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ABSTRACT

Diagnostic methods for two major cables, PVC

XLPE cables, are presented. As a new diagn
method for the PVC cable insulation, an analysi
the insulation oil sampled from the splices or ¢mel
sealing box is proposed. As for diagnostic mett
for the XLPE cable insulation, several methods
described to detect water tree deterioration, wins
the only major problem with XLPE cables. Thi
methods are classified into difte and live-line tests.
Especially, newly proposed diagnostic methare
discussed, which can be applied to line XLPE
cables. These are a measuring method of dc ct
component in ac charging current of cables cormigi
water trees, a method to measure insulation resist
and a method of detecting electrical tdeterioration
in XLPE cable.
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l. INTRODUCTION

Distribution cable systems represent a signifi
investment and are a vital part of tbower delivery
distribution network. In an increasingly compei
and deregulated environment, it is essential

utilities maximize the profitability of their assefThis
requires utilities to have knowledge of power ce
systems and their diagnasti to make the rigt
decisions about what cable system equipmer
purchase and to have a general idea of how w
will perform in service, how it ages, degrades,

fails, and how it should be diagnosed for repai
replacement. The next sectionsve a brief
description of the basics of underground distritm
cable systems.

I. DISTRIBUTION POWER CABLE

A distribution power cable is designed to ce
electric current and withstand a certain opera
voltage, which together allow it to deliver elec

power. In some cases, it is simply defined as
conductor with insulation” [-2]. The use of
distribution power cables encompasses a wide ye
of applications that mainly include undergrou
underwater, overhead distribution, and elect
machines applications [3]. Generally, distributic
power cables are described by their type of ingri
material, voltage class, conductor material, cotwit
type, conductor size, and sheathing mate

A. Distribution Power Cable Structure and Types
In the India, the cable design that is mostly use
distribution systems is the sin-conductor medium
voltage cable. Its basic design has not changed
the last 100 years, but the improvement in theaold
discovery of new materials and manufamng
processes have created a variety of types fot
different applications. The voltage range
distribution power cables is from 6 to 36 kV
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Figurel. Cross section ofnaodern distribution powe
cable

Figure 1 and Figure 2 show the cross amngitudinal
sections of a modern distribution power ca
respectively. Starting from the center of the catile
cable structure is composed of the condur
conductor shield, insulation, insulation shie
concentric neutral, and the jacl
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Figure2 Longitudinal section of a modern distributi
power cable
B. Conductor
The main function of the conductor is to carry
electric current. Typically, it is made of copper
aluminum alloys and can be solid or strandec
stranded conductor has more flakty compared to ¢
solid conductor; the wire strands may be filledhaa
resin to prevent water ingress and then it is dal
“filled” conductor. Unfilled conductors, on the @it
hand, simply do not contain resin. It will be séater
that water pys an important role in cable degrada
and failure mechanisms. Copper alloys are aboat
times denser than aluminum alloys. Therefore, co
conductors are three times heavier than alumi
conductors. Lighter cables are preferable
installation. Nevertheless, because of the elect
conductivity of both materials and for a given emt
specification, a copper conductor can be two ¢
smaller than an aluminum conductor. Thus, sizing
material selection of the conductor are not easks
since the criteria also depend on voltage drop
the cable, characteristics of the insulation matge
flexibility, cable design, installation method, \ght,
and cost. In some situations, the condis is
concentric round, but in other situatione conductor
is compressed with the idea of providing an €
smoother interface at the outer surface of
conductor, see Figure 3.

Concentric Round Compressed Round

Figure3. Concentric round and compressed ro
conductors

The conductor size is given by the conductor c
sectionalarea. In India, the conductor size is defii
by the Bureau of Indian Standards (BIS). The gasi
formed by a geometric progression between

consecutive diameters. The largest AWG size is

commonly known as 4/0, and the smallest is
which is gproximately 0.0050 in. in diameter. Wh
the conductor size is greater than 4/0 AWG, itivey
by the cross sectional area in thousands of cir
mils (MCM), or kcmils. In some situations, MCM
used instead of kcmils. One circular mil (cmil)
defined as the area of a solid conductor havir
diameter of one mil (one thousand of an inch) [d]
addition, solid conductor types are found only qj
1/0 AWG size.

