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Abstract

Underground utility tunnels (UUTs), facilities where utilities such as electricity, gas, and telecommunication are concentrated, constitute
important infrastructures that help humans with their daily lives. Therefore, it is of utmost importance to protect UUTs from disasters. Power
cable accidents in UUT internal facilities mostly occur at the joints of power cables. This paper proposes a temperature sensor module
for detecting fires (a disaster that can occur in UUTs) that may occur at the “cable joints” of cables used in a power distribution grid.
Long-distance transmission is possible without interference from electromagnetic waves as the proposed temperature sensor module is based
on a fiber optic sensor. Therefore, it is suitable for application in narrow and long UUTs. When light from a broadband light source is sent
to the fiber Bragg grating (FBG), signals with different wavelengths according to the temperature are reflected. The optical filter module
divides the reflected signal into four wavelengths and demodulates it simultaneously. The signal demodulated through self-referencing had an
almost linear characteristic. The adjusted R-squared value, indicating the degree of linearity, was >0.99744, and the temperature resolution
of the analysis module was 1 °C. We placed the proposed FBG on an energized cable joint of the power distribution grid and measured the

temperature. Herein, we present the configuration of the sensor module and the measured results.
© 2022 The Authors. Published by Elsevier B. V. on behalf of The Korean Institute of Communications and Information Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Essential services such as power, telecommunications, wa-
ter, and gas are transported and supplied using underground
utility tunnels (UUTs) in densely populated areas such as
a city. A UUT is an important infrastructure since various
utilities and services that are necessary for the sustenance of
life are installed and managed in it.

In 2018, a fire occurred in an ancillary facility rather than
in the pipelines of an telecommunications cable tunnel in
Seoul, South Korea. Wired and wireless telephones were out of
service, and security and medical facilities and telecommuni-
cations services, such as cards and automated teller machines
(ATMs), were blocked. The lost portion of the telecommunica-
tion cable, which was originally 150 m in length, was 79 m in
length. This incident resulted in the loss of millions of dollars,
and the uncounted losses are estimated to be even greater.
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Moreover, UUTs are often installed in areas where industrial
facilities are clustered. In this case, the loss cost due to the
disaster or accident will increase exponentially.

Generally, two or more different types of cables or pipelines
are accommodated in one UUT. Therefore, when a disaster
(accident) occurs in one of them, it can spread to others nearby.
For example, if power and telecommunication cables are close
to each other and an explosion or fire occurs in the power
cable, there is a high probability that an accident will also
occur in the telecommunication cable.

The Korean government recognized the need for upgrading
the UUT management system, and in 2020, four ministries
initiated the “Digital Twin-Based Underground Public Tunnel
Fire and Disaster Management Integrated Platform Technology
Development” project [1].

Several sensors are used to monitor the status of accommo-
dated facilities in the UUT. For example, optical and acoustic
sensors are used to monitor gas and water pipes [2,3], while
partial discharge and temperature sensors are used to monitor
power cables [4-6]. The Korea fire safety standard document,
KFS 1252 (fire safety standards for a UUT), presents the
history of fires in UUTs that have occurred in Korea since
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1993. According to this document, for the telecommunication
sector, the possibility of fire is higher in the ancillary facilities
than in the telecommunication cable itself. For water pipes, it
is possible to identify if there is an abnormality through the
specific vibration or sound generated in the pipe by patrol.
However, in the case of power cables, checking whether there
is an abnormality by patrolling is difficult.

Herein, we propose a sensor for diagnosing the anomalies
of power cables. Power cables are typically several kilome-
ters or longer, making it difficult to monitor them entirely.
Nakamura [5] reported that the cable joint, which is the
junction of different power cables, is where most accidents in
a power cable occur. Moreover, we need to monitor the cable
joint without interrupting the power. In this case, the avail-
able diagnostic methods are partial discharge or temperature
measurement. Electromagnetic waves can affect and distort
the signals of thermocouples, which are commonly used as
temperature sensors. UUTs can be narrow and long, requiring
signals to be transmitted several kilometers in the same space
as power cables that emit strong electromagnetic waves.

Fiber optic sensors can measure from a far distance without
electromagnetic interference [7]. FBG is a quasi-distributed
fiber optic sensor that can inscribe a Bragg grating at the
required location on the fiber. This is advantageous when
manufacturing the sensor according to the irregular position
of the cable joint.

However, FBG sensors require demodulation and expensive
instruments. For example, the purchase cost of the optical
spectrum analyzer (OSA) is over 10,000 dollars, and Ibsen’s
interrogator for FBG costs 3500 euros. However, experts at
Electric Power suggested that we did not require high preci-
sion; hence, we focused on reducing the production cost. A
used filter costs <25 dollars. In addition, it is a passive device
whose breakdowns are fewer than those of an active device.
This is expected to be advantageous for the field application
of the optical sensor.

