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DEVELOPMENT OF A MODEL
OF A FIBER-OPTIC MONITORING SYSTEM

Currently, due to the increased demand for electricity, all components
of the energy supply system play an important role in the industry of
the Republic of Kazakhstan. This article discusses the main solutions
for monitoring the technical condition of a power cable. One of the
most accurate integrity monitoring solutions is a fiber-optic monitoring
system based on a reflectometer. The purpose of this work is to develop
a model of an OTDR-based fiber-optic system. The initial data for the
simulation was set, and the main physical parameters were determined.
Mathematical expressions were formalized for the main events, namely
vibration, stretching, bending, overheating, joint defects, shock effects
and mechanical damage. In order to achieve the reliability of the results,
white Gaussian noise and speckle noise were additionally introduced.
During the implementation, several methods for filtering the optical signal
were considered and compared. Among all the proposed methods, the
Wavelet method and the method based on the decomposition of a function
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into a Fourier series with further integration are the most effective. As
a result, it was revealed that stretching, heating, and compression of the
optical fiber are insignificant events. In turn, the developed program allows
you to scale the signal to study phenomena in order to increase sensitivity.

Keywords: mathematical model, fiber-optic sensor, OTDR, monitoring
system, power cable.

Introduction

At present, due to the growth of electricity consumption and the increased
demand of consumers of the first category, monitoring the integrity and condition of
power systems is becoming the most important, due to the need to provide reliable
measurements for effective decision-making [1]. Relay protection currently plays an
important role in preventing the spread of damage by localizing it [2]. However, the
provision of high-precision monitoring of the state of objects to predict their failure
and timely warning of possible intentional damage increases the cost of the solution
several times [3]. One of the main areas is fiber-optic systems for monitoring the
technical condition, both point for the installations themselves and distributed, most
often used for power cables [4]. It is worth noting that power cables are not only prone
to damage, but also to vandalism [5]. Moreover, damage to this element of power
supply, thus disconnecting important components of the power system. Therefore, to
ensure that the integrity of the power cable is maintained, it is necessary to build an
optical fiber solution that allows you to determine the exact location of the impact.
For example, [6] offers a non-volatile monitoring system that monitors the state of
the power cable by partial discharges in the connections. The method is based on the
developed algorithm for simplified phase-resolved analysis of partial discharges, which
differs from the traditional one in the absence of a network phase synchronization
sensor. This approach provides low power consumption and simplified hardware
implementation. However, due to the decrease in the complexity of the system, there
is a decrease in accuracy in comparison with PRPD systems. Another method with
greater sensitivity and noise reduction is the use of the Mach-Zender interferometer
and the slime mold algorithm combined with the signal decomposition method [7].
The advantages of this approach are increased immunity to noise and high accuracy of
isolation of frequency components. The disadvantages are the need to set parameters
in advance, namely the number of modes and the penalty coefficient.

In turn, the most popular methods are based on the use of reflectometers. For
example, [8] proposes a method for observing partial discharges using a coherent
optical time domain reflectometer (COTDR). In order to implement it, a hardware
improvement of the scheme was proposed using a two-stage approach. The main
advantages are a long monitoring range, distributed control along the entire length
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of the optical cable, and a reduction in false alarms. The disadvantages are the high
cost and complexity of the system, the large amount of data and sensitivity to external
vibrations. Another approach involves the use of a phase-sensitive reflectometer
(P-OTDR) [9]. The system has been improved in hardware by adding a Polarization
Compensation Module (PCM) to improve measurement stability. The advantages of
the method are high localization accuracy, continuous monitoring, increased stability
and reliability of measurements. The main disadvantages are the high complexity
and cost of the solution, the need for accurate installation and calibration. Another
example is the solution [10], which is a passive optical network (PON) monitoring
technology. The method is based on the application of a unique identification frequency
generated by a piezoelectric transducer at the end of the branch. This solution features
fast identification, no need to install new fiber, and reduced inter-branch interference.
Despite this, the proposed method is expensive, as well as the presence of a limited
number of unique frequencies.

