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Abstract In view of the disadvantages of vibration safety monitoring technology for offshore wind turbines, a new method is pro-
posed to obtain deformation information of towering and dynamic targets in real-time by the ground-based interferometric radar
(GBIR). First, the working principle and unique advantages of the GBIR system are introduced. Second, the offshore wind turbines
in Rongcheng, Shandong Province are selected as the monitoring objects for vibration safety monitoring, and the GPRI-II portable
radar interferometer is used for the health diagnosis of these wind turbines. Finally, the interpretation method and key processing
flow of data acquisition are described in detail. This experiment shows that the GBIR system can accurately identify the millimeter-
scale vibration deformation of offshore wind turbines and can quickly obtain overall time series deformation images of the target
bodies, which demonstrate the high-precision deformation monitoring ability of the GBIR technology. The accuracy meets the re-
quirements of wind turbine vibration monitoring, and the method is an effective spatial deformation monitoring means for high-rise
and dynamic targets. This study is beneficial for the further enrichment and improvement of the technical system of wind turbine
vibration safety monitoring in China. It also provides data and technical support for offshore power engineering management and

control, health diagnosis, and disaster prevention and mitigation.
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1 Introduction

According to statistical data on global offshore wind
power, wind power generation is second only to hydro-
power generation, accounting for 16% of the global re-
newable energy generation (Peng, 2019), and has become
one of the most important new energy sources indispen-
sable in today’s era (Wang ef al., 2009; Mario et al., 2018).
Compared with onshore wind farms, offshore wind power
has developed rapidly worldwide because of the advan-
tages of stable wind resources, environmental protection,
land savings, large scale, and high power offshore wind
power has also received increasing attention in developed
countries (Wu et al., 2019), thereby becoming a major
development direction in many countries (Chen and Wang,
2014). Although China’s offshore wind power industry
started relatively late, it has developed rapidly. By the end
of 2017, the installed capacity of China ranked third in
the world. With the support of China’s ‘national marine
development strategy’ and ‘the Belt and Road Initiative’,
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international cooperation in offshore wind power construc-
tion can also usher a new stage of vigorous development.
However, due to the influence of the complex marine
environment, accidents such as wind turbine tilting and
fracturing occur occasionally, which seriously affect and
threaten the safety and durability of offshore wind power
installations. Therefore, increasing attention has been given
to the safe and stable operation of wind turbines. The moni-
toring and quantitative evaluation of the wind turbine vi-
bration deformation status and the realization of early
fault warnings are key and difficult aspects of offshore
wind power safety detection.

Structural displacement or vibration response monitor-
ing is one of the most important objectives of structural
safety monitoring. It is especially important in the case of
offshore wind infrastructures, where displacement-induc-
ing factors must be evaluated, including self-load, wind
load, storm tides, and tsunami events (Xu and Xia, 2011).
Various deformation monitoring methods exist at present.
Monitoring methods can be classified into two groups: 1)
contact sensor methods (Wong, 2004; Ko and Ni, 2005;
Qin et al., 2017; Zhang et al., 2018), such as tiltmeters,
accelerometers, fiber optic sensors, and global navigation
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satellite system (GNSS) receivers and 2) non-contact meas-
urement methods (Jauregui et al., 2003; Pieraccini ef al.,
2006; Psimoulis and Stiros, 2007; Zogg and Ingensand,
2008; Werner et al., 2012; Sousa and Bastos, 2013; La-
zecky et al., 2016; Zhang et al., 2016) (e.g., close range
terrestrial photogrammetry, terrestrial laser scanning, space-
borne interferometric synthetic aperture radar [InSAR], and
ground-based interferometric radar [GBIR]).

