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Abstract: Deformations affect the structural integrity of wind turbine towers. The health of such
structures is thus assessed by monitoring. The majority of sensors used for this purpose are costly
and require in situ installations. We investigated whether Multiple-Input Multiple-Output Synthetic
Aperture Radar (MIMO-SAR) sensors can be used to monitor wind turbine towers. We used an
automotive-grade, low-cost, off-the-shelf MIMO-SAR sensor operating in the W-band with an ac-
quisition frequency of 100 Hz to derive Line-Of-Sight (LOS) deformation measurements in ranges
up to about 175m. Time series of displacement measurements for areas at different heights of the
tower were analyzed and compared to reference measurements acquired by processing video camera
recordings and total station measurements. The results showed movements in the range of up to 1m
at the top of the tower. We were able to detect the deformations also with the W-band MIMO-SAR
sensor; for areas with sufficient radar backscattering, the results suggest a sub-mm noise level of the
radar measurements and agreement with the reference measurements at the mm- to sub-mm level.
We further applied Fourier transformation to detect the dominant vibration frequencies and identified
values ranging from 0.17 to 24 Hz. The outcomes confirmed the potential of MIMO-SAR sensors for
highly precise, cost-efficient, and time-efficient structural monitoring of wind turbine towers. The

sensors are likely also applicable for monitoring other high-rise structures such as skyscrapers or
check for

updates chimneys.
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This load impacts the structural integrity of the turbines and the towers [4]. Measuring
the dynamic deformation of a tower can help to assess and predict the structure’s health
in the context of Structural Health Monitoring (SHM). In [5], it was reported that a wind
turbine tower of 40 m had vibration modes ranging from 0.7 to 18 Hz for the first and
eighth modes, respectively. Generally, wind turbines have a first natural frequency below
1Hz [6,7]. Strain gauges and accelerometers are the most-common types of sensors utilized
for the SHM of wind turbine towers [8-10]. They must be installed at certain heights
This article is an open access article ~ tO Measure the vibration modes effectively, which is not always possible due to limited
distributed under the terms and  accessibility. Additionally, the sensors need to have low measurement noise and high
conditions of the Creative Commons  temporal resolution for the identification of these frequencies [11] and are thus typically
Attribution (CC BY) license (https://  expensive [8,12].
creativecommons.org/licenses /by / Several proposals for using remote sensing techniques for monitoring structures
40/). have been made in the literature, including laser Doppler vibrometry [13], terrestrial laser
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scanning [14,15], photogrammetry [16,17], and terrestrial real aperture radar interferom-
etry [18,19]. Some of those solutions require the installation of (reflective) targets on the
tower (e.g., [13,16,17]), the setup of multiple sensors around the tower (e.g., [14,16]), or us-
ing expensive equipment (e.g., [14,18,19]). MIMO-SAR, or Multiple-Input Multiple-Output
Synthetic Aperture Radar, is a novel technology with attractive properties for remote
SHM [20,21]. In recent years, the autonomous driving industry has been pushing its devel-
opment, since it allows for compact design, low mechanical complexity (no moving parts),
and low hardware cost. Moreover, it facilitates high angular and range resolution [22]
and can acquire measurements of an entire scene instantaneously, even under adverse
weather conditions [23]. MIMO-SAR sensors have already been applied successfully in
SHM, e.g., to measure the high-frequency deformations of bridges [20,24-26], detecting the
low-frequency deformations of buildings and slopes in open-pit mines [21,27], mapping
large cracks in reinforced concrete [28], and monitoring ship movements after ground-
ing [29]. In three of those publications [20,26,28] commercially available, automotive-grade
MIMO-SAR systems have been used. W-Band MIMO-SAR systems were also used for de-
formation monitoring, but the literature focused so far on simulations [30] and close-range
indoor experiments [31]. To the best of our knowledge, the use of W-Band MIMO-SAR
systems to detect low-frequency deformations in the decimeter amplitude range [15] and
for distances above a couple of tens of meters, as necessary for tall wind turbine towers,
has not yet been demonstrated.

In this study, we used MIMO-SAR to estimate the deformation of a wind turbine tower
by measuring the line-of-sight component of the displacements along a vertical section
of the tower and extracting the horizontal components of the deformations therefrom.
A total station and a video camera provide independent reference measurements of surface
displacement at different heights of the tower (see Sections 2.2 and 2.3). These data
were later used for the evaluation. Deformations were only measured for one side of the
tower (approximately the north side) in this paper, but the approach can be adapted to
cover also deformation components in other directions by operating several MIMO-SAR
sensors simultaneously.

The main novel contribution of this paper is to empirically demonstrate the capability
of automotive-grade MIMO-SAR systems for contact-less monitoring with the spatial
resolution of deformations and vibrations along the height of the tower. In particular, we
evaluated the performance of a Texas Instruments TIDEP-01012 [32] MIMO-SAR system
for monitoring the deformations of a wind turbine’s tower in Switzerland [33]; see Figure 1.
It is a turbine of type Vestas V112-3.0 MW mounted on a tubular steel tower with a hub
height of 119 m [33]. Each of the three rotor blades is 54.65 m long, rotating in an area with
a diameter of 112 m [33,34]. The turbine operates when the wind speed lies between 3 and
25m/s. Its main characteristics are summarized in Table 1.

