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sensing

The application of fiber Bragg grating (FBG) sensors in the Internet of Things (IoT) has
attracted wide attention for promising scenarios, such as remote monitoring of the subsidence of
transformer substations, intelligent sensing of the power grid, and monitoring the safety of
mines. However, disaster prewarning and forecasting in infrastructure construction require the
key technology of remote sensing and monitoring. To resolve the current problems existing in
monitoring the subsidence of substations built on a slope, an inclinometer based on FBG sensor
technology is developed in this study. The FBG inclinometer sensor includes a rigid unit, a
flexible sensing unit, and a connecting pin shaft. The flexible sensing unit is equipped with an
FBG beam structure with uniform strength. The designed FBG is arranged symmetrically on the
surface of the beam structure to eliminate the influence of temperature on measurement. In
addition, a system that uses the FBG inclinometer sensor for remotely monitoring the subsidence
of a transformer substation is designed. This system can display the subsidence of the substation
on-site or at a remote terminal in real time. Indoor and field tests are carried out on the remote
monitoring system. The test results show that the minimum resolution of the system is 0.1 mm
and the maximum measurement error is less than 3%, which meet the requirements of on-site
use.

1. Introduction

In the Internet of Things (IoT), the exchange of information and communication are
performed through cloud computing and related technologies. The IoT plays a critical role in
modern IT by dealing with big data. In the IoT, optical-fiber-based sensing technology has a
significant impact owing to its advantages.!® The International Telecommunication Union
(ITU) pointed out that the IoT can connect everything in the world by using computer
interconnection technology, radio frequency identification devices, sensor technology, wireless
communication technology, and so forth.» IBM has proposed the concept of a “smart Earth”
that combines IoTs as a strategy for economic revitalization.®
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The concept of “smart” in IT for infrastructure construction is expected to stimulate the
economy, promote employment, and lead to a mature infrastructure platform. The action plan
proposed by the European Commission (EC) clearly states that a large amount of financial
support for the IoT will be provided at the technical level and suggests a network regulation plan
at the government management level that is in accordance with existing regulations.(©®)

In recent years, the continuous development of communication technology has contributed to
sensing technology using optical fibers.(® Accordingly, fiber-optic sensors, e.g., functional
fiber and non-functional fiber sensors, have been rapidly developed as they have advantages
such as a small size, high sensitivity, strong anti-interference ability, and so forth. The sensors
are widely applied in many fields including pharmaceutical manufacturing, shipping, and civil
engineering. The development of fiber-optic sensors has enabled the rapid development of the
IoT and made sensors increasingly important in applications.®)

Fiber Bragg grating (FBG) sensors, as well as strain sensors, temperature sensors,
acceleration sensors, displacement sensors, and so forth, demodulate specific wavelengths
generated by external physical parameters.” The demodulation system of an FBG sensor
contains FBG filters, adjustable Fabry—Perot (F—P) interference filters, and a non-equilibrium
Mach—Zehnder (M-Z) interferometer. Previous study results showed that the wavelength shift
caused by strain and temperature changes is small, so accurate detection of the wavelength shift
requires precise system measurement. Therefore, demodulation is a key technology in FBG
Sensors.

There are various FBG sensors for measuring strain,(!) temperature,(!? pressure,!3) and so
forth. These sensors are attracting much research interest owing to the increasing demand for the
[oT.(415) Traditional fiber-optic sensors measure light intensity or interference according to the
sensor type. Light intensity sensors have problems caused by unstable light incidence, the loss of
the signal through the optical fiber, and the aging of the detector. Interference-type sensors are
used in a limited number of applications as they need two interference lights of equal intensity
from fixed reference points. The modulation of the wavelength and the multiplexing capability
of FBG sensors avoid such problems. FBG sensors are regarded as ideal for building diagnostics
and the detection of impact, shape changes, and vibration damping. Thus, they are widely used
in geodynamics, spacecraft, shipping, civil engineering, the power industry, medicine, and
chemical sensing. FBG sensors can realize the direct measurement of temperature, strain, and
other physical quantities. In addition, they have been divided into the reflective type and
transmission type, with the reflective type, whose principle is shown in Fig. 1, more widely used.

The point-based optical fiber sensing technology is used in engineering as it detects the
sensing signals at a designated point. A large-scale sensor network of fiber-optic point-based
sensors has a high installation cost due to the scattered distribution of induction. When the
sensors are not focused on the sources of the wavelength, they are not sufficiently sensitive to
produce signals above the detection limit. Li et al. proposed a distributed fiber-optic sensor
based on the Brillouin effect that solves the problem of point-based sensors.(!®) This sensor had
the advantages of a small body, corrosion resistance, anti-electromagnetic interference, a wide
transmission bandwidth, integrated networking of sensing and transmission, continuous
monitoring, a low maintenance cost, affordability, rapid sensing, and high sensitivity. These
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Fig. 1.  (Color online) Schematic diagram of an FBG sensor (reflection type).

advantages allow it to be used to check the safety of pipelines, power cables, bridges, and missile
systems and to diagnose buildings for subsidence and cracks. As point-based sensors are also
used for detecting stress and strain in general, they are used in IoT networks in engineering,
agriculture, security, and other fields.!7)

Monitoring the subsidence of a substation currently requires continuous measurement of the
subsidence of a pile by manually measuring its level regularly. This reduces the efficiency of
monitoring, generates inaccuracy caused by the limited amount of data, and makes it difficult to
meet the required standard of subsidence monitoring. In recent years, FBG-based sensors have
become used more widely as they are not affected by electromagnetic interference and have high
sensitivity and accuracy, good insulation, and easy networking. Therefore, it is important to
improve the theory and application of FBG-based sensors in subsidence monitoring systems
used in transformer substations, intelligent power grid sensing systems, mine safety monitoring,
and so forth.