C. Conductor Shield

The main function of the conductor shield,
conductor screen, is taqvide for a smooth interfac
between the conductor and the insulation. The sir
interface between the conductor shield and inguri
avoids the presence of sharp points (known
protrusions) that could impose h-voltage stress to
the insulation. Theonductor shield and the insulati
are chemically bonded. If the conductor shield as
present, electric field lines are more concentraie
the sharper edges around the outside perimetdrer
conductor. As a result, hievoltage stress areas are
created between the conductor and the insul:
interface. This decreases the life of the cableits
eventual failure will likely be caused by this ieasec
voltage stress. The conductor shield is made efra
conductive material. The semi conductmaterial is
specially designed with about 30% to 40% car
black to meet the required conductivity [3] sucht
the conductor shield and the conductor are atdhee
potential when the cable is energi:

D. Insulation

The insulation is capable of witlanding the
operating voltage at the operating rated tempes¢
typically from 75° C to 90° C [3, 5]. The insulati
can be classified as laminated or extruded insrle
The insulation should be clean there should be #m
interfaces with the conduc shield and insulation
shield to avoid high electrical stresses that ccalase
early insulation failure. The first insulation tyf
laminated insulation, is represented exclusively
Paper Insulated Lead Covered (PILC) cables. Le
of impregnated papere placed on top of one anotl
to create the cable insulation. Impregnated pap
the oldest and the most widely used mate
Generally, the paper is impregnated with oil or
that has dielectric properties suitable for insala
applications. A the impregnator needs to
contained within the insulation, the cable typigdihs
a lead sheath. This type of cable has been use
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over a 100 years and has seen extensive m
testing and evaluation procedures developed. |
with these procedusein place, the manufacturing a
installing of paper cable still requires signifitaskill.

The use of PILC cables is declining. This situati®
mainly due to environmental concerns with the |
cover and the impregnators [3]. In addition, pe
cables have higher insulation losses and installe
and maintenance costs than extruded insulatiores
[5]. In fact, there has been a closure of ps¢
impregnated manufacturing plants in the last

decades, which in some situations makes PILC ¢
even difficult to find for new installations
maintenance, or repairs [3]. The second insule
type, extruded insulation, can be classified
thermoplastic or thermo set insulation. /
thermoplastic melts at a certain temperature

freezes to a brittle and lagsy state when tt
temperature is decreased sufficiently. Thermop:
insulation includes polyethylene (PE), which

divided into Low Molecular Weight PE (LMWPI
also known as Low Density PE (LDPE), and H
Molecular Weight PE (HMWPE) also known aigh
Density (HDPE). On the other hand, a the set is a
polymer that cures to a more durable form becat:
curing. The curing converts the resin into a ptasti
rubber using a crodsiking process into a rigid thr-

dimensional molecular structure. é “cros-linking

process creates a molecule with a larger mole:
weight, resulting in a material with a higher nedt
point. In general, a thermaet is stronger the
thermoplastic because of the tr-dimensional
molecular structure. Thermo sematerial: can
withstand higher temperatures and are not recye
as are thermoplastics [3[Thermo se insulation
includes Croséinked PE (XLPE), Water Tre
Retardant XLPE (WTRXLPE) also known as T
Retardant XLPE (TRXLPE), and Ethylene Propyl
Rubber (EPR).These are the insulations in popt
use today.

E. Insulation Shield

The insulation shield, or insulation screen, semne
same function as the conductor shield and provi
smooth interface between the insulation and
concentric neutral. If the infation shield is no
present, electric field lines will appear aroundsoile
the cable insulation. The insulation shield assthiat
the voltage outside the cable is at ground potertic
India, the insulation shield and the insulation ao¢
chemicaly bonded; in this case, the insulation sh
is called a strippable shield. Strippable shit

facilitate the cutback for terminating and spliciting
cable [3]. 12 The group of the conductor, condu
shield, insulation, and insulation shield is knoas
the cable core. The cable core is designed to He=
electric field inside the cable insulation and gatre
electric current while dissipating the heat gerest
by the conductor during the useful life of the et

3].

F. Concentric Neutral

The concatric neutral is placed over the insulat
shield to keep the outer part of the cable cor
ground potential, thus providing protection aga
accidental contact. It is also designed to carujt
currents, stray currents, charging currents,
imbalanced currents. The concentric neutral car
replaced by a metallic sheath to accomplish thees
function. In this situation, the cable is said te
completely shielded. Generally, the concentric ra
or metallic sheath have been made of lead, alum,
or copper in a variety of designs that include -
tapes, round wires, and solid or corrugated exth
tubes [3]. Corrosion is a problem for concen
neutrals and metallic sheaths and may occur a
interface between the metal and its surrours. The
corrosion is accelerated by the presence of waie
the related pH of the soil [2]. The concentric mak
or the metallic sheath must be continuous alonc
cable length and have good contact with the ingur:
shield to guarantee that the cr area of the cable
core is at ground potential. The lack of suffici
contact can generate a voltage gradient betwee
insulation shield and concentric neutral or meti
sheath. In this situation, electrical dischargaedade
generated and causeosion of the insulation scret
and subsequently the insulation. Eventually, thilé
lead to a cable failure [3].