This paper is organized as follows: First, the measurement principle and methodology
of the sensors are explained (Section 2). In Section 3, the results are described and compared.
This is followed by a discussion (Section 4). A summary of the findings and an outlook
conclude the paper in Section 5.



Energies 2023, 16, 1518

3 0f20

Figure 1. (a) Map with the location of the wind turbine and the measurement instruments (map
based on data provided by Swisstopo). (b) Picture of the wind turbine showing the locations of the
radar instrument and total stations.

Table 1. The main characteristics of the Vestas V112-3.0 MW wind turbine [33,34].

Name Value
Number of rotor blades (-) 3
Rotor diameter (m) 112
Hub height (m) 119
Cut-in wind speed (m/s) 3
Rated wind speed (m/s) 13
Cut-out wind speed (m/s) 25
Installed capacity (MW) 3

2. Measurement Principle and Methodology

Figure 2 shows the configuration of the measurements schematically. The location
of each sensor (MIMO-SAR system, total stations, and video camera) and the foundation
of the wind turbine tower were determined by Real-Time Kinematic Global Navigation
Satellite System (RTK-GNSS) measurements. We used coordinates in the national geodetic
coordinate reference and map projection frame (Swiss CH1903+/LV95) to estimate the
orientation (i.e., azimuth) of the sensors with respect to the wind turbine tower. The ob-
served relative deformation vectors can then be separated into east-west and north—south
components by utilizing the estimated azimuth of each sensor, and because all the sensors
were located in the north of the wind turbine (Figure 1), only the north-south components
were used for the analysis. Each sensor’s measurement principles with sample observations
are described in the following Sections 2.1-2.3.
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Figure 2. Illustration of the measurement arrangement for the various sensors: (a) MIMO-SAR

MIMO-SAR

instrument, (b) total station, and (c) video camera.

2.1. MIMO-SAR

The radar sensor used in this experimental investigation (see Figure 3a) has 12 trans-
mitting and 16 receiving antennas creating a virtual antenna array of 86 unique antennas
and resulting in an angular resolution of 1.33° at boresight. The antennas operate in the
76 to 81 GHz frequency range with a maximum configurable bandwidth Af = 4GHz
and a range resolution Ar = 3.76 cm. The chirp parameters can be configured using the
mmWave Studio software [35]. For the following investigations, we set them to the values
given in Table 2. This resulted in a range resolution of 50 cm and a maximum unambigu-
ous range of 256 m. We refer to [23] for more details regarding the general properties of
MIMO-SAR systems.

Table 2. Chirp, timing, and analogue/digital conversion (ADC) parameters for the MIMO-SAR sensor.

Name Value
Center frequency f. (GHz) 77.2
Sweep bandwidth Af (MHz) 300
Frequency slope s (MHz/us) 4973
Ramp duration Ty (1s) 75
Sample per chirp Napc (-) 512
ADC sampling frequency fapc (MHz) 8.493
Data acquisition rate T, (ms) 10

The output of the MIMO-SAR instrument is a two-dimensional single-look complex
(SLC) matrix for each epoch, i.e., every 10 ms. The matrix has a dimension of m x 1, where
m is the number of bins in the cross-range direction and 7 is the number of bins in the
range direction. Each complex number represents a superposition of signals backscattered
from objects within the sensor’s field of view. The signal for bin (k, ) at epoch t can be

expressed as
Ay = A/ a% + bz

SLCi(k,1) = A¢-exp(j- ) ¢ = arctan(b*) @
jo=v
where a and b denote the real and imaginary parts of the complex numbers in the SLC bins,
A denotes the amplitude and indicates the strength of the received signal, and ¢ denotes
the complex number’s phase and encodes information regarding the distance R from the
radar sensor to the object. More explicitly, the relationship between them is

¢ = @-7)-(2-Ry) ;\(Z'Rt) (mod 27) 2
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with A being the wavelength of the emitted electromagnetic wave and the phase ¢ being
bound to {¢ € R: —m < ¢ < 7}. Terrestrial Radar Interferometry (TRI) can then be used
to detect Line-Of-Sight (LOS) displacements AR, ; between two consecutive observations
at epochs s and ¢. It is expressed by

A A
ARt = i “Apsp = T (Pr — ¢s) 3)

with A¢s; being the interferometric phase. Modern sensors can estimate the phase of
an electromagnetic wave even in the GHz frequency range with an uncertainty of sub-
degrees [36], and therefore, deformations at a fraction of the wavelength can be detected.
However, deformations larger than A /4 are ambiguous according to Equation (2) and need
to be recovered using phase unwrapping [37]. Examples of interferometric amplitude and
(unwrapped and scaled) phase images can be seen in Figure 4.
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Figure 4. Example of (a) an interferometric amplitude image and (b) an interferometric phase image
for a period of 30s. For a simpler interpretation, both images are overlayed with a mask, darkening
areas with coherence in a 3 x 3 neighborhood of less than 0.85, as well as outlining the location of the
wind turbine and the direction of the antenna boresight.

