Available online at www.sciencedirect.com

C SENSORS
SCIENCE CbDIHECTﬁ’ Ac'u‘iwks
A ’;\ \ A
ok 2N

PHYSICAL
ELSEVIER Sensors and Actuators A 125 (2006) 148-155

www.elsevier.com/locate/sna

A distributed optical fiber sensor for temperature
detection in power cables

Gunes Yilmaz, Sait Eser Karlik

Department of Electronics Engineering, Faculty of Engineering and Architecture, Uludag University, 16059 Gorukle, Bursa, Turkey

Received 29 November 2004; received in revised form 3 June 2005; accepted 20 June 2005
Available online 18 August 2005

Abstract

The power transfer capacity of an underground power cable is limited by high-temperature regions that occur along the cable. It is very
difficult to determine and control these ‘hot spots’. Optimum use and temperature profile control of power cables before and during load
transmission can be achieved with real-time processing of temperature data. There are various methods developed for this purpose such
conventional point temperature measurement method, where a large number of sensors and connectors are required, and methods base
mathematical models which can only approach real values by approximation.

In this study, temperature detection in an XLPE insulated 154 kV power cable is performed using a distributed sensing method where the
optical fiber itself behaves as a sensor. Therefore, there is no need for the devices of conventional method. Moreover, contrary to methods bas
on mathematical models, where it is difficult to predict environmental variations, this method considers the variations with a temperature
resolution of£1°C. Distributed temperature sensing (DTS) method, detection system configuration and required system parameters are
explained in the paper. Experimental results obtained for 126 and 412 m cables show a temperature resaliiti@ arid a spatial
resolution of 1.22 m. Simulations for a 10 km cable are also given. Results show that DTS is a reliable method for both short and long range
cable systems.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction An important operational factor which threatens the cable
insulation is the maximum operating temperature. General
Power cable systems must be reliable and economical forreasons for exceeding maximum operating temperature are
a minimum period of 25 or 30 years since high voltage trans- poor feasibility studies, choosing closer design parameters to
mission and distribution systems require expensive invest-the maximum capacity of the cable and rapid growth in user
ments. However, an underground power cable is exposed todemands. Another important factor is the presence of ‘hot
electrical, thermal and mechanical effects during its operating spots’ at the bending points of the cable. Since the thermal
time. These effects can damage the cable insulation. Beinginteraction on these points accelerates the aging process, the
damaged means degradation in the quality of insulation, operating period of the cable will be even shorter than esti-
occurrence of partial discharges and ultimately breakdown mated values if these hot spots are not detected or neglected.
of the insulatior{1,2]. That is, transmission of the determined power in the speci-
fied duration and operation of the cable without any problem
is related to the cable temperature. Therefore, the tempera-
mpondmg author. Tel.: +90 2244428179/1018: ture profile must be monitored along the cabl_e and real-time
fax: +90 2244428021 ’ processing of tgmperature data must be .ach|eved. _
E-mail addresses: gunesy@uludag.edu.tr (G. Yilmaz), The conventional temperature detection method used in
ekarlik@uludag.edu.tr (S.E. Karlik). power cables is called the point temperature measurement
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method. A thermocouple or a platinum resistance probe is  The most suitable expression of XLPE insulation ageing

required for every measurement point in this mettad duration ) is described in the Zhurkov modil]
Therefore, to obtain the temperature profile along the cable, U E

a large number of sensors and fiber connectors are requireds = g exp <0_X> (1)
Moreover, integrated thermal behaviour of the cable can kT

only be estimated by making some assumptions for differ- \where vy is the activation energyto the inverse vibration
ent amounts of load and environmental conditions. frequency of material moleculeg, a structural parameter,
Furthermore, temperature values obtained by using math-£ the applied electric field the Boltzmann constant arfd
ematical models such as finite elements methods can onlyjs the temperature. It is clear from E(@.) that the value of
be consistent with real values with a maximum percentage temperature and its distribution in the cable is very important
of 80% or 90%. When optimistic assumptions are used in fgr g long reliable operating time.
computations, there is a high risk of damage for the cable,  The distributed sensing capabilities of optical fibers can
which operates with predicted loads, because of the thermalpe ysed to create various forms of intrinsic sensors where
reasons. On the other hand, pessimistic assumptions restricthe modulation of optical carrier induced by the measurand
the optimum use of the cable for economical means since theyoccurs while the light remains guided within the fiber. The
limit the present capacity. It is also very difficult for theoret- jntrinsic fiber sensors are also distributed if the measurand
ical computations and simulations to predict environmental acts over the whole length of fiber. Then, there are potentially
variations[4—7]. thousands of independent measuring points along the fiber
In this study, an optical fiber and distributed temperature which give information about the measurand in a distributed
sensing (DTS) method have been used to obtain the tempermanner.
ature profile along the cable. The term ‘distributed sensing’  The integration of the fiber into the power cable in the
defines a method in which only one detector receives datamost suitable form has a great importance for the reliability
from a multiplicity of independent measurement points along of DTS. Ideally, the fiber must be located as close as possi-

