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*e status monitoring of industrial process equipment is of great significance to its production energy efficiency and safety. A state
monitoring system for complex surface structures based on the distributed FBG sensor network is proposed. *e system adopts
the FBG network and realizes the calculation of the stress field of the complex surface through the FBG layout design at different
positions in the three-dimensional space. A 32-channel FBG sensor network is designed, and the light source, demodulation
module, and processing system are selected and analyzed. On the basis of building the FBG sensor network, the stress field test was
carried out on the industrial process equipment. For complex three-dimensional surface structures, an optical scanner is used for
position offset calibration. Experiments show that when force is applied to the center point, the slope of the FBG at the best
sensitive position is 0.715 pm/N; when force is applied on both sides, the maximum slope in the positive direction is 0.348 pm/N
and the maximum slope in the negative direction is −0.381 pm/N. After data fusion correction is used, the average error of the
three-dimensional position offset of the test data is 6.85%. It can be seen that the FBG network has the ability to monitor the state
of complex surface structures in the industrial engineering equipment.

1. Introduction

Fiber Bragg grating (FBG) sensors can write different
gratings at any different positions on the same fiber, or
cascade multiple gratings together, and then form a sensor
array [1].*is feature is unique to fiber grating sensors and is
an important way to build a large-capacity fiber grating
sensor network to realize distributed sensing measurement.
In recent years, the application of large-scale sensor net-
works composed of fiber grating sensors in the fields of
building structural health monitoring, industrial safety
production, environmental monitoring, photochemical
biosensing, and smart materials has received extensive at-
tention [2–4].

Liu et al. used the coded fiber grating sensor to construct
a large-capacity distributed fiber grating sensor network and
used the genetic tracking algorithm to improve the mea-
surement accuracy [5]. Zhang et al. proposed a serial

structure of ultraweak fiber Bragg gratings, using time-di-
vision multiplexing technology to increase the single-fiber
FBG multiplexing by two orders of magnitude, which is of
great significance for large-scale applications [6]. Ou et al.
proposed a large-capacity weak fiber Bragg grating sensor
array based on frequency shift interference technology,
which greatly suppresses the crosstalk between FBGs and
ensures the signal-to-noise ratio in the data acquisition
process [7]. Liu et al. designed an FBG network structure
applied to the acquisition of the temperature field of the
granary. *e network data have relevance and can complete
positioning and regional analysis [8].

Optical multiplexing technology is an important tech-
nical means for constructing an FBG sensor network, and
there are many kinds of optical multiplexing technology.*e
wavelength division multiplexing technology can set an
independent working wavelength range for each FBG within
the bandwidth of the light source [9]. *is multiplexing
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method makes the bandwidth of each FBG not overlap each
other and avoids crosstalk. *e reliability is high, but the
bandwidth of the light source limits the number of sensors
[10]. *e space division multiplexing method allocates one
transmission channel to each fiber grating. Its network
layout is flexible, but its efficiency is low [11]. *e above
single multiplexing scheme may not meet the ideal re-
quirements, so adopting a hybrid multiplexing scheme has
higher universality.

*is design uses a combination of wavelength division
multiplexing and space division multiplexing to construct a
sensor grating array. Each channel in the sensor array adopts
wavelength division multiplexing in series with fiber grat-
ings, and individual sensor gratings can be connected in
series. *e number depends on the scanning wavelength
range of the system and the working wavelength range of
each sensor grating, and space division multiplexing is used
between different sensing channels to expand the capacity of
the sensor grating.

2. Distributed Fiber Grating Sensor
Network Design

Distributed FBG network is mainly composed of light
source, F-P tunable filter [12], FBG array, receiving pro-
cessing module, and data processing and control module.
*e structure diagram of n-channel FBG network is shown
in Figure 1.