In the following, we omit the time dependency of the variables AD and AR for better
readability. An object’s actual deformation does not typically occur in the LOS direction.
In the case of a tall object such as a wind turbine tower, the dominating deformation corre-
sponds to height-dependent horizontal displacement of the object’s surfaces. The relation-
ship between the LOS displacement AR; of a surface point i and the horizontal component
AD; in the vertical plane containing the LOS (i.e., in the same azimuthal direction as the
LOS displacement) can be expressed by

ADZ' = ARZ . sin(fi (4)

with {; being the zenith angle between the radar instrument and the surface point i, as can
be seen from Figure 5.
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The zenith angle can be calculated by (i) resolving the bin’s angular deviation §; from
the MIMO-SAR’s boresight [38] and (ii) by measuring the zenith angle (s of the instru-
ment after its setup by using an inclinometer or other suitable measurement procedures
or by reconstructing it from the amplitude images. In the next step, the horizontal defor-
mations AD; are split into east-west (Y©) and north-south (X®) components to bring all
observations to a common coordinate reference system, based on the azimuth:

X& - X§
a; = arctan | ———M (5)
Y- Yy

of the monitored point with respect to the location of the instrument. Here, the coordinates
of the instruments are denoted as Py = [Y§, X{/] T, and the coordinates of the object
point (strictly speaking, of the point in space corresponding to the bin center) are denoted
as P = [Y® XF] T. However, since we evaluated the displacement of points within a
vertical plane only, and set up the MIMO-SAR instrument accordingly, all points i have the
same azimuth &; = a. We determined & from the coordinates of the turbine tower and the
radar instrument using RTK-GNSS. The components are then calculated by

ADYiG Ccos AD. ©)
ADXiG sin a; v
Zenith AD.
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Figure 5. A vertical cross-section of the acquisition geometry showing the definition of the local
coordinate system of a MIMO-SAR system with its relation to the three-dimensional global coordinate
system. P); denotes the location of the MIMO-SAR sensor. The sensor’s boresight is tilted by an
angle {\ with respect to the zenith direction. The target object at location P; is at a slope distance R;
in a direction deviating from the boresight by the cross-range angle 6;.

2.2. Total Station

We used three Leica Geosystems TS60 total stations (see Figure 3b) to obtain reference
measurements of the wind turbine deformations. They were set up on tripods in close
proximity to the MIMO-SAR system, about 135-145m north of the wind turbine tower;
see Figure 1. The three total stations were targeted in the direction of the tower at heights
of 39, 78, and 115 m above the ground, which correspond to the heights of two distinct
features on the surface of the tower, visible also in the camera images, and to the tower
right below the nacelle. The total stations measured the distance in a so-called reflector-less
mode in the fixed directions given by their setup. These distance measurements were
obtained with a data rate of 0.8 to 1.5Hz (constant time intervals cannot be enforced
with these instruments) and, according to the specification of the instruments, with a
standard deviation of about 2mm. The total stations were not moved and carried out
measurements over the whole duration of the experimental investigations. Therefore,
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the zenith angles output by the instruments were averaged for each station over the whole
measurement period of approximately 2 h, giving {. The slope distance measurements
were also averaged over the whole period giving R. The horizontal deformation AD over
time was calculated by

AD; = (R;—R)-sin({) )

The east-west and north-south components in the global coordinate system can then
be derived by (i) calculating the azimuth of the total stations using Equation (5), again
using the RTK-GNSS measurements, and (ii) afterwards, applying Equation (6).

2.3. Video Camera

The third instrument used for observing deformations was a camera. This approach
was already used in [15]. In our experiment, we used a Nikon D5500 with a zoom lens kept
at a constant focal length throughout the experiment (Figure 3c). The camera was mounted
on a tripod and located at the bottom of the tower looking upward. It was programmed to
record an image every 0.04 s and, thus, resulted in a video stream showing the bottom of the
turbine’s nacelle. Figure 6 shows (a) the camera’s location and (b) a sample frame with the
bottom of the nacelle and some features (e.g., screws, covers, etc.), as well as various sensors
attached to the tower. It can be assumed that the resulting frames were already ortho-
rectified due to the large distance (>100 m) and the orthogonal setup (located at 90°) of the
camera concerning the observed surface of the nacelle. We used the MATLAB software with
the function detectMinEigenFeatures to detect features and track them automatically over
all video frames using the point tracker method MaxBidirectionalError. The coordinates
of the features in the image coordinate system (pixels) originated in the frames’ top-left
corner. Those coordinates were inverted to be originating on the lower-right corner of the
frame and scaled by a factor s to a metric system using the known width of the nacelle and
the size of the various sensors visible in the video frames (Figure 6):

xCi 1080 — X€ ®)

{YQ} . {1920 - YC]

The scale factor s introduces uncertainty to the coordinate transformation, which relies
on the size of the known object used for scaling. Being just one pixel off by defining the
size of the object in the image will introduce an error of 2.6 (3.1 mm/px), 5.2 (6.2 mm/px),
and 0.2% (7.4 mm/px) at the heights of 38, 78, and 120 m, respectively. Afterwards, the co-
ordinates were rotated, so the axes were parallel to the previously defined global reference
system. This operation can be expressed by

G Qi Ci
{ch] _ {CF)SD( sin oc] _ [chl'] ©)
Xy sina  cosa X
with k indicating the index of a pixel in the image frame and « being the azimuth value
of the camera frame (Figure 6) derived from Equation (5) in combination with GNSS

measurements at the location of the camera. The occurring deformations separated into
their east-west and north-south components can then be determined by

