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ABSTRACT

The aim of this work is to study the application of Ground-Based Radar (GBR) interferometry technique
to study the vibration characteristics of wind towers by remote acquisitions without the installation of
any sensor or corner reflector on the monitored tower. In particular, the objective of this work is to
demonstrate that it is possible to use the vibration frequency and amplitude measured by the GBR along
the whole tower to discriminate the vibration behaviour of the tower in the cases of wind turbine at rest
and in function. In addition, it will be shown that it is also possible to point out the differences in the
vibration behaviour of two nearby wind towers, either in their oscillation frequency or amplitude. The
methodology that is applied relies on the radar interferometry technique. A stack of Real Aperture Radar
(RAR) profiles are collected providing the radar scattered signal for each target along the range direc-
tions. The amplitude of radar signal in each profile allows to identify the location of the wind tower.
For each range pixel associated to the wind tower, the stack of range profiles is further processed to
estimate the interferometric phase changes along the time and finally the temporal profile of displace-
ments. The spectrum of each temporal profile is computed to identify the vibration frequencies. The
results of an experiment carried out at a wind farm to study the differences in the vibration behaviour
of two nearby wind towers are presented.
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1. INTRODUCTION

1.1. General information

Nowadays wind plants are an important source of green energy. Many wind turbines have been installed
in windy regions. Usually, a wind turbine is dismissed after a certain number of years depending on the
statistical assessment of its average productive life. However, the wind turbine health and productivity



depends on many factors, such as the position within the wind plant array and the proper installation.
For this reason, the measurement of wind turbine displacements and vibration frequencies, both when
active and at rest, is important to assess the proper turbine functioning. Ground-based Radar (GBR)
sensors have been proposed for the monitoring of wind plants, in synergy with terrestrial laser scanner
[1]. An overview of the application of GBR sensors for the monitoring of infrastructures is given in [2].
An application of GBR technique to the monitoring of pier is reported in [3]. It is worth pointing out
the applications of monitoring of bridges (e.g. [4], [5], [6]) and telecommunication towers [7] that are
examples of infrastructures having geometrical and functional characteristics similar to the case study
of wind towers. In this work we present the results which have been obtained by measuring the wind
displacements and vibration frequencies by means of the ground based radar interferometry technique.
Measurements have been acquired using a Ku-band radar which has been installed at different locations
around the wind turbine to avoid any blind position where the main component of the displacement
vector is perpendicular to the radar Line-of-Sight (LoS). A methodology to display the displacements
of the whole wind turbines directly in the field has been developed. The time series of displacements,
as the well as the corresponding spectrum of vibration frequencies, are estimated for all the structural
elements of wind turbines with a range resolution of 0.75 m. The stack of vibration spectra is used as a
tool for a quick inspection of the vibration behaviour. In addition, a procedure for the geolocation of
ground-based measurements is presented, needed for both the rendering of radar measurements over
the wind tower and to correlate it to the wind direction at the time of radar acquisitions. The method-
ology presented in this work, based on the in-situ radar measurements, has been applied for the real-
time assessment of vibrational behaviour of wind towers, without interrupting turbine operations. The
stack of vibration spectra provided by ground-based radar measurements could provide a means to
quickly detect excessive vibrations in the field. The manuscript is organized as follows. Section 2 de-
scribes the methodology for collect the process GBR data. Results. are presented in section 3 and
discussed in section 4. Finally, a few conclusions are drawn in section 5.

2. METHODOLOGY

The methodology used in this experiments consists of following steps: 1) measurements of key acqui-
sition parameters in the field, i.e. elevation angle, distance of the GBR with respect to the basis of the
wind tower, vertical and horizontal angular width of the -3dB main beam of antennas; 2) focusing of
GBR radar data to get a stack of Single-Look-Complex (SLC) radar range profiles, each with a range
resolution of 0.75m, and a time stamp; 3) interferometric processing of the SLC radar data to get a time
series of interferometric phase values, i.e. the temporal changes of SLC phase values; 4) estimation of
the time series of LoS displacement and 5) spectral analysis of each time series of LoS displacement to
identify the vibration frequencies. Steps 3) to 5) are applied to each range pixel of the SLC radar range
profiles, separately. Figure 1 shows the radar configuration geometry. The elevation angle 3 and dis-
tance d from the wind tower are reported. The angle o denotes the vertical angular width of the antenna’s
main lobe (i.e. the 3dB lobe). It depends on the antennas used for data acquisition. The angles o and 3,
as well as the distance d should be set carefully to be sure that the whole wind tower is observed by the
radar. The height of the whole wind tower is denoted by L, while h is the height of the lower part of the
tower. The range distance D between the GBR and each target on the wind tower is compute as