In this study, we propose a technology based on fiber-optic sensing that improves the
performance of gyroscopes, hydrophones, grating sensors, and current sensors. The proposed
technology can be used for the FBG-sensor-based remote monitoring of subsidence at
transformer substations. It also provides a new way of developing and manufacturing
miniaturized IoT sensors with low power consumption, and enables the real-time display on site
or at remote terminals.

2. Design of Inclinometer Sensor Based on FBG

An FBG-based inclinometer sensor is used to measure the relative angle of inclination
between different locations caused by soil subsidence. It is composed of a rigid unit, a flexible
sensing unit, and a connecting pin shaft as shown in Fig. 2. The rigid unit rotates around the
connecting pins, and the flexible sensing unit measures the relative inclination angle at the
position connecting the rigid unit.

The angle is determined by calculating the deflection (i.e., the strain) of the sensing unit in
the sensor and using the geometric relationship. The flexible sensing unit is designed to have a
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Fig. 2. Schematic diagram of an FBG-based inclinometer sensor.

beam structure with uniform strength. The structure is simple and easy to fabricate, and even a
small load applies a large strain to it, which improves the precision and resolution of the sensor.
When the rigid element has a relative tilt angle 6 and the angle of the iso-strength beam of the
sensing element is ¢, @ = 2¢ according to the geometric relationship. Therefore, the sensor has a
magnifying effect in the measurement of the subsidence, which is described by the following
relation involving the sine function of the inclination angle:

o=
sin@ = (1/2) R 1)

where [ is the length of the beam of constant strength, and A is the free-end deflection of the
beam of constant strength, which is calculated by using the cantilever beam model. Assuming
that the fixed end width of the uniform-strength beam is by, its thickness is A, the free end of the
uniform-strength beam concentrates the force F, and the elastic modulus is A, then the bending
strain ¢ at any point on the surface of the beam is defined as follows:

6F -1
f=——. @)

The deflection of the free end of the uniform-strength beam is defined as
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The bending strain of the uniform-strength beam is measured by an FBG-based inclinometer
sensor that is placed symmetrically at the midpoint between the upper and lower surfaces of the
beam. The strain is equal at all points on the beam surface, which prevents a measurement error
from being generated by the position of the sensor and the chirping caused by the uneven
distribution of stress. The factors that affect the wavelength sensing are bending and axial
strains, and changes in temperature. The two wavelengths of the FBG-based inclinometer sensor
are calculated as

Ady = ARy + Ay +Adp, ®)
Ay =AA,- +Ady +Adp, 6)

where A4, . and A4, - are the bending strains of the upper and lower surfaces, respectively, Ady
represents the axial strain, and AAris the wavelength change caused by a change in temperature.
A4, and A/IM, are equal in magnitude but have opposite directions. The inclination angle of the
sensor is only related to the bending strain. According to Egs. (5) and (6), the influence of the
axial strain and temperature is eliminated by the following equation:

g:M. (7)
2k,

Thus, the temperature of the sensor is self-compensated, so the test result becomes accurate
owing to the doubled variation of the wavelength. The relation between the inclination angle and
the center wavelength of the FBG-based inclinometer sensor is defined as

L
kg hO

sin@ =

(A} - A%). ®)

When 6 approaches sinf as the angle decreases, the relationship between the inclination
angle and the wavelength offset of the sensor becomes approximately linear. The parameters /
and / of the sensing element are determined to obtain the linear coefficient for calibration in
practical application.
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3. Subsidence Monitoring with FBG-based Inclinometer Sensor
3.1 Measurement principle of FBG-based inclinometer sensor

Figure 3 describes the measurement principle of the FBG-based inclinometer sensor. When
incident light propagates along the FBG and satisfies the wavelength of the Bragg grating, the
light is reflected to create a spectrum with a single peak. Otherwise, the spectrum has multiple
peaks.

The central wavelength of the reflected light is called the fiber Bragg wavelength and is
calculated as follows:

Mﬂ:KT-dHKM-dM, )
FBG

where Apps is the wavelength of the FBG, K is the temperature sensitivity coefficient, T is the
temperature, K, describes the strain sensitivity coefficient, and M is the strain.