G
- [§-
Xk

with YkG and X,? being the average position over the time series. Applying this proce-
dure to feature points determined at the meteorological sensors mounted on the tower
(Figure 7) will give comparable results as for the measurements acquired with the radar
instrument and total stations. The wind turbine’s nacelle changes its direction along with
the direction of the wind. The movements of the tracked features (see Figure 7, yellow
cross) would, therefore, not be representative of the movement of the tower if the rotation

ADyg
ADyg

%
e

X6 (10)
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of the nacelle were not accounted for. The tower’s movement can be estimated by adding
two intermediate steps to determine the estimated center of the tower on the height of
the nacelle:

1.  Calculating the transformation parameters of the tracked feature points: The trans-
formation matrix T describes the relationship between the initial position of all the
tracked features at time to with the position of all features at time #; and can be

described by
c = T -C¢- (11)
N
(2xn) (2x2) (251

with CS containing a list of coordinates [YG  X©] T for feature points at a given time.
This linear equation requires at least two independent feature points to be solved.
Having more points leads to an over-determined equation system, and a least-squares
adjustment [39,40] was performed to obtain a unique solution for T.

2.  Estimating the center coordinate of the tower: The video frames clearly show some
parts of the cylindrical tower’s surface at the height of the nacelle (Figure 7). The first
frame was used to manually select a set of points on the tower’s surface. The position
of the tower’s surface for each frame was derived by applying Equation (11) and
using the previously derived transformation matrix T. The tower’s center was then
estimated for each frame by solving the standard equation for a circle:

(x—u)?>+(y—0)* =2 (12)

with x and y representing coordinates on the circle, # and v representing the coordi-
nates of the circle center, and r being the radius of the circle. Again, a least-squares
adjustment for each frame was carried out to obtain a unique solution for the center
coordinate. Those center coordinates will then be used as the input for Equation (9) to
determine the east-west and north-south components based on Equation (10).

C
(b) ¢—> iz 1080x1920 pixels
8

XCi
YCi<—T

Figure 6. Example of (a) the camera setup with the respective coordinate systems and (b) a sample

frame with annotations, where the two sensors firmly mounted on the tower are outlined with circles.
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Figure 7. Example of the feature point tracking of the video recording. The image of the first recorded
frame is overlayed with yellow crosses (+) and circles (o). The first ones are the automatically detected
feature points, while the latter ones are the manually selected points on the intersection between
the tower and the nacelle. The green line shows the trajectory derived over the period of 20 min for
the nacelle.

3. Results

The following subsections describe the results of the investigations. First, we show in
Section 3.1 the stability index for filtering the MIMO-SAR acquisitions. This is followed in
Section 3.2 by the results for the deformation measurements for all three sensors, as well as
the frequency analysis of the same in Section 3.3.

3.1. MIMO-SAR Data Filtering

The MIMO-SAR system observes an extensive area visualized in Figure 4. The radar
instrument returns an SLC image, where a bin at every position in the FOV contains
information. However, only bins representing physical objects with a reflected signal
strong enough to be detected are useful. Statistical filtering is helpful to clean the data
and only keep bins representing persistent scatterers. For this work, we used a two-step
approach to select persistent scatters. (i) We reduced the total amount of data by defining a
polygon enclosing the region of bins, which represent the wind turbine. (ii) We applied
a filter to select persistent scatterers based on two indices. The first index is based on the
amplitude value of a bin, named the Amplitude Stability Index (ASI) [41]:

ASI = 1 ZAMP (13)
AMP

with canp being the standard deviation of the amplitude over time for a single bin and AMP
being the average of the amplitude for the same bin. The second index is based on the
coherence [42] of an SLC bin in its 3 x 3 spatial neighborhood, named the Coherence
Stability Index (CSI), defined by

csl = 1 ZCoH (14)
COH
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with COH being the average over time of the coherence of a bin and ocon being the
standard deviation of the coherence over time. We combined these indices by multiplying
them, creating the Stability Index (SI) as

SI = ASI-CSI (15)

with SI € [—oo, 1], where a value close to 1 indicates a persistent scatterer, while lower
values indicate lower-quality scatterers or noise. Figure 8 shows the SI for a time series
of MIMO-SAR acquisitions. The SI image shows multiple circular patterns also visible in
Figure 4 caused by side lobes of strongly reflecting objects. The location of the turbine tower
and turbine/blades can be recognized when looking at the zoom-in in Figure 8b. The origin
of the X®YCZC system is set to be the center of the MIMO-SAR system. A section of the
turbine tower is visible in this SI image as a vertical line from approximately Z® = —9m
to 40m at a horizontal distance of 130m. The tower is then not recognizable anymore
at ZG = 40m and above. The turbine nacelle gives a higher SI again at about Z&¢ =
110 m. For the following analysis, we selected four bins at heights of 9, 38, 78, and 120 m
above ground, coinciding with the locations of the observations carried out with the other
sensors. At each height, we only processed the bin with the highest SI value within a small
neighborhood (a few square meters) of the corresponding location, with the SI values being
in the range of 0.31 (at height 78 m) to 0.9 (at height 9 m).