D =dtan 9 (1)

Eqg. (1) is used to compute the range distances D; and D, of the lower and upper targets corresponding
to the -3dB main lobe.

D, = dtan(g—;—x)
o )
D, = dtan(z9+5)

The difference between the two range distances D, and D, has to be be larger than the height L of the
whole wind tower. In addition, the elevation angle should set in such a way that D; ~d to observe the
wind tower from its basis.
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Figure 1. Acquisition geometry of GBR data.

3. RESULTS

The GBR measurements have been collected at two nearby towers of the same wind farm. The two
wind towers are denoted a N. 86 and N. 89. The GBR sensor has been installed at a distance d = 140 m
from the wind tower N. 86 and d = 60 m from the wind tower N. 89. The elevation angle of was set to
9 =15 and 25°. Two further acquisitions have been collected at the wind tower N. 86 setting 4= 10°.
Table 1 and Table 2 summarize the values of elevation angle, the status of the wind turbine and the
wind speed and direction during the acquisition of GBR data.

Table 1. Summary of GBR acquisitions at wind tower N. 86.

Elevation angle 9 [deg] | Status of the wind turbine | Time, wind speed and direction

25 In function 13:409,8 m/s W
13:45 8,9 m/s W
13:50 8,5 m/s W
25 At rest 13:559,8 m/s W
14:00 8,8 m/s W
14:05 9,7 m/s W
15 At rest 14:10 11,2 m/s W
14:15 10,7 m/s W
14:20 12,1 m/s W
14:2512,1 m/s W
15 In function 14:30 11,9 m/s W
14:3511,4 m/s W
14:40 10,2 m/s W
14:45 10,3 m/s W
14:50 10,8 m/s W

10 In function 14:55 8,9 m/s W
15:00 9,1 m/s W
" A rest 15:05 8,5 m/s W

15:10 10,5 m/s W
15:15 11,3 m/s W




Table 2. Summary of GBR acquisitions at wind tower N. 89.

Elevation angle 9 [deg]

Status of the wind turbine

Time, wind speed and direction

25

In function

13:40 9,8 m/s W
13:458,9 m/s W
13:50 8,5 m/s W

25

At rest

13:559,8 m/s W
14:00 8,8 m/s W
14:05 9,7 m/s W

15

At rest

14:1011,2 m/s W
14:1510,7 m/s W
14:2012,1 m/s W

15

In function

14:2512,1 m/s W
14:30 11,9 m/s W
14:3511,4 m/s W
14:40 10,2 m/s W

Figure 2 displays the results obtained at the wind tower N. 86 with the wind turbine in function and a
rest. Each acquisition last 15 minutes. Analogously, Figure 3 to Figure 8 display the results obtained
at the wind tower N. 89 with the wind turbine in function and a rest, for different structural of the tower.
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Figure 2. Measurements at the wind tower N. 86. (left) wind turbine at rest. (right) wind turbine in function.
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Top: Frequency spectrum vs. frequency. Bottom: amplitude in [mm] vs. time [s].
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Figure 3. Measurements at the wind tower N. 89. (left) wind turbine at rest. (right) wind turbine in function.
Top: Frequency spectrum vs. frequency. Bottom: amplitude in [mm] vs. time [s]. Measurements are referred
to the segment of the wind tower located at H = 15 m above the ground.
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Figure 4. Measurements at the wind tower N. 89. (left) wind turbine at rest. (right) wind turbine in function.
Top: Frequency spectrum vs. frequency. Bottom: amplitude in [mm] vs. time [s]. Measurements are referred
to the segment of the wind tower located at H = 24 m above the ground.



