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Abstract: Wind turbine tower vibration parameters are critical for design and maintenance of wind farms. In this paper, measurement
campaigns of two in-service 65-m tall wind turbine towers are investigated. Different field vibration measurements with contact and
noncontact sensors, including integrated circuits piezoelectric accelerometers, passive servovelocimeters, a laser Doppler vibrometer, and
an interferometric radar, were conducted in the campaigns. Frequencies, damping ratios, and mode shapes were identified based on the
measurements by use of a stochastic subspace identification method. Performances of the contact and noncontact sensors were compared
in time and frequency domains. Also, time-frequency spectra were used to figure out noncontact measurement sections with high quality.
Because the superior frequency ranges of contact and noncontact sensors are different, a data fusion method, which can take advantage of
both types of sensors, was introduced. The practicality of field vibration measurements for modal parameter identification is discussed, and
the results are compared with those from simplified finite-element models of the tested wind turbine towers.DOI: 10.1061/(ASCE)CF.1943-
5509.0001366. © 2019 American Society of Civil Engineers.
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Introduction

The wind power industry has developed rapidly in past decades, as
wind turbines get taller and taller to maximize wind energy produc-
tion. Wind turbine towers with increasing size and flexibility are
subject to larger vibrations. Different structural problems related

to vibrations (e.g., material fatigue) have been gradually exposed
along with the development of the industry (Chou and Tu 2011).
To date, research performed on wind turbine towers mainly focuses
on structural design (e.g., Dai et al. 2015, 2017a; Zhao et al. 2019),
vibration control (e.g., Li et al. 2012; Zhang et al. 2019), and struc-
tural health monitoring (e.g., Hu et al. 2015a, b; Dai et al. 2017b).
One critical objective of these research works is to establish a
reliable understanding of the dynamic behavior of wind turbines.

The long-term monitoring of wind turbine towers has been
performed with sensors that require physical components attached
to the structure (Pieraccini et al. 2008; Swartz et al. 2010; Ozbek
and Rixen 2013; Hu et al. 2015a, b). However, the deployment of
contact vibration sensors is labor intensive and challenging from a
logistical point of view. The height of most wind turbine towers
combined with the lack of elevators hinders the deployment of
sensors, data loggers, and computers needed in contact measure-
ment methods. These also need long cables that increase the work-
load and the installation time unless wireless sensors are employed
(Swartz et al. 2010). In addition, researchers that are not staff mem-
bers of the wind farm often need permission and specific safety
training to access a wind turbine tower and install the sensors.

Noncontact measurement methods can simplify significantly the
field testing process, because there is no need to access the wind
turbine (Pieraccini et al. 2008; Ozbek and Rixen 2013), although
some measurement techniques may benefit from a reflection device
attached to the structure to improve the quality of the signal (Ozbek
and Rixen 2013). Noncontact measurement methods, such as
photogrammetry systems, laser Doppler vibrometer (LDV), and
interferometric radar (IR), have also been used in the testing of
civil engineering structures (Brownjohn et al. 2017; Ozbek and
Rixen 2013; Pieraccini 2013; Luzi et al. 2014; Gentile and Cabboi
2015).

Probably the most cost-effective method is the assembly of a
photogrammetry system constructed with a consumer-grade cam-
era and image processing, but it may be influenced by natural
background lighting conditions (Brownjohn et al. 2017). Based on
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Doppler shifts of a laser beam, laser vibrometers have been used in
operational modal analysis of wind turbine towers (Ozbek and
Rixen 2013; Dai et al. 2015). However, current LDV sensors can
only measure from a single point. IR sensors, which are not influ-
enced by weather conditions, have been used in field testing of
historic buildings, television towers, and stay cables (Pieraccini
2013; Luzi et al. 2014; Gentile and Cabboi 2015). Although many
vibration sensors have been used in field tests of wind turbine
towers, their performance in this area have not been compared
and discussed.

The objective of this paper is to investigate different contact
and noncontact vibration measurement methods for wind turbine
towers. These methods include integrated circuits piezoelectric
(IEPE) accelerometers, passive servo (PS) ultra-low frequency
velocimeters, LDV sensors, and IR sensors. Experimental studies
were conducted on two in-service wind turbine towers, which were
located at two different wind farms in Shanghai (Tower A) and
Jiangsu (Tower B), China, respectively. Vibration measurements
collected by different sensors were analyzed and compared in both
time and frequency domains. Modal parameters of both towers
were identified by using a stochastic subspace identification (SSI)
method. The results were also compared with those obtained from
simplified finite-element (FE) models of wind turbine towers.