The sensor-based network approach is the most com-
monly applied method in onshore wind turbine structure
displacement monitoring. However, these methods have a
certain drawback, that is, they all gather only a limited
number of data points due to cost and operational issues.
Over the past two decades, InSAR has been widely ap-
plied in monitoring ground surface motions under nearly
all weather conditions, often with a high spatial resolution
and measurement accuracy (at the millimeter level) (Fer-
retti et al., 2000; Hooper et al., 2007; Zhang et al., 2011).
The technique has also drawn attention with regard to the
long-term instability monitoring of urban structures. In-
SAR is suitable for the identification of hidden danger
points and the investigation of dangerous situations across
a wide range of geological disasters. However, it is lim-
ited by fixed revisit period, long temporal baseline, and
the timeliness of wind turbine vibration and deformation
monitoring.

GBIR is an innovative radar-based remote sensing tech-
nique to monitor millimeter-scale or even submillimeter-
scale surface changes (Zhang et al., 2018), with an out-
standing real-time, dynamic, all weather, sampling fre-
quency, high measurement accuracy, and excellent spatial
resolution (Monserrat et al., 2014; Ma et al., 2018). Since
a pioneering test was first conducted on concrete girders
by Tarchi et al. (1997), GBIR has been successfully ap-
plied to monitor the deformation of various objects, in-
cluding landslides, glaciers, snowpacks, volcanoes, sink-
holes, open-pit mines, and human-made structures (An-
tonello et al., 2004; Casagli et al., 2009; Pieraccini, 2013;
Severin et al., 2014; Caduff ef al., 2015; Intrieri ef al., 2015;
Voytenko et al., 2015). In these applications, the useful-
ness and tremendous potential of this promising deforma-
tion monitoring technique have been clearly revealed.
Therefore, it can effectively solve the above problems and
open a new way for the real-time dynamic monitoring
process of fan vibration and deformation.

2 Materials and Methods
2.1 Principle and Characteristics of GBIR

GBIR is a new non-contact measurement technology
based on the active imaging of microwave detection. The
working principle of this method is to use microwaves to
scan the target area and record the backscattering signal
coherently. After receiving the echo information through
a series of processes, such as focusing and filtering, the
radar image is obtained. From the imaginary and real parts
of each complex number, the phase and amplitude infor-
mation of the corresponding matrix element can be cal-
culated. Subsequently, using the radar interferometry tech-
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nology, a displacement map is generated on the basis of
the phase information, that is, microwave signals are trans-
mitted at two different times. According to the phase shift
between the echoes of the two signals, the movement of
the backscattered target is deduced to accurately obtain
the microscale shape variable of the monitoring object
(Ma et al., 2018).

Compared with traditional monitoring methods, the
GBIR technique has the following advantages (Leva et al.,
2003; Tarchi et al., 2005; Takahashi et al., 2013):

1) The whole monitoring process is highly automated,
without the installation of sensors or reflectors in the tar-
get monitoring area, which can realize the detection of
dangerous areas.

2) The process is not limited by climate conditions and
can achieve real-time deformation monitoring under daily
weather conditions.

3) The accuracy of the radar line of sight direction can
reach 0.1 mm, and the measurement distance can reach
several thousand meters. With this approach, the area of
several thousand square kilometers covered by the beam
can be monitored.

4) The monitoring range of the deformation rate is
large, ranging from a few millimeters a year to one meter
per hour.

5) The data acquisition time is short, thus providing a
continuous deformation monitoring map of the whole
measured area in time and space, which can improve the
generated continuous motion image of the scanned area.
Moreover, the monitoring range can reach hundreds of
thousands of square meters at a time.

6) Through the application of wireless control and con-
tinuous remote processing, monitoring and deformation
monitoring can be realized.

