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ABSTRACT Optical fiber composite low voltage cable (OPLC) is an optimized way of carrying out the
function of supplying electrical power and communication signals in a single cable. In this paper, the
temperature and stress distribution in OPLC cable is analyzed by using the finite element method as the
current increases to maximum capacity. The increase of temperature and stress are the two main factors that
affect the additional attenuation in optical fiber. This additional attenuation can be reduced by selecting the
optimal heat resistant layer for the optical unit that limits the increase of temperature and stress at the optical
fiber. The analysis is carried out for three different kinds of materials by using the finite element method FEM
and among them, thermoplastic elastomer TPE is chosen as a heat resistant layer as it restricts the temperature
and stress at rated current of 92 A to the minimum values of 69◦C and 7.90 × 107 N/m2 respectively. The
OPLC cable with TPE as a heat resistant material for the optical unit is put in the experimental setup to
analyze the temperature and stress increase inside the cable in real-time using the BOTDA analyzer at normal
and under overload condition and compared with the simulation results to verify the correct selection of
optimal heat resistant layer for optical unit.

INDEX TERMS Attenuation, current density, finite element simulation, multi-field coupling model, stress
distribution, thermal field.

I. INTRODUCTION
Two-way communication between the grid and the user is the
main aspect of the smart grid distribution system. This two-
way communication can elegantly and optimally perform
by optical fiber composite low voltage (OPLC) cable [1].
OPLC cable is a way to control the load from the electric-
ity generating stations and means to carry out the demand
side management to reduce the peak hours of the load by
reducing the risk of blackouts [2]. In OPLC cable, the opti-
cal unit is stranded together with the conductors, serving
both functions of transmitting power and communication
in a single cable [3], [4]. The OPLC cable is used in the
distribution networks having a low power rating of 1 kV.
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OPLC is constructed on an idea of power fiber to the home
(PFTTH) [5]. This cable can integrate the electrical distribu-
tion networks with a communication network to connect the
smart grid with smart meters [6]. In China, after the success-
ful implementation of optical fiber-composite PVC insulated
drop wire (OPDV) and optical fiber ground wire (OPGW) by
State Grid Corporation of China, dominant support is gained
by OPLC from the government to be mounted in distribution
networks [7], [8]. A lot of work has been done in analyz-
ing the electrostatic and magnetic field in submarine cables
having the optical fiber serving as a sensor for monitoring
the temperature distribution inside the cable [9]. Dmitriev
did the electrical and thermal analysis of optical ground wire
cables by using the finite element method by integrating
the coupled equations [10]. Guoda did the electrothermal
analysis of low and medium voltage cables using the finite
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element method [11]. Yuqing did the condition monitoring
of OPLC cable by using the optical fiber temperature mon-
itoring technology [1]. In previous researches, the work that
had been carried out by most of the researchers is related to
the electric field analysis, thermal analysis, magnetic field
analysis, structural optimization by considering the thermal
field and condition monitoring [12]–[14]. The simulation
study was conducted by Wang on the optical fiber to relate
the increase of stress due to increase of temperature in bare
optical fiber [15] but the study was not enough because of
an absence of experimental setup also the simulation study
includes only the bare fiber. The study of selection of heat
resistant layer for the optical unit of OPLC cable by analyzing
the increase of temperature and stress is conducted for the
first time in this paper along with the simulation and exper-
iment results. Before going into the manufacturing phase it
is the need of the hour to analyze the possible factors that
can affect the performance of the OPLC cable, so in this
paper, the temperature and stress distribution in OPLC cable
is being analyzed. The structure of OPLC cable is simulated
in COMSOL by using the finite element method. As the
current flow in the conductors, the heat is generated due to
the resistive property of conductor that causes the increase
of temperature in the cable. The temperature rise due to the
current flowing in the cable results in the expansion of lay-
ers due to their thermal expansion coefficient that generates
the stress in the cable [16]. The internal stress generated in
the OPLC cable can cause the deformation of optical fiber
structure that results in attenuation [17], [18]. In the normal
operating condition, the current flow in the cable caused
the temperature of the conductor to increase and due to the
different thermal coefficients of insulation layers, the heat is
transferred towards the outer layers by creating a thermal field
within the cable. The stress is generated due to the increase
in temperature that forces the insulation layers to expand at
different temperatures and create stress in the cable [19].