Vibration Sensing

Contact Sensors

IEPE accelerometers and PS velocimeters were used for wind
turbine tower measurements. The IEPE accelerometers was a
LC0132T model sensor (Lance Measurement Technologies, Hebei,
China) It is a type of sensor that use piezoelectric crystals as trans-
ducers and integrated circuits to reduce measurement noise by
shortening distances from amplifiers. The transducer of a PS veloc-
imeter is a 941B model sensor (Institute of Engineering Mechanics,
China Earthquake Administration, Beijing). It is a moving coil that
uses servotechnology to extend the equivalent mass of the pendu-
lum, thus enlarging the measurement range in the lower-frequency
range with the same level or error (Yang et al. 2005). Details of the
sensors used are presented in Table 1. Only parameters of the
medium velocity mode of the PS velocimeters used in this work
are given in the table.

Noncontact Sensors

Two kinds of noncontact sensors were used in field tests. One was
a RSV-150 remote sensing LDV sensor (Polytec, Waldbronn,
Germany), and the other one was an IBIS-FS IR sensor (IDS
GeoRadar, Pisa, Italy).

The LDV sensor is a single point sensor in which a laser beam is
focused onto a vibrating target and modulates the laser frequency
through the Doppler effect. A fraction of the modulated beam is
scattered back and collected by the long-range lens. Inside the sen-
sor, an interferometer is used to extract the modulation and transfer
it into velocity or displacement of the vibrating target (Polytec Inc.
2017). The LDV sensor used in this work translates the modulation
into velocity, and its installation time is around 10 min. Some
technical parameters of the LDV sensor are listed in Table 2.

The LDV sensor does not strictly require any device attached to
the structure being tested; however, the quality of the measurements
benefit from the installation of a reflecting device, such as a reflec-
tor or a total-reflecting prism. Operational conditions also affect
the LDV sensor’s performance, e.g., low temperature and direct
sunlight. Another challenge is keeping the laser beam on the target
and, although different scanning or sensor types can be used, fo-
cusing the laser point on the target surface at different distance
ranges can still be problematic.

The IR sensor uses microwaves to measure the displacement of
the target, which is obtained by extracting the phase difference be-
tween the incident and the reflected microwaves (Pieraccini 2013).
Like the LDV sensor, reflection devices are not strictly necessary
but can help improving measurement quality. Unlike the LDV sen-
sor, the IR sensor can be used for multipoint measurements, and it
does not need focusing. The sensor parameters of the IR sensor are
presented in Table 2.

Contact sensors have been validated in many cases but, unless
this technology is used for long-term or permanent monitoring, it is
not generally suitable in rapid field testing of wind turbine towers,
because the required equipment (including sensors, cables, data
loggers, and computers) is difficult to deploy. On the other hand,
noncontact sensors, like LDVand IR sensors, are easy to set up and,
therefore, are more suitable for field tests. From a cost perspective,
LDV or IR sensors are one or two orders of magnitude more ex-
pensive than contact sensors (including the data logging system).

Field Tests

Wind Turbine Towers

Vibrations of two in-service wind turbine towers under ambient
excitation were measured. Tower A carried an S70 1.5 MW three-
blade horizontal axis wind turbine (Nordex, Hamburg, Germany)
and was located in Shanghai, China. The tower was tapered and
tubular with bottom and top diameters of 4.04 and 2.96 m, respec-
tively. The height between the turbine hub and the ground was
65 m. For Tower A, the IEPE accelerometers, LDV, and IR sensors
were used to measure its vibration. Note that the measurements
were taken on different days with no overlaps.

Tower B carried an SL1577 wind turbine (Sinovel, Beijing)
which was also a 1.5 MW three-bladed horizontal axis turbineTable 1. Details of contact sensors used for two wind turbine tower

measurements

Item Tower A Tower B

Type Integrated circuits
piezoelectric

Passive servo

Sensitivity 40 V=g 2.4 V=ðm=sÞ
Resolution 5 × 10−7 g 4 × 10−7 m=s
Frequency
range

0.5–1,000 Hz (�10%)a 0.25 ∼ 100 Hz (þ1 ∼ −3 dB)a

Measurement
range

0.12 g 0.3 m=s

Weight 310 g 750 g
aFrequency range that can be measured at this error level.

