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A distributed optical fiber sensor for temperature
detection in power cables
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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 as
conventional point temperature measurement method, where a large number of sensors and connectors are required, and methods based on
mathematical models which can only approach real values by approximation.
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In this study, temperature detection in an XLPE insulated 154 kV power cable is performed using a distributed sensing method
ptical fiber itself behaves as a sensor. Therefore, there is no need for the devices of conventional method. Moreover, contrary to me
n mathematical models, where it is difficult to predict environmental variations, this method considers the variations with a te
esolution of±1 ◦C. Distributed temperature sensing (DTS) method, detection system configuration and required system para
xplained in the paper. Experimental results obtained for 126 and 412 m cables show a temperature resolution of±1 ◦C and a spatia
esolution 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
able systems.
2005 Elsevier B.V. All rights reserved.

eywords: Raman sensor; Power cable; Distributed temperature sensing; OTDR; Fiber

. Introduction

Power cable systems must be reliable and economical for
minimum period of 25 or 30 years since high voltage trans-
ission and distribution systems require expensive invest-
ents. However, an underground power cable is exposed to
lectrical, thermal and mechanical effects during its operating

ime. These effects can damage the cable insulation. Being
amaged means degradation in the quality of insulation,
ccurrence of partial discharges and ultimately breakdown
f the insulation[1,2].
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An important operational factor which threatens the c
insulation is the maximum operating temperature. Gen
reasons for exceeding maximum operating temperatur
poor feasibility studies, choosing closer design paramet
the maximum capacity of the cable and rapid growth in
demands. Another important factor is the presence of
spots’ at the bending points of the cable. Since the the
interaction on these points accelerates the aging proces
operating period of the cable will be even shorter than
mated values if these hot spots are not detected or negl
That is, transmission of the determined power in the sp
fied duration and operation of the cable without any prob
is related to the cable temperature. Therefore, the tem
ture profile must be monitored along the cable and real-
processing of temperature data must be achieved.

The conventional temperature detection method us
power cables is called the point temperature measure
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method. A thermocouple or a platinum resistance probe is
required for every measurement point in this method[3].
Therefore, to obtain the temperature profile along the cable,
a large number of sensors and fiber connectors are required.
Moreover, integrated thermal behaviour of the cable can
only be estimated by making some assumptions for differ-
ent amounts of load and environmental conditions.

Furthermore, temperature values obtained by using math-
ematical models such as finite elements methods can only
be consistent with real values with a maximum percentage
of 80% or 90%. When optimistic assumptions are used in
computations, there is a high risk of damage for the cable,
which operates with predicted loads, because of the thermal
reasons. On the other hand, pessimistic assumptions restrict
the optimum use of the cable for economical means since they
limit the present capacity. It is also very difficult for theoret-
ical computations and simulations to predict environmental
variations[4–7].

In this study, an optical fiber and distributed temperature
sensing (DTS) method have been used to obtain the temper-
ature profile along the cable. The term ‘distributed sensing’
defines a method in which only one detector receives data
from a multiplicity of independent measurement points along
the cable. In the distributed temperature sensing method,
silica fiber behaves as a sensor itself. Therefore, there is no
need for the devices of the conventional method since we
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The most suitable expression of XLPE insulation ageing
duration (τ) is described in the Zhurkov model[9]

τ = τ0 exp

(
U0 − χE

kT

)
(1)

whereU0 is the activation energy,τ0 the inverse vibration
frequency of material molecules,χ a structural parameter,
E the applied electric field,k the Boltzmann constant andT
is the temperature. It is clear from Eq.(1) that the value of
temperature and its distribution in the cable is very important
for a long reliable operating time.

The distributed sensing capabilities of optical fibers can
be used to create various forms of intrinsic sensors where
the modulation of optical carrier induced by the measurand
occurs while the light remains guided within the fiber. The
intrinsic fiber sensors are also distributed if the measurand
acts over the whole length of fiber. Then, there are potentially
thousands of independent measuring points along the fiber
which give information about the measurand in a distributed
manner.