G. Jacket

The jacket, also known as the c-sheath, is a
protective covering that may also provide additic
insulation. The protection cc be against
mechanical, thermal, or chemical stresses. Theaxg
it reduces the concentric neutral or metallic s

corrosion as well as the moisture ingress to tlidec
It could also be designed to hold a metallic arr
wires, or tapes [2-3], enhang even more the lev
of  protection. Typical materials inclu
Polyvinylchloride (PVC), chlorosulfonated PE, F
LDPE, Linear Low Density PE (LLDPE), Mediu
Density PE (MDPE), HDPE, and nylon -3].

Variations on the designs previously described
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avdlable and are shown in Figure 4. They inch
concentric neutral without a jacket, metal cladle:
(TECK cable) mainly used in mining and indust
applications, shielded cables with copper tapelds$i

and PILC cable [4]
M By,

i
-

i
=2

Coneentrie Neutral
Without Jacket Cable

PILC Cable

TECK Cabie

Shisided Cables

Figure4. Different cableypes
1. DISTRIBUTION POWER CABLE AND
ACCESSORIES
Generally, a single length of cable is not longLegit
to cover the distance between points to which
desired to distribute the electric power and thoe
multiple cable lengths are cascade connecThe
cable lengths are connected by joints or splices
both ends of the cable lengths, a termination éslus
make the transition from the underground to
overhead part of the distribution system or t
distribution transformer. When the transii is
between the cable and a transformer the termingi
usually known as an elbow termination or, sim|
elbow. The joints and terminations are commc
known as accessories of the power cable system
group of cable lengths, joints, and terminas are
together referred to as a section of the pc
distribution cable system or simply cable segm
Cable accessories play an important role in thegp:
cable system insulation performance. As part of
power distribution cable system, they can lead to
failure. Therefore, the quality of cable access
should be comparable to the quality of the calslelfi
such that the cable segment experiences uni
performance over time. When a segment coni
more than one cable insulation type and or more
type of cable joints and terminations, the segme
said to be a hybrid.
V. DIFFERENCE BETWEEN XLPE AND
PVC CABLES
XLPE or Crosdinked polyethylene is Thermo set
insulation material. Crosdinking polymers is ¢

process which changes the molecular structuree
polymer chains so that they are more tightly bo
together and thiscross linking is done either by
chemi@l means or physical means. Chemical ¢

linking involves the addition of chemicals or iaitdrs
such as silane or peroxide to generate free ra
which form the cross$inking. Physical cros linking

involves subjecting the polymer to a high ene
source such as higimergy electron or microwa
radiation.

Polyethylene (PE) material itself has excell
dielectric strength, high insulation resistanceqd a
low dissipation factor at all frequencies makingait
ideal insulatorhowever it is limited irits temperature
range. Cros$inking the PE to become XLP
increases the temperature range of the insul
whilst maintaining the electrical properti

XLPE is suitable for voltage ranges from low tore:
high voltage, surpassing other insulation rmials
such as PVC, Ethylene Propylene Rubber (EPR)
silicone rubbers. Crodsiking the polyethylene als
enhances the chemical and oil resistance at ek
temperatures and makes it suitable for use as a
Smoke Zero Halogen mater

The mechamial properties of the XLPE are supet
to much other insulatignoffering greater tensil
strength, elongation and impact resistances.
addition of carbon black can be used to fur
enhance hot deformation and cut through resist:
The XLPE insuléon will not melt or drip, even at tt
temperatures of soldering irons, and it has inae
flow resistance and improved ageing characteri
Improved watettree resistance is another benefit
XLPE insulation for LV cables and MV cables o
PE insuations. Water treeing is a defect which is
result of imperfections in the insulation wherecfrae
lines occur and grow in the direction of the eliec
field, increasing with electrical stress. It shouid
noted that this effect is not limited tcE materials.
Insulation failure of cables causes stoppage aftiede
service and requires much repair work. Many ugdi
are therefore very interested in practical and
methods of diagnosing precisely the degree
deterioration of installed cable sulation. Power
cables are classified into two major groups:-
impregnated paper, and cr-linked polyethylene
insulated power cables. Diagnostic methods foret
two cables, proposed in Indiare discussed he
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V. DIAGNOSTIC METHOD FOR OIL-
IMPREGNATED PAPER-INNSULATED
POWER CABLES

