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Abstract

This article presents the use of an inclined fiber sensor Bragg grid to control the extension of wires in overhead lines. An aspect of
the technological novelty of the project is the development of an innovative optoelectronic system for monitoring and diagnosing
the condition of building structures based on a combination of conventional Bragg gratings. The lighting power sensor is installed
directly on the controlled transmission of the power line in the form of fittings with a copper plate. A photosensitive multimode
optical fiber is attached to the copper plate, at the end of which an inclined fiber Bragg grating is fixed, connected to a multimode
optical fiber using a fiber-optic connector through an optical connector. An ultraviolet excimer laser and a light power detector are
connected to a fiber-optic connector. The study showed that by selecting the appropriate mechanical parameters of the extension
transformer, taking into account the optical parameters of the sensor, and using a special filter, the optical-mechanical system can
be configured in the required range to control the sagging of the overhead line wire. During measurements to simulate the
operation of a power line wire, the temperature was forced to vary in the range of 10-60°C. This led to the lengthening of the test
wire from 38.987 m to 49.275 m; the error was within 4%. The deflection range depends on the distance between the supports, the
type of wire, and its actual length in the span, which actually determines the deflection.
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1. Introduction

Currently, electricity is important for the functioning of large enterprises and urban agglomerations, as well as for
urban consumers living both in cities and in agricultural areas. In Zygarlicki and Mroczka [1] and Terzija and Stanojevic
[2], an analysis of how electric power companies are required to guarantee conventional power supply with regulatory
parameters is considered. The measurement of the extension of the power line cable is connected with the calculation of
sagging, which seems to be an unsafe parameter for the safe operation of a high-voltage power line. In Black and Chisholm
[3] and Lovrencic¢, et al. [4], commercially inexpensive deflection reduction technologies have been developed and studied.
In the article Conductor Working Group P738 [5] and CIGRE Working Group 22.12 [6], calculations of sagging wires
were considered in two stages; the first step was to establish the temperature of the wires using thermal models, weather
criteria, and current measurements, and the second stage was calculations of automatic sagging; voltage was studied based
on the technical parameters of the power line device [7]. In Wydra, et al. [8], a system was used to measure weather and
voltage, as well as establish video surveillance using a video camera. Using a system based on fiber Bragg gratings, they
can be used for automatic measurement of all kinds of quantities, such as deformation [9], circulation and twisting [10, 11],
bending [12], or curvature [13]. There are many concepts of signal polling using fiber converters with a Bragg lattice [14-
16]. In Crunelle, et al. [17] and Liu, et al. [18], controlled deformation was investigated using a filter grating, i.e.,
piezoelectric drives, until the Bragg wavelengths of both gratings overlapped. In Lloyd, et al. [19], several Bragg sensors
on the same fiber were used. The design enables you to set the wavelength of the light that the corresponding measuring
component reproduces. A position was created in the article [20] for estimating deflection using a pilot plant with gratings
that have an uneven period. it was suggested that that uniform Bragg gratings could be used as both elongation sensors and
optical filter structure. In measuring systems, the measured value naturally activates the shift of the main Bragg wavelength
of FBG sensors. In Ribeiro, et al. [21], a demodulation technique based on the matched filter method was investigated, in
which the requesting array has the same spectral shape as the sensor array. As a rule, such a design can be implemented in
the reflection or transmission mode. In Davis and Kersey [22] and Wade, et al. [23], an optical transmission design was
developed in which only one (touch) recreates the radiation, and the requesting grid is represented as a filter blocking this
radiation. As a result, when the centers of the gratings with Bragg wavelengths coincide, the minimum number of
emissions reaches the detector. When the wavelength of the sensitive matrix is shifted, the radiation reaching the detector
increases. In both variants, the so-called filter interaction means that the spectral characteristics of both lattices are similar
or at least have the same bandwidth [24]. In the works Fallon, et al. [25] and Zhang, et al. [26], chirped gratings were used,
where, in addition, the systems allow to increase the measurement spectrum and exclusively increase the rectilinear
characteristic of the transient process. In addition, there are systems in which the filtering subject has a significantly larger
spatial spectrum than the FBG sensor, and it is also likely to compose the spectrum of the radiation source itself [27]. The
article Garcéo, et al. [28] presents the use of a Bragg grid sensor with a polling system to control the extension of overhead
power line wires.

The purpose of this work is to create a system for measuring temperature and extending the cable of an overhead
power line, which allows measurements to be carried out with minimal energy consumption. The study used an inclined
fiber Bragg grating on the control board, which was characterized by a slight shift in the spectra with a clear coincidence.