The integration of the fiber into the power cable in the
most suitable form has a great importance for the reliability
of DTS. Ideally, the fiber must be located as close as possi-
ble to the cable conductor but this approach is not practical
since the cable insulation must be split to reach the con-
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a need
enefit from characteristic properties of the fiber. The fi
sed for the whole of the measurements are the silica fi
sed in telecommunication applications and are there

reely available. Using optical fiber as a sensing device
arious advantages that come from the nature of fiber
s security in media that hold electrical and chemical r

mmunity to electromagnetic interference, high resista
o corrosions. Furthermore, it is also cost-effective for
pplication since there are large numbers of measure
oints.

We describe DTS principles used in XLPE insulated po
able in Section2. Section3 is about the temperature se

ng system configuration and experimental results. Fin
n Section4, we present simulation results for the temp
ure profile of a 10 km power cable under different opera
onditions.

. DTS principles used in XLPE insulated power
able

The most popular insulation used in production of po
able is cross-linked polyethylene abbreviated as XL
LPE shows a more stable behaviour than normal polye

ene at high temperatures. Its ability in resisting to h
emperatures ensures transmission of high currents. Co
us operation in 90◦C and a maximum temperature range
50◦C for short duration indicate that XLPE is also resis

o high temperatures obtained under short-circuit condi
8].
uctor. An important point about which one must mak
ecision is whether to include the fiber in the power c
onstruction or not. In this case, the fiber must overc
ower cable production processes including various ben
nd high temperature operations. In this study, integratio
ptical fibers to power cables is implemented as being loc

n special non-magnetic tubes that are placed between sc
ng wires of high voltage cables. The integration of opt
bers to 89/154 kV high voltage cables is shown inFig. 1.
ince such a fiber integration does not depend on produ
nd implementation processes of the cable, there is no

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
in tubes can be exchanged with new ones when it is required
[10].

There are various sensing principles in DTS, e.g. Rayleigh,
Raman and Brillouin scattering, mode coupling and optical
Kerr effect. Among these, we are dealing with Raman scat-
tering in combination with optical time domain reflectometry
(OTDR) in this paper.

Although much research about reflectometry methods has
been reported in the time domain, frequency domain and
coherence domain for distributed sensors, the most popular
technique is the optical time domain reflectometry (OTDR),
which was first proposed by Barnowski and Jensen in 1976
as the first method for optical fiber distributed sensing[11].
Barnowski and Jensen determined the optical loss along the
fiber by using back-scattered Rayleigh scattering.

In the OTDR method, light pulses are launched into the
optical fiber. While light propagates in the fiber, a fraction
of light scatters in a direction 180◦ to the propagation axis.
This back-scattering is the combination of Rayleigh scatter-
ing caused by the density and structure of material and Raman
and Brillouin scatterings occurred due to molecular and vol-
umetric vibrations. The scattering sensitive to the measurand
(distance, temperature, etc.) is filtered at the receiver by an
interference filter and variation in the intensity of the filtered
back-scattered light is determined as a fraction of the mea-
s
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Stokes and anti-Stokes emissions of Raman scattering can
be used to detect temperature profiles in conventional vitreous
communication fibers. The ratioRr of anti-Stokes to Stokes
intensity in the back-scattered light is given by

Rr =
(

λS

λA

)4

exp

(
hc�ν

kT

)
(2)

whereλS andλA are Stokes and anti-Stokes wavelengths,h
the Planck’s constant,c the speed of light in vacuum,�ν the
optical frequency shift,k the Boltzmann constant andT is the
absolute temperature in Kelvin. This ratio has a magnitude
of ∼0.15 at room temperature and a temperature dependency
of approximately 0.8%/◦C in the range 0–100◦C [12].

Therefore, a measurement of the ratio of Stokes and anti-
Stokes back-scattered light in a fiber should provide an abso-
lute indication of the temperature of the medium, irrespective
of the light intensity, the launch conditions, the fiber geometry
and even the composition of the fiber. In practice, however,
a small correction has to be made for the difference in fiber
attenuation between the Stokes and anti-Stokes wavelengths.

