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Introduction

Many electric utilities, including Memphis Light, Gas & Wa-
ter (MLGW), began installing underground residential electric
(URD) facilities in the late 1960s. The earliest URD customers
at MLGW were served by paper-insulated lead-covered (PILC)
type cable which has a very good service history but was expen-
sive and time-consuming to install. In an effort to install URD
facilities at a comparable cost to traditional overhead facilities,
direct buried high—-molecular weight polyethylene (HMWPE)
insulated cables were utilized. These unjacketed cables were
constructed with a #2 AWG copper conductor, 6.1 mm (240
mils) of HMWPE insulation, and copper concentric neutrals.
Unjacketed feeder cables were constructed with a 380 mm? (750
kemil) aluminum conductor, 6.1 mm (240 mils) of cross-linked
polyethylene (XLPE) insulation, and copper concentric neutrals.
Initially, feeder cables were direct buried but by the mid-1970s
were installed in conduit. All cables were operated at either 12
kV or 23 kV phase-to-phase system voltages.

Failure Rates of Early Polyethylene-Insulated Cables
By 1973, with only 6 years of field service, the HMWPE in-
sulated cables had a failure rate of 4.24 failures per 100 conduc-
tor miles per year (4.24 /100 mi-yr). By 1976, the failure rate
had increased to 16 f/100 mi-yr. This high and increasing failure
rate resulted in a change to specifying XLPE insulation for all
cables. By 1980, the failure rate for the XLPE insulated cable
was about 3 /100 mi-yr. The HMWPE insulated cable yearly
failure rate peaked in 1983 at 87 f/100 mi-yr for URD cable,
while the XLPE failure rate peaked in 1985 at 11 /100 mi-yr.

Move to Life Cycle Cost Design Principle

In 1978, the high and accelerating rate of failure of both
HMWPE and XLPE cables precipitated a shift from minimiz-
ing “initial cost” to minimizing “life cycle cost” of the cable
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The article describes shifting from
minimizing “initial cost” to mini-
mizing “life cycle cost” by switch-
ing from cables insulated with high—
molecular weight polyethylene and
cross-linked polyethylene to cables
insulated with ethylene propylene
rubber. This shift reduced the num-
ber of failures per year and improved
reliability indices.
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systems. As a result, MLGW attempted to determine the cable
designs and materials with established history of in-service reli-
ability. After significant research, MLGW selected an ethylene
propylene—rubber (EPR)-based cable design with 16 years of
in-service history and nearly flawless reliability. Emphasis was
also placed on highly reliable splices, terminations, connectors,
transformers, and system design. Because of the unacceptable
reliability indices of the “pre-1980” system, the “post-1980”
system design and components were used to retrofit the 1967—
1979 HMWPE/XLPE based system. Approximately $50 million
was spent to improve reliability and bring the URD system to
“post-1980” standards. The inflation adjusted retrofit cost was
7 to 8 times the initial installation cost. This effort reduced the
number of failures per year, as shown in Figure 1, and improved
reliability indices.

Field Aging Cable Test Program

As a result of this experience, in 1984 MLGW started a long
term field aging test project on unjacketed URD cables insulated
with various EPR insulations and insulation wall thickness. This
field aging test was based on unjacketed URD cables with #2
AWG copper conductor (33.6 mm?) insulated with 3 types of
EPR insulation at 2 insulation wall thicknesses, 6.6 mm (260
mil) for 25 kV rating and 4.45 mm (175 mil) for 15 kV rating,
all of which were energized at 23 kV system voltage (13.28 kV
phase-to-ground). These cables were installed in a typical URD
subdivision during the HMWPE retrofit projects. The retrofit
and test cables were installed in a conduit system which, be-
cause of field conditions, was partially but continuously filled
with water. Initially, the retrofitted cable supplied the subdivi-
sion until all of the test cable could be installed, after which the
test cables were energized within a 2 week period. Table 1 pro-
vides details regarding cable types and quantities installed and
stored in this field aging test project. The 6.60 mm wall cable
operated at 3.385 kV/mm (86 V/mil) maximum field and 2 kV/
mm (51 V/mil) average field, while the 4.45 mm wall cable op-
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Figure 1. Failure analysis data from Memphis Light, Gas & Wa-
ter suggested clearly the retrofitting of #2 AWG high—molecular
weight polyethylene (HMWPE) and cross-linked polyethylene
(XLPE) cables with ethylene propylene—rubber cables reduced
the number of service failures. For HMWPE cable, the peak in
1983 represents a failure rate of 87 failures per 100 conductor
miles per year. For XLPE cable, the peak in 1985 represents
a failure rate of 11 failures per 100 conductor miles per year.
The peaks in 1994, 2000, and 2003 were caused by reduction in
retrofit funding in the preceding 12 to 24 months. URD = under-
ground residential distribution.