Self-contained oifilled (OF) cables are based o
complex insulation system composed of insula
paper and insulation oil. For OF cables which hay
voids in normal operating condih, the insulatior
deterioration may be almost left out of considerat
Generally, a check is made for monitoring the clet
of oil pressure of a cable system includ
accessories, which keeps the cable insulation rsy
in good condition. Recently, fothe purpose c
detecting the deterioration of insulation oil caligy
poor splices and end sealing boxes, an analydise
insulation oil sampled from the splice or the «
sealing box is proposed as a diagnostic methoth&
OF cable insulation [1]Corona discharge or arc ¢
be detected if gases are in the insulation oil.s’
analysis plays an important role in maintain
transformers. For the detection of deterioratiorhe
insulating oil, measurements are made of diele
dissipation factg and specific volume resistivity,

addition to measurements of mtoie content and g

analysis.In these measurements, it is very impor

to sample the insulation oil without contaminatitg

For this purpose, the sampling of insulation odnfr

splices or end sealing box is conducted carefully

using a syringe. Table 1 shows the tentative cai
for diagnosis of insulation oil.

A. Maintaining the Integrity of the Specifications
The template is used to format your paper and
the text. All magins, column widths, line spaces, ¢
text fonts are prescribed; please do not alter tl
You may note peculiarities. For example, the I
margin in this template measures proportiong
more than is customary. This measurement and ¢
are deliberateusing specifications that anticipate y«
paper as one part of the entire proceedings, ands
an independent document. Please do not revisefe
the current designations.

VI. DIAGNOSTIC METHOD FOR XLPE
INSULATED POWER CABLES

XLPE cables have been usemh undergrounc
distribution systems for almos@3/ears, and their us
is still increasing because of their excellent etilic
properties and easy handling. The only major prat
with XLPE cables is deterioration by water trees,

it sometimes is theain cause of insulation failures
XLPE cables in long service. Up to the pres
several methods have been proposed in Jap:
detect water tree deterioration in addition

conventional methods such as measuring the
leakage current or the dieleic dissipation factor.
These methods are classified into-line and live-
line tests.

A. OFF-LINE METHOD

Electrical breakdown of the polymeric insulatic
occurs after initiation of electrical trees. Theeption
and propagation of electrical trees aresely related
to the electrical charge injected and accumulate
the insulation Therefore, the measurement
electrical charges in the insulation will be a wu$
method to predict prbreakdown of the insulation al
to diagnose the degree of insula deterioration.
Recently, several such methods to detect water
deterioration are proposed. It is presumed thatge
is injected from the tips of water trees. Method
Measuring Residual Voltage The cable is grour
for 10 s after dc voltage (1 ¥/ mm) application and
then released from ground. The voltage rise on
cable conductor (residual voltage) afterl0 min
measured [2].

B. METHOD FOR MEASURING ABSORPTION
CURRENT
During Discharge ite dc voltage is applied and t
discharge current (absoign current) is measure
after shorting the conductor to the outer shield&
few seconds in order to avoid the influence
capacitive charging currents [3]. Absorption cha@
(integrated absorption current) divided by
capacitance C of the cabl€@/C) isthe index of the
deterioration. Tie relation between the ac breakdc
strength and the index Q/C. Method for Measu
Potential Decay aftechargin¢ the voltage discharge
rate is measured after dc voltage application
removal [4]. It depends otine degree of deterioratic
of the insulation. Measurement of dc Trans
Response Current tlte transient current is measul
in the absence of the absorption cut during voltage
application [5]

C. LIVE-LINE METHOD

New diagnostic methods have beenposed, which
can be applied to livene XLPE cables. Measurir
dc Component in ac Charging Current The existt
of a dc component was found in the ac char
current of XLPE cables deteriorated by water tr
through the investigation of the electrionduction
phenomenon of XLPE cables with water trees

