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Abstract: In the last two decades, an increase in large rotary machines/systems has been witnessed. To ensure safe operation
of these systems especially due to extreme stress caused by centrifugal forces as well as the wind or water loadings, regular
structural health monitoring (SHM) of the unbalanced parameters, particularly at the blade tips is necessary. For this, the use of
non-contact sensors provides the most appropriate approach; however, millimetric out-of-plane deflection monitoring using noncontact sensors at distances >1 m has not been comprehensively addressed for rotary systems, like wind turbines. This study
presents a modelling environment to simulate radar returns to analyse rotary systems. Employing Sammon mapping as a
dimensionality reduction procedure in conjunction with 2D visualisation, the study demonstrates the characterisation of dynamic
deflection parameters using a fast, portable ground-based interferometric radar (GBR). Comparisons between the GBR results
with those of a Leica AR20 GPS indicate a divergence ±12.79 mm. The study utilises SHM framework to acquire, normalise,
extract, and validate GBR signals within an SHM framework for structures under test or for deflection validation of the new
system. Further, it contributes to the non-contact structural fatigue damage detection during design, testing, and operating
stages of rotary structures blade tips.

1 Introduction
During the design of mega-cantilevered rotating structures such as
long wind-turbine blades, accurate prediction of the time-varying
transient wind loads generated due to the unsteady environmental
and operating conditions is essential to enable correct estimation of
fatigue life of structures and detect and prevent damage. In
particular, this is important for large wind turbine blades and their
design is determined by the fatigue rather than ultimate load [1].
In determining optimal dynamic behaviour, structural integrity,
and stability aspects of a cantilevered-like structure exposed to
aerodynamic and structural loadings, the structure's dynamic modal
characterisation [deflection and modal parameters (mode shapes
and natural frequencies)] is of critical importance [2, 3].
Studies on structural health monitoring (SHM) of rotating
cantilevered-like structures using non-contact sensors have, to the
best of our knowledge, been limited. This is despite the significant
benefits non-contact SHM sensors could offer in monitoring
rotating cantilevered-like structures. Non-contact SHM sensors for
blade tip deflection take one of the three forms: electromagnetic
[4], laser-based [5, 6], and radio waves [7].
The non-contact monitoring of blade deflection allows changes
affecting blade structure or operational integrity to be identified by
variations in the deflection envelop. For instance, loosening of a
blade bolt, mass change due to accretion of ice, excessive blade
vibration, and geometric changes arising from impact with an
external object will affect the deflection. However, previous works
reveal a challenge in non-contact out-of-plane deflection
monitoring at great distances.
The goal of this study is first to utilise the GBR as a vibrationbased sensor to acquire dynamic out-of-plane deflection
characterisation of cantilevered-like physical model of a rotating
blade and validate the results within a SHM framework. Second, it
demonstrates GBR as a SHM non-contact sensor is able to
undertake vibration-based damage detection (VBDD) [3, 8, 9] of
structures that due to technical difficulty, costs, and

inappropriateness in use of contact sensors [9, 10] have had limited
field and laboratory tests undertaken on them [11–13].
The study in Section 2 presents the modelling environment and
preliminary results obtained with it compared to established
methods. Section 3 then introduces the working theory of GBR,
which forms the basis of using it in the experimental set-up
detailed in Section 4. The results and discussion of how GBR
integrates in SHM framework are discussed Section 5 and a
conclusion made in Section 6.

2 Experimental framework
A simulation and practical framework are employed in this study.
The practical framework is based on a cantilevered arm that is
rotating on a horizontal axis, with an out-of-plane deflection in the
vertical axis (Fig. 1). The rotating cantilevered arm models an
actual wind turbine with rotors rotating in the vertical axis and the
out of plane deflection along the horizontal. This wind turbine
models form the simulation framework. Hence allows two
synergetic experimental frameworks to be utilised in this study.
For the simulative framework, a large wind turbine was
modelled in Matlab using canonical shapes to simulate the radar
cross-section of the different parts of the blades and mast (Fig. 2).
The radar was placed at 1 m above ground and slightly displaced
from the rotation plane to get a reasonable projection of Doppler in
the radial direction. Although the best position would be at 90°, the
wind turbine nacelle rotates so we took an example angle that was
not ideal on purpose. In our simulation, the wind turbine first
accelerates in rotation reaches maximum rotational speed and then
stopped.
The transmitted signal used in this model was a chirp from 4 to
4.5 GHz with 0.02 µs pulse width. The pulse repetition frequency
was set at 500 Hz; this gives an unambiguous velocity of ±7.14 m/s
or 25.7 km/h. It is of course insufficient for large wind turbines but
we started with slow rotations to validate our concept change first.
Future work will focus on getting simulation results including
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Fig. 2 Wind turbine model for radar simulations