2. Materials and Methods

Calculations of tension near the sag are made using only the horizontal component of the tension H; however, the
average value of the horizontal tension and the tension at the fulcrum F is naturally indicated (1). The right part of Equation
1 corresponds to a parabolic approximation of a continuous function.
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The total length of the wire can possibly be formulated as a function of D, as represented in Equation 2:
8D’
L=S+
3S )

Using Equation 2, we can write the formula for the relationship between conductor sag D versus span length and

conductor length L as shown below:
- [33(L-S)
8 ©)

The difference between the length of the conductor L and the length of the span is determined by the deflection of the
wire. Equation 3 shows that non-significant changes in sag lead to significant changes in conductor sag. As mentioned
above, the deflection of the wire depends in a key way on the overall length of the conductor L when the length of the span
remains constant. The temperature dependence of the length L of the conductor is naturally calculated using Equation 4:

L, =a,sLi(T, -T,))+ BL (o, — o)) @)
Where indices 1 and 2 are the initial and final states, respectively; L1, L2 is the wire length, T1, T2 is the wire

temperature; - coefficient of thermal elongation; c1, 62 is the voltage in the conductor; and B is the coefficient of elastic
elongation of the wire.
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The calculation of the temperature-stressed state of the span of the power line is made using Equation 5 and is solved using
repeated methods

s % S aq o
24p52 ' 24Bc? pt ! ©)

Where S is the span length; 61, 62 = H/A, stress in the wire; g = w/A, bulk density; A is the cross-sectional area of the
wire, and B = 1/y is the coefficient of elastic elongation of the wire. For VVG wire a = 16.2 x 10-6 1/K, y = 54,000 MPa, A
=200.7 mm2, w = 9.52 N/m, and g = 30.50 N/ (m mm2).

This paper presents a direct method for calculating the deflection D, made by measuring the elongation of the
conductor in one place with the support of the FBG sensor. If the horizontal stretch H and the thermal stretch of the
conductor stay the same throughout the span, measuring the nominal elongation of Al of a 10 cm long piece of wire gives
you the information you need to figure out the total length L of the wire, as shown in Equations 6-9. According to the
previous judgments, the comparative wire stretch Al may exist predetermined depending on the sensor range width, as
shown below.

Al = Copy * AFWHM - ©

£ =2 Com s pArwm,,

ref ref (7)

Where E is the elongation factor as a measured function of the full width half maximum; COPL1 is the experimentally
estimated coefficient of sensitivity of the elongation sensor; Iref is the reference distance between the installed sensor
clamps on the conductor; and Al is the extension of the wire segment enclosed by the sensing head and measured by the
FBG:

ref

L=L_(1+E) ®)
Assuming the above (Equation 8), the connection of the conductor sag D (Equation 3) gives us the following character:
o \/3S(Lref (1+E)-S)
8 (©)

According to Equations 3 and 8, it is shown that to calculate the sagging of the wire, it is sufficient to set the tension of
the conditioned section of the wire.

The research and the development of the system for measuring temperature and the length of an overhead power line’s
cable is described in this article. The system has to show how likely it is that changes in the optical parameter s of a sensor
with an inclined fibre Bragg grid on the control board will lead to changes in radiation power. The presented design appears
to be part of a single system that has been studied and that will determine both the lengthening and the temperature of the
power line. This will allow you to imagine the bending of wires that happens during operation in conditions of catastrophic
icing and overload of the power line. The use of both temperature and conductor elongation measurements ensures that the
acquired totals appear redundant.

Figure 1 shows a test bench used to measure the sag of a power line wire using a real power line.

Power line

Fbé sensor

Interrogation
sytem

Figure 1.
Experimental bench used to measure the sag of a power line wire using a real power line.

The scientific novelty of this system of temperature measurement and extension of the overhead power line cable
includes: fittings, inclined fiber Bragg grating on the control board, multimode optical fiber, optical coupling, ultraviolet
excimer laser, and fiber optic connector. The light power sensor is installed directly on the controlled transmission of the
power line in the form of fittings with a copper plate. A photosensitive multimode optical fiber is attached to the copper
plate, at the end of which an inclined fiber Bragg grating is fixed, connected to a multimode optical fiber using a fiber optic
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connector through an optical connector. An ultraviolet excimer laser and a light power detector are connected to a fiber-
optic connector.