*e signal light emitted by the light source enters the
optical switch through the coupler, and the optical switch is
controlled to realize the control of any channel. After the
sensor channel is selected by the optical switch, the light
reflected by the FBG is coupled to the tunable F-P filter by
the 3 dB coupler. When the scanning wavelength of the F-P
tunable filter is consistent with the resonant wavelength of a
certain FBG, the light receiving device obtains the maximum
light energy, thereby completing the identification. *e F-P
tunable filter is driven by the triangular wave scanning
voltage generated by the optical switch drive device, and the
transmitted light wavelength of the F-P tunable filter has a
good linear relationship with the triangular wave scanning
voltage value. When the physical quantity can change, the
resonance peak to peak value and the resonance wavelength
will change in the reflection spectrum. *e mapping rela-
tionship between them is used to complete the inversion
calculation of the physical quantity of the target position.
*e transmitted light signal of the tunable F-P filter is
converted into an electrical signal by using a photoelectric
sensor and then amplified and filtered into a pulse signal.
*e processingmodule performs data collection, calculation,
and processing. Finally, the obtained signal is compared with
the F-P etalon test data, so as to realize the effective de-
modulation of the signal.

2.1. Light Source Selection. When FBG is used as a sensing
element, the selection of the light source is very critical. *e
light source is required to have both a higher output power
and a higher signal-to-noise ratio. It can be seen that

compared with the general broadband light source, the
superluminescent diode has the characteristics of high
output power, selectable center wavelength, wide spectral
range, and good spectral flatness. Broadband light source is a
superluminescent diode dedicated to special application
fields such as optical fiber sensing and optical testing in-
struments [13]. *e output power of this type of light source
is adjustable within a certain range, and it is an ideal light
source for a single grating sensing system. However, in a
fiber grating sensing network with a larger multiplexing
capacity, as the length of the fiber increases, if this type of
broadband light source is used, the signal-to-noise ratio of
the system will drop sharply, which limits the number of
multiplexed fiber grating sensors and the application of the
system in long-distance measurement [14]. It is particularly
important to choose a high-power, stable, and reliable light
source with multiwavelength output in a large-capacity FBG
network. *is system uses a tunable narrow-band light
source based on a semiconductor optical amplifier as the
light source of the sensor network. *e spectral range of the
light source is between 1530 and 1610 nm, and the minimum
adjustable wavelength is 0.05 nm. An optical isolation unit is
set for it to suppress the influence on the light source.

2.2.TunableF-PFilter. *ere are two high-reflectionmirrors
in the F-P cavity, one of which is fixed and the other can be
moved under the action of external force, and a piezoelectric
ceramic is attached to the back of the mirror. Piezoelectric
ceramics can be deformed under different voltages, so that
the cavity length of the F-P cavity changes, and finally the
wavelength of the light wave passing through the F-P cavity
changes. When the wave peak of the light passing through
the FP cavity coincides with the reflection wave peak of the
sensor grating, the photoelectric detection device can detect
the maximum light intensity. At this time, the scanning
voltage value applied to the piezoelectric ceramic is the same
as the reflection wavelength value of the sensor grating. *is
design changes the cavity length of the F-P cavity by ap-
plying a triangular wave scanning voltage to the piezoelectric
ceramics and then changes the wavelength of the light
transmitted by the F-P cavity. *e F-P tunable filter is an
important component of the fiber grating sensor network,
and its measurement accuracy is directly related to the
measurement accuracy of the entire sensor network.

In this design, the FOTF-CLII F-P filter of Oriental
Spectroscopy Company is selected, the maximum scanning
rate is 300Hz, and the controllable wavelength range is
50–100 nm. *e triangular wave scanning voltage of the F-P
cavity is controlled by the optical switch controller, and the
pulse width modulation (PWM) signal conversion is com-
pleted through FPGA.

2.3. Processing Module. After FPGA completes the grating
channel selection and output, the F-P cavity is scanned after
the 300Hz triangular wave voltage signal is used, and the
data acquisition is completed when the PIN diode obtains
the maximum light intensity. *e signal acquisition and
processing are completed within one cycle of the triangular
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wave. After sampling the information of the sensor grating
of n channels, the data are stored and displayed until the
program is exited. *e program flow is shown in Figure 2.
*e n channel can simultaneously obtain the data of the FBG
sensor group at different positions on the n optical fibers.
*e data scanning capability depends on the FBG demod-
ulator and data acquisition card. As long as one set of test
data can be effectively transmitted, the n channels only have
certain requirements on the overall acquisition time of the
system and have no effect on the test accuracy and test area
settings.

