS receivers.
Two main recommendations are i) the location/deployment of the GNSS
antenna at the tail of the nacelle, and ii) the application of geometric
constraints for two or more GNSS receivers to reduce GNSS measure-
ments noise, such as multipath-induced error due to proximity to the
rotation blade(s) and interference errors due to proximity between GNSS
antennas [28]. Future research should focus on applying GNSS to
monitor large-scale wind turbines, aiming to evaluate GNSS perfor-
mance in tracking nacelle responses (i.e., positioning, orientation, yaw
motion) and accurately estimating deformation characteristics (i.e.,
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displacement, frequency) under various wind load conditions and
operational modes.
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