2.2 Study Area

In April 1986, China’s first wind farm was built in Ma-
lan Bay, Rongcheng, Shandong Province, and grid-con-
nected wind power technology was tested and demon-
strated. In recent years, Rongcheng, Shandong Province
has increased its energy conservation and emission reduc-
tion efforts, vigorously promoted the wind power industry
known as green energy, and built a number of large wind
farms in the coastal wind rich belt. The offshore wind
turbines selected in this study are located at the east of
Wangjia Village in Rongcheng, Weihai City, with Hutou-
jiao in the south, the Yellow Sea in the east, the Naxiang-
hai International Tourist Resort and Jiming Island in the
north. The area has a temperate monsoon climate, with
four distinct seasons, and has an abundant rainfall, mod-
erate annual temperature, strong winds, and high humid-
ity. The tide is a typical semidiurnal tide with an average
tidal range of 2.11m and a maximum tidal range of 6.87
m (Ma, 2010).

2.3 Data Acquisition

Aiming at the potential safety risks caused by the vi-
bration of the Rongcheng offshore wind turbine, a port-
able GBIR system (GPRI-II) produced by the Swiss Gam-
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ma Company was adopted to conduct real-time monitor-
ing of wind turbine vibration on September 10, 2018.
Through multiple transmitting and receiving Ku band elec-
tromagnetic waves, the phase change in each reflected
signal is analyzed to monitor the target change at a milli-
meter level accuracy. The GPRI-II FMCW radar inter-
ferometer with a rotating scanner is composed of one
transmitting antenna and two receiving antennas. It can
realize 360-degree observation, small-angle scanning, and
static scanning without rotation. The measurement dis-
tance can reach 10km.

To simplify the installation as much as possible, con-
sidering the site conditions and operation requirements,
the location should afford a wide field of vision to facili-

tate the data acquisition of the equipment. The equipment
is installed on a tripod, and the site layout of the equip-
ment is shown in Fig.1. Four offshore wind turbines (FT1,
FT2, FT3, and FT4) are selected for the monitoring ex-
periment, and the monitoring distance ranges from 0.05—
1.50km. The distances from the monitoring equipment are
60, 460, 890, and 1350m (as illustrated in Fig.2). Three
fans operate normally, whereas the other fan is static. The
safety and health diagnosis of fan vibration under differ-
ent distances and working conditions is performed. With
the GBIR high-precision deformation monitoring capabil-
ity, the range resolution is 0.75m, and the azimuth resolu-
tion is 6.8 m per km. Table 1 presents detailed parameter
settings.
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Fig.2 Wind turbines and GPRI-II equipment locations.
Table 1 Data acquisition parameters
Measuring distance range Antenna rotation speed  Antenna rotation angle  Antenna elevation  Capture time
Parameter o -1 . o
(m) (s @) ) (s)
FT1 50-350 1 1 10 60
FT2 500—-800 1 89 10 60
FT3 900—-1500 1 106.5 10 120
FT4 900—1500 1 106.5 10 120
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2.4 Data Analysis and Interpretation

The interference phase of ground-based radar can be di-
vided into four parts, namely, the atmospheric phase caused
by the tropospheric delay, the baseline phase caused by
equipment center deviation, the deformation phase, and
the noise phase:

wlnt,grd =¢def,grd + ¢bl,grd + watm,grd + (”ns,grd +2mn ’ ( 1 )

where @iy ora 1S the interference phase, @qefga is the de-
formation phase, @y grq is the baseline phase, @y gra is the
atmospheric phase, ¢n o is the noise phase, and n is the

Differential
interference

phase ambiguity (i.e., an integer number of the full phase
cycles).

The atmospheric ground-based radar interference phase
Patm,grd CONtains the tropospheric delay phase (mainly due
to the influence of the water vapor partial pressure). In the
continuous observation mode, the baseline phase @y gq is
not considered, and the influence of this error on the de-
formation results is neglected, whereas the noise phase
¥ns, grd 18 Weakened by filtering. Therefore, after removing
the atmospheric, baseline, and noise phases, the residual
interference phase is the final deformation phase (Ma et al.,
2020). The GBIR data processing flow is shown in Fig.3,
which can be divided into the following five steps:

Radar Phase
image unwrapping
database

Deformation
results

Atmospheric effect
correction

Velocity inversion
and geocoding

Select PS candidate
> point and construct —
network

Fig.3 Data processing flow of GBIR.