200

() ' ' ' ' —1 (b)

150 4

Stability Index [-]

S0F i

4/ ’ J /] - <025
0 50 100 150 200 120 140

[m] X9/Y Sm]

Figure 8. Example of stability indices for a time series of MIMO-SAR acquisitions over a period of
30s with (a) showing the same section as in Figure 4 and (b) being a detailed view of the wind turbine
where the turbine and top of the tower are outlined with a box A, and the lower third of the tower is
outlined with a box B.

3.2. Deformations

Figure 9 shows the deformation component AD, ¢ independently derived from the
observations of the three sensor systems for areas with sufficiently high SI to allow radar-
based deformation monitoring. Deformations between —2 and 2 mm were observed at
the tower height of 9m and between —50 and 50 cm at the towers’ top. The processing
of the video camera and total station data resulted in similar deformation patterns for
the same area. However, the deformations derived from the total station measurements
were typically smaller than those observed with the video camera. This can be related
to the different information content of the respective measurements: the total stations
measured the distance change of the tower’s surface in a specific, fixed spatial direction,
while the camera results provide the displacement of specific surface points on the tower.
Therefore, depending on the actual direction of movement of the tower, not the same
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target is measured with the different technologies. This effect is displayed in Figure 10a,
where the horizontal deformations in ADy are visualized for the tower at the height of
120 m and a period of 100s starting with epoch t = 314s (zoom-in of Figure 9a). In this
period, the bias E between the deformations derived from the video camera recordings
and the total stations reached values of up to 23.5cm. In Figure 10b, we display the
horizontal movements derived from the video camera recordings for the same period.
During this period, the top part of the tower moved towards north—east by about 1 m.
The total station aimed at the tower with a constant azimuth angle of about 172°. The LOS
displacement AD[3 and the corresponding coordinate change in the direction of X©
derived from the total station measurements are, therefore, different from the LOS or the
XC component of the actual displacement of the tower’s top center, which is reflected by
the displacement estimates AD}'Sq and AD;’S obtained from the camera. Assuming that,
by coincidence, the total station’s LOS direction points exactly towards the center of the
tower at t = 314 s, the maximum bias between the total station and camera results would
be 21 cm. This coincides very well with the previously mentioned bias E derived from the
actual observations. However, the discrepancy between the LOS direction and the direction
to the center of the tower is not known with sufficient accuracy from the instrument setups
for compensating the apparent bias between the camera and the total station results.

The MIMO-SAR system has been able to derive displacements up to a distance of
about 175 m from the sensor’s location. This is further away than the maximum range of
150 m mentioned in the sensor specification [32] for a target with a radar cross-section of
10m?. We selected the bins for the following analysis carefully and chose points at the
extension of the tower direction, as visible in the lower third of the tower (e.g., white box
notated with B in Figure 8b). At the turbine’s height (Figure 9a), the deformations coincide
partially with the deformation observed with the other two sensor types, and sometimes,
the deformations show a difference with the other two sensor types. These transitions
coincide with the times when the turbine nacelle rotated, which are indicated by grey
backgrounds in Figure 9. The rotations contaminate the (apparent) LOS displacements for
some radar bins by the radar layover effects (where parts of the nacelle and of the tower
may mix into the data of the same bin). The georeferencing of the radar data were not
accurate enough in the present experiment to clearly distinguish between the top of the
tower and the nacelle in the present experiment, so the analyzed bin could represent an
area on the turbine nacelle and not on the tower itself.

Furthermore, the MIMO-SAR system did not measure constantly, but started every
240s a new set of acquisitions with an acquisition gap of a few seconds; see Figure 9.
The acquisition gaps are attributable to the system properties of the MIMO-SAR system
used in this experiment, as it does not assign temporal information (i.e., time stamps) to
the acquisition and can only store a limited number of continuous measurements at a time
(Nmax = 65’535 SLCs [20]). Therefore, we decided that the acquisition set consisted of
up to 23'600 SLCs and took up to 236s. A new set was then initiated after a break of 4s.
Periods without observations are prone to cause phase unwrapping errors and potentially
introduce a bias in the derived deformations for the period after the data gap. This effect
can be seen in Figure 9b, where the data gaps in the seconds before 240, 480, and 720's
cause an offset of the MIMO-SAR results as compared to the VC and TS results. Based on
their agreement, we considered the latter to be more reliable. We attributed the MIMO-SAR
deviations to phase unwrapping errors. This offset or phase unwrapping error occurred as
soon as the displacement between two consecutive radar acquisitions exceeded a quarter
of the wavelength (i.e., 0.95mm for W-Band MIMO-SAR) and can reach any value. Further
investigations using MIMO-SAR hardware without the data gap problem will be needed to
clarify whether there are further reasons for the drift of the results.

In Figure 9c¢, the deformations of the tower at a 9 m height are displayed. Reference
measurements for this location do not exist. However, the detected movements have
the same deformation pattern as derived from the video camera for the other heights.
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Furthermore, the deformations at a 9 m height range from —2 to 2mm and are reasonable,
since this area is located near the foundation where deformations should be close to zero.