3. FBG Network Data Fusion Algorithm

After the incident light enters the optical fiber, part of the
light is reflected and part of the light is refracted. *e light
that meets the Bragg condition will be reflected, and the light
that does not meet the condition will be projected [15]. *e
Bragg condition that must be met for reflected light is

λB � 2neffΛ, (1)

where λB is the central wavelength of the fiber grating sensor,
neff is the effective refractive index, and Λ is the grating
period.

When the external environment temperature or stress
changes, the effective refractive index changes accordingly,
and it causes the center wavelength to shift. When tem-
perature calibration is used, the wavelength shift corre-
sponding to the stress can be expressed as

ΔλB

λB

� 1 − Ρe( ε, (2)

where ΔλB is the offset of the center wavelength of the
emitted light, Pε is the effective elastic-optical coefficient, and
ε is the axial strain.

First, establish the coordinate system OD-XDYDZD and
OQ-XQYQZQ in the docking network. OD represents the

origin of the coordinate, XD represents the X axis in the D
coordinate system, YD represents the Y axis in the D co-
ordinate system, and ZD represents the Z axis in the D
coordinate system. From the measurement data of the fiber
grating sensor and the strain-displacement conversion re-
lationship, the position of the moving part in the coordinate
system OD-XDYDZD can be known, and the attitude ad-
justment reference is measured by the fiber grating mea-
surement system. *e point set of the point is QPAi in the
global coordinate system, and the point set under the
moving part is DPAi. *e singular value method is used to
solve the rotation matrix R and the translation matrix T, so
that the point set can be transferred from the mobile co-
ordinate system to the global coordinate system. *e two
coordinate systems can be registered:

DQP �
DQR DQT

0 1
 , (3)

where Q
DR ϵ R3×3 is the rotation matrix transformed from the

moving part coordinate system to the global coordinate
system and Q

DT ∈ T3×1 is the transformation from the
moving coordinate system to the translation matrix of the
global coordinate. *e posture can be defined as

ΔQ
PO �

Q
PO2 −

Q
PO1. (4)

After the point set is registered, the moving part can be
moved from the current pose Pv1 to the target pose Pv2. After
obtaining the pose parameters of the moving part, the
movement displacement matrix δ1 and the rotation dis-
placement matrix δ2 of the part in the global docking process
can be obtained. *e calibration can get the position of the
coordinate center of the movable platform in the global
coordinate system as the vector OPO1, and the position vector
after the docking is OPO2. *en, the global movement path is

ΔQ
PO �

Q
PO2 −

Q
PO1. (5)
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Figure 1: Distributed FBG network structure diagram of n channel.
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4. Experiment

4.1. Experimental Conditions. A three-dimensional strain
field surface based on the FBG sensor is established, and the
three-dimensional strain field detection network is applied
to the electrical distribution structure. *e process control
system is shown in Figure 3. *e system consists of the
surface to be tested, FBG sensor (SNE-26 type), fiber grating
demodulator (SA-II type, 1525–1565 nm, light source flat-
ness ≦ 2 dBm), etc. During the curved surface stress test, an
adjustable stress is used to load the test surface, the test range
is 0–100N, a set of data is recorded every 5.0N, and the
average of each set of data is collected 10 times.

As shown in Figure 3, the main test surface of the FBG
sensor is a convex surface with continuous and gradual
changes in the surface. *erefore, when testing the surface
strain field, the characteristic positions of the strain field are
mainly obtained at the center, left edge, and right edge of the
structure. Because the test surface has certain symmetry, the
strain field changes on both sides of the center can be ob-
tained to get the strain distribution trend of other edge
positions with the center point as the center. It can be seen
that there are three main test positions in the test process.
For the FBG sensor, the best sensitivity is its axial test ca-
pability. *erefore, using two perpendicularly crossing FBG
sensors at the same position can completely obtain the stress
field distribution at this location. It can be seen that the six
FBG sensors used in the whole test can fully obtain the
distribution characteristics of the strain field on the surface
to be tested. When there are less than 6, the characteristic
data are incomplete. When there are more than 6, although
more test data can be obtained, the final characterization
results are similar, which increases the complexity of the
system.