Table 2. Parameters of LDV (RSV-150) and IR (IBIS-FS) sensors

Item LDV sensor IR sensor

Long range 5 ∼ 300 m depending
on target reflectivity
and amplitude

0.01 ∼ 2.0 km depending
on target reflectivity and
amplitude

Resolution < 0.5 μm=s=Hz1=2 0.01 mm
Frequency range 0 ∼ 25 kHz 0 ∼ 200 Hz
Weight Approximate 30 kg,

including storage case,
excluding tripod

20 kg
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and was located in Jiangsu, China. The tower was tapered and tubu-
lar with bottom and top diameters of 4.00 and 2.40 m, respectively.
The height between the turbine hub and the ground was 65 m. The
equipment used in for testing included PS velocimeters as well as
the same model LDV and IR sensors as for Tower A.

All vibration measurements were taken when the wind turbines
were parked, and they were referred to as (or transferred into)
the horizontal movement of the tower except for the LDV

Fig. 1. Interior of wind turbine towers and deployment of the sensors: (a) Tower A; and (b) Tower B.

Table 3. Heights of platforms in which accelerometers were deployed

Platform Tower A Tower B

Platform 1 — 16.4 m
Platform 2 34.6 m 38.8 m
Platform 3 50.8 m 60.8 m
Platform 4 — —
Platform 5 61.4 m —

Fig. 2. Vibration measurements at different platforms obtained with contact sensors: (a) IEPE acceleration measurements in Tower A; and
(b) PS velocity measurements in Tower B.
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Fig. 3. LDV measurement positions on Tower A: (a) hub level; (b) top—tower; and (c) midtower.

Fig. 4. Velocity time histories of Tower A measured with LDV sensor: (a) hub level; (b) top-tower; and (c) midtower.
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measurements, which were in the direction along the laser beam.
The IEPE accelerometers and the LDV sensor measured the vibra-
tion of Tower A in the horizontal direction parallel to the plane of
the blade plane and perpendicular to it. However, the IR sensor
measured the horizontal movement in no specific direction due
to limitations in the space required to set up its equipment. For
Tower B, the direction of PS velocimeters were set to match the
IR measurement direction.

Measurements with Contact Vibration Sensors

The vibrations of Tower A were measured with IEPE accelerom-
eters in 10-min durations and a sampling frequency of 100 Hz.
For Tower B measurements, PS velocimeters were used with a
sampling frequency of 25.6 Hz and a duration of 20 min. Fig. 1
shows the interior of both wind turbine towers and how the sensors
were attached to the tower wall by means of magnetic bases. The

sensors were located at maintenance platforms in wind turbine tow-
ers, and their heights are shown in Table 3. Although the sensors
were deployed in three platforms of each tower, no more than two
platforms were used together at the same time due to the limitations
of cables and number of sensors. Fig. 2 shows typical time histories
of the vibration measurements in the two towers.

Measurements with LDV Sensor

Vibrations at three points of Tower A were measured by the LDV
sensor: a hub level point, a top-tower point, and a mid–tower point,
as shown in Fig. 3. The exact heights of the measured point loca-
tions are unknown because the distance between the LDV sensor
and the tower could not be accurately measured because of blocks,
such as plants and bobbins on the ground, as shown in Fig. 3. One
of the advantages of the LDV sensor is its high sampling frequency.
However, the dominant vibration frequencies of a wind turbine
tower are usually under 5 Hz (and correspond to the first two vi-
bration modes). Thus, the sampling frequency was set as the lower
limit of the LDV sensor, which is 240 Hz. The duration of the
measurements was around 10 mins. Typical time histories of the
vibration measured with the LDV sensor at the three points are
shown in Fig. 4, the measurement at the hub-level point height is
fuzzy possibly due to the poor reflection condition of the hub and
the sufficiently small angle between the laser beam and the reflec-
tion surface. The same type of LDV sensor was used in Tower B,
but the strength of the reflection signal was not enough to obtain
valid data. The reason could be that the temperature was occasion-
ally below 5°C during testing of Tower B, and this is out of the
operational temperature range of the LDV sensor: 5°C–40°C.