In general, the use of phase-sensitive reflectometer techniques is an expensive
solution. At the same time, not all technologies allow you to determine the nature of
impacts. Currently, the presence of artificial intelligence makes it possible to eliminate
noise in the signal, as well as classify, reconstruct and make a decision. Among these
are [11], which uses a convolutional neural network (CNN) to improve the accuracy of
measurement and error correction, the solution from [12] uses CNN to classify events.

Moreover, in order to develop practical solutions, it is necessary to develop
a fundamental model based on the main analytical tools.

Materials and methods

The main goal of the study is to develop a model of a fiber-optic system to
determine the impact of various events on the signal in order to further classify
them. Therefore, it is necessary to specify the initial data, namely the characteristics
of the optical cable (Table 1)

Table 1 — Initial data for the design of the system

Parameter Significance
Wavelength 850 nm
Core Radius 4.5 pm
Refractive Index of Core 1.45
Refractive Index of Shell 1.445
Optical Cable Length 6000 m
Laser Power 5 mW
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Next, you need to define the basic expressions to model the signal to be measured:

E(x, y)=exp —(LJ ;

off

F=alx+ 7 )

W, =0.65-a

core

where 7 is the radius of the cross-section; WEFF is the effective radius of the
mode field, a,, is the radius of the core.
Then, given the expression for the light wave in the optical cable [x]:

P(z):PO—az+iR[é'(z—zi)—iLjH(z—z[)+n(z) (2)

where P, is the laser power, a is the attenuation coefficient, z is the
longitudinal length of the optical cable, R is the reflecting events, N is the number
of events, L, is the reflecting events, N, is the number of connectors, d(z-zi) is the
Dirac function, H(z-zi) is a Heaviside function.

It is possible to determine what losses will be in the optical cable.

In the future, mathematical expressions are used to simulate events:

— for reflection from the connector

P (2)=CF 3)
where P, is the power at the input to the connector, {is the refractive ratio
coefficient;
— for vibration

V(z)=1+4, sin(27r f, “%j 4)

where A4 is the amplitude of vibration oscillations, L is the length of the
section, f is the frequency of vibrations
— for stretching

L
W= pw,

Es(x,y>=exp{—[§) } )
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where w’ is the effective radius of the mode field in tension, p is the tensile
coefficient;
— for bending

Weﬂ '

(6)

E.(x,y)=exp _(—\/(X_AXWJ

Ax=0.6a

core

— for overheating

T(z)=T, +ATsin[2—7L[Z],

n(T)=ny,+ o, AT,

a, =107, (7)
z, =z(1+yAT),

y=5-10",

where o is the thermo-optical coefficient, y is the coefficient of thermal
expansion;
— for poor adhesion
P(z[)=0.6P(z)),
e ®)
P(z)=P(z))e (R
where P(z;r) is the power after the jump, P( Zz_) is the power before the
jump, £ is the attenuation coefficient;
— for a strong impact

2
I'=0.5Iexp —[ A J 9)
a

° core
5

where [ is the intensity of the optical signal;
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— for chipping

2
C=exp|-| ——| |,
1.5a,,, (10)

"=I(1-0.6C),

where [ is the intensity of the optical signal.

In this way, various events can be simulated based on the above expressions
and source data.

Results and discussion

As a result of the simulation, it is possible to track the behavior of the light
wave to create a practical solution using artificial intelligence, both to determine the
physical parameters of the impact and to classify phenomena. Moreover, additive
white Gaussian noise and speckle noise [x+1] were used to generate noise. Figure
1 shows a three-dimensional image of an optical fiber with an intensity display.

Figure 1 — Three-dimensional image of optical signal propagation
The presence of noise in the signal is indicated by slight oscillations, which

can be seen in Figure 2. At the same time, strong impacts can be seen on the
three-dimensional representation of the signal.
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Figure 2 — Transverse intensity graph relative to z and y

The effects on the optical cable are often pronounced, however, it is worth
noting that a stronger reflection occurs when bending or breaking.

Figure 3 — Transverse intensity in x and y
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By analyzing a mathematical model, a clear classification can only be
achieved if the signal is filtered accurately, since even a slight noise can be
superimposed on a minor event, preventing the prediction of a possible failure. For
example, Figure 4 shows a reflectogram with a number of different physical events.