’W

* WI'\H

i

\'xﬂw

F L L i L i i L i L L L
() 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 1000

Figure 5. Measurements at the wind tower N. 89. (left) wind turbine at rest. (right) wind turbine in function.
Top: Frequency spectrum vs. frequency. Bottom: amplitude in [mm] vs. time [s]. Measurements are referred
to the segment of the wind tower located at H = 29 m above the ground.
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Figure 6. Measurements at the wind tower N. 89. (left) wind turbine at rest. (right) wind turbine in function.
Top: Frequency spectrum vs. frequency. Bottom: amplitude in [mm] vs. time [s]. Measurements are referred
to the segment of the wind tower located at H = 34 m above the ground.

8 L
%% 100 200 300 400 500 600



P bk

d R W
R WL AL
0 y } \ wi% _“l "‘ bv ‘Ww’[‘! %\ A2: \ / q H‘ ‘J“ ﬁ'\(‘ N |
= V‘, 1,,,»% ,JM (‘9"“&/‘% ! “ “ﬂ m’w M *’N/I hll

-100

150 -80

~2001 L i ! ! 100, L L 1 [
Figure 7. Measurements at the wind tower N. 89. (left) wind turbine at rest. (right) wind turbine in function.
Top: Frequency spectrum vs. frequency. Bottom: amplitude in [mm] vs. time [s]. Measurements are referred
to the segment of the wind tower located at H = 37 m above the ground.
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Figure 8. Measurements at the wind tower N. 89. (left) wind turbine at rest. (right) wind turbine in function.
Top: Frequency spectrum vs. frequency. Bottom: amplitude in [mm] vs. time [s]. Measurements are referred
to the segment of the wind tower located at H = 42 m above the ground.

4. DISCUSSION

This work focused on the comparison of vibration characteristics of two wind towers located at the
same wind farm. In-situ have been collected within a time interval of less than two hours in similar
wind and weather conditions. The acquisition and processing of GBR data has been done following a
procedure that allows to identify the vibration amplitude and frequency of different segment of towers



with a range resolution of 0.75 m. It has been found that wind towers 86 and 89 have similar vibration
characteristics in terms of oscillation amplitude and vibration frequency up to a height of about 20 m
with respect to the ground. However, in the upper part of the wind turbine N. 89 have been measured
vibrations with a peak-peak oscillation amplitude of 45 cm. In particular, this maximum amplitude of
45 cm has been measured in the case of non-operating wind turbine while in the case of wind turbine in
function it has been measured a vibration with a peak-to-peak amplitude of 30 cm. A similar behavior
has been observed along the whole upper part of the wind tower, about a height of twenty-nine meters,
even if with a decreasing peak-to-peak amplitude from to the top to lower heights. We could provide
two interpretations to the measured vibrations amplitude in the upper part of wind tower N. 89. The
first interpretation is based on the turbine rotation around the tower axis, due to the rotation of blades.
This causes a change in the radar acquisition geometry which has been set at the beginning of data
acquisition in order in increase the LoS component of the turbine oscillation amplitude. However, if the
movement of blades causes a rotation of the wind turbine during the data acquisition, the GBR measures
a smaller LoS and, as a consequence, underestimate the amplitude of the turbine oscillation. It is worth
noting that the rotation of wind turbine does not affect the estimate of the vibration frequency. A second
interpretation of the measured amplitudes is related to the “stabilizing effect” of turbine movement
which could induce an oscillatory movement having a smaller amplitude with respect to the case of a
wind turbine at rest.

5. CONCLUSIONS

In this work the GBR interferometer has been used to compare the frequency and amplitude measure-
ments of wind tower oscillations. It has been found that it is possible to discriminate the vibration be-
haviour of structural elements of a wind tower and of two different wind towers of the same wind farm.
Furthermore, the changes of vibration amplitude and frequency of the same wind tower when the wind
turbine is in operation or at rest have also been detected. As a future work, the impact of averaging
vibration spectra on the estimation accuracy of vibration frequencies will be investigated. Radar data of
the wind tower, in the same working condition, have to be collected at different times during the same
measurement session. In addition, it will be studied a methodology to identify modal parameters of
wind towers in GBR vibration spectra.
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