the cable. In the distributed temperature sensing method,ple to the cable conductor but this approach is not practical
silica fiber behaves as a sensor itself. Therefore, there is Nosince the cable insulation must be split to reach the con-

need for the devices of the conventional method since we quctor. An important point about which one must make a
benefit from characteristic properties of the fiber. The fibers gecision is whether to include the fiber in the power cable
used for the whole of the measurements are the silica fibersgonstruction or not. In this case, the fiber must overcome
used in telecommunication applications and are therefore power cable production processes including various bending
freely available. Using optical fiber as a sensing device has and high temperature operations. In this study, integration of
various advantages that come from the nature of fiber suchgptical fibers to power cables is implemented as being located
as SeCUrity in media that hold electrical and chemical riSkS, in Specia' non_magnetictubes thatare p|aced between screen-
immunity to electromagnetic interference, high resistance ing wires of high voltage cables. The integration of optical
to corrosions. Furthermore, it is also cost-effective for this finers to 89/154 kV high voltage cables is showrFig. 1
application since there are large numbers of measurementsince such a fiber integration does not depend on production

points. and implementation processes of the cable, there is no need
We describe DTS principles used in XLPE insulated power

cable in Sectior2. Section3 is about the temperature sens-

ing system configuration and experimental results. Finally
in Sectiond, we present simulation results for the tempera-
ture profile of a 10 km power cable under different operating
conditions.

2. DTS principles used in XLPE insulated power
cable

The most popular insulation used in production of power
cable is cross-linked polyethylene abbreviated as XLPE.
XLPE shows a more stable behaviour than normal polyethy-
lene at high temperatures. Its ability in resisting to high
temperatures ensures transmission of high currents. Continu-
ous operation in 90C and a maximum temperature range of
250°C for short duration indicate that XLPE is also resistant
to high temperatures obtained under short-circuit conditions
[8]. Fig. 1. Integration of optical fiber to 89/154 kV power cable.
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for any variation in standard cable design and fibers located Stokes and anti-Stokes emissions of Raman scattering can

in tubes can be exchanged with new ones when it is requiredbe used to detecttemperature profiles in conventional vitreous

[10]. communication fibers. The rati® of anti-Stokes to Stokes
There are various sensing principlesin DTS, e.g. Rayleigh, intensity in the back-scattered light is given by

Raman and Brillouin scattering, mode coupling and optical 4

Kerr effect. Among these, we are dealing with Raman scat- , _ <)~S) ex (hCAV> )

tering in combination with optical time domain reflectometry AA kT

(OTDR) in this paper.

whereis andia are Stokes and anti-Stokes wavelengths,
Although much research about reflectometry methods hasthe Planck’s constant.the speed of light in vacuurayv the

been reported n the “fT‘e _domaln, frequency domain and optical frequency shift the Boltzmann constant affds the
coherence domain for distributed sensors, the most popular

. . : . ; absolute temperature in Kelvin. This ratio has a magnitude
technique is the optical time domain reflectometry (OTDR),
. . . . of ~0.15 at room temperature and a temperature dependency
which was first proposed by Barnowski and Jensen in 1976 of approximately 0.8%C in the range 0—100C [12]
as the first method for optical fiber distributed sendittj. bp ye. 9 :

. . . Therefore, a measurement of the ratio of Stokes and anti-
Barnowski and Jensen determined the optical loss along the C ' )
: . ; . Stokes back-scattered light in a fiber should provide an abso-
fiber by using back-scattered Rayleigh scattering.

In the OTDR method, light pulses are launched into the lute indication of the temperature of the medium, irrespective

optical fiber. While light propagates in the fiber, a fraction ofthe lightintensity, the_!aunch con_dmons,theﬁl_aergeometry
. . Lo . : and even the composition of the fiber. In practice, however,
of light scatters in a direction 1800 the propagation axis.