Herein, we propose a sensor module that simultaneously
demodulates the wavelengths of four different FBGs by com-
bining optical filters. In addition, we present the measurement
results of the temperature change of the cable joint of the
manhole, which is a structure similar to that of a UUT, using
the proposed sensor module.

2. System setup and specification

2.1. Optical component

An FBG is a component in which a refractive index change
is periodically applied inside an optical fiber, such as a grat-
ing [8]. According to the spacing of the grating, a specific
wavelength signal is reflected, and the other signals are trans-
mitted. The reflected wavelength is shifted based on the tem-
perature or strain applied to the FBG. To demodulate an FBG,
various techniques have been studied; these include the use
of wavelength analysis equipment such as OSA, a filter with
different transmittances depending on the wavelength such as
LTF, a tunable filter or laser, an interferometer, or a photo-
detector array [8—14]. LTF is used to tune the intensity of a
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Fig. 1. Schematic of the proposed module. WDM is wavelength division
multiplexing.

reflected FBG signal by wavelength. Tunable filters or lasers
convert wavelengths into the time domain. For example, if
sweeping is performed for 10 s with the same speed in the
range of 1550-1560 nm, the wavelength value confirmed at
5 s will be 1555 nm.

The proposed module measures the amount of light that is
changed by the temperature or strain. However, the amount of
light can also be changed through external stimulation applied
to the optical fiber. To overcome this, a structure in which the
FBG signal is divided by the reference signal was applied [14].
Fig. 1 shows a schematic illustration of the proposed module.

One of the diagnostic methods for assessing power cables
is checking whether there is a temperature difference of >10°
between each phase of the cable. This varies from country to
country and is the standard used in Korea. Therefore, it is
necessary to install a temperature sensor for each phase and
compare the temperature for each phase. To demodulate mul-
tiple sensors, we combined three types of WDM filters, each
corresponding to a different wavelength band. The filter passes
for the different wavelength bands are 1540-1560 (WDM filter
A), 1560-1580 (WDM filter B), and 1550-1570 nm (WDM
filter C). A filter pass is a passive component in the form of a
steel tube and consists of three ports: com, pass, and reflection.
All wavelength properties are shown in Fig. 2. The optical sig-
nal was divided into four wavelength bands by passing through
the combined WDM filter. Subsequently, it was divided into
sensor and reference signals at an 8:2 ratio. The sensor signal
passed through a linear transmitter filter (LTF). The temper-
ature was measured by analyzing the change in the amount
of light passing through the LTF. The optical characteristics
of the LTF transmitted linearly within the ranges of 1541-
1548, 1551-1558, 1561-1568, and 1571-1578 nm. The LTFs
are attached to the end of the angled physical contact (APC)
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Table 1
Specifications of the WDM filter.
Parameter WDM filter A WDM filter B WDM filter C
Pass channel wavelength range 1550 £ .75 1570 £ .75 1545 £ 2
Reflect channel wavelength range 1260-1537.5 & 1260-1557.5 &
1562.5-1620 1582.5-1620
. Pass channel 0.40 50.45 0.42
Insertion loss (dB) g flect channel 033 70.25 80.21
. Pass channel 36 34 49
Isolation (dB) Reflect channel 20 20 19
Pass channel 0.04 0.04 0.04
PDL (dB) Reflect channel 0.05 0.04 0.06
Return loss (dB) 51 49 55

Fiber type

SMF-28e with a
900 um loose tube
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Fig. 2. Filtered wavelength by the WDM filter combination. Ch. 1: WDM
A (pass) & WDM C (reflect), Ch. 2: WDM A (pass) & WDM C (pass),
Ch. 3: WDM A (reflect) & WDM B (pass) & WDM C (pass), Ch. 4: WDM
A (reflect) & WDM B (pass), & WDM C (reflect).

ferrule and assembled with the photo-detector (PD). Table 1
lists the specification of WDM filters.

Fig. 2 shows the wavelengths of optical filters. We mea-
sured wavelengths using an OSA. The wavelength band pass-
ing through WDM filter A was 1540-1560 nm. The wave-
length bands were divided into 1540-1550 and 1550-1560
by applying WDM filter C to the primary filtered signal. The
outputs of channels 1 and 2 shown in Fig. 2 show the results.
In a similar process, the wavelength bands of 1560-1570 and
1570-1580 nm were separated.

628

—=— Ch. 1 Ref.
—o— Ch. 1 LTF
—4— Ch. 2 Ref.
—v— Ch.2LTF
—¢— Ch. 3 Ref.
—<—Ch.3LTF
~—»— Ch. 4 Ref.
—*— Ch. 4 LTF

Current (HA)

T y
1550 1560 1570 1580

Wavelength (nm)

T
1540

Fig. 3. Spectra of the wavelength dividled by WDM filters and the LTF.
LTF: Linear transmittance filter output; Ref: reference output.