Measurements with IR Sensor

Fig. 5 shows test setups for the two towers with IR sensors. Vibra-
tions of the two towers were measured by the IR sensor. Due to the
characteristics of the IR sensor, measurements at locations spaced

Fig. 5. Field testing with use of IR sensor: (a) IR measurement and test
setups; (b) Tower A; and (c) Tower B.

Fig. 6. Typical thermal and estimated S/N ratios in IR measurements of
Tower B.

Table 4. Geometry settings of IR measurements

Item Tower A Tower B

Structure length 65 m 60 m
Structure inclination 90° 90°
Radar x position 21 m 20.5 m
Radar y position 3 m 0 m

Note: Length and IR positions are shown in Fig. 5(a).
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every 0.5 m along the distance from the sensor to the tower were
recorded; however, a number of these were not usable, because they
were not reflected by the structure, or they were of low quality. The
quality of IR measurements can be assessed by two indices (IDS

GeoRadar Inc. 2016): (1) the thermal signal-to-noise (S/N) ratio,
which is a value that is related to the power received from each
measurement point; and (2) the estimated S/N ratio (SNR), which
is a value that is related to the real noise that affects the

Fig. 7. Displacement time histories measured with IR sensor at different heights of wind turbine tower: (a) Tower A; and (b) Tower B.

Fig. 8. Vibration time histories recorded in middle level of Tower A: (a) IEPE accelerometers (Platform 2); (b) LDV sensor (midtower point); and
(c) IR sensor (34.6 m).
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measurement of each measurement point during the survey. These
two S/N ratios are calculated by the corresponding software. The
recorded data is considered valid when the peaks in thermal and
estimated S/N ratios occur at the same distances, and their S/N
ratios are relatively high. The data from the middle and the
lower parts (under 40-m height) of the two towers were more re-
liable, according to the S/N ratios. The reason is that the signal
corresponding to the tower top can be influenced by the blades
and the elevation angle of the IR sensor. Fig. 6 shows typical ther-
mal and estimated S/N ratios. The height of the location corre-
sponding to each measurement can also be calculated with the
distance between the measurement point and the sensor, and with
the distance between the tower and the sensor, according to trigo-
nometric functions (the geometric settings of the sensor are given in
Table 4, and measurements will be transferred into the horizontal
direction by the logging software with these settings). The sam-
pling frequency was set as 200 Hz (upper limit of the IR sensor)
and the duration of each measurement was 15 min. Typical time
histories of measurements obtained with the IR sensor are shown
in Fig. 7.

IR sensors can simultaneously measure displacements of several
points, which allows one to efficiently capture vibration mode
shapes of a structure. However, the vibration at the top of the towers
(above 40 m) could not be obtained with the IR sensor for either
Tower A or B. Furthermore, the amplitudes of higher order modes
can be lower than the sensing range of the IR sensor and thus may
be submerged in background noises. The IR sensor can give a
dense map of points with valid measurements at certain parts of the
wind turbine tower, but they may not be helpful to identify impor-
tant vibration modes, because the data may be redundant. Conse-
quently, valid measurements should be selected prior to further data
processing, but doing so may complicate data processing.

Measurement Comparisons

Qualities of measurements obtained by the different kinds of sen-
sors are compared in this section, and several mainstream data
processing methods are used to check data quality. In sections “Sig-
nal Quality of Tower A Measurements” and “Signal Quality of

Fig. 9. Vibration time histories measured at top and hub level of Tower A: (a) IEPE accelerometers (Platform 3); (b) IEPE accelerometers
(Platform 5); (c) LDV sensor (top-tower point); and (d) LDV sensor (hub-level point).
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Tower B Measurements,” measurements of Towers A and B will
be compared in time, frequency, and time-frequency domains. In
section “Data Fusion of Displacement and Velocity Signal,” a data
fusion (DF) method is introduced, because it takes advantage of
both contact and noncontact sensors by combining their superior
frequency ranges thus getting the full range of vibration for a
structure. In section “Modal Analysis” that follows, modal identi-
fication, which is the most primary usage of structural vibration
measurements, is also applied with the obtained measurements.