In this paper, the structure of OPLC cable and materials
in the insulation of OPLC cable are explained. The ther-
mal field distribution and thermal stress in normal operating
conditions and overload conditions simulation by using the
coupled equations in COMSOL for the selection of the most
suitable heat resistant layer that can restrict the increase of
temperature and stress to the minimum level. The selected
heat resistant layer is used in the sample of the cable for the
experiment. The experimental platform is set up to analyze
the increase in temperature and stress in the cable by using the
Brillouin optical time-domain analysis as the current flows
in the conductors and the experimental results are compared
with the simulated results.

II. PROBLEM DESCRIPTION
The OPLC cable is designed to use for carrying out the
functions of transmitting electricity as well as the communi-
cation signal. The cable consists of different insulation layers,
as the temperature at the conductor rises, the heat transfers
to the outer layers causing the rise in the temperature at

the optical unit that is stranded along the conductors. The
increase in temperature causes the insulation layers to expand
by generating stress within the cable. This increase in tem-
perature and stress is the reason to increase the attenuation
in optical fiber [18]. The block diagram of the generation of
temperature and stress in a cable is shown in Fig. 1. In the
block diagram two prominent factors, temperature, and stress
are shown that contribute to the attenuation of communication
signals.

FIGURE 1. The system diagram of OPLC cable comprises temperature and
stress being prominent factors in influencing the attenuation loss.

The objective of the research is to minimize the attenuation
in the optical fiber signal occurs due to the increase of temper-
ature and stress. To attain the goal, these two factors, temper-
ature and stress have to be restricted to their minimum value.
One of the problems in the OPLC project is the appropriate
choice of heat resistant material that can limit the temperature
and stress to the minimum value so that the attenuation in the
fiber can be minimized. The other problem is to accurately
analyze the increase in temperature and stress in the cable at
the rated current of OPLC cable.

The first problem of choosing the material for the heat
resistant layer is solved in this paper by using the cou-
pled equations model by applying the finite element method
using the COMSOL Multiphysics software. Three different
types of materials are analyzed for the increase in temper-
ature at the optical fiber as the temperature of the conduc-
tor becomes 90◦C. The material that allows the minimum
increase in temperature and stress at the optical fiber is chosen
as the heat resistant layer. The second problem, to analyze
the accurate increase in the stress and temperature in the
cable is solved by putting the cable in the experiment setup.
In the experiment setup, the temperature and stress inside
the cable are analyzed by using the Brillouin optical time-
domain analysis (BOTDA) technique. The experiment results
are compared with the simulation results obtained by using
the coupled equations in COMSOL Multiphysics software.

III. STRUCTURE AND MATERIALS OF OPLC
OPLC cable consists of an electrical power transmitting
conductor stranded together with the optical unit. There
are different structures of OPLC cables consisting of the
3-phase cable and 1-phase cable [20]. OPLC-WDZ-YJY-0.6/
1kV-3x10+GQ-2B6a is a single-phase cable having phase,
neutral, and earth wire along with the optical unit that com-
prises the optical fiber. Each conductor has an area of 10 mm2
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and the insulation of cross-linked polyethylene XLPE having
a thickness of 0.7 mm. The outer insulation layer of the OPLC
cable is polyethylene (PE) having a thickness of 1.8 mm. The
insulation materials used in the optical unit are heat resis-
tant layer, for heat resistant layer three materials polyethy-
lene PE, cross-linked polyethylene XLPE, and thermoplastic
elastomer TPE are taken under consideration. The modeling
of the cable is shown in section 4. OPLC-WDZ-YJY-0.6/
1kV-3x10+GQ-2B6a is shown in Fig. 2.

FIGURE 2. The structure and materials of OPLC cable.

The properties of materials used in the cable include ther-
mal conductivity ‘‘k’’, density ‘‘ρ’’, thermal coefficient ‘‘α’’,
and specific heat capacity ‘‘CP’’, given in TABLE 1.

TABLE 1. Properties of materials.

IV. MATHEMATICAL AND FEM MODELLING
OPLC cable is modeled in COMSOL Multiphysics to ana-
lyze the temperature and stress increase as the AC flows
in the cable [21]. Previously ELEFANT 2D software was
used to analyze the temperature distribution in cable [22].
In COMSOL, the study includes the heat transfer with the
magnetic field to make the AC flow in the cable and calculate
the temperature field distribution [23]. Solid mechanics is
included in the simulation study to simulate the thermal stress
developed between the layers of the cable. In a magnetic
field, the AC flows through the axis of the cable. Maxwell’s
equations for the frequency domain are used to find the
solution for magnetic fields [24]. The magnetic field density
produced the current and the relationship is given by ampere’s
law as in (1).