The theoretical significance of the research provided is the applicability of the constructed system for predicting the
sagging of power transmission lines, which can be useful for technical support of power transmission and distribution lines,
reducing capacity with proper control, increasing the productivity of the electric network and the benefits of higher energy
efficiency, as well as for calculating investments in energy infrastructure and large-scale, scalable energy sources.

The research is useful because it led to the creation of a fiber-optic sensor with an inclined Bragg lattice that shows a
slight shift in the spectra. It was found that the transition property has a regular response associated with the central Bragg
peak and a nonlinear range with a saturation slope conjugated with side bands on the closer side. The research showed that
the opt mechanical state could be changed to fit the needed deviation observation range by shifting the advantage to the
mechanical parameters of the elongation convertor and the optical adjustment parameters. The difference in range depends
on the distance between the poles and the best length of the power line cable. The developed method makes it possible to
significantly improve the output parameters of the sensor and reduce the cost by simplifying the setup and testing process.
All this indicates a deep study of the theoretical and practical aspects of this study.

The temperature measurement and wire extension system are mounted on a copper or aluminum cable of electric
transmission line 1, which consists of two fittings. There are grooves 3 in the fittings, in which a copper plate 4 with a
certain length is stuck. The copper plate 4 has a hole 5 in which epoxy resin 6 is poured. An inclined fiber Bragg grating 7
is attached to the copper plate 4 with epoxy resin, which is recorded on a multimode optical fiber 8. An optical sleeve 9 is
attached to the multimode optical fiber to provide free tension and extension of the measuring system. Light from the
ultraviolet excimer laser 10 enters the fiber optic connector 11, then enters the light power detector 12, where the
temperature and cable elongation are measured.
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Figure 2.
Overhead power line temperature measurement and cable extension system.

Figure 2 illustrates a system for measuring the temperature of an overhead power line and cable extension.

3. Results

The lattice planes are subject to thermal and mechanical disturbances. Since glass is subject to thermal and mechanical
influences, so are the gratings recorded on it. When the external action changes, the phase-matching condition changes,
which leads to a rearrangement of the reflection wavelength. Thus, by tracking the wavelength at which the Bragg
reflection occurs, one can obtain the magnitude of the external disturbance. This functionality fulfills the purpose of fiber
optic sensors: to have a structure on the fiber core that provides an absolute reading mechanism. The resonant wavelength
Asc depends on the temperature of the fiber and on the mechanical tensile or compressive stresses applied to it. This
circumstance underlies the use of FBGs as sensitive elements of sensors of physical, chemical, and other quantities. The
FBG resonance is found by looking at the central wavelength of the radiation that is reflected back from the Bragg grating
(BG). This wavelength is affected by the core’s effective refractive index (ERI) and the grating period. Mechanical and
thermal changes will have an impact on EPP as well as the periodic distance between the lattice planes. These influences
are, in turn, the basis for the use of fiber Bragg gratings for voltage and temperature measurements. Using the first-order
Bragg condition, we obtain the shift of the resonant wavelength due to mechanical and thermal changes:

on on
Agg = 2(/\—*“” + Neft 6—A]AI + 2( M negr B—AJAT

ol ol (10)

The first term in Equation 10 describes the effect of tensile strain on an optical fiber. It is responsible for changing the
space between the BG planes and for the mechano-optical change in the refractive index (RI). This term can be written as
follows:

n2
eff
Adgs = Agsl- 2 (plz _V(pll + plZ)) &,
(11)
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The second term in Equation 11 describes the effect of temperature on the optical fiber. When the temperature
changes, two things happen that cause the Bragg condition to change: first, thermal expansion changes the distance
between the grating planes; and second, the ERI changes, which causes the light wave’s optical path to change. The second
factor is the main contributor to the shift of the Bragg wavelength. This fragmentary contribution to the resonant
wavelength shift can be written as:

Adgs = ﬂ’BG(aA +a, )AT

From where you can easily get the temperature sensitivity of our grating:
A
—=c :’IBG(O‘A +an)
AT (13)

Where aA is the thermal expansion coefficient, on is the thermo-optical coefficient.

Typical values of these parameters for an optical fiber: aA = 0,55-10-6for fused silica, on = 8,6-10-6 for an optical
fiber doped with germanium.

Let us consider the effect of temperature on the spectral characteristics of a fiber Bragg grating. Equation 12 describes
the impact of temperature on the optical fiber.

To accomplish this task, a setup was assembled that shows the effect of temperature in various ranges on the spectral
characteristics of fiber Bragg gratings.