1) PS point selection and network construction

Due to the high sampling frequency, large amount of
data, and high signal-to-noise ratio of GBIR, the ampli-
tude dispersion index method based on statistical charac-
teristics is applied to select points. This method is ex-
pressed as follows:

B==, 2

where f3, is the standard deviation of the amplitude series,
and y, is the average value of the amplitude sequence.
When the signal-to-noise ratio of the radar signal is higher
than 4, the radar amplitude tends to obey a normal distri-
bution, and the time sequence phase standard and ampli-
tude deviations are similar. In this case, the amplitude de-
viation index can be used to select the point where the
vibration and phase tend to be stable at the same time (Ma
et al., 2020).

Generally, the atmospheric components of the interfer-
ence phase are considered to exhibit a spatial correlation,
and the correlation is proportional to the distance. There-
fore, the interference phase of adjacent PS points differs,
which further suppresses the atmospheric phase. In this
study, according to the Delaunay triangulation principle,
the selected PS points are emplaced, and the arc segment
of the various PS points is established. The arc segment
stores the phase difference among the PS points at both
ends, which is expressed as:

o)

nt,x,y :edef,x,y +06, +0,s - (3)

atm,x,y ns
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The distribution of x and y denotes the serial number of
the adjacent PS points, and Oy, ., and &, are the differ-
ential atmospheric and noise phases of the PS points, re-
spectively.

2) Differential interference

In the process of ground-based radar data processing,
an interferogram is primarily constructed by the conjugate
multiplication of two complex images as follows:

[:]1]2& :515zek(/41—ﬂ2) , 4)

where /; and I, are the backward reflection signals of the
same target on the master-slave image; J; and g, (i=1, 2)
are the signal strength and phase, respectively. Superscript
& denotes the complex conjugate multiplication operator,
and k represents the imaginary part of the complex num-
ber.

According to the principle of a short space-time base-
line, the method of combining the interference pairs of
multiple main images is usually applied to generate dif-
ferential interferograms. A time sampling step of the in-
terference pairs is added to accurately obtain deformation
information further.

3) Phase unwrapping

For each pixel in the interferogram, all the phase values
in the principal value range of (—x, 7] must be restored to
the true phase after processing. Its accuracy directly af-
fects that of the deformation value obtained by GBIR
monitoring. Phase unwrapping is a key step in GBIR de-
formation measurement. In this study, the coherence-
based minimum cost flow unwrapping algorithm (Costan-
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tini, 1998; Li, 2016) is adopted in irregular networks. The
basic idea is as follows:

@® When a threshold is selected, the density of the de-
formation area to be monitored and the algorithm effi-
ciency should be considered.

@ The three vertices of each triangle in the triangula-
tion correspond to the above three interference phase val-
ues, and the triangle correspondence to the residual point
is calculated. The dual network of the triangulation cor-
responds to these residual points.

® In the dual network, positive and negative residual
points occur. The radian between these positive and nega-
tive residual points corresponds to the flow, and the
minimum cost flow is determined. The size and direction
of the flow represent the phase step. The real phase value
is obtained by integrating the flow set.

For network N=(V, A4, U, C, D), the stream x represents
a function from arc set 4 to R of N, that is, each arc (i, j)
€ A is assigned a real number x;;, where x;; is the flow rate
of arc (i, j), d; represents the supply and demand of node i
(the residual value), c; is the cost of the arc (the coher-
ence coefficient), c(x) is the total cost of flow x, V is the
set of nodes, and U is the traffic upper bound. Flow x
satisfies the flow conservation condition expressed in Eq.