∇ × H = J (1)

Here H is the magnetic field density and J is the current
density.Maxwell’s Ampere law gives the relationship of elec-
tric field intensity with the current density. This relationship

is further used in the study of the magnetic field in COMSOL
to generate the electric field in the conductor to get the current
density given in (2).

J = σ (E + v× B)+ Je (2)

Here σ is the electric conductivity, E is the electric field
intensity, v is the velocity of conductor and B is the magnetic
flux density. Je is termed as the externally applied current
density. In the simulation model, electromagnetic waves are
used to generate the current. As the dielectric hysteresis and
magnetic losses are neglected that leaves only the resistive
losses Qrh to generate the heat in the conductor due to elec-
tromagnetic losses as in (3) [26].

Qrh =
|J |2

2σ
=

Re(J · E∗)
2

(3)

The first law of thermodynamics is used in the simulation
to calculate the heat transfer in solids that include resistive
losses due to electromagnetic waves. The equation for current
density is coupled with the production of heat due to resis-
tive losses. The heat equation is expressed in temperature T
instead of internal energy U as in (4).

σCP

(
∂T
∂t
+ (u · ∇)T

)
= −(∇ · q)+ τ : ε

−
T
ρ

∂ρ

∂T

∣∣∣∣
p

(
∂p
∂t
+ (u · ∇)p

)
+Q

(4)

Here Cp is the specific heat capacity J/kg · K, T is the
temperature in kelvin K, ρ is the density kg/m3, u is the
velocity vector m/s, q is the heat flux by conduction W/m2,
τ is the viscous stress tensor Pa, p is the pressure N/m2,
ε is the strain-rate tensor 1/s, used as the structural mechanics
is included in the simulation to calculate the stress in the
cable. As the mass is always been conserved so the density
and velocity are related as in (5).

∂ρ

∂t
+∇ · (ρv) = 0 (5)

Fourier’s law of heat conduction states the conductive
heat flux is proportional to the gradient of temperature as
in (6) [25], [26].

q = −k
∂T
∂x

(6)

Here k is the thermal conductivity (W/m · K). Inserting
the above equations in the heat equation, the equation gets
simplified as (7).

ρCP
∂T
∂t
+ ρCPu · ∇T = ∇ · (k∇T )+ Q (7)

Here the heat due to electromagnetic resistive losses Qrh is
given as in (8).

Qrh = −∇ · (k∇T ) (8)

The temperature rise caused the deformation of the struc-
ture of the cable due to the thermal expansion coefficient of
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different insulation materials. The expansion caused stress
between the insulating layers. This stress is calculated by
including the study of solid mechanics. The interface of solid
mechanics defines the deformation of solid objects in the
physical space called a spatial frame. When the solid object
distorts due to internal thermal stress, every particle keeps its
reference coordinates X , while the spatial coordinates ‘x’ of
the material change with time as (9).

x = X + u(X , t) (9)

Here u is the displacement vector that points from the ref-
erence to the current position, determined the spatial position.
The gradient of the displacement is computed in terms of
material coordinates as (10).

∇u =


∂u
∂X

∂u
∂Y

∂u
∂Z

∂v
∂X

∂v
∂Y

∂v
∂Z

∂w
∂X

∂w
∂Y

∂w
∂Z

 (10)

Here, u, v, and w are the global Cartesian components of
displacement vector in the spatial frame, and X , Y, and Z
are the material coordinate variables. The strain tensor ε is
calculated by using the displacement gradient as (11).

ε =
1
2
(∇uT +∇u) (11)

The system model used in COMSOL, integrating the
heat transfer with the structural mechanics model is shown
in Fig. 3. The system model shows the interconnection of
equations and their influence.

FIGURE 3. Coupled equations for applying FEM in COMSOL.

The model is built in AutoCAD software and geometry is
exported in COMSOL. The material properties of the cable
are added. The study of a magnetic field is integrated with the
study of heat transfer in solids to get the temperature increase
in the cable. The boundary condition of the simulation is the
outside environment temperature that is taken at 20◦C. The
mesh is applied to the cable structure and is shown in Fig. 4.

FIGURE 4. The meshing of OPLC cable for applying FEM in COMSOL.