The error of the temperature measuring device does not exceed + 0.5 °C at temperatures in the range of 18°C to 135°C.
Also, this bench can carry out tests at low temperatures. This can be done with liquid nitrogen and a heating element. A
resistive heating plate heats the grates. The size of the heating surface is 47cmx19 cm. an autotransformer provides
temperature control. Environmental conditions:

e  Operating temperature: from +5 to +40 °C;
e Storage temperature: from -5 to +40 °C;
e  Humidity max 70% relative humidity.

The study was carried out on three Bragg gratings, which differ from each other in ABG.

On the basis of the obtained measurements, the spectral characteristics were constructed, and the values of the Bragg
wavelength for each temperature value were obtained. Based on this, a plot of the Bragg wavelength was obtained from the
temperature. An analysis of the diagrams shows that the value of the Bragg wavelength increases with increasing
temperature, as evidenced by the measurement results in Table 1.

(12)

Table 1.
Bragg wavelengths as a function of a given temperature.
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Figure 3 illustrates an experimental bench for temperature measurement and extension of an overhead power line
cable.

N
Figure 3.
Experimental stand for temperature measurement and cable extension of an overhead power line. SLED: super
luminescent light-emitting diode; PD: photodetector.
Note: PD- Power delivery, SLED- LED spectral illumination, FBG filter- Fiber-optic sensor filter, FBG sensor
arm- Fiber Optic sensor arm, TFBG- Fiber-optic sensor with inclined Bragg grating.
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Figure 4 illustrates the outdoor test bench.

Aluminum electric

transmission line Optical coupling :

cable Light power
detector

Fiber-optic Bragg
sensor with inclined
grating

Figure 4.
Outdoor test bench.

Figure 5 shows the spectral characteristics of tilted Bragg gratings.
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Figure 5.

Spectral characteristics of tilted Bragg gratings.

Figure 6 shows the spectral response obtained using an optical spectrum analyzer and the system’s transient response,
allowing you to understand the significance of the voltage of the photodetector produces. The ranges shown in Figure 7
were measured using OSA with the appropriate transient response acquired using a photodetector.
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Figure 6.

Spectral characteristics measured through an optical spectrum analyzer.
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Figures 7 and 8 show the characteristics obtained using experimental measurements. The nature of changes in the
optical range is similar, but there are differences in the spectral characteristics of the sensor and filter. Therefore, the
processing characteristics are different. A particularly significant problem here is the fairly small spectrum of voltage
changes at the photodetector. In the case of the systems used, the normalized significance of the voltage varies in the range

0f 0.52-1.93 V.
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Figure 7.

Normal voltage as a function of wavelength.
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Normal stress versus stress.
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Figure 9.
The results of determining the amount of sag of the power line depending on the voltage
measured by the photodetector for the power line.
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Figure 10.
Results of determining the amount of sag of a power line depending on various voltages.

Figures 9 and 10 demonstrate that the voltage change detected by the photodetector increases noticeably in the case of
straight spans of power transmission lines, independent of the spacing between the poles in the span. Working with a 50m
galvanic current wire caused a change in the voltage that the photodetector measured after passing through the system.
During the measurements, the temperature of the power line cable was in the range of 10-60 °C. This led to the extension of
the test cable from 38.987 m to 49.275 m, the error was within 4%. It should be added that the deviation was measured
using a fiber-optic sensor with an inclined grid. This sensor is sensitive to electromagnetic interference, and its use in
measuring the condition of power lines can lead to incorrect results. It seems that at higher temperatures, which activate the
impressive quality of sagging, the error can increase even by more than 8% or 10%.

4. Conclusions

In this study, which included a certain application of a fiber-optic sensor in the electric power industry, the result was
an increase in the performance of electricity transmission and an increase in reliability. The results presented in this article
may be the conclusion of the difficulty of mental and effective management of the power system. The constructed design
for simulating the sagging of power transmission lines recommended in this article can be useful for the maintenance of
power transmission and distribution lines, reducing capacity with appropriate control, increasing the productivity of the
electric network, and achieving higher energy efficiency, as well as for calculating investments in energy infrastructure and
large-scale energy sources. That part of the experiment used a fiber-optic sensor with an inclined Bragg lattice, which
shows a small shift in the spectra. It was found that the transient property has a rectilinear characteristic associated with the
main Bragg peak and a nonlinear spectrum covering the saturation slope associated with side bands on the narrower side.
The study showed that by giving preference to the mechanical parameters of the elongation converter and the optical
adjustment parameters, the optical-mechanical state can be adapted to the required range of deviation observation. The
range of the difference depends on the distance between the poles and the appropriate length of the power line cable.
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