The dc component was found to be a sign of
existence of water trees.
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The measuring device is connected between one
of the metal shield of a cable and the grounc
switch is connected betweethe other ends of tt
metal shield for the purpose of disconnecting airfi
the ground during the measurement. In the

component measurement (switch opened), a cl
circuit is formed by connecting the ground
potential transformer, distribution &n cable unde
measurement, measuridgvice and ground in serie
The Fig. 1shows the measuring equipment. -
device is composed of four mairomponents; a
device for protetion against grounding fault, a -

pass filter, a dc current meter, and a rder. Fig. 1:
Device for dc component measurement. Safety
device; (b) Lowpass filter; (c) dc currenFrom the
results in the field and in theHdaratory, meter; (d
Recorder. tt has been found that the dc compon:
have good correlations with the tgh of water trees
as well as with other insulation criteria such as
breakdown Based on the data obtained in the fiedt
laboratory voltage (Fig.)8&nd dc leakage curre

Partial discharges in the polymeric insulationsi
cause treeing breakdowwhich is one of the mo:
harmful degradatiomodes. If it is possible to dete
treeing inception or treeing in the earlier stages
site, many breakdown failures in XLPE insulat
may be avoided. It has been reported that a p
discharge of more tmal00 pC is detected when i
length of an electrical tree reaches 0.5 mm in
insulation. In order to develop a prediction mettod:
insulation breakdown by treeing, the relation bem
the partial discharge characteristics and tre
propagation lenfp was investigated [8]. TI
maximum partial discharge magnitude (Qmax) is
always proportional to the tree length. The pat
change of a3 distribution (mean pulse heig
distribution as a function of applied voltage ph
angle) is a significant meare to indicate tre
propagation. In the prereakdown stage, tt
skewness S of the @-distribution of positive an
negative pulses becomes negative, and the
breakdown stage is detected by estimating S vaA
convenient method of monitoring the wvalue
distribution. S values at each time are expressyed
point in the Splane and consequently the breakdc
stage is easily detected when the plot appea
guadrant 3 of the S-plane. Thigpfne method can t
a preliminary prediction method of thinsulation
breakdown by treeing.

VIl. Conclusions

Construction and different parts of power cables
been studied. The distribution cakaccessory has
been studied in detail. For diagnostic of differ
faults in the power cables the test which havead:
performed are explained in detail. This will help
detection and type of fault in the power ce

REFERENCES

1. A. Bulinski, E. So, S. Bamiji, J. Densley, G. Hc
H.-G. Krantz, M. Mashikian, and P. Werelit
Panel on diagnostic measurement technique:
power cables, presented at the IEEE/PES ~
Conf., New Orleand,A, USA, April 11-16, 1999.

2. Bahder, C. Katz, .JLawson, and W. Vahlstror
“Electrical and electrochemical treeing
polyethylene and crosslinked polyethyle
cables,” IEEE Trans. Power App. and Syst.,
PAS 93, pp. 979990, May/June 197

3. S. Bamji, A. Bulinski, J. Densley, A. Garton, a
N.  Shimiku, “Water treeing in polymeri
insulation,” Congres International des Gra

Reseaux Electrigues IGRE), Paris, France,
1984.
4, S. Hvidsten, E. Illdstad, and J. Sletb

“‘Understanding water treeing mechanisms in
development of diagnostic test metho IEEE
Trans. Dielect. Electric. Insulation, v 5, pp.
754-760, Oct. 1998.

5. Kirkland, R. Thiede, and R. Reitz, “Evaluating
service degradation of insulated power cabl
IEEE Trans.Power App.Syst., vol. PAS |, pp.
2128-2136, Jul. 1982.

6. S. Bamji, A. Bulinski, and J. Densley, “Fini
breakdown mechanism of water treeing,” Ann
Report of the Conference on Electrical Insula
and Dielectric Penomena, 1991, pp. 2-305.

7. S. Boggs, J. Densley, and J. Kuang, “Mechar
for conversion of water trees electrical trees
under impulse conditions,” IEEE Trans. Po\
Delivery, vol. PD43, pp. 31-315, Apr. 1998.

8. M. Mashikian, “Preventive maintenance testing
shielded power cable systems,” IEEE Trans.
Applicat., vol. 38, pp. 73743, May/June 2002.

9. “Estimation of life expectancy of XLF-insulated
cables: Aging of irsitu tested cables,” Electr
Power Research Institute (EPRI), Final Re|
1001892, Dec. 2001, p.-5, Palo Alto, CA.
Writer's Handbook. Mill Valley, CA: Universit
Science, 1989.

@ IJTSRD | Available Online @ww.ijtsrd.con | Volume —2 | Issue — 6 | S@pt 201!

Page: 1044