Table 2

Parameters of linear regression analysis.
Channel Ch. 1 Ch. 2 Ch. 3 Ch. 4
Slope —0.51011 —0.46228 —0.34812 —0.38648
Intercept 789.31986 720.10967 545.67669 609.50736
R-square 0.99864 0.99955 0.99862 0.99756
Adj. R-square 0.99857 0.99953 0.99855 0.99744

A graph is presented in Fig. 3 to confirm the final charac-
teristics when the optical signal reflected from the FBG passes
through the combined optical filter.

As the spectrum of a laser is similar to the reflected wave-
length of the FBG, the wavelength of the laser was changed
in units of 0.1 nm to confirm the output characteristics. A
tunable laser source, current source meter, and laptop related
to a general-purpose interface bus (GPIB) cable were used. A
tunable laser source was connected to port 2 of the circulator
and was swept at 0.1 nm intervals and 50 uW in the range
of 1540 to 1580 nm. The laser signal was similar to the
FBG reflection. We controlled the laser and measured the
output using the LabVIEW program. During optical module
manufacturing, some distortions occurred in the output due to
splicing, bending loss, and filter bonding. (See Table 2.)
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Fig. 4. Final output and linear fitting of four channels.

According to the study conducted by Y. Sano [15], a part
of the linear output of array waveguide grating (AWG) could
be used as LTF. Similarly, at each channel, approximately
2-3 nm among 10 nm is linear. In Fig. 4, only 2 nm is
used. Fig. 4 shows the output to divide the LTF signal by the
reference signal in the linear range, which is same with data
presented in Fig. 3. For each channel, we applied the linear
regression analysis on the final output. According to the linear
regression analysis of Ch. 4, the R-squared and adjusted R-
squared are 0.99756 and 0.99744, respectively. R-squared is
an indicator of how close it is to linearity. The adjusted R-
squared was used since the R-squared continuously increases
as the number of variables increases. The worst value of R-
squared was 0.99744, which can be almost linear. This means
that the output of the optical filter module responded linearly
to the FBG of four channels.

The light source was pOA, which is a small-sized com-
mercial Erbium-doped fiber amplifier (EDFA) with an output
power of 5 dBm and wavelength range of 1523-1563 nm.
Channels 3 and 4 were out of the wavelength range of the light
source, but the specifications were based on a 3-dB bandwidth.
The optical power was sufficient for practical use.

The center wavelengths of the FBG sensors are 1544, 1554,
1564, and 1574 nm, while the reflectivity and 3-dB band width
are 90% and ~0.25 nm, respectively.

2.2. Module housing

The final output of the optical component is the current of
the PD. In this process, an optical signal is converted into an
electrical signal. It is necessary to convert this into a tempera-
ture value such that the user can use it. The conversion process
was performed using an electrical circuit and microprocessor.

Fig. 5 shows the manufactured module. The optical filter
module is located at the bottom, and an electronic circuit for
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Fig. 6. Output at room temperature.

PD, light source, and a 1 x 4 optical switch are above it.
The 1 x 4 optical switch was prepared for the case where
there are many measurement points. In this experiment, only
one channel was used. The presence or absence of a switch
has no effect. If multiple measurements are required, we can
use up to sixteen FBGs. A Raspberry Pi was placed on the
optical components and electric circuit. The optical signal
was converted into an electric signal by the electrical circuit,
consisting of several resistors, capacitors, and integrated circuit
(IC) chips. A 16-bit analog-to-digital converter (ADC) was
used for the PD. The Raspberry Pi was used for sensor data
acquisition, the temperature conversion of the output of the
optical filter module, and communication. The temperature
resolution can be finer, but it was set to 1 °C, based on the
requirements of the user. Fig. 6 illustrates the measurement
results of channel 1 at room temperature. Measurements were
made indoors without any significant temperature change.
FBGs were attached to the hot plate and covered with
a plastic lid to minimize external temperature disturbances.
There was no temperature change, but the output was fluctuat-
ing. The distortion of the sensor output was due to fluctuations
in the light source power and disturbances in the optical fiber.
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By LTF signal divided by the reference signal, the distortion
caused by the light source and optical fiber was compensated.
In Fig. 6, the final optical signal is almost stable compared to
those of PD 1 and PD 2 based on the output of channel 1.

Fig. 7 shows the measurement results of temperature
variation.

The test was performed at room temperature (approxi-
mately 24 °C). There was no temperature change during the
first 2 min. The hot plate temperature was set to 80 °C for
approximately 9 min, in which it took about 4 min to reach
80 °C. Channel 4 was noisier than the other channels because
the output of the wavelength band emitted from the light
source was low. After the temperature of the hot plate reached
80 °C, a temperature change was observed in the form of
a sawtooth, without the sawtooth being allowed to become
flat by controlling the hot plate temperature. A temperature
chamber was used for system temperature calibration.