Signal Quality of Tower A Measurements

Figs. 8 and 9 show typical vibration time histories recorded in the
middle and the top of Tower A, respectively. No valid data could be
recorded with the IR sensor above a height of 40 m. For this reason,
these results are omitted in Fig. 9. The measurements were taken on
different days, and they were subject to wind with different speeds
and directions. Hence, the measurements could not be compared
directly with others in their original amplitudes. Thus, all the power
spectral densities (PSD) were normalized by dividing them by the
values corresponding to the first peaks so that the frequency posi-
tions of the peaks in the PSD plots could be compared. The same
measurements are presented Figs. 10 and 11 in the frequency do-
main in and in their original scale and velocity scale, respectively.
In Figs. 10 and 11, the PSDs of each measurement are normalized
by dividing the amplitude associated with each corresponding to
the first peak (at the frequency of 0.49 Hz). As shown in Fig. 10(a),
the positions of the peaks in the PSDs corresponding to the IEPE
accelerometers and the LDV sensor agree well with one another at
the first and the blade modes frequencies. Note that the LDV sensor

measured velocities, and the IR sensor measured displacements.
Hence, the PSD values in their original scales, shown in Fig. 10(a),
had different amplifications. Fig. 10(b) compares the PSDs ob-
tained from IEPE and LDV measurements (in their original scales,
namely, acceleration and velocity, respectively) at the top of Tower A,
and it shows, once again, that the first vibration frequency clearly
coincided in both cases.

Fig. 11 compares the frequency content of the tower velocity
signals processed from the measurements obtained with the IEPE
accelerometers (time-integration signal), the LDV sensor (direct
signal), and the IR sensor (time-derivation signal). The integration
of IEPE measurements used here follows the trapezoidal rule, and
the derivation was obtained as the slope of the consecutive dis-
placement measurements. The first mode was well captured regard-
less of the type of signal considered in the PSD (acceleration,
velocity, or displacement), but the contribution of higher-order
modes obtained from the IEPE accelerometers and the LDV sensor
was more consistent if the PSD was plotted in velocity scale. The
frequency content above the first frequency obtained with the IR
sensor differed from the rest of the sensors. This was attributed to
the fact that the displacement measurement resolution of the IR
IBIS-FS sensor is 0.01 mm. Consequently, the modes with vibra-
tion amplitudes less than this threshold, which was usually the case
in high-order modes, could not be detected with the IR sensor.

Time-frequency spectra were also obtained from the recorded
signals by means of the short-time Fourier transform (STFT), as
shown in Figs. 12 and 13. The spectra obtained from IEPE and
LDV measurements are clearer in the lines corresponding to the
second vibration mode of the tower (close to 4 Hz).The dash-line
boxes in Figs. 12 and 13 highlight time-intervals of abnormal en-
ergy content corresponding to broadband noise (vertical lines in
time-frequency spectra), which are observed only with the noncon-
tact measurement techniques (i.e., LDVand IR). The corresponding
time-intervals are also remarked with the dash-line boxes in the
time history diagrams included in Figs. 8 and 9, which show that
certain noise was present at those intervals. This result suggests that
poor signal returns obtained in noncontact sensing techniques
can lead to deviations in the time-frequency spectra, but these are
filtered out when the PSD of the whole signal is obtained, as shown
in Figs. 10 and 11.

Signal Quality of Tower B Measurements

For Tower B, the data were obtained with over 10 min overlaps
(measurements corresponding to the same period) for each sensor.

Fig. 10. Normalized PSDs of vibration of Tower A: (a) midtower
height; and (b) top-tower height.

Fig. 11. Normalized PSDs of vibration recorded at middle of Tower A
(in velocity scale).
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The measurement directions of the PS velocimeters and the IR
sensor were set as the same. No valid LDV data could be obtained
in the field tests of this tower. A maximum correlation method was
used to estimate the delays between the signals. In this method,
the normalized cross-correlation between the time-integrated PS
measurement and the original IR measurement was calculated, and
the estimated delay was given by the negative of the lag for which
the normalized cross-correlation had the largest absolute value. The
calculated time between PS and IR measurements agreed well with
the recorded measuring times. For Platform 1, the starting time of
the PS measurement was 6:37 p.m. and that of the IR measurement
was 6:45 p.m. on the same day. For Platform 2, the starting time of
the PS measurement was 3:46 p.m. and that of the IR measurement
was 3:53 p.m. By using the maximum correlation method, the cal-
culated time delays were 8.67 and 7.24 min for Platforms 1 and 2,
respectively. The synchronized time histories of Tower B measure-
ments are shown in Fig. 14, which includes the measurements from
the IR sensor and the PS velocimeters.