Fig. 1 Linking framework of rotating arm to wind turbine

deformation matching the experimental radar parameter from 17.1
to 17.3 GHz at a bandwidth of 165 MHz. The radar pulse will be
adapted as well for unambiguous measurements.
Two types of processing methods were applied to the data
generated by the two frameworks: a time-deflection analysis
method building on the Sammon mapping [14] to compare the
deflections from the practical framework. For the simulative
framework, a time-frequency analysis method generating a twodimensional time-frequency spectrum [15] and a range-Doppler
analysis method generating three-dimensional information
including time-frequency-range declined into two approaches:
Chen's approach [15] and our proposed method.

This is, however, based on two hypothesis: (i) the data is cyclical
(Fig. 3), as would be the case for a rotary system, and (ii) the dwell
time for each cyclical data slot is tractable i.e. <360 s.

2.1 Sammon mapping

2.2 Chen's method

The basis for deflection characterisation is the VBDD. This
normally employs contact and now non-contact sensors to acquire
mainly typical unbalanced parameters [16, 17]. Such parameters
include radial displacement, modal frequency, modal damping, and
modal shape [11, 18–21]. The parameters can be acquired from
multiple sensors or from the outputs of a single sensors, as part of
the 3 tier SHM framework.
The three-tier framework consists of three tiers or steps. As a
first step, the data is normalised and binned, then as a second step,
either a time-deflection or time-frequency visualisation is
developed, from which extraction of features (condition/
unbalanced parameters) is done. Finally, based on the analysis of
the features, a decision is made on the health of the structure.
For feature extraction using GBR for discontinuous deflection
monitoring (that is one of short time duration), a Sammon map
matrix (Msammon_map) is developed by analysing the time-deflection
2D visualisations. This is achieved by the extension of the method
given in [14] to provide a 2 × N Sammon mapping matrix with the
deflection (Def act) on second column and time (T) or Fourier
amplitude spectrum on the first as shown in (1)

One of the challenges of radar simulation is that the signal
frequency is usually high, and according to the Shannon–Nyquist
theorem, the sampling frequency should be at least twice the
maximum frequency. In this case, the size of the sampled data will
be large and the computational load will increase dramatically as
the radar carrier frequency increases. Chen's method considers the
radial space with a set range and a set resolution, each point target
reflector is assigned to a range bin from which a set delay is
calculated. This leads to a phase difference in the received signal as
shown in (2).

T1
T2
⋮
Msammon_map =
⋮
⋮
Tn
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Def act1
Def act2
⋮
⋮
⋮
Def actn

Fig. 3 GBR deflection spectrum

sr t = e j2πF(t − τ)
τ≃

(3)

where R0(t) is the time-dependent distance between the target and
the radar, F is the carrier frequency, c is the speed of light.
Generating the time-domain signal and received signals from all
the point targets is relatively cumbersome and, therefore, it can be
simplified as shown in (4).
s1 t =

(1)

2R0(t)
c

(2)

sr t
e j2πF t − τ
=
= e− j2πFτ = e− j2πF 2R0(t)/ c
st
e j2πFt

(4)

where s(t) is the transmitted signal, s1 t sums up this Doppler
information only and the signal can be sampled at the pulse
repetition frequency of choice and saves computational load. The
modelling method is described in Algorithm 1 (see Fig. 4).
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Fig. 4 Algorithm 1

Fig. 5 Wind turbine spectrogram with Chen's method
Fig. 7 Algorithm 2

frequency is configurable. The wind-turbine model will be
exploited for deflection characterisation after further development
and will be considered for future publications.