While determining the temperature profile of the cable,
the location of the point that sends the temperature datum
must also be known. In the OTDR method, it is possible to
determine the scattering point by measuring the duration of
light reflection. Ift is the propagation time of light in forward
a light
c
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w
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urand.
The sensitivity of Rayleigh scattering is very low to te

erature variations. Therefore, it is generally used to d
ine losses, bendings and inhomogenities that occur i

able. Raman and Brillouin scatterings are sensitive to
erature. Although it has a high temperature depend
rillouin scattering cannot be easily separated from Ray
cattering. This increases the cost of the receiver. How
aman scattering has a sufficient temperature depende
e used in distributed sensing and can be easily detected[12].

Effects of light scattering in optical fibers are classi
ccording to the relation between frequencies of inciden
cattered photons. When the frequencies of incident and
ered photons are equal, an elastic scattering occurs.

fraction of the optical power in one propagation m
s transferred linearly to another mode, Rayleigh scatte
s an example of elastic scattering. Rayleigh scattering
esult of random inhomogenities that occur in small sc
ith respect to the wavelength of light. These inhomog

ies exhibit fluctuations in the refractive index and are ma
ecause of density and composition variations placed i
ilica during the cooling process. If frequencies of incid
nd scattered photons differ, this is a case of inelastic

ering, e.g. Raman scattering. In this case, frequenci
cattered photons shift from frequencies of incident pho
o specific values. Frequency shifts are equal to the
cteristic vibration frequencies of the molecules. Pho
cattered to lower frequencies are called Stokes lines
hotons scattered to higher frequencies are called anti-S

ines.
nd backward direction, the distance traversed by the
an be computed by

= ct

2n
(3)

herec is the speed of light in vacuum andn is the refractive
ndex of the fiber.

. Temperature sensing system configuration and
xperimental results

The block diagram of the DTS system that we used in
ork is shown inFig. 2. A neodynium doped pulse las

Fig. 2. Block diagram of DTS system.



G. Yilmaz, S.E. Karlik / Sensors and Actuators A 125 (2006) 148–155 151

generates pulses of duration 12.2 ns at a wavelength of
1320 nm. A directional coupler is used to separate the back-
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. 2can be described as follows:

• Fiber length (spatial range): The maximum length of the
fiber over which measurements can be made within the
specified accuracy is defined as the spatial range. It is
determined by the total two-way loss in the fiber and must
include connectors as well as the fiber. Since the maximum
fiber length can be determined by

Lmax = cT

2ngr
(4)

wherec is the speed of light in vacuum,T the pulse period
andngr is the group refractive index of the fiber core. The
spatial range is approximately equal toLmax with an error
of ±1.14% due to errors inT andngr.

• Spatial resolution and sampling interval: Spatial resolu-
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temperature is to be measured. In general, thermal response
time is typically less than 0.5 s in the fiber.

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
range and low spatial resolution while multi-mode graded
index fibers and single-mode fibers can be chosen for long
spatial range and high spatial resolution.

Whatever wavelength is selected, the most important
design criteria of the source are the pulse width and the peak
power of the laser. It is clear from Eq.(5) that pulse width is
important in determining the spatial resolution. The impor-
tance of laser peak power is that the pumping power must be
greater than a threshold value for occurrence of the stimulated
Raman scattering. This threshold power can be computed by
[13,14]

P th
0 = 16Aeff

LeffgR
(6)
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tion is the distance between 10% and 90% of the tem
ature variation in the temperature versus distance gra
DTS response to local temperature variations is determ
with the help of this parameter. If the temperature varia
occurs in a region smaller than the DTS spatial resolu
the measured temperature will be smaller than the real
perature by a ratio of temperature variation distance/sp
resolution. The spatial resolution can be computed w