A. ANALYSIS OF TEMPERATURE FIELD DISTRIBUTION
USING FEM
The first material is chosen to be polyethylene PE. PE has
been one of the top choices in the insulation materials for
cables having a thermal conductivity of 0.480 W/m · K. The
temperature of the conductor begins to increase as the AC
flows in the conductor causing the heat to flow towards the
outer insulation layer. At the maximum temperature of 90◦C
for normal operating conditions for cross-linked polyethylene
XLPE insulated conductors, the temperature of the optical
unit is increased to 72◦C. The overload current is termed as
the current that makes the temperature of the conductor rise
to 10% of its maximum limit of 90◦C that is 99◦C. At 99◦C,
the temperature of the optical fiber becomes 78.06◦C.

The second material is chosen to be cross-linked polyethy-
lene XLPE. It is the popular insulation material for the cables
having a low thermal conductivity of 0.285 W/m·K. The
low thermal conductivity allows it to restrict the temperature
increase across the insulation layer. As the temperature of the
conductor becomes 90 ◦C due to the heat transfer, the tem-
perature of the optical unit is increased up to 71.27◦C. Under
an overload condition, the temperature of the optical fiber
becomes 77.81◦C.
The third material is thermoplastic elastomer TPE having

a low thermal conductivity of 0.180 W/m · K, makes it one
of the competent candidates for the heat resistant layer. The
flow of AC causes the temperature of the conductor to rise
to 90 ◦C and as the heat is transferred the temperature of
the optical unit increased to 70◦C that is shown in Fig. 5.
Thermoplastic elastomer restricts the increase in temperature
at optical fiber better than the PE and XLPE. At an overload
condition that is 99◦C, the temperature of the optical fiber
becomes 76.5◦C.
The optical unit is placed away from the center of the cable

to minimize the increase of temperature as the temperature in
the center of the cable is relatively higher than the side of one
conductor because in the center heat is transmitted from both
conductors. The temperature is further decreased to 2◦C at
the optical fiber as TPE is used as a heat resistant layer for
optical unit. The temperature distribution in the OPLC cable
by using PE, XLPE, and TPE at different parts of the cable
are shown in Table 2.
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FIGURE 5. Temperature field distribution by using TPE as a heat resistant
layer.

TABLE 2. Temperature distribution in OPLC cable.

It is evident from the above simulations that TPE restricts
the increase of temperature at the optical fiber comparatively
better than PE and XLPE. The temperature increase can be
restricted more by using the optimization algorithms that
include the constraints of increasing or decreasing the layer
width but at the current stage of the project, the study is
conducted on the selection of heat resistant layer that can
limit the increase of temperature and stress. We have fixed
the width of the heat resistant layer and placed the optical
fiber away from the conductors because the temperature at
the conductors is at its highest value that can cause more
temperature increase if the optical unit is placed in the center
of the cable near to the conductors. If the width of the heat
resistant layer is increased, the temperature might decrease
a little but this will cause an increase of stress as there will
be more expansion of insulation layers due to the thermal
expansion coefficient of material and increase of stress at the
fiber will contribute in attenuating the signal in optical fiber.

B. ANALYSIS OF STRESS FIELD DISTRIBUTION USING FEM
The temperature distribution in three materials PE, XLPE,
and TPE show the minimum temperature increase in TPE
that makes it the best option for the heat resistant layer.
TPE has the lowest thermal conductivity of 0.180 W/m · K
that restricts the temperature increase inside the optical unit
and has the highest poisons ratio of 0.48 and Young’s mod-
ulus of 2.9 × 109 N/m2 that makes it incompressible. The
TPE compresses relatively less than the other two materials
and exerts less external pressure inside the optical unit. The
temperature rise causes stress to be generated in the cable.
In the conducted study the stresses due to the manufactur-
ing process along with the stress due to the magnetic field

generated by flow of current in conductors are not considered.
The stress due to magnetic field is neglected because of
the presence of polypropylene that restricts the stress due to
magnetic field to move towards the optical unit of optical
fiber. This leaves us with thermal stress. This thermal stress
is calculated by adding the study of structural mechanics
in the simulation. In structural mechanics, the strain tensor
is calculated as the materials expand due to the thermal
expansion coefficient. The strain tensor and initial stress are
used to calculate the stress in the cable by using the finite
element method. This thermal stress forces the optical fiber
layers to be deformed [27]. The stress is simulated in above
mentioned three materials. At the maximum point of normal
operating condition, PE having poisons ratio of 0.46 and
Young’s modulus of 8 × 108 N/m2, produced the stress of
8.48 × 107 N/m2, XLPE having poisons ratio of 0.42 and
Young’s modulus of 7 × 108 N/m2, produced the stress of
8.22 × 107 N/m2 and TPE, having the highest poisons ratio
of 0.48, produced the stress of 8.07× 107 N/m2. This makes
the TPE is our best choice for heat resistant layer that can
not only restricts the temperature increase but also produced
the minimum stress at the optical fiber. The stress produced
by three materials in normal and overload conditions is given
in Fig. 6.