In UUT, almost power cables consist of three cables with
a phase difference of 120°, indicating that it is enough to
measure the temperature of all cables with Ch 1, 2, and 3.
Channel 4, which is relatively noisy, can be used as a spare.

The manufactured device was designed to be waterproof;
therefore, it was difficult for the internal heat to escape to the
outside. The internal temperature was expected to gradually
increase because of the closed-system conditions. The system
was placed in a temperature chamber and heated up to 90 °C to
confirm the operation simulation at high temperatures, during
which the file-copy process was performed to apply a load
to the microprocessor. No issues were observed at 80 °C,
but rebooting sometimes occurred at 90 °C. The internal
temperature rarely increased to 80 °C unless there was a fire.
Thus, the device is expected to operate without any problems,
even during the hot summer season.
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Fig. 8. On-site device installation. a. On-site manhole, b. power module and
sensing device, and c. FBG on a power cable joint.

2.3. On-site temperature monitoring

To confirm the reliability of the equipment, A field test was
performed on the manhole of an underground distribution grid,
which was a worse condition than the UUT. Fig. 8 shows the
installation of the proposed system in an actual manhole.

Fig. 8 illustrates the installation of the proposed system
in an actual manhole. Manholes are often filled with water
because of the presence of various electrical parts; thus, wa-
terproofing was essential. The target manhole was filled with
water near the entrance, as shown in Fig. 8a. In Fig. 8b,
the left and right enclosures contain a switching mode power
supply (SMPS) and the proposed module, respectively. There-
fore, power was not supplied inside the manhole. When cur-
rent flowed through the power cable, a magnetic field was
generated, and power was supplied using the power current
transformer (CT), which is a device that converts electromag-
netic waves into electrical power. The measured data were
transmitted to power line communication. If used in the UUT,
the proposed module could be in the facility room or control
room; therefore, the supply power through the SMPS or power
line communication (PLC) was not required. In this study, the
installation location was selected based on the harshness of
the environment. Therefore, a power supply or communication
network was required. Consequently, we employed an SMPS
and a PLC. We installed an FBG on the power cable surface,
as shown in Fig. 8c. However, most field workers are not
familiar with FBG sensors. Therefore, the optical fiber had
to be durable to prevent damage to the optical fiber sensor
due to user negligence. An ’armored cable’ was also used for
additional protection of the FBG. Inside the cable, a metal
spring structure surrounds the optical fiber. The shape of
the manhole varies depending on the cable arrangement and
environment, and the manhole where the system is installed
has an L-shape. Since there was no power terminal in the
manhole, a device for self-generation was installed for the
experiment.

Fig. 9 shows the measured temperature of the cable surface
from 0:00 to 23:00. The resistance component of the power
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Fig. 9. Temperature of the on-site power cable.

cable is constant unless an accident occurred. Therefore, the
amount of heat generated was proportional to the amount of
current flowing. The measurement was conducted on August
11, 2019. The maximum and minimum temperatures outside
the manhole were 33.9 and 26.4 °C, respectively. However,
the manhole is located at a depth of approximately 2-3 m
underground; thus, the temperature is considerably lower in
summer. The manhole where the system is installed was in a
residential area, not in a company or factory area. Before the
test, we checked if the local cables were operating normally.
Therefore, the temperature of the cable is proportional to the
amount of power used. According to the measurement results,
power consumption continued to decrease from 12 am to 6
am, and then increased significantly throughout the day. After
19:00 h, the power consumption gradually decreased again.
This is similar to the lifestyle of citizens.

The range of the measured temperature change was not
large, but the measurable temperature range of the proposed
system was from —10 °C to 100 °C, which was sufficient to
detect an accident or explosion inside the cable.

3. Conclusion

The temperature of the power cable is a critical monitoring
factor in the management of UUTs. It provides information to
determine whether the increase is due to the current load or
an accident.

This study proposed a sensor module that can monitor
the temperature of the power cable joint using a fiber optic
sensor. The advantage of using fiber optic sensors is that they
are not affected by electromagnetic interference. We built a
sensor module consisting of an FBG sensor, a WDM filter, an
electronic circuit, and a microprocessor. We could reduce the
cost by using a WDM filter to convert the FBG sensor signal
to temperature.

The proposed sensor module provides sufficient linearity
for field application and can transmit the optical signals far
without additional network configurations or power supplies.
Therefore, the proposed sensor is expected to be effectively
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used for temperature monitoring of power distribution grids,
especially in long and narrow infrastructures, such as UUTs.

For future work, we plan to apply it to the UUT where there
are many cable joints and test it by increasing the number of
sensing channels of the proposed module.
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