This back-scattering is the combination of Rayleigh scatter- a small correction has to be made for the difference in fiber
attenuation between the Stokes and anti-Stokes wavelengths.

ing caused by the density and structure of material and Raman While determining the temperature profile of the cable,

and Brillouin scatterings occurred due to molecular and vol- . ;
umetric vibrations. The scattering sensitive to the measurandthe location of the point that sends the temperature datum
: must also be known. In the OTDR method, it is possible to

(distance, temperature, etc.) is filtered at the receiver by an : ) . ) .
) . S . : . determine the scattering point by measuring the duration of
interference filter and variation in the intensity of the filtered . . : c o ha

light reflection. Ift is the propagation time of light in forward

back-scattered light is determined as a fraction of the Me3 and backward direction, the distance traversed by the light

surand. can be computed b
The sensitivity of Rayleigh scattering is very low to tem- P y
perature variations. Therefore, it is generally used to deter- ct

©)

wherec is the speed of light in vacuum ands the refractive
index of the fiber.

mine losses, bendings and inhomogenities that occur in the™ ~ 2
cable. Raman and Brillouin scatterings are sensitive to tem-
perature. Although it has a high temperature dependence
Brillouin scattering cannot be easily separated from Rayleigh
scattering. This increases the cost of the receiver. However,
Raman scattering has a sufficient temperature dependence t
be used in distributed sensing and can be easily detfk2éd

Effects of light scattering in optical fibers are classified
according to the relation between frquenue_s o_f incident and The block diagram of the DTS system that we used in our
scattered photons. When the frequencies of incident and scat- : 2 .

) . . work is shown inFig. 2 A neodynium doped pulse laser

tered photons are equal, an elastic scattering occurs. Since
a fraction of the optical power in one propagation mode

g. Temperature sensing system configuration and
experimental results

is transferred linearly to another mode, Rayleigh scattering Pulsed |__, | 1y, re— )
is an example of elastic scattering. Rayleigh scattering is a Laser } -

result of random inhomogenities that occur in small scales Directional Coupler Optical Fiber
with respect to the wavelength of light. These inhomogeni- i

ties exhibit fluctuations in the refractive index and are mainly Interference

because of density and composition variations placed in the Filter

silica during the cooling process. If frequencies of incident

and scattered photons differ, this is a case of inelastic scat- TR

tering, e.g. Raman scattering. In this case, frequencies of APD

scattered photons shift from frequencies of incident photons )

to specific values. Frequency shifts are equal to the char- l -
acteristic vibration frequencies of the molecules. Photons A/D -
scattered to lower frequencies are called Stokes lines while Converter m

photons scattered to higher frequencies are called anti-Stokes
lines. Fig. 2. Block diagram of DTS system.
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generates pulses of duration 12.2ns at a wavelength of temperatureistobe measured.Ingeneral,thermalresponse
1320 nm. A directional coupler is used to separate the back- time is typically less than 0.5 s in the fiber.
scattered signal from generated pulses. The scattered Raman
signal is filtered by the interference filter and detected by a
photodiode. The detected signal is then amplified and digi-
tized by a high-speed analogue-to-digital converter. Digital
averaging techniques improve the signal to noise ratio in a
highly efficient manner prior to the data being sent to the
display unit.

Parameters that affect the performance of the system
shown inFig. 2 can be described as follows:

Temperature resolution is an indication of the response
of the measurement system to minimum temperature varia-
tions, while spatial resolution reflects the ability of the DTS
to accurately locate and measure specific features of interest.
Spatial resolution is critical for correctly assessing potential
hot spots. A hot spot which occupies a fiber length which is
less than the spatial resolution of the DTS instrument will not
indicate its true amplitude.

Multi-mode step index fibers can be used for short spatial
o Fiber length (spatial range): The maximum length of the  range and low spatial resolution while multi-mode graded

fiber over which measurements can be made within the index fibers and single-mode fibers can be chosen for long

specified accuracy is defined as the spatial range. It isspatial range and high spatial resolution.