(5).
D x>, x;=d, VeV, )

J.))EA JjiEA
The capacity conditions are as follows:

0<x; <u;, V(i j)EA . (6)

Flow x is called the feasible flow. The minimum cost
flow involves the determination of the feasible flow that
satisfies the minimum total cost of the network, which is
described as:

L(m)=minc(x)= z Cyj Xy Z X~ Z le-=dl-,

(i.jeA J.)EA JEA

VeV, 0<x;<uy, V(i )ed. (7)

U b
In Eq. (8), multiplier z; is called the potential on node i,

L(m)=minc(x,7)

= Z Cijxij+z7[i{di_ Z X+ z xﬁ}

(i.jE4 iV JHieA  j(jiEA
=> < xl-j+Zdi7r,- , (8)
(i.)EA eV
T _
Cj =Cj —T+7T; . 9

For pseudo flows that do not satisfy the above flow con-
servation and capacity conditions, the residual (unbalanced
number) of node i is defined as follows:

e(i)=d;,— Z x;+ Z Xji 5

Jui,jEA J(jiEeA

(10)

e(i)>0, surplus

e(i)>0, loss (11)
e(i)=0, balance
Hence, L() can be equivalently written as:
L(m)y=minc(x,7)= Y. c;x;+Y me(i). (12)

(i,)EA eV

4) Atmospheric effect correction

In the process of microwave propagation through at-
mospheric media, inhomogeneous media can disturb the
propagation path, thereby changing the direction and path
of signal propagation and producing an atmospheric phase
screen, which is propagated in the process of interference
processing and is called the atmospheric effect. The at-
mospheric disturbance effect is an important source of the
GBIR measurement error, and its influence cannot be ig-
nored. Within a monitoring distance range of 1km, when
the humidity changes 1%, the deformation error caused
by the atmospheric effect is as high as 2mm (Rddelsper-
ger et al., 2010; Zeng et al., 2019). Therefore, atmospheric
effect correction is a necessary step in GBIR data proc-
essing. In this study, we apply the small baseline set
(SBAS) InSAR method. First, GBIR images are divided
into several sets according to the spatiotemporal baseline
information. Second, differential interference pairs are
formed. The set allocation criteria are as follows: the
baseline distance of the GBIR data in the same set is
small, whereas that of the GBIR data between different
sets is large. Therefore, specific coherent target points are
selected as research objects through certain criteria, and
the surface shape variable sequence of each small set is
calculated in combination with the least square method.
Finally, several SBAS are solved through singular value
decomposition to obtain the whole surface deformation
time series (Usai, 2001; Berardino et al., 2002), which
effectively overcomes the influence of the spatiotemporal
incoherence and atmospheric effects.

5) Velocity inversion and geocoding

Through the above steps, the shape variable rate can be
calculated, but the calculated shape variable value is the
range apparent deformation component, that is, the pro-
jection component of the real shape variable of the target
area along the radar line of sight direction. To compare
and fuse the deformation information obtained by GBIR
monitoring and other technical means clearly, geocoding
is required. The result of the radar coordinate system is
projected onto the geographical coordinate system. That
is, the 3D position vector of each pixel of the main image
is obtained, which makes the result intuitive, clear, and
easy to understand. According to the actual situation, the
above is convenient to analyze and determine.

3 Results and Discussion

The GPRI-II instrument is employed to monitor the de-
formation process of the four wind turbine towers at vari-
ous distances. The results are provided below.
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3.1 Monitoring Results

1) FT1 monitoring results

The FT1 deformation monitoring results are shown in
Figs.4—7. The left sides of Figs.4 and 6 illustrate the ac-
tual wind turbine tower, the red box indicates the moni-
toring position, the right side shows the monitoring inter-
ferogram, the white box indicates the position of the red

box corresponding to the left side, the horizontal box re-
fers to the position of the tower body with the height, and
the vertical box indicates the change characteristics in the
time dimension. Considering that the monitoring time is
long, only a part of the results is selected. Figs.5 and 7
display the deformation characteristics at the selected
windmill position over time, and the monitoring period is
60s.