3

Methodology

3.1 Ground-based radar (GBR) system

Fig. 6 Wind turbine spectrogram obtained with our method

2.3 Our method
Chen's method executes rapidly but it does not allow to get any
information such as range maps and range-Doppler images which
offer a lot of information that can be used for further analysis. In
order to explain the algorithm, the transmitted signal (which can be
set arbitrarily) used in this experiment is defined in (5) for a chirp.
s t = ℜ Rect T −

T j2π F +
e
2

B/T t t

(5)

where T is the pulse duration (20 ns), B the bandwidth, F the
starting frequency and the pulse repetition period is 2 ms. The
sampling frequency is set to 10 GHz. The received signal is
defined in (6) and illustrated in Figs. 5 and 6 for every reflector
defined and associated with the radar cross-section σ .
sr t = σs(t − τ)

(6)

The algorithm is described in pseudo-code in Algorithm 2 (see
Fig. 7). It can be observed that our method, although slower than
Chen's method, gives greater details in simulation of spectrograms
as shown in Figs. 2 and 5 especially in acceleration and
deceleration phases. Furthermore, it also gives access to raw radar
returns, range maps, range-Doppler images which enable
multimodal analysis which is not possible with Chen's method.
This will be used to optimise the radar placement and configuration
for the extraction of unbalanced parameters as the signal,

The GBR for this experiment is a coherent IBIS-S™ quasimonostatic radar system, with two collocated antennae – one for
transmitting and other for receiving. The system was operated at
Ku band at a median frequency of 17.2 GHz, instantaneous
bandwidth of 200 MHz, and a frequency step increment of between
30 and 300 kHz, with a dwell time duration of 3.3 to 33 µs and
radiated power (EIRP) of 26 dBm [22]. A maximum acquisition
frequency of 200 Hz is utilised.
3.2 GNSS/GPS system
A Leica AR25 antenna and a Leica Viva GS 10 receiver were
utilised to capture the vertical deflection [23]. The Leica AR25
four constellation GNSS choke ring antenna is a 3D antenna using
a new ultra-wideband Dorne–Margolin element [23] for high
accuracy and performance due to multi-path rejection and
improved low elevation tracking. Hence, it can be placed at ground
level as shown in Fig. 8. The system had a deflection accuracy of
±2 cm when connected in RTK/DGPS mode [23]. In the absence of
such connection, the error will increase significantly.
For acquisition and saving of the data, a Leica Viva GS10
receiver is used. The receiver is connected to the antenna and
initialised using a GPS 10 rover. The accuracy of the receiver is for
a single baseline in real-time kinematic is 8 mm in the horizontal
and 15 mm in the vertical. During post-processing, this reduces to
3 and 3.5 mm for the horizontal and vertical, respectively.
3.3 Dynamic deflection characterisation methodology
The GBR was placed on a balcony (Fig. 8), with its height above
ground ( Rh) was 6.7 m, distance between it and choke ring antenna
( DcR) 9.72 m, and the radar slant distance being (Rslant) being
11.83 m. The height between the ground the antenna ( Ah) was
0.97 m (Fig. 9).
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Fig. 9 Deflection characterisation of a rotary system

Fig. 8 GBR view of rotating arm experimental setup

With an effective length (RAd) of 4 m, the rotating arm was set
to rotate at two different revolutions; a low revolution of 12 rpm
and a high one of 36 rpm. This simulated the different rotations a
wind turbine undergoes at low and at high wind speeds.
3.4 Experimental set-up
The GBR provides a deflection only if the target is moving along
the line of sight (LoS). Thus, for vertical motion (flexural or flap
wise motion) of the rotating arm tip where the choke ring antenna
is placed; the GBR must be pointed directly above the structure
(Fig. 9). For rotational movements, which then involve lateral
movements, the GBR is placed at an angle to the direction of
motion of the structure.
The actual movement along the LoS (DefLoS) [24, 25] is thus
provided by (7). The GBR determines the displacements by
comparing the phase delay (Δϕ) of the emitted and reflected radio
waves (8)
Def LoS =
Def act =

1 λ
(Δϕ)
4 (π)

Ro Def LoS
= Def LoS × cos θ
Rslant

Fig. 10 Excerpt of GBR deflection for choke ring antenna

(7)
(8)

where Ro is the distance between the radar position and the target,
Rslant is the slant range and θ is the declination angle i.e. angle at
which the GBR is inclined to face the choke ring antenna. In [25], a
SNR above 60 dB is recommended for distances below 1 km. In
the event that the radar is placed at an angle to the structure as was
the case here, Def act is then provided by (9) [25].
Def LoS
Def act =
cos π/2 − αb − θ