determined by the total two-way loss in the fiber and must ~ Whatever wavelength is selected, the most important

include connectors as well as the fiber. Since the maximum design criteria of the source are the pulse width and the peak

fiber length can be determined by power of the laser. It is clear from E(p) that pulse width is
o7 important in determining the spatial resolution. The impor-
Lmax= —— 4) tance of laser peak power is that the pumping power must be
2ngr greaterthan athreshold value for occurrence of the stimulated

wherec is the speed of light in vacuuriithe pulse period Raman scattering. This threshold power can be computed by
andng, is the group refractive index of the fiber core. The (13,14]
spatial range is approximately equallt@ax with an error 4 16Aes
of +1.14% due to errors iff andngr. Fo=1—-
e Spatial resolution and sampling interval: Spatial resolu- eff&R
tion is the distance between 10% and 90% of the temper- wheregg is the Raman gain constant (¥ m/W) andAes
ature variation in the temperature versus distance graphic.and Le¢ are the effective cross-sectional area and effective
DTS response to local temperature variations is determinedlength of the fiber, respectively and can be computed by
with the help of this parameter. If the temperature variation [13,14]
occurs in a region smaller than the DTS spatial resolution,

(6)

the measured temperature will be smaller than the real tem-Aegf = 7r2(0.65+ 1.619f /2 + 2.879f~ 6)? 7)
perature by aratio of temperature variation distance/spatial
resolution. The spatial resolution can be computed with  Leg = —[1 — exp(~apL)] (8)
ap
CcT

Azmin = 5 — (5) wherer is the fiber core radiugthe frequencyyp the absorp-

o tion constant of the pumping light adids the fiber length. For
wherert is the pulse duration. example, Raman threshold power will be 1.22 W for a fiber

Sampling interval is the distance between two measure- sensor that has an effective cross-sectional area ph60
ment points and determines the total number of measure-and an effective length of 7.87 km.
ment points in the fiber sensor. In our measurements, the  Our sensing system has a temperature resolutior?Gf 1
sampling interval is equal to the spatial resolution to be and spatial resolution of 1.22m. The source output power,
similar with the value used in simulations. Smaller sam- which is 3W, is greater than the threshold power value of
pling intervals give better location of temperature varia- 2.45W. Using the system shown Kig. 2, measurements
tions. were performed on two 154 kV power cables of lengths 126

e Temperature resolution: It is the minimum discernable dif- and 412 m under different medium conditions.
ference thatthe measurement system caninterpret between The temperature profile obtained from measurements per-
two temperature values. formed with optical fiber DTS method on a 126 m long

e Measurement time: It is the time required to obtain the 154 kV power cable is shown iRig. 3. In the first 16 h of
temperature profile with a specific resolution of the fiber the total test duration, current flowed through the cable and
sensor. It includes detection and processing of the back-temperature variations of the cable were detected for 48 h. In
scattered signal. Fig. 3 graphic sections |, Ill, V and VI show temperature pro-

e Thermal response time: The thermal response time of a files of buried cable sectors while sections Il and IV exhibit
sensor loop depends strongly on the cladding and cablingtemperature profiles of cable sectors placed in ducts. In every
structure and on the quality of the thermal contact between case, cable temperature did not exceed®0which is the
the sensor loop and the conductor of the power cable whosetypical maximum operating temperature of XLPE cables, and
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B e wherePy is the source power,the speed of light in vacuum,
t the pulse durationgg, the group refractive index in the
fiber core,ps the Bose—Einstein factor for the Stokes band,
%0 I's the Raman Stokes capture coefficiemis the effective
power attenuation coefficient for the Stokes wave@andhe
time.
= Similarly, Raman anti-Stokes power, which originates at
§ any locationz along the fiber, measured at the fiber input
20 g (z=0) at a timer after a pulse is transmitted from the laser
E} source can be described [yb]

1
20p AS

CcT

Pas(t) = Po ( ) oaslas

ngr

e,

48

ct
x |1—exp(— — 10
\L_ Length of Cable (126 m) *.‘ { p( aP’ASngrﬂ (10)

where pas is the Bose-Einstein factor for the anti-Stokes

Fig. 3. Temperature profile obtained from 154 kV XLPE power cable with

alength of 126 m. band,FAs_, the Raman anti—Stokes capture coefficie@t,As
the effective power attenuation coefficient for the anti-Stokes
257 wave psandpas of Egs.(9) and (10kan be computed using
1
207 = 11
) s 1—exp~AE/kT) (11)
o 151
E and
<
3 104 exp—AE/kT)
E PAS= T AE/KT (12)
g — exp(-AE/KT)
respectively, wheré is the Boltzmann constarif,the abso-
0 : lute temperature of fiber andE is the difference between

50 100 150 200 250 300 350 400 :
Optical Fiber Length (m) molecular energy statd® andE1 of Raman scattering.