Equation (9) reveals that the rate of change of the FBG wavelength is related to the
temperature and strain. When the FBG is affected by external stress to produce strain, the strain
changes the effective refractive index of the grating, which results in a change in the FBG
wavelength. The change in the FBG wavelength under the influence of the external temperature,
thermal expansion, and cold contraction causes the effective refractive index of the FBG to
change. Thus, the strain information is obtained in real time if the FBG wavelength is measured
with the sensors and calibrated using the temperature.

FBG
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o o — o — . —
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Fig. 3. (Color online) Measurement principle of an FBG-based inclinometer sensor.
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3.2 Principle of subsidence monitoring

Figure 4 is a schematic diagram of the designed FBG-based inclinometer sensor. The sensor
is composed of a monitoring pile, a wedge plate, a counterweight block, a push rod, and an FBG.
The counterweight block is placed on the ground, and the wedge plate is fixed on the
counterweight block. The push rod, employing a flat pin shaft, is fixed with a monitoring pile to
ensure that the push rod moves only horizontally.

When subsidence of the soft surface soil occurs, the counterweight block will drive the
wedge to subside simultaneously. Then, the wedge plate moves the compressed push rod
horizontally, thus further compressing the FBG to generate strain and convert the displacement
of the surface into the subsidence of the FBG. The measurement process is based on the
following equations:

tanﬁzﬁ,
d

FP
Ty (19

X=Ww,

where 0 is the angle between the wedge plates, x is the horizontal displacement of the push rod, d
is the displacement of the surface, w is the deflection of the fiber grating, /' is the thrust received
by the FBG, / is the length of the FBG, E is the elastic modulus of the FBG, and [ is the inertia of
the FBG section. Combining the three equations in Eq. (10) gives

F.P

a-—rr (1)
48E - -tan@
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Fig. 4. (Color online) Schematic diagram of the designed FBG-based inclinometer sensor.
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where F' is measured by the FBG and /, E, I, and 6 are constants. The measured values of the
constants and the FBG are substituted into Eq. (11) to measure the displacement in real time.

A field test was performed on a transformer substation to evaluate its performance in
remotely monitoring subsidence. In the test, the acquired signal is first transmitted through the
optical fiber, then passes through a linear actuator, and finally arrives at the FBG sensor. The
field test for the FBG sensor-based inclinometer is shown in Fig. 5.

3.3 Calculation of subsidence

The program for calculating the displacement was written in LabVIEW (National
Instruments).('® The created software interface is shown in Fig. 6. The interface has three
functions: waveform display, function buttons, and filtering. The waveform display shows the
waveforms of the measured subsidence displacement data in real time. The abscissa of the
waveform shows the time and the ordinate shows the subsidence displacement. The data of up to
15 measuring points are displayed in real time. The function buttons are used for saving location
information and starting/stopping the operation. The filtering function filters the data collected
from the sensors in real time.

4. Results and Discussion

After developing the system for remotely monitoring subsidence, indoor tests to validate the
system were carried out by using a standard displacement transducer (LP801-150 by OMEGA).
Figure 7 shows the results of the indoor tests of the monitoring system at different temperatures.
The measurement error was less than 3% and the minimum resolution was 0.1 mm, which meet
the requirements for on-site measurement.(!)

Fig. 5. (Color online) Field test.
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Fig. 6. (Color online) Interface of the calculation software.
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Fig. 7. (Color online) Result of indoor tests of the Fig. 8. (Color online) Results of field test of the
remote monitoring system with the FBG-based remote monitoring system.

inclinometer sensor.

After the indoor tests, multiple field tests were conducted. The setup of one of the field tests
is shown in Fig. 5 and the results of the field tests are shown in Fig. 8. The subsidence data at a
single measuring point between October 1 and 20, 2019 were recorded. The displacements due
to subsidence between October 1 and 6 were smaller than the later measurements. Displacement
of over 1 mm was observed on October 10. The displacement increased as the backfilled layer
settled slowly over a short period and eventually became stable after the filling of the foundation
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pit in the transformer substations. The results coincide with the expected subsidence of the
foundation pit, indicating that the system is suitable for measuring the subsidence of transformer
substations on an inclined slope.

5. Conclusions

Owing to the shortcomings of current substation subsidence monitoring technology, a kind of
inclinometer based on FBG sensor technology is proposed. The proposed sensor includes a rigid
unit, a flexible sensing unit equipped with an FBG, and a connecting pin shaft. Temperature
compensation was realized by arranging the FBG symmetrically on the beam surface of the
sensor. When the slope deforms, the rigid element then deflects at the connecting pin and is
offset by the FBG wavelength in the flexible sensing element. According to the linear
relationship between the central wavelength of the FBG and the strain and angle, the relative
inclination angle between the rigid elements is obtained and the displacement is calculated
through the geometric relationship, which can realize the monitoring of soil displacement. We
developed a system for remotely monitoring displacement due to subsidence using an FBG-
based inclinometer sensor that enables the real-time acquisition of subsidence information. The
data can be transmitted from on-site sensors to the monitoring station through either cable
transmission or a general packet radio service (GPRS) network. Software to process the data,
display the wavelengths, and calculate the displacement was developed. Indoor and field test
results showed that the resolution of the system was 0.1 mm and the measurement error was less
than 3%, which meet the requirements of field tests.
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