(a) 500 T T T T T T T T T

Tower@120m
A DX G [mm]
(=)

-500

(b) 100 T T T T T

Tower@38m
ADy G [mm]

(c)

Tower@9m
ADy G[mm]

Time [s]

Rotation of Nacelle /" Total Station /™ Video Camera /"~ MIMO-SAR

Figure 9. Deformation ADyc of the wind turbine tower at heights of (a) 120, (b) 38, and (c) 9m
above the ground.
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Figure 10. Deformation of the wind turbine tower occurring at a height of 120 m for a period of 100s
starting with epoch t = 314 s (zoom-in of Figure 9a). (a) Deformation ADy¢ over time. (b) Location
and diameter of the wind turbine tower at epochs ¢ = 314s and 414 s estimated from the video
camera recording.

The interferometric amplitudes of the MIMO-SAR acquisitions were, unfortunately,
very low for the area at a height of about 78 m, and it is not easy to recognize the bins
representing the tower. The bin with the highest SI value (SI = 0.31) within this area was
selected. In Figure 11, the deformations derived for all sensors are visualized. The defor-
mation derived from the total station and video camera recording coincide with each other,
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but the deformations derived from the MIMO-SAR acquisitions do not at all. These invalid
deformation measurements are the result of the weak amplitude signal. The strength of the
received signal depends on various observation properties, e.g., the measurement distance
to and the Radar Cross-Section (RCS) of the target [43]. The distance is similar for all the
analyzed bins and does not explain the low amplitude. However, the RCS of a smooth,
cylindrical surface decreases with a steeper Angle Of Incidence (AOI) ([44], p. 35) and
explains the lower amplitude of the bin at 78 m (AOI of approximately 30°) compared to
the bins at 9m (AOI of approximately 0°) and 38 m (AQI of approximately 15°).

200 F T T ‘ _,"I x " T T T T ]

Tower@78m
ADy G [mm]

-400 I I | I I | I I |

Time [s]

Rotation of Nacelle /™ Total Station /™ Video Camera /"~ MIMO-SAR

Figure 11. Deformation ADyc of the wind turbine tower at heights of 78 m above the ground.

To assess the uncertainty of the measurements, we aimed to estimate the noise of the
data. The wind turbine tower constantly moves in a range exceeding the wavelength of the
emitted electromagnetic wave (3.8 mm). Therefore, the common standard deviation cannot
be used to quantify the noise without data manipulation (i.e., detrending the time series).
The Allan deviation is invariant to constant biases and linear drifts [45]. It is typically used
for assessing the accuracy of sensors (e.g., IMU, clocks) whose noise increases over time.
The noise of MIMO-SAR observations does not increase with time, but the deformation
measurements of a moving object can cause an apparent increase in noise over time. It can,
therefore, be advantageous to use the Allan deviation also for time series of deformation
measurements. It is calculated by

OAllan(T) = \/; A(Fng1 — In)?) (16)

with 7 denoting the averaged deformation over the n-th observation period of duration
T and (.) denoting the expectation operator. We calculated for every bin in the tower’s
vicinity the Allan deviation gaj,, and display the results in Figure 12. The vertical axis
represents the resulting Allan deviation for T = 0.01s, i.e., for an individual measurement,
and the horizontal axes represent the Stability Index (SI) and the amplitude. Weak (low
amplitudes) and not very stable (low SI) signals have high Allan deviations with a few
hundred micrometers. The bin at about 78 m above the ground located about 150 m from
the MIMO-SAR sensor has an Allan deviation for individual measurements of 313 pm. It is
also at the border of the rectangularly arranged dots representing bins in physically empty
space or of targets with low sensitivity to the emitted wavelength or a small RCS. This
shows that the selected bin at the height of about 78 m is not representative of the actual
deformation of the tower at this location.

The bins representing the tower at heights of 9, 38, and 120 m are also highlighted in
Figure 12. Combined with the distribution of the other bins in the vicinity of the tower, it
can be seen that the higher the SI or amplitude value is, the smaller the noise represented
by the Allan deviation is. The bin at the height of 9m has a very low Allan deviation of
just 13 pm, while the bins at 38 and 120 m have a relatively high Allan deviation of 249 and
231 pum, respectively. In Figure 12c are the Allan deviations of the bins with an SI > 0.31
visualized. Mostly bins at the lower third of the tower remain with a prominent circularly
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arranged set of bins caused by side-lobes of the very strong reflection of the tower at the
height of about 9 m, as well as a few bins at the top of the tower in the vicinity of the turbine.

a) 400 —— - - b) 400 , C
@) / Tower@78m (b) Tower@78m (©) 120 350
4 Tower@
300 e / fl)-wer(/j)?;no 300 Tower@120m 30 e
T e ower@]120m = 250 3,
S200 0 : =200 - Tower@38m o g
= Tower@9m = 40\, m S
S S Tower@9m {
° 100 \ ° 100 I |
. : 0 *il- 50
0 -0 e 0 T ey
02 04 06 08 I 0% 102 100 102 120 140
Stability Index [-] Amplitude [-] X

Figure 12. Visualization of bins in the vicinity of the turbine tower for MIMO-SAR acquisitions
over a period of 945s with (a) showing the Allan deviation versus the stability index, (b) showing
the Allan deviation versus the amplitude, and (c) showing the bins with an SI > 0.31 in the global
coordinate system.