apsandapas of Egs.(9) and (10)can be computed with
_ ap(ho) + ap(rs)

(=}

Fig. 4. Temperature profile measured on 154 kV XLPE power cable with a

length of 412 m. aps 2 (13)
only cable sectors which were placed in ducts reached to this2nd

value. The maximum temperature reached by buried sectors,  _ _ ap(ro) + ap(ras) (14)
was about 80C. PAS= 2

The temperature profile obtained from measurements per-respectively, wherep()o) is the attenuation coefficient of the
formed on 154 kV XLPE power cable with a length of 412 m pulse laser in the fiber at the wavelengthap(is) the power
is shown inFig. 4 During the experiment, different ambi-  attenuation coefficient at the Stokes wavelengtha{éas)
ent temperatures were formed at different regions along thejs the coefficient at the anti-Stokes wavelength. Attenuation
cable. The temperature profilefitg. 4shows these ambient  coefficients for parabolic gradient index multi-mode fiber
temperatures with a temperature resolutiog-6f"C. and single-mode fiber at different wavelengths are given in
Table 1
Capture coefficients’s and I'as for parabolic gradient
4. Simulations index multi-mode fiber and single-mode fiber at different
Stokes and anti-Stokes wavelengths are giverainie 2
In the case of high spatial resolution sensors where multi-  Taking the ratio of Eqs(10) and (9)and making some
mode parabolic gradientindex fibers or single-mode fibers aresimplifications, Eq(2) can be obtained. By using the pulse

used, Raman Stokes power, which originates at any locationresponse measured with OTDR, temperature can also be com-
z along the fiber, measured at the fiber inpist Q) at a time puted using
t after a pulse is transmitted from the laser source can be AE
described by15] T(zg) = 7
kIn[(hs(t)/ has(1))(As/*as)” exp(Aapzq)]

Ps(r) = Po (”) pspsi {1 — exp (—ap,sdﬂ (9) wherehs(f) andhas(f) are detected Stokes and anti-Stokes
2aps gr pulse responses arxp is 1.3x 10~ for single-mode fiber.

15)
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Table 1 Back-scattered Stokes and anti-Stokes signals were found
Attenuation coefficients for parabolic gradient index multi-mode fiber and using Eqgs.(9) and (10) Gaussian noise was added to the
single-mode fiber at different wavelengths detected Stokes and anti-Stokes signals. To obtain the dis-

A (nm) Parabolic gradient index Single-mode fiber,  tripyted temperature on the power cable, @) was used.
multi-mode fiber (dB/km) o (dB/km) In the simulation program written for distributed temper-

24113 2-28 i-gg ature measurement of the long range power cable with fiber
72 200 160 sensor, different medium conditions were formed along the

1248 0.60 0.40 cable as follows:

1320 0.40 0.33

1401 0.90 0.40 e Cable connection points repeated every 1000 m with the

1451 0.50 0.25 first one being at the 1000th meter.

1550 0.35 0.20 e Bedding in a 20 m duct at the 2500th meter.

1663 0.37 0.22

e Cross-connections with other cables at 3800th and 6700th
meters.

o . ) e Bedding in 100 m ducts at 5500th and 7500th meters and
For detailed information about the above equations and tables - oss-connections with other cables inside these ducts at

of this section, please refer [p5]. 5550th and 7550th meters.
Simulations about distributed temperature sensing with a

fiber sensor mounted in a 154 kV power cable, whose length  The simulated temperature profile of 154 kV power cable
is 10km, were made with MATLAB. In these simulations, s shown inFig. 5. It is clear inFig. 5 that cable connec-
back-scattered Stokes and anti-Stokes signals were obtainegon points, cross-connection points with other cables and
as well as the temperature profile. A single-mode fiber operat- pedding in ducts cause hot spots to occur on the cable. The

ing at a wavelength 1320 nm was used. Required parametergverage temperature is approximately’80excluding hot
of such a fiber are given ifables 1 and 2Parameters used  spots. Cable connection points raise the temperature locally

in simulations are as follows: to 90°C but the most critical temperature increments that
« Transmitted pulse duration:=12.2 ns. must be monitor_ed are due to gross-connections with other
« Maximum power of pulse lasePy = 3W. pables and t_)eddmg in duct;. This may be analyzed .by zoom-
« Fiber lengthZ = 10000 m. mhg to th(le:_cméled parts oFig. 5, the first one of which is
: ; ; . o shown inFig. 6.
y ige;tlril. resolution (computed with Eq)): Azmin As shown inFig. 6, bedding the power cable in a 20 m duct
« Number of discrete points detected with 1.22 m spatial res- CAUS€S the temperature to exceed®5This temperature
olution: variation is in good agreement with our measured results in
, short cables. However, the temperature is still below the value
fiberlength ~_ 10000 _ . .~ due to cable connection points.
spatial resolution  1.22 The second circled part of the graphicFig. 5 may be