�zmin = cτ

2ngr
(5)

whereτ is the pulse duration.
Sampling interval is the distance between two meas

ment points and determines the total number of mea
ment points in the fiber sensor. In our measurements
sampling interval is equal to the spatial resolution to
similar with the value used in simulations. Smaller s
pling intervals give better location of temperature va
tions.
Temperature resolution: It is the minimum discernable di
ference that the measurement system can interpret be
two temperature values.
Measurement time: It is the time required to obtain th
temperature profile with a specific resolution of the fi
sensor. It includes detection and processing of the b
scattered signal.
Thermal response time: The thermal response time o
sensor loop depends strongly on the cladding and ca
structure and on the quality of the thermal contact betw
the sensor loop and the conductor of the power cable w
heregR is the Raman gain constant (10−13 m/W) andAeff
ndLeff are the effective cross-sectional area and effe

ength of the fiber, respectively and can be compute
13,14]

eff = πr2(0.65+ 1.619f−3/2 + 2.879f−6)
2

(7)

eff = 1

αP
[1 − exp(−αPL)] (8)

herer is the fiber core radius,f the frequency,αP the absorp
ion constant of the pumping light andL is the fiber length. Fo
xample, Raman threshold power will be 1.22 W for a fi
ensor that has an effective cross-sectional area of 60�m2

nd an effective length of 7.87 km.
Our sensing system has a temperature resolution of◦C

nd spatial resolution of 1.22 m. The source output po
hich is 3 W, is greater than the threshold power valu
.45 W. Using the system shown inFig. 2, measuremen
ere performed on two 154 kV power cables of lengths
nd 412 m under different medium conditions.

The temperature profile obtained from measurements
ormed with optical fiber DTS method on a 126 m lo
54 kV power cable is shown inFig. 3. In the first 16 h o

he total test duration, current flowed through the cable
emperature variations of the cable were detected for 48
ig. 3, graphic sections I, III, V and VI show temperature p
les of buried cable sectors while sections II and IV exh
emperature profiles of cable sectors placed in ducts. In
ase, cable temperature did not exceed 90◦C, which is the
ypical maximum operating temperature of XLPE cables,
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Fig. 3. Temperature profile obtained from 154 kV XLPE power cable with
a length of 126 m.

Fig. 4. Temperature profile measured on 154 kV XLPE power cable with a
length of 412 m.

only cable sectors which were placed in ducts reached to this
value. The maximum temperature reached by buried sectors
was about 80◦C.

The temperature profile obtained from measurements per-
formed on 154 kV XLPE power cable with a length of 412 m
is shown inFig. 4. During the experiment, different ambi-
ent temperatures were formed at different regions along the
cable. The temperature profile inFig. 4shows these ambient
temperatures with a temperature resolution of±1◦C.

4. Simulations

In the case of high spatial resolution sensors where multi-
mode parabolic gradient index fibers or single-mode fibers are
used, Raman Stokes power, which originates at any location
z along the fiber, measured at the fiber input (z = 0) at a time
t after a pulse is transmitted from the laser source can be
described by[15]

PS(t) = P̂0

(
cτ

ngr

)
℘SΓS

1

2αP,S

[
1 − exp

(
−αP,S

ct

ngr

)]
(9)

whereP̂0 is the source power,c the speed of light in vacuum,
τ the pulse duration,ngr the group refractive index in the
fiber core,℘S the Bose–Einstein factor for the Stokes band,
Γ S the Raman Stokes capture coefficient,αP,S the effective
power attenuation coefficient for the Stokes wave andt is the
time.

Similarly, Raman anti-Stokes power, which originates at
any locationz along the fiber, measured at the fiber input
(z = 0) at a timet after a pulse is transmitted from the laser
source can be described by[15]

PAS(t) = P̂0

(
cτ

ngr

)
℘ASΓAS

1

2αP,AS

×
[
1 − exp

(
−αP,AS

ct

ngr

)]
(10)

where℘AS is the Bose–Einstein factor for the anti-Stokes
band,Γ AS the Raman anti-Stokes capture coefficient,αP,AS
the effective power attenuation coefficient for the anti-Stokes
wave.℘S and℘AS of Eqs.(9) and (10)can be computed using

