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Abstract - This publication describes a laboratory test program
conducted with the objective to dovelop a test that would replace
the existing dc withstand test. The article describes the
maethodology used to establish the voltage duration and magnitude
of VLF (0.1 Hz) high voltage field tests suitable for crosslinked
polyethylene (XLPE) insulated power cable. The resulis show that
the voltage breakdown of laboratory aged XLPE cable at 0.1 Hz is
approximately equal to that at 60 Hz, that proof tests at 0.1 Hz cause
very littla damage to the cable, and that 0.1 Hz testing appears to be
a satisfactory afternate to dc testing. Preliminary values are
suggestod for voltage magnitude and time duration of cable
acceptance, main-tenance and proof tests at 0.1 Hz for XLPE cable
rated up to 35 kV. A program is underway to similarly evaluate
samples of service-aged XLPE cable; as well as to demonstrate the
use of the preliminary test values at typical utility installations.

I. INTRODUCTION

During service, water trees form in the insulation of extruded cables
educe dielectric strength [1]. The reduction in dielectric strength
Ay cases is sufficient to cause failure by normal system voltage.

In addition to lowering ac, dc and surge breakdown voltages, water
and water trees tend to increase dissipation factor, modify leakage
currents and modify dc absorption current. Field measurements of
some of these parameters have proven to be a suitable means to detect
degradation and the presence of water trees [2,3]. However, each
measurement technique has disadvantages which have prevented their
widespread use. Some have the disadvantage that the measurement
integrates the entire length of cable. This tends to mask the changes
created when the degraded section of the cable is small, preventing
detection of iocalized degradation. Furthermore, leakage cutrent at
joints and terminations may modity the cable leakage current. Also, wet
cables often have partial discharges detectable with commonly used
equipment for only a relatively short time prlor to cable fallure, The
existing dc withstand test possesses some of these disadvantages and
in addition, there is some evidence that dc testing can cause damage
to XLPE cable [4,5]. This laboratory test program has the objective to
develop a test that would replace the existing dc withstand test.

In view of these disadvantages some attention has been given to
proof testing cable systems using high voltage 0.1 Hz [6, 7). A high vol-
tage proof test will detect the weakest spot in the cable, no matter
where it is located. Furthermore, an ac voltage proof test, as opposed
to a dc voltage proof test, subjects the cable to vottage stresses similar
to those applied when the cable is in operation. Because the charging

ent of the cable at 0.1 Hz is 600 times less than at 60 Hz the volt-
& zre capacity is small, similar to the capacity of a dc test set.

An earlier investigation indicated that flashovers at cable ends ot
a cabile failure during dc voltage testing further damages polyethylene
insulated cables degraded by water trees [8]. Current AEIC Specifi-
cations CS-5 and CS-6 for crosslinked polyethylene (XLPE), and ethyt-
ene propylene rubber (EPR) insulated power cable, respectively, recom-
mend lowering the magnitude of the dc test voltage as the cable ages
in service (becomes weaker), because high voltage dc testing may
cause damage.

This paper was presented at the 1996 IEEE Transmission and
Distribution Conference held in Los Angeles, California,
September 15-20, 1996.

This paper covers work which is part of a program being
sponsored by the Electric Power Research Institute (EPRI) and the
Canadian Electrical Association (CEA). The objective is to develop a
field test method for 5-46 kV cable having walter trees that will determine
when in-service cable is unsatisfactory for continuous service. The field
test shall not cause significant damage to adjacent cable. The work has
been performed on XLPE cable aged in the laboratory.

il. LABORATORY TEST PROGRAM ON XLPE CABLE

A laboratory study was conducted on cables having a high content
of water trees in order to determine 1) the comparative 0.1 Hz and 60
Hz voltage breakdown strength, 2) the effect of 0.1 Hz testing on
subsequent cable performance, and 3) suitable 0.1 Hz proof test voltage
levels and time of voltage application. Selected additional tests were
conducted to provide a comparison with conventional dc proof testing.
Analysis of water trees in the cables confiumed the character of the
degradation.

Cables Tested - Model and 15 kV XLPE cables were evaluated.
The model cable has a 34 mm? (No. 2 AWG) copper conductor, 0.6 mm
HFDA 0580 conductor shield, 1.5 mm HFDE 4201 insutation and 0.9 mm
DHDA 7704 insulation shield. The 15 kV cable has a 34 mm?® (No. 2
AWG) copper conductor, 0.55 mm HFDA 0581 conductor shield, 4.5 mm
HFDE 4201 insulation and 0.9 mm HFDA 0692 insulation shield. The
cables were subjected to tests for shield resistivity, insulation shield
strippability, dimensional analysis, voids, contaminants, and shield
protrusions and found to comply with requirements.

Accalerated Aging of Cables - The two cables were subjected to
accelerated aging in the laboratory. Coils of each type of cable were
piaced in tanks containing tap water. Tap water also was kept in the
interstices of each cable conductor. The degree of aging was
characterized by periodically removing samples for voltage breakdown
and water tree examination, . AN

The mode! cable was aged for 38 months with 8 kV applied
continuously between conductor and ground. For the first six months
the water in the tanks was at ambient temperature, for the next 16
months the water temperature was cycled between 40 and 65°C each
48 hours, and for the remaining 16 months the temperature was
reduced to ambient because 3 coils failed between 18 and 22 months
of aging. During aging a total of 169 40 kV and 130 27 kV impulses,
each having a 1.5x40 us wave shape were applied to the cable.