The time histories were converted to the frequency domain and
are shown in Fig. 15, where the PSD curves are plotted in their
original units. The IR measurement had only one dominant peak
that corresponded to the first vibration mode at 0.43 Hz. Contact
vibration sensors (i.e., PS velocimeters) showed a better perfor-
mance in the high frequency range of the tower vibration again.
The time-frequency spectra of Tower B measurements presented in
Fig. 16 show that the IR measurements at the height of 39.8 m
contained several abnormal lines, indicating the presence of high-
frequency noise in the recorded signal. However, this was not

observed in the records obtained by the IR sensor at a lower posi-
tion on the tower (16.9 m height), because the signal had better
quality. This agrees well with the S/N diagram in Fig. 6.

In summary, contact vibration sensors, including IEPE acceler-
ometers, PS velocimeters, and LDV sensors were found to have
better performance when measuring high-order frequencies than
IR sensors. Although contact vibration sensors with good low-
frequency performances were used, i.e., the PS velocimeter, the
lower frequency content of the tower vibration could still be miss-
ing. Although both LDV and IR sensors are active vibration sen-
sors, which use self-generated electromagnetic waves, the quality
of the signals is significantly influenced by environmental factors.
A time-frequency spectrum can assist with picking measurements
sections with the best quality.

Fig. 17 compares a typical trapezoidal integration of the PS and
original the IR measurements. The recorded displacements fol-
lowed the same trends for both sensors, and they clearly showed
that the distance between the consecutive peaks, which is related
to the period of the first vibration mode, was the same. However,
the magnitude of the tower displacements recorded by the IR
sensor was significantly larger than those obtained from the
accelerometer, in some cases more than double. This may be due
to low frequency (below 0.25 Hz) components of the vibration
induced by wind during testing, which could have affected the
amplitude of the displacements measured by the IR sensor but
not by the contact sensors, because the wind-induced motion
was below 0.25 Hz (i.e., the lower-bound frequency of the PS
velocimeter).

Fig. 12. Time-frequency domain comparison of measurements at middle height of Tower A. First, second, and third rows correspond to measure-
ments obtained from IEPE accelerometers, LDV sensor, and IR sensor, respectively.
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Data Fusion of Displacement and Velocity Signals

In sections “Signal Quality of Tower AMeasurements” and “Signal
Quality of Tower B Measurements,” contact sensors were shown to
have a good performance in the high-frequency region, and the
noncontact sensors were shown to have better accuracy in the
low-frequency region. To take advantage of both contact and non-
contact sensors, i.e., merge the low-frequency measurements of
noncontact sensor with the high-frequency of contact sensor mea-
surements, DF methods were used. This section proposes the use of
the DF method based on the Kalman filter. This method was re-
cently presented by Kim and Sohn (2017), and it was applied to
wind turbine vibration measurements in this study to achieve a
high-precision measurement of tower displacement. Let a state
vector be defined as

xðkÞ ¼
�
xðkÞ
ϵðkÞ

�
ð1Þ

where xðkÞ = displacement at the kth time point; and ϵðkÞ is as-
sumed to be a piecewise constant that is used to complete the state

space model. A state-space model that can be used for displacement
and velocity DF can be expressed as

xðkþ 1Þ ¼ AxðkÞ þ BðẋmðkÞ þ wðkÞÞ ð2Þ

xmðkÞ ¼ CxðkÞ þ vðkÞ ð3Þ

whereA ¼
�
1 Δt
0 1

�
,B ¼

�
Δt
0

�
, andC ¼ ½ 1 0 � =matrices that

describe the state-space problem; and wðkÞ and vðkÞ = white-noise
Gaussian processes, and their variances are set as 4 × 10−7 m=s and
1 × 10−5 m based on sensor resolutions (Tables 1 and 2).

Figs. 18 and 19 show the displacement measurements obtained
from the IR sensor and from the PS velocimeter in the time and
frequency domains. These figures also compare the original mea-
surements with the fused high-frequency components of contact
sensor measurements and the low-frequency components of non-
contact sensor measurements. The DF estimation brought the inte-
grated PS measurements significantly closer to those obtained with
the IR sensor. Although some differences remained between both

Fig. 13. Time-frequency domain comparisons of measurements at top of Tower A. First two rows correspond to measurements obtained from IEPE
accelerometers (at different heights); last two rows correspond to LDV measurements.
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measurement methods in the time domain, the DF estimations
captured reasonably well the high-frequency range of the tower
vibration (above 0.43 Hz), because it was close to the frequency
content obtained only with the accelerometer in this range. The

IR measurements were smoothed in the high-frequency range with
the DF process whilst retaining the low frequency components
of the IR measurement (below than 0.25 Hz). The results dem-
onstrate that fusing measurements from contact and noncontact

Fig. 15. Frequency content of Tower B vibration at different positions.