In order to solve the temperature and strain cross-
sensitivity of FBG sensors, this system adopts two sets of test
FBG sensors. *e temperature FBG sensor is used to cali-
brate the strain FBG sensor. First, fix the temperature FBG
sensor on the structure to be tested and calculate the FBG
wavelength offset after obtaining the real-time temperature
test data. *en, the wavelength offset is compensated for the

strain test FBG sensor. *e packaging structure of the
temperature FBG sensor adopts a steel cylinder. *e stable
structure makes it hardly affected by external stress, and the
temperature is transferred to the temperature FBG sensor
from the steel cylinder with good thermal conductivity.

4.2. FBGNetworking Test. In order to better express the test
effect, the FBG with six characteristic positions is used for
comparative analysis. *e change of microstrain (με) is
observed at different positions of the workpiece under
different pressures. FBG sensor reflection spectrum center
wavelength deviation ΔλB is proportional to the microstrain
(με) of the measured point. *e test result is shown in
Figure 4.

As can be seen from the test chart, when the pressure is
loaded at different positions, the corresponding echo re-
sponses have obvious differences. As shown in Figure 4(a),
the stress acts on the center position and the response of
FBG1 becomes linear with a slope of 0.715 pm/N. *e
analysis believes that the sticking position of FBG1 is near
the center point. *e change slope of FBG2–FBG6 is be-
tween 0.156 pm/N and 0.216 pm/N. As shown in Figure 4(b),
the stress acts on the left side of the structure to be tested.
FBG3 and FBG5 change in a positive direction, with an
average slope of 0.325 pm/N, while FBG2, FBG4, and FBG6
change in a negative direction, with an average slope of
−0.281 pm/N. It is found that, under the condition of ap-
plying force on the left side, one side of the structure is in a
compressed state and the other side is in a stretched state. As
shown in Figure 4(c), the stress acts on the right side of the
structure to be tested. FBG3 and FBG5 change in a negative
direction, with an average slope of −0.381 pm/N, while
FBG2, FBG4, and FBG6 change in a positive direction, with
an average slope of 0.348 pm/N. It can be seen that the FBG
network can well analyze the stress field distribution of the
structure to be tested.

4.3.Data FusionAnalysis. *e temperature data obtained by
the test and the stress field data are merged, and they are
unified to the surface change of the test structure to complete
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Figure 2: Flowchart of system process.
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Figure 4: Schematic diagram of fiber wavelength offset. *e pressure point is (a) in the middle, (b) on the left, and (c) on the right.
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the analysis of the degree of surface deviation. Take 4 points
in the test structure and distribute them evenly on the entire
surface, and then map the offset correction values of tem-
perature and strain to the position deviation. Using the test
data of the optical scanner as the standard value, the test
results are shown in Table 1.

It can be seen from Table 1 that the use of FBG can
analyze the three-dimensional position shift of the target
structure, but there is a certain error compared with the
optical scanning method. *rough data fusion of tem-
perature compensation and strain field test results, the
fusion correction effect can be obtained. *e maximum
error between the corrected test data and the optical
scanning test result is 9.98%, the minimum is 3.57%, and
the average is 6.85%. *rough data fusion, the test ac-
curacy has been improved. It can be seen that the FBG
sensor network proposed in this paper has a good de-
tection effect in the testing of three-dimensional complex
surface structures.

5. Conclusion

*is paper designs a multi-FBG sensor network, which
realizes the acquisition of structure state information
through FBGs at different positions in the three-dimensional
space. Under the condition of temperature calibration, the
three-dimensional stress field can be calculated. At the same
time, according to the calculation method in this paper, the
test data of multiple FBGs can also be used to calculate the
three-dimensional position offset of the structure. Finally,
the feasibility of the system is verified through experiments,
and the network has certain advantages in the condition
monitoring of three-dimensional structures.
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