3.3. Frequencies

The deformation time series in Figure 9 show an oscillation. Looking closely at an
excerpt of such a time series (Figure 13a—c), the slowly oscillating movements with a
periodicity of a few seconds can be seen for all three sensors. However, the video camera
(Figure 13b) and MIMO-SAR (Figure 13c) acquisitions show additional faster vibrations due
to the higher data acquisition frequency of 25 and 100 Hz, respectively. Applying a Fourier
transform gives the frequencies and amplitudes of the deformation of the tower. For the
following analysis, the data acquired by the total station were not processed due to the
irregular and slow sampling frequencies of less than 1 Hz, as seen in Figure 13a. Figure 14
shows the result of the Fourier transform for the video camera and MIMO-5AR acquisitions.
Six frequencies can be identified by the video camera, with the predominant ones being
at 0.169 Hz (No. 1) and 1.304 Hz (No. 4). The same frequencies are also dominant for the
MIMO-SAR acquisition with 0.167Hz (No. 1) and 1.291 Hz (No. 4). Those frequencies
deviate from the ones derived from the video camera by —1.2% and —1%, respectively.
However, Frequency Nos. 2, 5, and 6 are not recognizable. When also performing the
Fourier transform for the MIMO-SAR acquisition at the height of 9m above the ground
(Figure 15), then all frequencies can be seen. When comparing them again, then they
deviate between 0.6 and 2.4%. However, because of the high acquisition frequency of
100 Hz for the MIMO-SAR system, in combination with uncertainties in the deformation
measurement in the sub-mm range, five additional frequencies can be seen with values up
to 23.974 Hz. An overview of all detected frequencies is given in Table 3.
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Figure 13. Deformation ADyc of the tower at the height of the sensor at 38 m above the ground
derived from (a) total station, (b) video camera, and (¢) MIMO-SAR acquisitions.
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Figure 14. Fourier transform of the tower movement AD,c at the height of 38 m above the ground as
derived from (a) video camera and (b) MIMO-SAR acquisitions for the frequency range between 0
and 5Hz.



Energies 2023, 16, 1518

16 of 20

€
E
()
e
2
S
S
<
10°F E
10-6 I 1 1 1 1 1 1
0 5 10 15 20 25 30
Frequency [HZz]
| | | 1 | 1 |
Inf 0.200 0.100 0.067 0.050 0.040 0.033

Period [s]

Figure 15. Fourier transform of the tower movement ADyq ata height of 9m above the ground as
derived from MIMO-SAR acquisitions for the frequency range between 0 and 30 Hz.

Table 3. Deformation frequencies of the wind turbine tower.

Name

Frequency (Hz)
1 2 3 4 5 6 7 8 9 10 11

Video Camera

Tower@38m 0.169 0463 1138 1304 2957 3.873 - - - - -

MIMO-SAR System  Tower@38m  0.167 - 1128 1.291 - - - - - - -
MIMO-SAR System  Tower@Im  0.167 0.466 1.129 1292 2887 3.844 7557 17.822 18790 21.634 23.974

4. Discussion

We measured the deformation of a wind turbine tower occurring under load. The bins
representing the wind turbine tower were located at distances between 130 m and 175m
from the position of the MIMO-SAR sensor.

For the assessment, we had to filter the MIMO-SAR acquisitions to only keep bins
representing persistent scatterers, which could contain useful measurements. For this aim,
we introduced a Stability Index (SI) consisting of a combination of the Amplitude Stability
Index (ASI) and the Coherence Stability Index (CSI) and calculated it for each bin in the
vicinity of the wind turbine. We compared the SI value with the Allan deviation for each bin
and showed that the persistent scatterers in this experiment have an SI value of more than
0.31 and an Allan deviation smaller than 250 pm. Some of the analyzed bins at distances of
about 130 m had Allan deviations in the region of 10 um, if the corresponding bins had SI
values of about 0.9. This analysis also showed that most persistent scatterers were located
in the lower third of the tower (i.e., up to a height of 40 m), with a few more being at the top
at the junction between the wind turbine nacelle and the tower (i.e., at a height of 120 m).

The deformations derived from the total station acquisitions and video camera record-
ing were considered as the ground truth. Those deformations were compared quantitatively
with a subset of the radar bins. For the comparison, we could not separate the influence
of the methods and sensors, but assessed the accuracy as a combination of both. For the
bin located the farthest from the MIMO-SAR sensor and representing the tower at a height
of about 120 m, the derived deformations corresponded well with the other sensors as
long as the turbine nacelle was not rotating to align again with the direction of the wind.
The rotation of the nacelle caused a bias in the deformation measurements, indicating that
the analyzed bin was not exclusively covering the wind turbine tower, but at least partially
covering also an area of the nacelle. For the bin representing the tower at a height of about
38 m, the corresponding deformation patterns were visible. However, the MIMO-SAR
sensor was not acquiring data constantly, but had interruptions of a few seconds every four
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minutes. Deformations occurring in this time frame caused phase unwrapping errors and
also introduced a bias in the following deformation measurements.

Generally, the deformation of a smooth metallic object like a wind turbine tower can
be measured with the W-Band MIMO-SAR at distances exceeding 100 m with sub-mm
accuracy. However, measuring displacements were not possible at every location along
the tower. A target reflects the strongest signal if the emitted electromagnetic wave arrives
at the target with an angle of incidence of 0° (normal to the surface), e.g., [20]. The signal
deteriorates with increasing angle of incidences and is, in the case of the wind turbine
tower, lost in the noise at about 15° and preventing the acquisition of useful observations.
The nacelle of the wind turbine itself creates a corner-cube-like structure. This results in a
strong reflectance allowing displacement measurements in slope distances of 175m and at
height of 120 m above the ground.