Fig. 14. Synchronized time histories of Tower B vibration at different heights.
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measurements can result in a fused signal that is accurate in a broad
range of frequencies.

Modal Analysis

The modal parameters of both wind turbine towers were estimated
with a data-driven SSI method (Van Overschee and De Moor 1993;
Golub and Van Loan 1996; Peeters and De Roeck 1999). Stability
diagrams of both towers from the SSI method are shown in
Figs. 20–23. Each line in the stability diagrams corresponds to a
vibration mode of the structure. A total of 30 calculation orders
was considered. The modal identification was performed based on
the measurements obtained with the IEPE accelerometers, the PS
velocimeters, the LDV sensor, and the IR sensor. Although several
sections were measured with the contact vibration sensors, the ac-
celeration or velocity was recorded simultaneously at a maximum
of two tower platforms due to the limitation of cable length and
number of sensors, as mentioned previously; the LDV sensor pro-
vided single-point measurements. Hence, only mode shapes mea-
sured by the IR sensor were calculated. In these figures, the stability
lines of the first mode are clearer than those corresponding to the

second mode. The reason is that the amplitude of vibration corre-
sponding to the second and higher modes of the wind turbine tower
was significantly small compared to that of the first mode. In the
case of the IR measurement, only the first mode could be identified
because of the low precision of the IR sensor in the high-frequency
range. The identified frequencies and damping ratios of the wind
turbine towers are gathered in Fig. 24.

The mode shapes identified with IR measurements are shown in
Figs. 22 and 23. The IR measurements were suitable to extract
mode shapes because simultaneous vibration measurements at
multiple points at different heights were allowed and spatially
dense mode shape measurements were provided. However, IR mea-
surements were only accurate for the first mode here due to the
small amplitude of vibration associated with second and higher
modes, as discussed previously. In addition, the IR sensor could
not be used to obtain the mode shape at the top of the towers be-
cause of the interference of the turbine blades. As a result, the mode
shapes experimentally extracted only reached the first 40 m of the
towers in this work.

Field test results were also compared with FE analysis results.
FE models of the two towers were built with beam elements by

Fig. 16. STFT spectra of measurements in Tower B. First two rows correspond to measurements obtained from PS velocimeter (at different heights);
last two rows correspond to IR sensor.
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Fig. 17. Synchronized IR measurements and PS measurements in Tower B.

Fig. 18. Time and frequency domain comparison of measurements obtained from IR sensor, PS velocimeters, and data fusion (Platform 1
of Tower B).
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using BEAM188 to represent the tower wall and lumped mass
elements by using MASS21 to represent the mass of both the
generator and the blades. The foundation was simulated with fixed
boundary conditions at the tower bottom. The first two vibration
mode FE analysis results for both towers are shown in Fig. 24
for comparison. The results showed that the first-mode frequen-
cies identified experimentally and with FE analysis were very
close to one another in both towers. The second-mode frequencies
obtained with FE models were marginally higher than those

extracted from experimental vibration measurements. The first
mode shapes obtained from FE analysis are also compared to
those extracted experimentally with IR measurements for each
tower in Figs. 22 and 23. The results showed a good agreement
between the first mode shape obtained from the experiments
and FE model.

The similarity between the calculated FE mode shapes and the
mode shapes identified experimentally is quantified by the modal
assurance criterion (MAC)

Fig. 19. Time and frequency domain comparison of measurements obtained from IR sensor, PS velocimeters, and data fusion (Platform 2
of Tower B).

Fig. 20. Stability diagrams obtained from vibration measurements recorded experimentally in Tower A with: (a) IEPE accelerometers; and
(b) LDV sensor.
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MAC ¼ jφT
I φFEj2

φT
I φIφT

FEφFE
ð4Þ

where φI = mode shape identified from experimental results; and
φFE = mode shape obtained in FE analysis. The similarity between
φI and φFE increases with the MAC, and it takes the value of 1.0
if the mode shapes obtained experimentally and numerically are
identical. In this work, the values of the MAC obtained for tower
heights below 40 m were 0.972 and 0.967 in Towers A and B,
respectively, which indicates that the comparison of the first modes
of the two towers compare well with those from FE models.