FIGURE 6. Stress is generated at optical fiber by TPE, XLPE, and PE as a
heat resistant layer.

The temperature and stress on the optical fiber rise
to 70 ◦C and 8.07 × 107 N/m2 respectively as the current
of 92 A flows in the conductor of OPLC cable. The increase
in temperature results in the thermal expansion of insulation
layers that causes stress. These two prominent factors con-
tribute to deforming the structure of optical fiber resulting in
the attenuation in the optical signal. The attenuation becomes
worse in the short circuit faults [28]. After computing the
simulation for analyzing the stress, we can see the stress
distribution in a cable as shown in Fig. 7.

In COMSOL, structural mechanics is added that links the
heat transfer module with the solid mechanics. In this way,
simulation is carried out that calculates the amount of stress
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FIGURE 7. Stress distribution in OPLC cable by using TPE as a heat
resistant layer.

generated in the cable as the heat flow in the conductors. The
dark blue areas that are away from the conductors show the
low stress and the light areas show the high-stress concen-
tration at the optical fiber in the cable. One side that is close
to the conductors shows more stress due to the expansion of
layers in the cable.

The above simulation results make the TPE the most suit-
able choice for the heat resistant layer for the optical unit of
OPLC cable. The TPE is used as the heat resistant layer in
the manufacturing of OPLC cable and the cable is put in the
experiment platform to analyze the increase of temperature
and stress in real-time at normal operating conditions and
under overload conditions. The experimental analysis for the
increase of temperature and stress at different current levels
are given in section V.

V. EXPERIMENTAL ANALYSIS
The optical unit in the cable is used to measure the strain
inside the cable. The increase in strain is analyzed by using
Brillouin optical time-domain analysis (BOTDA). BOTDA
technology is a measurement technique that indicates the
increase of temperature and strain along with the optical fiber.
In the BOTDA sensing technique, the pump and probe light
is injected from the starting and ending points of optical
fiber respectively. The disturbance due to temperature and
strain makes the frequency difference between pump and
probe light, this difference equals the frequency shift. The
frequency shift νB has a linear relationship with the change
of strain and the change of temperature in the optical fiber.
This linear relationship is being used by BOTDA to calculate
the change of temperature and strain along with the fiber. The
change in strain, temperature and Brillouin frequency shift of
the fiber can be expressed as (12).

vB = Cε1ε + CT1T + vB0 (12)

Here, νB is the frequency shift as ε is the axial strain,
νB0 is the reference frequency shift without the change in
strain, Cε is the coefficient of strain, CT is the coefficient
of temperature, 1ε, and 1T is the change in strain and
temperature, respectively. The strain ε is put in (13) to get the
stress σ at the optical fiber. Here E is the young’s modulus of
optical fiber.

σ = E · ε (13)

In Section IV, simulation is done by using three different
materials for the heat resistant layer. Thermoplastic elastomer

TPE turns out to be the best among them. Based on the
simulation results TPE is used in the manufacturing of the
real cable sample and the sample of OPLC cable is put in the
experiment setup to analyze the increase of temperature and
strain in real-time as the current flows in the cable. To accu-
rately measure the increase of strain in cable, a BOTDA
analyzer is used. BOTDA analyzer records the frequency shift
that increases due to the increase of temperature and strain.
The frequency shift along with the increase of temperature
measured by temperature sensors inserted in the cable is
put in (12). Two experiments are conducted in Section V
to analyze the coefficient of temperature CT and coefficient
of strain Cε. These coefficients vary slightly for different
kinds of optical fiber. To measure the accurate value of strain
in OPLC cable the value of temperature coefficient CT and
strain coefficient Cε are put in (12) along with the increase
of frequency shift recorded in the experiment of analyzing
temperature and strain in OPLC cable by using BOTDA.