Fig.4 Phase unwrapping of the FT1 interferogram.
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Fig.5 Deformation of the FT1 during the monitoring period.

Fig.6 Phase unwrapping of the FT1 interferogram.
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Fig.7 Deformation of the FT1 during the monitoring period.

During the monitoring process, the generator is in op-
eration, and the wind turbine blade is constantly rotating.
Due to the continuous rotation of the wind blade, obvious
incoherence regions are observed in the interferogram,
such as the distinct black areas at the upper and lower
ends in the middle panels of Figs.4 and 6, which are the
results of the incoherence caused by the passing of two
wind blades. The time series deformation evolution dia-
grams in Figs.5 and 7 reveal that the tower body is in the
swing state throughout the monitoring process, and the
tower body vibration signal due to the influence of the
wind force can be monitored. The overall vibration am-
plitude ranges from approximately —6 —6 mm, which is
consistent with the wind conditions at that time. Given
that the monitoring range occurs in front of the tower
body, the left and right swing signals caused by wind

blade swinging cannot be monitored, that is, the GBIR
can obtain the deformation along the line of sight only. If
the deformation results along the other directions are to
be obtained, then the equipment should be reerected at
other suitable positions.

2) FT2 monitoring results

The deformation monitoring results of the wind turbine
tower are shown in Figs.8 and 9 (the meaning of each
image is the same as above). Due to the relatively long
distance, only a few tower pixels occur in the interfero-
gram. During the monitoring process, the generator is in
the static state, which is confirmed from the time series
deformation diagram, as illustrated in Fig.9. Generally,
the deformation amplitude of the tower body is relatively
small, only from —1-1 mm, which also suggests that the
tower body deformation is small under breezy conditions.

Fig.8 Phase unwrapping of the FT2 interferogram.
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Fig.9 Deformation of the FT2 during the monitoring period.

3) FT3 and FT4 monitoring results
The deformation monitoring results of the FT3 and FT4
wind power towers are presented in Figs.3—5 and 3-6,

respectively (the meaning of each image is the same as
above). As the distance is relatively far, only a few tower
body pixels are displayed in the interferogram. Compared
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with FT1 and FT2, the monitoring distance is longer, ap-
proximately 1km, and the width displayed on the inter-
ferogram is gradually reduced.

During the monitoring process, the generator is operat-
ing. According to the time series deformation diagrams
shown in Figs.11 and 13, the overall deformation ampli-
tude of the tower body is between —3 and 3 mm, which is
basically consistent with the wind condition at that time.

3.2 Discussion

Through the continuous observation of the fan vibra-
tion at different distances, the proposed method reveals the
radar reflection intensity and coherence distribution of the
fan tower with remarkable characteristics; it also visual-
izes the micro deformation information caused by the fan
vibration in the form of a high-precision time series image

Fig.10 Phase unwrapping of the FT3 interferogram.
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Fig.11 Deformation of the FT3 during the monitoring period.

-

Fig.12 Phase unwrapping of the FT4 interferogram.
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Fig.13 Deformation of the FT4 during the monitoring period.

displacement map. The monitoring distance is longer than
1km, and the accuracy still reaches the mm level. More-
over, the effectiveness and reliability of the method are
verified under working and static conditions, thereby pro-
viding insights and a new tool for rapid and accurate fan
vibration health diagnosis. Compared with GNSS, accel-
erometer (Osgood, 2001; Griffith ef al., 2010; Osgood
et al., 2010), and distributed optical fiber (Bang et al.,
2012; Xu, 2013), the GBIR method can realize the real-
time monitoring of targets and obtain high-precision shape
variables without directly contacting the target. Therefore,
no additional preparation steps, such as cable installation
for power or data transfer, are needed inside the blade or
the tower.