The damping ratios can only be obtained by field tests.
Although the damping ratios identified with different measure-
ments were not identical, they were all relatively low (those corre-
sponding to the first modes were no more than 2%, and those to the
second modes were no more than 3%), which agreed with former
experiences (Hu et al. 2015a, b).

Conclusions and Discussions

This research for this paper studied vibration measurements of two
wind turbine towers by using contact and noncontact sensors. The
contact sensors included IEPE accelerometers and PS velocimeters;
the noncontact sensors included an LDV sensor and an IR sensor.
Suitability of these sensors for vibration measurements of the wind
turbine towers were compared.

Modal parameters, including frequencies and damping ratios of
wind turbine towers, were obtained by using recorded measure-
ments. The results showed that the different types of sensors were
able to capture accurately the first frequencies of the wind turbine
towers. The first two vibration frequencies of both towers obtained
with field measurements, particularly the first ones, were close to
those obtained numerically through FE models built from engineer-
ing drawings.

Although contact sensors generally failed to record low-
frequency vibrations, they gave the most precise vibration mea-
surements for the wind turbine towers, and they are particularly
recommended for long-term monitoring in which an installation
is permanent. As they are installed in towers for most cases, contact
sensors are suitable for wind turbine tower measurements in both
working and nonworking conditions. Leaving aside the cost, non-
contact sensors, i.e., LDV and IR sensors, significantly simplify
testing onsite, because they can be set up at a distance from a tower.
In addition, they capture the low-frequency vibration of towers
more accurately than contact sensors. However, the quality of the
signal recorded by noncontact sensors may be compromised by
environmental conditions. The LDV sensor is suitable for one-
off monitoring of several towers of wind farms in operation without
accessing the towers. It can capture high-order vibration frequen-
cies, well above the first one, with precision comparable to contact
sensors. LDV sensors can be used in working conditions by select-
ing measurement points that are not blocked by obstacles. On the
other hand, the use of an IR sensor is recommended to extract mode
shapes, because it allows one to obtain a dense array of multipoint
measurements from the lower portion of a tower, but not from
its top portion due to interference introduced by the blades, and
that effect can be stronger in working conditions. Measurements
by an IR sensor can only be used to identify first vibration modes,

Fig. 21. Stability diagram obtained from vibration measurements
recorded experimentally with PS velocimeters in Tower B.

Fig. 22. (a) Stability diagram; and (b) first mode shape in Tower A obtained with IR sensor and FE analysis.
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because its output is in the form of displacement that has small
amplitudes at high-order modes; the quality of the IR sensor output
is poor in the high-frequency range. A DF method can be used to
get a wide frequency range displacement by combining the superior
frequency ranges from different types of sensors. This assertion
extends the applicability of an IR sensor, which could be used in
the structural health monitoring of wind turbine towers that have
permanent contact-sensors installed, particularly if they have tall

towers for which the low dominant vibration frequencies could
not be accurately identified if only contact sensors are used.

For long-time vibration monitoring of engineering structures,
such as operating wind turbine towers, the use of contact sensors
should be considered as the first choice due to their high precision
and low cost. For short-term vibration tests, the use of noncontact
sensors are preferable if they are available, because they can be
easily set up and collect relatively precise vibration measurements.

Fig. 24. Identified modal parameters in Towers A and B.

Fig. 23. (a) Stability diagram; and (b) first mode shape in Tower B obtained with IR sensor and FE analysis.
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In addition, most noncontact sensors are capable of measuring
vibrations at frequencies lower than 0.25 Hz, which cannot be well
handled by most contact sensors. Comparing the two types of non-
contact sensors discussed in this paper, i.e., LDV and IR sensors,
one can conclude that measurements by an LDV sensor have higher
precision and wider frequency range, whereas an IR sensor is
capable of simultaneous, multi-point measurements. Note that
measurements by the LDV and IR sensors can be interrupted by
obstacles between a structure and the sensors, such as the rotating
blades of a wind turbine. The findings reported herein are based on
the sensor models of IEPE accelerometers, PS velocimeters, LDV
sensor, and IR sensor adopted for this study.
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