erated at 4.4 kV/mm (112 V/mil) maximum field and 3 kV/mm
(76 V/mil) average field.

Electrical Testing and Data Analysis

Each of the cable types was sampled and AC breakdown
tested at their factory to establish initial, i.e., “’year zero,” break-
down values. After 2, 5, 9, and 24 years of field cable aging,
cables were removed from service, cut into roughly 10 m sec-
tions, their ends were sealed, and they were packaged in water
filled plastic pipes for shipment to the high voltage laboratories

Table 1. Cable types and quantities for the field aging test project’

Ethylene propylene-rubber

insulation type 4.45 mm/175 Mil 6.6 mm/260 Mil ICEA [1] classification | Quantity installed (m) Quantity stored (m)
A X I 1,824 942

A X I 2,472 954

B X W% 2,866 950

B X IV 3,018 923

C X I 2,778 282

C X I 2,831 802

Total 15,788 4,852
'According to the Insulated Cable Engineers Association (ICEA) classification for ethylene-propylene-rubber-insulated wire and cable for transmission and distri-
bution [1], type Ill insulation is for use on shielded cables rated 2,001 V and above with conductor temperature not exceeding 105°C under normal operation and
type IV insulation has a specific discharge resistance requirement and is suitable for use on cables rated 2,001 through 35,000 V with conductor temperature not
exceeding 90°C under normal operation.
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Figure 2. AC breakdown (ACBD) field for the three cable types
as a function of years in service at 50% probability and 1%
probability with 90% confidence limits, based on a LogNormal
distribution and the average field over the insulation wall. The
operating field for the 4.45 mm cable was 3 kV/mm, although the
normal line-to-ground operating field in a 15 kV system would
be only about 1.8 kV/mm average RMS field in the insulation.
The operating field for the 6.0 mm cable was 2 kV/mm average
RMS field in the insulation.

at which they were tested for AC breakdown strength. Impulse
tests were performed on samples field aged for 24 years. Figure
2 shows the AC breakdown field as a function of time in service
based at 50% and 1% probability based on a LogNormal distri-
bution of the average field within the insulation wall, with 90%
confidence limits, for the 4.45 mm and 6.6 mm wall cables.

The data show some scatter, which is to be expected for any
breakdown data, in spite of which, the data for the 4.45 mm and
6.6 mm cables are remarkably similar. At 50% probability, the A
and B 4.45 mm cables have an AC breakdown field of about 13
kV/mm (330 V/mil) after 24 years of service, while the C cable
type is at 15.7 kV/mm (400 V/mil). The corresponding num-
bers for the 6.6 mm cable are 13.4 kV/mm (340 V/mil) and 15.7
kV/mm (400 V/mil). All three cable types came to near steady
state breakdown field after 9 years, i.e., the breakdown field at
24 years is nearly the same as that at 9 years. As is inevitable,
the data at 1% probability have greater confidence limits and
scatter than those at 50% probability; however, they suggest that
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Figure 3. Breakdown data as a function of age for a large num-
ber of cross-linked polyethylene (XLPE) and high—-molecular
weight polyethylene (HMWPE) cables removed from the field
as reported in literature [2]. The area of each symbol is propor-
tional to the number of breakdowns at that step, while the cen-
ter of the symbol indicates the step field. Very few samples have
breakdown field below 8 kV/mm, presumably because once the
cables reach that field, they tend to fail very rapidly in service.

the field for 1% probability of breakdown is in the range of 8
to 12 kV/mm (200 to 300 V/mil) after 9 and 24 years aging,
respectively.