A. ANALYSIS OF TEMPERATURE AND STRAIN
COEFFICIENT
The temperature influence coefficient CT is different for
each fiber. The linear relationship is developed between the
frequency shift and the change of temperature by analyzing
the frequency shift as the temperature of the optical fiber
is changed. The optical fiber of 100m length is put in the
temperature controller. The two ends of optical fiber are
connected to the BOTDA analyzer. The pump and probe
light is injected to both ends respectively. The temperature
of the controller is set to 20 ◦C and the optical fiber is put
in the controller. The temperature of the controller is then
increased with the step size of 10 ◦C and the Brillouin fiber
time-domain analysis was repeatedly carried out up to 70 ◦C.
The frequency shift obtained at different temperature levels
is then put in (12) to get the temperature coefficient CT . The
experiment setup is shown in Fig. 8.

The Brillouin frequency shift increases as the strain in
the fiber increase making the linear relationship between
the frequency shift and the applied strain. To get this linear
relation, the strain is produced in the single-mode fiber and
frequency shift is recorded at the same time by using BOTDA.
To produce the strain in optical fiber, one end of the fiber
is attached to the fixed end and the other end is attached to
the movable end. Both ends of the optical fiber are connected
to the BOTDA. The optical fiber is attached in a strain-free
state. The reference frequency shift is recorded in a strain-free
state of optical fiber. The controlled displacement is given
to the high-precision displacement platform of 0.01 mm and
at the same time the BOTDA recorded the frequency shift.
The BOTDA analyzer recorded the data up to 0.05 mm dis-
placement given by high-precision displacement platform to
produce the strain in the optical fiber. The frequency shift and
increase in strain is put in (12) to get the value of coefficient of
strain as 0.052 MHz/µε. The experimental platform is shown
in Fig. 9.
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FIGURE 8. Experimental platform for calibration of temperature
coefficient.

FIGURE 9. Experimental platform for calibration of strain coefficient.

B. ANALYSIS OF TEMPERATURE AND STRAIN
IN OPLC CABLE
In the experimental setup, the temperature and stress in the
OPLC cable are analyzed by injecting the current to flow in
conductors. The flow of current resulted in the increase of
temperature that is being measured by temperature sensors
inserted in the OPLC cable and an increase of thermal stress
is measured by calculating the strain by BOTDA analyzer.
The OPLC cable used in the experimental setup has TPE as a
heat resistant layer. In OPLC cable there are two single-mode
fibers (SMF), SMF-1 is connected to the BOTDA analyzer
and SMF-2 is connected to the light source and power energy
meter to ensure the continuity of optical signal during the
current flow. Optical fiber splicer is used to connect the
optical fiber with the connector having a loss of 0.01 dB,
the two ends of the SMF-2 is connected with the Thorlabs
S155C connector having the capacity to transmit 20 mW
of power from the light source to the power energy meter.
One end of SMF-1 is connected to the probe end of BOTDA
and the other end is connected to the pump end of BOTDA.
The current is produced in the cable by the magnetic field
generated by the high current generator that is controlled by
the variable transformer. The OPLC cable passed through the
core of the current generating transformer that generates the
magnetic field resulting in the generation of current in the
cable. The variable transformer is used to control the current
generated in the OPLC cable. The variable transformer is
connected with the primary winding of the current generator
that controls the value of current. The cable is cut open and
temperature sensors are placed inside at different points of

cable and after placing the temperature sensors the cable is
put into the original closed state. The temperature sensors
are placed at different points inside the cable to measure the
temperature of the conductors and optical fiber as the current
flows inside the cable. The data acquisition module is used
for the computer interface to save the temperature data in
real-time. The variable transformer is used to regulate the
current at different levels and kept the same level of current
for 2 hours until the temperature inside the cable became
constant. As the temperature becomes stable inside the cable
BOTDA records the frequency shift. The experiment platform
is shown in Fig. 10.

FIGURE 10. Experimental platform for analyzing the increase in
temperature and strain in OPLC cable.

VI. RESULTS AND DISCUSSION
A. RESULTS
1) ANALYSIS OF TEMPERATURE COEFFICIENT
For single-mode fiber, the BOTDA analyzer recorded the
frequency shift at temperature starting from 20◦C to 70◦C
with a step size of 10◦C. The recorded frequency shift with
temperatures is fitted in MATLAB curve fitting that gave
the value of temperature coefficient of 1.089 MHz/◦C. The
obtained value of the temperature coefficient is in a good
range with the Brillouin temperature coefficient delivered
by most manufacturers. The results of the frequency shift
are recorded by BOTDA analysis and put in (12) to get the
temperature coefficient CT . The results indicate the linear
relationship of frequency shift with the increase in tempera-
ture. The results are shown in Table 3, with MATLAB fitting
curve in Fig. 11.