℘S = 1

1 − exp(−�E/kT )
(11)

and

℘AS = exp(−�E/kT )
(12)
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espectively, wherek is the Boltzmann constant,T the abso
ute temperature of fiber and�E is the difference betwee

olecular energy statesE2 andE1 of Raman scattering.
αP,SandαP,AS of Eqs.(9) and (10)can be computed wit

P,S = αP(λ0) + αP(λS)

2
(13)

nd

P,AS = αP(λ0) + αP(λAS)

2
(14)

espectively, whereαP(λ0) is the attenuation coefficient of t
ulse laser in the fiber at the wavelengthλ0, αP(λS) the powe
ttenuation coefficient at the Stokes wavelength andαP(λAS)

s the coefficient at the anti-Stokes wavelength. Attenua
oefficients for parabolic gradient index multi-mode fi
nd single-mode fiber at different wavelengths are give
able 1.

Capture coefficientsΓ S andΓ AS for parabolic gradien
ndex multi-mode fiber and single-mode fiber at differ
tokes and anti-Stokes wavelengths are given inTable 2.
Taking the ratio of Eqs.(10) and (9)and making som

implifications, Eq.(2) can be obtained. By using the pu
esponse measured with OTDR, temperature can also be
uted using

(zq) = �E

k ln[(hS(t)/hAS(t))(λS/λAS)4 exp(�αPzq)]
(15)

herehS(t) andhAS(t) are detected Stokes and anti-Sto
ulse responses and�αP is 1.3× 10−6 for single-mode fibe
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Table 1
Attenuation coefficients for parabolic gradient index multi-mode fiber and
single-mode fiber at different wavelengths

λ (nm) Parabolic gradient index
multi-mode fiber,α (dB/km)

Single-mode fiber,
α (dB/km)

810 3.00 2.40
840 2.40 1.90
872 2.00 1.60

1248 0.60 0.40
1320 0.40 0.33
1401 0.90 0.40
1451 0.50 0.25
1550 0.35 0.20
1663 0.37 0.22

For detailed information about the above equations and tables
of this section, please refer to[15].

Simulations about distributed temperature sensing with a
fiber sensor mounted in a 154 kV power cable, whose length
is 10 km, were made with MATLAB. In these simulations,
back-scattered Stokes and anti-Stokes signals were obtained
as well as the temperature profile. A single-mode fiber operat-
ing at a wavelength 1320 nm was used. Required parameters
of such a fiber are given inTables 1 and 2. Parameters used
in simulations are as follows:

• Transmitted pulse duration:τ = 12.2 ns.
• Maximum power of pulse laser:̂P0 = 3 W.

• Fiber length:L = 10 000 m.
• Spatial resolution (computed with Eq.(5)): �zmin =

1.22 m.
• Number of discrete points detected with 1.22 m spatial res-

olution:

fiber length

spatial resolution
= 10 000

1.22
= 8196

With the help of Eqs.(11) and (12), ℘S and℘AS coefficients
can be computed depending on the temperature of the scat-
tering point of the light.

Raman Stokes and anti-Stokes capture coefficients for
single-mode fiber were found asΓS,single(1320 nm)=
4
u

n-
s puted
a

T
C

λ

λ

λ

Γ

Γ

Γ

Γ

Back-scattered Stokes and anti-Stokes signals were found
using Eqs.(9) and (10). Gaussian noise was added to the
detected Stokes and anti-Stokes signals. To obtain the dis-
tributed temperature on the power cable, Eq.(15)was used.

In the simulation program written for distributed temper-
ature measurement of the long range power cable with fiber
sensor, different medium conditions were formed along the
cable as follows:

• Cable connection points repeated every 1000 m with the
first one being at the 1000th meter.

• Bedding in a 20 m duct at the 2500th meter.
• Cross-connections with other cables at 3800th and 6700th

meters.
• Bedding in 100 m ducts at 5500th and 7500th meters and

cross-connections with other cables inside these ducts at
5550th and 7550th meters.