(9)

where αb and αgbr are the slope angles of the beam and the GBR,
respectively. Equation (9) assumes the GBR is pointed
orthogonally at the choke antenna and θ is the declination angle of
the GBR antenna from the horizontal (Fig. 9).
Subsequently, based on this characteristics and analysis of both
experimental and simulated data, it was determined the closest
range one can use the GBR to determine the out-of-plane
deflection of a rotary systems. To do this, a four-step procedure
was followed.
(a) The GBR and GPS were started and took measurements, with
the rotating arm at stationary position. The aim of the static test
was to enable the GPS to obtain the exact height of the choke ring
antenna, above ground level
(b) After the static test, the arm remote switch was pressed to start
the motor and subsequently the arm started to rotate.
7218

Measurements from both GBR and GPS were taken at this constant
low speed revolutions (12 rpm).
(c) The revolution speed was then increased to 36 rpm, leading to
higher vertical deflections of the rotating arm. This simulated an
increase wind speeds impacting a wind turbine blade
(d) Finally, the rotating arm was stopped.

4

Results and discussion

4.1 Feature extraction using Sammon method
The deflection of the choke antenna was captured by the GBR and
GPS/GNSS. Fig. 10 demonstrates the deflection obtained in
decimetres from the excerpt of 110 s of scan number 3. The major
troughs/dips approximating about 2.3 decimetres (dm) represent
the deflection, while the slender peaks approximating about 5 dm.
The distance between each major dip is 2.4 dm.
Between the peaks and troughs are the flashes which are echoes
obtained as the choke rings rotates from its orthogonal position
through the almost parallel position (may explain the slender
peaks) to wave propagation direction of GBR signals and round
back to the orthogonal position.
The excerpt obtained in Fig. 10 is part of the deflection in
Fig. 3. In Fig. 3, each dwell time lasts about 2.2 s, in which one
deflection dip is observed. Afterwards, a deflection jumps of about
9.1 dm occurs before the next dwell time. The GBR determines
two kinds of out of plane deflections – the deflections as the choke
ring antenna moved towards the ground (vertical down) and when
it moved up away from the ground level (vertical up) (Fig. 10).
When considered closely, it is demonstrated that the vertical
down and vertical up deflections (Fig. 3) have similar patterns and
dwell times though at different steps/jumps (Fig. 3). This provides
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[1]
[2]
[3]

Fig. 11 Sammon map visualisation of sensors

[4]

Table 1 Average deflection between GBR and GNSS/GPS
Sensor type
Mean deflection, cm
Error bands, cm

[5]

GBR
GNSS/GPS

[6]

23.38
24.111

23.3796 ± 0.01
24.111 ± 3

the first criteria in utilising the Sammon mapping when extending
visually, the repetitiveness. From Fig. 3, a time-based excerpt of
GBR and GPS signals can be visually checked over a shorter span
out of the whole measurement to provide a 2D visualisation of the
Sammon map matrix. (Fig. 11).
Despite a slight shift in time, it can be observed that when the
GBR deflection occurs, those are the same places the GPS also
obtains maximum deflections. This may be attributed to the GBR
bandwidth and GPS sampling frequency. The GBR utilises a
bandwidth of 165 Hz, thus in every revolution of 2.75 s, a
deflection is registered. The GPS acquisition is 20 Hz, hence for
one revolution, three deflections will be registered (0.33333 for
each deflection), with the third deflections coinciding with the
GBR deflection. However, due to slight difference in timings and
the frequencies, a shift is seen.
4.2 Validation of GBR as non-contact sensor
Table 1 shows the results of comparing the average deflections
between the two sensors.
The analysis of average deflection between the GBR and
GNSS/GPS shows a deviation of ±3.12%. This proves that the
GBR can be used for non-contact deflection monitoring sensor
within the three-tier SHM framework. The study was limited,
however, in that it did not consider other unbalanced parameters
such as modal frequency, which is key in SHM monitoring of
cantilevered-like structures. Future works will consider
incorporating the modal frequencies in the GBR monitoring, as
well as using an actual wind turbine once we validate a proof-ofconcept first.

5

Conclusion

The work has demonstrated that even from 11.87 m in slant range,
the GBR provides data almost as accurate as the GPS for the outof-plane deflection. The work has demonstrated that under the
assumptions of periodicity and tractability of total data acquisition
time, Sammon mapping can be utilised to extract results by
considering short excerpts/extracts of the repetitive time-deflection
visualisation to extract and assess the SHM features within the
three-tier framework.
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