TABLE 3. Frequency shift for temperature levels at the optical fiber.

217386 VOLUME 8, 2020



A. Ashfaq et al.: Comprehensive Analysis of Temperature and Stress Distribution in OPLC Using Finite Element Method

FIGURE 11. MATLAB fitting curve to get temperature coefficient.

2) ANALYSIS OF STRAIN COEFFICIENT
The frequency shift recorded by using Brillouin optical time-
domain analysis is given in Table 4. The coefficient of strain
is calculated by (12) as 0.052 MHz/µε by the MATLAB
fitting curve. The calculation is done by taking the change of
temperature as 0◦C as there is no temperature change as the
strain is generated in the single-mode optical fiber. The value
of temperature and strain coefficients are used in (12) to get
an increase in temperature and strain in OPLC cable as the
current flow in the conductors is normal and under overload
conditions.

TABLE 4. Frequency shift for strain levels at the optical fiber.

The MATLAB fitting curve between the frequency shift
and strain µε is shown in Fig. 12.

3) ANALYSIS OF TEMPERATURE AND STRAIN IN OPLC
CABLE
The experiment started with no current in the cable and the
BOTDA analyzer recorded the initial frequency shift having
initial temperature and initial strain that is used as the ref-
erence value. The current of 20 A is injected in the cable
for 2 hours to stabilize the temperature increase within the
cable. As the temperature in the cable becomes stable the
BOTDA analyzer again measures the frequency shift for the
temperature and strain measurement. The process is repeated
with the step size of 20 A current until the temperature of
the conductor reached up to the overload condition of 99◦C.
The increase of temperature in the conductor and optical
fiber with the increase of current is measured by using the
temperature sensors inserted inside the cable. The BOTDA

FIGURE 12. MATLAB fitting curve to get strain coefficient.

analyzer recorded the frequency shift at the current levels
with a step size of 20◦C. The temperature of conductor and
optical fiber simulated in COMSOL is compared with the
experimental results and shown in Fig. 13.

FIGURE 13. The temperature increase in the conductor and optical fiber
as the current flow in OPLC cable.

The maximum operating temperature for XLPE insulated
conductors is taken at 90◦C which occurs at 92 A of current.
The length of the cable is 10 meters starting from 5m to 15m.
The first 5 meters of fiber include the connecting fibers from
cable to the BOTDA analyzer. The frequency shift at different
current levels is shown in Fig. 14.

The starting end of the cable is connected with the opti-
cal fiber that is further connected to the BOTDA analyzer.
The frequency shift at 92 A current is also recorded by the
BOTDA analyzer. As the current increased, the temperature
and stress at the optical fiber increased and the increasing
Brillouin frequency shift is the proof. The Brillouin frequency
shift for 0 A current is taken as reference and (12) is used to
find the strain in the optical fiber. The Brillouin frequency
shift, temperature coefficient, temperature of optical fiber,

VOLUME 8, 2020 217387



A. Ashfaq et al.: Comprehensive Analysis of Temperature and Stress Distribution in OPLC Using Finite Element Method

FIGURE 14. Brillouin frequency shifts due to stress and temperature in
the OPLC during the operating condition.

and strain coefficient is put in (12) to get the strain. This
strain is then put in (13) to get the stress in optical fiber. The
increase in stress in the experimental analysis compared with
the simulated stress is shown in Fig. 15.

FIGURE 15. Stress increase with the increase of current.

B. DISCUSSION
In OPLC cable the optical unit is stranded with the con-
ductors and the flow of current in the conductors generates
the increase in temperature and stress on the optical fiber
that is capable of influencing the attenuation in the optical
signal. The increase in attenuation of the signal has a direct
relation with the increase of temperature and stress so cur-
rently, the research carried out in this paper is more focused
on the selection of heat resistant layer for the optical unit of
OPLC that restricts the temperature and stress to the value
as minimum as possible. At the current stage of the project,
the experiment is performed on OPLC cable of 10-meter
length. To relate the attenuation with temperature and strain,

1 km long OPLC cable is required because it is the only
way to correctly analyze and relate the attenuation with tem-
perature and stress. The state of the art power source and
power energy meter has a fluctuation error of+0.003 dB/km.
The standard for optical fiber communication is 0.15 dB/km,
which means that for 10-meter cable the attenuation must
be below 0.0015 dB/km that is not possible to measure with
the currently available equipment. For that 1 km long OPLC
cable is required, so at the current stage of project it is
not possible to relate the attenuation with the increase of
temperature and stress experimentally. As the attenuation of
signal has a direct relation with temperature and stress so by
decreasing the increase of these two factors it is possible to
decrease the attenuation in signal. To decrease the effect of
these factors, an appropriate heat resistance layer is chosen as
the outer insulation material for the optical unit. For the heat
resistance material, a thermoplastic elastomer is selected as it
restricts the temperature and stress to its minimum limit.