) - examined more closely as shownRiy. 7, which illustrates
With the help of Eqs(11) and (12)ps andpas coefficients  the simulated temperature profile of the cable sector that
can be computed depending on the temperature of the scatpasses through a 100 m duct starting at the 5500th meter and

tering point of the light. . cross-connects with another power cable in the duct at the
Raman Stokes and anti-Stokes capture coefficients forsssoth meter.

single-mode fiber were found ag%s singid1320 nm)=
4.28 x 10 andlhs singid1320 nm)=5.39 x 1071 by
usingTable 2

With the help ofTable 1 effective power attenuation con-
stants for Stokes and anti-Stokes wavelengths were computed

120

100

asap,s=apAS= 0.365dB/km. T 80
2
-E 60 E
Table 2 2
Capture coefficients at different Stokes and anti-Stokes wavelengths 5 401 E
X0 (Nm) 840 1320 1550
As (nm) 872 1401 1663 20
Aas (Nm) 810 1248 1451
10 -1 i ; : , i " i : "
FS@fad(XlO—fﬁ“ 7)1 8.7 13.2 6.63 05 T000 2000 3000 2000 5000 6000 7000 8000 9000 10000
FAS,grad(X 100"m™) 118 20.9 11.4 Length (m)
s single(x10-10m~1) - 4.28 3.04 °
I'as single (10710 m™1) - 5.39 4.00

Fig. 5. Simulated temperature profile of 154 kV power cable.
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Fig. 6. Temperature variation at the 2500th meter due to bedding in a 20 m Fig. 8. Temperature variation at the 6700th meter due to a cross-connection
duct. with another power cable.

Comparing toFig. 6, it is clear that the temperature temperature increment depends also on the degree of cross-

exceeds 85C in the duct and locally rises to 8€, which  connection angle and the distance between the conducting
is very near in value to the critical temperature°@0 at the centers of cables.

cross-connection point. The temperature increment depends

on the thermal interaction with the power cable at the cross-

connection point as well as the length, diameter and thermals  conclusion
conductivity of the duct. Under similar conditions, cable tem-
perature reaches to 106 — a higher value than the critical
temperature 90C — at 7550th meter as shown Kig. 5.
Zooming in the third circled part of the graphic Fig. 5,
Fig. 8can be obtained.

In this study, a distributed temperature sensing system
based onthe temperature-sensitive Raman scattering has been
proposed for a 154 kV XLPE insulated power cable. Integra-

) ‘ ] tion of the optical fiber to the power cable has been achieved.
Fig. 8shows the increment in the temperature of 154KV parameters that affect the receiver performance have been

power cable due to a cross-connection with another POWer analyzed. Using DTS method, temperature measurements
cable at the 6700th meter. The temperature exceeds the crity 46 peen performed on two power cables with lengths of

ical value and is approximately 9€. This is because ofthe 126 and 412m under different conditions such as during

thermal interaction between cables at the Cross-connectionand after a current flow through buried cables and cables
point. Comparing té-ig. 7, itis obvious that the temperature, jaced in ducts. Also, simulations have been made for long

and consequently the load, of the cable that cross-connectyange (10 km) 154 kV XLPE insulated power cables. In these
with our 154 kV cable at the 6700th meter is more than that gjmjations, effects of cross-connections, cable connection

of the one at the 5550th meter. This is indeed the case that Wepoints and ducts on temperature variations have been ana-

considered for our simulation model. Besides the instanta- lyzed. Experimental and simulation results have shown a

neous current that flows through cross-connected cables, th%ood agreement between real and model temperature values,
e.g. there is a 5C variation between maximum temperature

T T v T T T values of buried cable sectors (I and Ill) and cable sectors

or 1 placed in ducts (Il and IV) in measurements while°80

average temperature of the cable rises t6@%lue to bed-

ding in a 20 m duct in simulations. These show that DTS is a

reliable method to obtain temperature profiles of both short

and long range power cable systems.

Temperature (°C)
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