The simulated temperature profile of 154 kV power cable
is shown inFig. 5. It is clear inFig. 5 that cable connec-
tion points, cross-connection points with other cables and
bedding in ducts cause hot spots to occur on the cable. The
average temperature is approximately 80◦C excluding hot
spots. Cable connection points raise the temperature locally
to 90◦C but the most critical temperature increments that
must be monitored are due to cross-connections with other
c oom-
i s
s

uct
c e
v lts in
s alue
d

e
t that
p r and
c t the
5

.28× 10−10 andΓAS,single(1320 nm)= 5.39× 10−10 by
singTable 2.

With the help ofTable 1, effective power attenuation co
tants for Stokes and anti-Stokes wavelengths were com
sαP,S=αP,AS= 0.365 dB/km.

able 2
apture coefficients at different Stokes and anti-Stokes wavelengths

0 (nm) 840 1320 1550

S (nm) 872 1401 1663

AS (nm) 810 1248 1451

S,grad(×10−10 m−1) 87.7 13.2 6.63

AS,grad(×10−10 m−1) 118 20.9 11.4

S,single(×10−10 m−1) – 4.28 3.04

AS,single(×10−10 m−1) – 5.39 4.00
ables and bedding in ducts. This may be analyzed by z
ng to the circled parts ofFig. 5, the first one of which i
hown inFig. 6.

As shown inFig. 6, bedding the power cable in a 20 m d
auses the temperature to exceed 85◦C. This temperatur
ariation is in good agreement with our measured resu
hort cables. However, the temperature is still below the v
ue to cable connection points.

The second circled part of the graphic inFig. 5 may be
xamined more closely as shown inFig. 7, which illustrates
he simulated temperature profile of the cable sector
asses through a 100 m duct starting at the 5500th mete
ross-connects with another power cable in the duct a
550th meter.

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
duct.

Comparing toFig. 6, it is clear that the temperature
exceeds 85◦C in the duct and locally rises to 88◦C, which
is very near in value to the critical temperature 90◦C, at the
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 thermal
conductivity of the duct. Under similar conditions, cable tem-
perature reaches to 105◦C – a higher value than the critical
temperature 90◦C – at 7550th meter as shown inFig. 5.
Zooming in the third circled part of the graphic inFig. 5,
Fig. 8can be obtained.

Fig. 8 shows the increment in the temperature of 154 kV
power cable due to a cross-connection with another power
cable at the 6700th meter. The temperature exceeds the crit-
ical value and is approximately 93◦C. This is because of the
thermal interaction between cables at the cross-connection
point. Comparing toFig. 7, it is obvious that the temperature,
and consequently the load, of the cable that cross-connects
with our 154 kV cable at the 6700th meter is more than that
of the one at the 5550th meter. This is indeed the case that we
considered for our simulation model. Besides the instanta-
neous current that flows through cross-connected cables, the

F 500th
m

Fig. 8. Temperature variation at the 6700th meter due to a cross-connection
with another power cable.

temperature increment depends also on the degree of cross-
connection angle and the distance between the conducting
centers of cables.

5. Conclusion

In this study, a distributed temperature sensing system
based on the 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.
Parameters that affect the receiver performance have been
analyzed. Using DTS method, temperature measurements
have been performed on two power cables with lengths of
126 and 412 m under different conditions such as during
and after a current flow through buried cables and cables
placed in ducts. Also, simulations have been made for long
range (10 km) 154 kV XLPE insulated power cables. In these
simulations, effects of cross-connections, cable connection
points and ducts on temperature variations have been ana-
lyzed. Experimental and simulation results have shown a
good agreement between real and model temperature values,
e.g. there is a 5◦C variation between maximum temperature
values of buried cable sectors (I and III) and cable sectors
placed in ducts (II and IV) in measurements while 80◦C
average temperature of the cable rises to 85◦C due to bed-
d is a
r hort
a
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ss-
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s of
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ig. 7. Temperature variation due to bedding in a 100 m duct at the 5
eter and cross-connection with another cable at the 5550th meter.
ing in a 20 m duct in simulations. These show that DTS
eliable method to obtain temperature profiles of both s
nd long range power cable systems.
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