In the simulation section thermoplastic elastomer TPE
shows relatively better performance than polyethylene PE and
cross-linked polyethylene XLPE in restricting the increase
in temperature and strain due to its low thermal conduc-
tivity and high poisons ratio. The low thermal conductivity
restricted the increase of temperature and the high poisons
ratio restricted the materials to expand upon the temperature
increase that further helped to decrease the stress generated
due to thermal expansion of heat resistant layer on the optical
fiber. Due to these promising features TPE is used as the
heat resistant layer in OPLC cable sample to be put in the
experiment setup. In the experiment set up as the temperature
sensors are inserted inside the cable so in the process, there
is a small chance of leakage of heat from the cable that
is the reason, the simulation temperature is slightly higher
than the experiment results. The increase of temperature and
stress due to the current flow is inevitable but the optimal
choice of heat resistant layer helped to restricts the increase of
temperature and stress to the minimum value. As the current
begins to flow the temperature at the conductors begins to rise
due to the resistive losses of the conductor. This temperature
increase causes the insulation layers of the OPLC cable par-
ticularly the heat resistant layer of optical unit to expand in all
directions. The expansion of heat resistant layer towards the
optical fiber generates stress on the optical fiber. The increase
in temperature attenuates the communication signal and the
stress generated due to the increase of temperature further
attenuates the signal. To reduce the attenuation in optical fiber
it is necessary to restrict these two factors to their minimum
value possible.

In normal operating conditions, the maximum current
of 92 A in the OPLC cable makes the temperature of the
conductor rise to 89.7◦C. The temperature is distributed in
the cable and the experiment results illustrated that the tem-
perature at the optical fiber rise to 69◦C. The increase in
temperature in the OPLC cable caused the insulation layers
to expand which resulted in the stress between the layers of
the OPLC cable. The Brillouin optical time-domain analysis
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is performed while the current circulated in the OPLC cable.
SMF-1 is connected to the BOTDA analyzer to measure the
frequency shift as the temperature and stress began to rise
with the rise of current. This frequency shift is then used to
calculate the thermal stress in the OPLC cable. The thermal
stress on the optical fiber is experimentally calculated as
7.90 × 107 N/m2 at a maximum limit of normal operating
conditions of 92A. At the overload current, the experiment
results illustrated that the temperature of the optical fiber
became 74◦C. At the overload condition, the thermal stress is
experimentally analyzed as 8.92× 107 N/m2. It is concluded
from the results that as the current increases in the cable, the
temperature also rises between the layers of OPLC cable. The
increase in temperature causes the layers to expand in every
direction that creates stress within the insulation layers. This
internal pressure caused the insulation materials to expand
towards the optical fiber that generates the stress in the opti-
cal fiber. The simulation and experiment results are shown
in Table 5.

TABLE 5. Comparison of simulation and experiment results.

VII. CONCLUSION
In this paper, three materials have been simulated for analyz-
ing the distribution of temperature and stress in OPLC cable
at the optical fiber. TPE is selected as the best option as a
heat resistant layer as it restricts the temperature and stress
to its minimum value among PE and XLPE. It is important
to restrict these two factors as these two factors are capable
of affecting the performance of OPLC cable by attenuating
the optical signal. As the current flows the heat generated
from the conductors flows outside that causes the increase
of temperature at the optical fiber. The temperature increase
causes the generation of stress within the layers and this stress
is capable of deforming the structure of the optical fiber. Two
cases had been discussed as normal operating conditions and
overload conditions. At normal operating conditions, the TPE
heat resistant layer restricts the temperature and stress to
69◦C and 7.90 × 107 N/m2 respectively. Under overload
conditions the temperature at the optical fiber is increased to
74◦C and stress increased to 8.92 × 107 N/m2. The increase
of temperature and stress is inevitable in OPLC cable but
restricting these factors to the minimum point is possible by

selecting the appropriate heat resistant layer to minimize the
attenuation in the communication signal.
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