-100

-120 1 L I 1 1
o} 1 2 3 4 5

Z (km)

Figure 4 — A reflectogram with events

Moreover, the most common are connectors, represented as mufta, and
alternating every 500 m, imitating an optical cable with a length of 500 m.
Other events, namely overheating, stretching, vibration, are almost impossible
to determine. On the other hand, the inflection event is distinguished relative to
the connectors, but in order to determine accurately, it is necessary to introduce
a flexible and sensitive mathematical apparatus with a combined setting, namely
manual and automatic, which allows you to first be determined by an operator
or a specialist.
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Using standard methods of signal denoising, it is possible to clearly distinguish
the boundaries between events and thus increase the sensitivity of the system and
the accuracy of both measurement and classification (Figure 5).

Figure 5 — Comparison of the main types of filtration

Compared to the original method, the median method reduces the impact of
significant events and connectors. Also, the combined and Kalman filters smooth
the signal too much, leading to the loss of useful information. The Savitsky-Golay
and Local Regression (LOWESS) filters highlight the connector but smooth out the
other events too much, making it impossible to accurately identify events. Therefore,
the optimal solution is to use the Fourier and Wavelet decomposition methods.

Conclusions

Within the framework of this work, the main solutions for monitoring the
technical condition of a power cable based on an optical time domain reflectometer
were considered. A model based on mathematical expressions was developed to
further analyze existing events before implementing the solution in practice. In
turn, the analysis of the results showed that the most pronounced changes in the
signal are observed in mechanical damage and defects in the connections, while
weak effects (vibration, slight stretching and temperature change) require the use
of intelligent filtering and spectral analysis methods for their proper isolation.
A comparison of signal processing methods has shown that the most effective
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approaches are those based on Fourier transform and waves, which provide an
optimal balance between noise suppression and preservation of information
components.

Thus, the proposed model can become the basis for the development of
intelligent monitoring systems for fiber-optic communication lines and power
cables, which can increase diagnostic accuracy, improve event positioning and
reduce the likelihood of false alarms. A promising area for further research is the
integration of the developed model with machine learning methods for automatic
classification and prediction of the state of the cable infrastructure in real time.
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TAJIBIK-ONTUKAJIBIK MOHUTOPUHI
JKYWUECIHIH MOJIEJITH 931PJIEY

Kasipei yaxeimma snekmp sHepeusacbina CypaHblCmbvly apmybiia
OAILIAHBICMbL SHEPSUAMEH HCADOLIKMAY HCYUECIHIY 6apIblK KOMIOHEHmmepi
Kazaxcman Pecnybnuxacuvlibiy 6HepKociOiHOe MaHbi30bl Pl amKaApaobl.
byn makanaoa xyam xabeniniy mexHuxanvik sHcaz0atibiH OAKbLIAYObIH
Hezizel wewimoepi Kapacmuipuliadsl. Tymacmeikmol 0aKbiiayobly ey 0o
wewimoepiniy Oipi—peghiekmomempee He2iz0en2eH MAIUbIKINbI-ONMUKATbIK
oaxwLiay scytieci. Byn occymvicmuiy maxcamoi—OTDR Hezizinde manublkmoi-
ONMUKATILIK HCYUeHTH MoOeiH dcacay. Modenvoey yulin bacmankpi Oepekmep
bepindi, Hezizel usuxanvix napamempiep aHblKmanosl. Heeizei okueanapea
APHAT2aH MAMEMAMUKAIbIK, 6PHeKmep pacimoendi, aman aumxanoa Oipin,
CO3bLIY, UINY, KbI3bIN Kemy, KOCLLIbIC aKaylapbl, COKKbl ocepaepi dcone
MexaHukanwlk saxkbimoanyiap. Homuoicenepoiy Oypbicmbiabiia KO JCemKizy
Makcamwinoa Kocvimuwia ak Iayce wiyvl, dak—uy eneizindi. Icke acvipy
OapbICLIHOA ONMUKATLIK CUSHANObL CY3VO0TH OipHeue 90ici KapacmvipblLiobl
JHCOHE CaNbICMbIPBLIObL. ¥ CHIHbLI2AHOAPObIY [UiHOe ey MUIMOICI-MONKbIH
o0ici Jcone Gynkyuanvl odan opi unmezpayusiaymer Pypve Kamapvina
vlObIpamyaa HezizoenzeH adic. Homuoicecinoe onmuxanvlk, manublKmsiy
CO3bLIYbL, KbI3Ybl, KLICHLLYbL A3 9Cep eMemin OKU2anap eKeHi aHblkmanobl. O3
Ke3e2iHOe, a3iplleHzeH bazoapiama ce3iMmanobIKmbl apmmulpy MAKCAMvbIHOA
KYObLIblcmapobl 3epmmey YU CUSHAIObL Macmaomayaa MyMKIiHOIK Oepeoi.