According to current wind turbine vibration monitoring
results, the accuracy of traditional methods, such as total
stations (Wang and Sui, 2016), only reaches the cm level,
which does not meet the requirements of strict measure-
ment. The GNSS method has been applied in various de-
formation monitoring fields (Guo et al., 2020); it can
monitor only the displacement changes in a series of fea-
ture points and cannot obtain the deformation of the
whole surface. It cannot also readily reflect the deforma-
tion of the fan as a whole. Although close range ground
photogrammetry (Ozbek et al., 2010) has been efficiently
implemented at small scales in a wide variety of disci-
plines, this method is applied for the first time to a mega-
watt-scale wind turbine within the scope of this research
project. However, the monitoring distance is limited. Even
though 3D laser scanners (Nassif et al., 2005; Xie ef al.,
2017; Shi, 2019) can obtain high-precision point cloud
data in real-time, the results are easily affected by terrain
and meteorological conditions, especially coastal mete-
orological conditions, which are relatively complex. In-
SAR (Hu et al., 2014; Turbide et al., 2014) is suitable for
the recognition of regional spatial deformation, although
it can detect the millimeter-scale micro deformation of
offshore wind turbines (Liu et al., 2011; Bhalla et al., 2014;
Ferrentino et al., 2019). However, due to its limitations of
fixed recurrence period, long baseline time, and single
incident angle, the timeliness of vibration micro deforma-
tion monitoring for offshore wind turbines is also limited
(Ma et al., 2020). Compared with other methods, the GBIR
monitoring method has unique accuracy advantages, over-
comes the limitations of weather conditions, and attains
incomparable competitiveness.

The potential of the proposed technique under a variety
of operating conditions has been demonstrated. However,

the technique also has certain limitations that must be
pointed out, such as the line of sight pointing upward,
thereby neglecting other directions at present. Hence, if
we wish to obtain the 3D deformation of a target, then we
must set up instruments and equipment at different posi-
tions for continuous observation. Additionally, the GBIR
technique is suitable for the micro deformation monitor-
ing of high-rise buildings and local areas. With regard to
large-scale deformation and settlement, the working effi-
ciency is relatively low, and the spaceborne InSAR method
has many advantages.

4 Conclusions

In this study, aiming at the potential deformation safety
hazards caused by offshore wind turbine vibration, a real-
time health diagnosis method using GBIR is proposed,
and the key data processing flow is elaborated in detail.
Real-time and reliable time series deformation maps at
four different monitoring distances are successfully ob-
tained. GBIR is useful in monitoring the dynamics of wind
turbine vibration, thereby providing unprecedented spatial
and temporal resolutions. The millimeter level monitoring
accuracy of the ground-based radar system and the effec-
tiveness and reliability of the monitoring method are veri-
fied. This method enriches the deformation monitoring
means of high-rise buildings, improves the safety and
health monitoring capacity of fans, provides information
support and references for early warnings and the preven-
tion of potential deformation disasters caused by wind
turbine vibration, and avoids casualties and property losses
caused by deformation disasters to the greatest extent.

1) Compared with conventional monitoring methods, the
GBIR technique is a non-contact measurement method,
which can realize the real-time, dynamic, and high-preci-
sion automatic deformation monitoring of offshore wind
turbine vibration. It provides a real continuous space-time
deformation map of the monitored area and can obtain the
security risks of the deformation area as a whole.

2) Although we have accomplished the high-precision
and real-time safety diagnosis of fan vibration, the GBIR
technique obtains only deformation information along the
radar line of sight. If we wish to acquire 3D deformation
information of fan vibration, then we must monitor the
fan along different directions, integrated in a unified co-
ordinate frame, which can be achieved by establishing a
3D deformation model.

In the process of maritime power generation and the

a) Springer
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major national initiative of the ‘Maritime Silk Road’,
taking the lead in adopting new technologies can greatly
improve the efficiency and management levels of marine
monitoring. Furthermore, the application prospect of the
GBIR technique, with its high deformation monitoring
potential of offshore wind power, can be enhanced in the
future.
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