Furthermore, we derived the vibration frequencies and could show that the MIMO-
SAR sensor obtained dominant frequencies from the deformation measurements between
0.169Hz and 23.974Hz. The frequencies up to 3.844 Hz were compared with the ones
derived from the video camera recording, and they deviated between 0.6 and 2.4%.
The MIMO-SAR system used in this investigation acquired data with an acquisition rate of
100 Hz and would therefore be able to detect vibrations with a frequency of up to 50 Hz.
However, it was shown in [20] that this MIMO-SAR system can acquire data with an
acquisition rate of up to 800 Hz, indicating the capability to detect vibration frequencies
of up to 400 Hz. Relevant for the detectability of vibration with this MIMO-SAR system
is, next to the previously mentioned temporal component, also the spatial component.
The amplitude of the vibration needs to exceed the sensor noise to be detectable. However,
the noise depends mainly on the target property and can not be generalized for all cases,
as seen above.

5. Conclusions

The goal of this investigation was to show the capabilities and limitations of MIMO-
SAR sensors operating in the W-band frequency for applications in structural health mon-
itoring. More specifically, we investigated the feasibility of using a low-cost W-band
MIMO-SAR sensor to measure centimeters to meter deformations of high structures in the
example of a wind turbine tower.

We showed that the MIMO-SAR sensor could observe deformations up to a slope
distance of about 175m, which is even further away than the maximum range of 150 m
mentioned in the sensor specification [32]. Due to the fast acquisition frequency, we could
successfully phase unwrap the interferometric measurement and observe deformations
exceeding the threshold of A/4 or 0.95 mm. In fact, we could observe deformations in the
range of up to 1 m even exceeding the configured range resolution of 0.5m. However, we
saw that the rotation of the wind turbine nacelle, which aligns the rotors with the direction
of the wind, affects the measurements and would need to be taken into account and filtered
out for an accurate estimation of the towers’ deformation from the radar data.

The vibration frequencies of the tower were studied. The MIMO-SAR sensor identified
the towers” dominant frequencies (0.169, 1.138, and 1.304 Hz) at a height of 38 m above
the ground, which differed from those estimated by the video camera by only around 1%.
The MIMO-SAR sensor was used to derive the deformation of the tower at the height of
about 9m above the ground. There, a total of eleven natural frequencies ranging up to
23.974 Hz were identified.

Overall, the shown results indicate that the MIMO-SAR can measure deformations
of a smooth and metallic wind turbine tower up to an angle of incidence of 14.5° for
a tower located at distances of about 130m. At higher incidence angles, only corner-
like structures (e.g., at the turbine’s nacelle) create a strong enough signal for reliable
deformation measurements. The experimental investigation showed that the MIMO-
SAR systems used in this investigation still has some weaknesses (e.g., temporal gap
between sets of acquisitions, association of bins to actual objects) and that for real-case
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applications, it is recommended to use an independent measurement sensor for evaluating
the observations. Nevertheless, the MIMO-SAR system showed its strengths compared
to other sensors typically used in SHM. The sensor is a low-cost (i.e., USD ~3500) sensor
with the ability to acquire data within a short time period (~hour) and without the need to
directly access the site and install in situ sensors (e.g., strain gauges or accelerometers) or
targets for remote sensing devices (e.g., photogrammetry or laser scanning). Furthermore,
MIMO-SAR systems generate two-dimensional displacement maps and can achieve sub-
mm accuracy for deformation measurements on targets with high amplitudes. This allows
observing very small displacements at different heights of the target and, therefore, the
verification of model assumption, as well as independent control of measurements acquired
by in situ sensors installed in the (upper area) of the tower.

Currently, we have only used one MIMO-SAR sensor to derive the line-of-sight defor-
mations of the wind turbine tower, thus proving that the MIMO-SAR is generally suitable
for deriving relevant parameters (i.e., vibration frequencies) for structural health monitor-
ing of tall wind turbine towers. Future research could involve (i) investigating the influence
of the angle of incidence on a smooth cylindrical surface onto the measurement uncertain-
ties, (ii) assessing the temporal accuracy of the MIMO-SAR sensor by comparing it with
highly accurate sensors (i.e., accelerometers) or well-known target vibrations (i.e., vibration
calibrator), and (iii) using three or more simultaneously operating MIMO-SAR sensors
to derive actual three-dimensional deformation vectors of the wind turbine tower while
simultaneously acquiring data regarding the direction of the wind and the yaw angle of
the turbine for the interpretation of the deformation.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-Digital Converter

AQOI Angle Of Incidence

FMCW  Frequency-Modulated Continuous Wave
FOV Field Of View

GNSS  Global Navigation Satellite System
LOS Line-Of-Sight

MIMO  Multiple-Input Multiple-Output
Radar  Radio detection and ranging

RAR Real Aperture Radar

RCS Radar Cross-Section

SAR Synthetic Aperture Radar

SHM Structural Health Monitoring

SLC Single-Look Complex

TI Texas Instruments
TRI Terrestrial Radar Interferometry
TS Total Station

VvC Video Camera
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