Comparative Data to XLPE and HMWPE Insulation

Figure 3 shows a large number of breakdown data from lit-
erature for XLPE and HMWPE of the same vintage as the EPR
cables under discussion [2]. The lack of breakdowns below
about 8 kV/mm, a well known phenomenon in populations of
aged PE cable, suggests that when the AC strength of a cable ap-
proaches 8 kV/mm, it fails in service. An AC breakdown field of
8 kV/mm is far more than necessary to withstand normal operat-
ing fields (around 2 kV/mm), and the in-service failures of these
cables are the result of normal surges on the system, i.e., switch-
ing and lightning impulse. This result may be expected based on
the fact that the impulse strength of XLPE and HMWPE drops
even faster than the AC strength with age.

Figure 4 shows the breakdown field of XLPE cable as a func-
tion of years in service at 50% probability and 1% probability
of breakdown, along with 90% confidence limits. The 1% prob-
ability curve crosses 8 kV/mm at around 8 years, which suggests
that the failure rate will be noticeable after about 8 years of ag-
ing, which is consistent with the experience described above. By
25 years, the breakdown field at 50% probability has reached
about 8 kV/mm, which suggests a very high failure rate for cable
of this vintage, although so much of it may have failed by 25
years that it may not have much impact on the failure statistics
of the overall system.

The AC breakdown field for the aged EPR cable (Figure 2) is
better than for the XLPE cable, but at 1% probability, the break-
down field for some of the EPR cables is in the range of 8 kV/
mm, which would suggest an appreciable failure rate. The reason
that the EPR cables have negligible failure rate can be seen from
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Figure 4. AC breakdown field as a function of years in service
for cross-linked polyethylene cable of similar vintage as the eth-
vlene propylene—rubber cable under discussion. The plots are
produced based on statistical analysis of data from [2]. The
breakdown field at 1% probability crosses 8 kV/mm at about 8
years, which suggests that around this time, the failure rate will
become appreciable.

Figure 5, which shows that after 25 years of service aging at well
above normal operating field in the case of the 4.45 mm cable,
the impulse breakdown field by far exceeds that required to meet
the rated BIL of the cable. The AC voltage strength which far
exceeds the requirement for normal power frequency operation,
combined with impulse voltage strength which also significantly
exceeds that to meet the BIL of the cable, ensures highly reliable
operation after 25+ years of in-service aging, and suggests that
these EPR cables will operate reliably for the foreseeable future.

MLGW Post-1980 Service Experience With

EPR Cable

Since 1980, MLGW has suffered 4 lightning induced cable
failures, two of which caused substantial damage to other equip-
ment, such as pad-mounted transformers, arresters, etc. In ad-
dition, 4 failures have resulted from squirrel “eat-ins,” and 2
failures resulted from severe overloading of the cable, which
was subjected to 160% of full load current for several days far
exceeding the emergency rating of the cable. Two failures were
caused by damage during installation, and 4 failures were caused
by damage on the reel before installation. Dig-ins are undocu-
mented. This results in a yearly failure rate of about 0.16 /100
mi-yr, which does not include failures of splices, terminations,
connectors, or failures caused by abuse of the cable (overloading
and mechanical damage).

As a result of the high reliability of the EPR cable used by
MLGW, commissioning tests are not economically viable as
they are unlikely to eliminate service failures. Although the reli-
ability of splices and terminations is not as great as that of the
cable, the system reliability is very high. While commissioning
tests might detect workmanship errors in splicing and terminat-
ing, the cost for such testing would be many times greater than
the in-service repairs which result from not conducting the tests.
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Figure 5. Impulse breakdown field at 50% probability and 90%
confidence limits, along with the withstand fields required to
meet the cable BIL at 4.45 mm and 6 mm mil insulation wall.
After 25 years of field aging, the impulse breakdown field ex-
ceeds the impulse strength required of new cable by nearly a
factor of two

Conclusion

Field experience at MLGW has justified its decision to install
EPR insulated cable. Analysis of AC and impulse breakdown
strengths of EPR cables aged on the MLGW system in service
since 1983 (for over 30 years) provides confidence that the cable
will continue to operate reliably for the foreseeable future. To
date, a systematic failure mechanism has not been identified for
any of these EPR insulations subjected to normal and moder-
ately (150% overvoltage) “accelerated” operating voltage stress
in a wet underground environment.
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