Kinmmi co3dep: mamemamuxansix Mooenb, ManublKmbl-OnNMUKaIbIK
oamuux, OTDR, monumopune scytieci, Kyumix kabenb.
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PA3PABOTKA MOJIEJIM BOJIOKOHHO-ONITHYECKOM
CUCTEMbBI MOHUTOPHUHT A

B nacmosawee epemsa 6 c643u ¢ NOGLIWEHHBIM CNPOCOM HA
INIEKMPOIHEP2UIO, BCE KOMNOHEHMbL CUCIEMbI IHEPSOCHADICEHUS USPAIOM
8adCHYI0 poab 6 npomvluiienHocmu Pecnyonuxu Kazaxcman. B 0anuoti
cmamve paccmampuearomes OCHOGHbIE peulenuss N0 MOHUMOPUH2Y
MEXHUUECK020 COCMOANUA CUN08020 Kabens. OOHUM U3 CAMbIX MOYHbIX
pewenuli no KOHMpOouo YeroCMHOCHU ABNAENCA 60NOKOHHO-ONMUYECKAs
cucmema MOHUMOpUHea Ha ochose peghnexmomempa. Llenvio dannou
pabomul Aenaemcsa pazpabomrka mMooeau 80J10KOHHO-ONMUUECKOU
cucmemvl Ha ochose OTDR. Boinu 3a0anvl ucxoouvie 0anuvie 0Jis
MOOeNUPoBanuUs, onpeoeyeHbl 0CHOGHbIE uauiecKue napamempul.
Boinu popmanusosanvr mamemamuyeckue 8blpaNCeHUst Onsl OCHOBHbIX
cobvimuil, a UMenHO 8ubpayuu, pacmsadicenus, nepezuba, nepezpesa,
Oepexkmog coedunenull, yOApHvIX 8030eUCMBUL U MeXAHUYECKUX
nospexcoenull. B yensx oocmudsicenus 00cmogepHocmu pe3yiomamos
ObLIU OONOTHUMENLHO 88€0eHbl Deblll 2ayCccosblll UWYyM, CHeKa-uym. B
X00e peanuzayuy OblAU PACCMOMPEHbL U CPAGHEHbL HECKOILKO CNocobog
ons unempayuu onmuyeckoeo cuenana. Cpeou ecex npeonoHceHHbIX
Haubonee 3¢ppexmusHbiMU A6TAIOMCA MemoO Betignem u memoo Ha 0cHose
paznoxcenuss pynkyuu 6 psio Dypve ¢ OanbHemum UHMeSpUpOBaHUeM.
B pesynomame 0vino gviasneno, 4umo pacmsasjcenue, Hazpes, cycamue
ONMU4eCcK020 6010KHA ABNAIOMCA CLAOOIHAYUMBIMU cOObIMUAMU. B c6010
ouepedsb pazpadboOmanHas npocpamma no3eoJisem Macumadbuposams
CUHAN OIS UCCTIEO0BAHUSA ABTIEHULL 8 YEAX NOBIUEHUS 4Y8CTNBUMENLHOCTIU.

Kniouesvie cnosa: mamemamuueckas mooens, 8010KOHHO-ONMUYECKULL
oamuux, OTDR, cucmema MoHumoputea, cuiosot kabemo.
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