The 15 kV cable was aged for 28 months. Initially 20 kV was
applied continuously between conductor and ground. The voltage was
reduced to 17, 12 and finally 8 kV due to 9 cable failures. The water in
the tanks was cycled between 40 and 65°C each 48 hours for the first
9 months then kept at ambient temperature for the remaining time
because of the cable failures. During aging a total of 140 80 kV
impulses, each having 1.5x40 us wave shape were applied to the cable.

A summary of the water tree count at the end of aging is given in
Table 1 for model and 15 kV cables. The length and the number of bow
tie and vented water trees found in a typical 20 mm length of cable is

provided.

High Voltage 0.1 Hz@qulpment - The equipment used in this
program generates a voltage signal having a trapezoidal wave shape.
The wave is forrned by using a mechanical commutating device. The
signal has polarity reversals at 5 second intervals with the rate of
change of the voltage during reversals having a 60 Hz cosinusoidal
shape with 2 to 6 milliseconds duration. A drawing of the trapezoidal
wave is shown in Figure 1. In the trapezoidal wave, which mathe-
matically approximates a square wave, the peak and rms values of
voltage are equal. The maximum output of the test equipment is 52 kV.

{l. LABORATORY TEST RESULTS

Voitago Breakdown Tests - The active length of the test samples
was 5 m. The time interval between the end of the aging period and the
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TABLE 1. - TREE COUNT OF XLPE CABLES

AFTER AGING*
Length of Trees Number of
mm Water Trees
Model Cable - Aged 38 Months
Bow Tie Vented
0.05-0.13 240,000** 1,300
0.13-025 36 51
025 - 0.50 5 0
050 -0.75 1 0
Totayem® 250,000 -
Totalem® - 260/310%**
15 kV Cable - Aged 28 months
Bow Tie Vented
0.05-0.13 1,500,000** 28,000**
0.13-025 420,000** 6,000%*
025-050 164 78
0.50 - 0.75 83 16
0.75 - 1.00 30 -
1.00 - 1.50 8 -
Totalcm?® 500,000 -
Totalem® - 2,000/1,800%**
*  Length and number in 20 mm of cabie
*+ Estimate based on examination of 2.5 x 2.5 mm area
=+ At conductor shield/at insulation shield

test was minimized. For the initial breakdown step the vottage was one-
half of the expected breakdown and applied for a period of 5 to 60
minutes, depending on the particular test. The voltage was increased
0.8 kv/mm for each additional 5-60 minute step until breakdown
occurred. Each type of breakdown test was performed on 5 or more
samples. The 63% probability of breakdown voltage was established on
the basis of Weibull plots of the individual breakdown value of each
sample. The voltage stress was calculated after measuring the
insulation thickness at the point of failure. The breakdown voltage (63%
probability) for each set of tests on the model cable Is given in Table 2
and plotted in Figure 2. The 0.1 Hz breakdown voltage for the unaged
model cable exceeded 52 kV. Table 3 presents the breakdown values
at 0.1 Hz, 60 Hz and dc voltages for the 15 kV cable.

The 0.1 and 60 Hz breakdown voltage stresses are not significantly
different for all the aging times. Both are much lower than the dc
breakdown voltage stress. Based on this # is to be expected that the
response of an aged XLPE cable to 0.1 and 60 Hz acceptance, prodf,
etc. tests, would be similar.

SR VIRV
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Fig. 1 - Schematic representation of 0.1 Hz tropezoidal wove shape.

TABLE 2. - VOLTAGE BREAKDOWN STRESS
OF MODEL XLPE CABLE

Voltage Relative
Type of Breakdown Breakdown
Voltage Stress* kV/mm Strength
Unaged
60 Hz 51 10
0.1 Hz 34" -
Aged 11 Months
60 Hz 28 1.0
0.1 Hz 25 09
dc- -48 3.1
Aged 23 Months
60 Hz 21 1.0
0.1 Hz 20 0.9
dc 64 3.0
Aged 38 Months
60 Hz 20 1.0
0.1 Hz 23 11
dc 76 3.7
* Voltage increased in 5 minute steps
*¢ Limk of test equipment - samples did not break
down

0.1 Hz Voltage-Time Breakdown Characteristics - In otder to
establish the effect of time of application of a proof test on the condition
of XLPE cable containing severe water treeing, 0.1 Hz voltage
breakdowntests were conducted using different step times. The results
of this series of tests are given in Figure 3. The equivalent constant
voltage stress for cable breakdown at 1, 5 and 60 minutes was cal-
culated In accordance with the following procedure and the values are
plotted In Figure 4. These data provide useful information when
deciding upon the duration of the proof test.

The procedure used was to first obtain the value of "C* for each
breakdown sample using equation (1) [9]. The values of C were plotted
on a Weibull distribution graph and the 63% probability obtained.

C=(E"+ g E" ¢ + gV EMp s gmgny, (1)

where: voltage stress of first voltage step
number of voltage steps until breakdown
duration of each step

time to breakdown at the last step

factor of voltage increase in each step
voltage endurance coefficient
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Calculations for the constant *C* were made assuming *n" = 6. FO(ﬂ

the determination of the most probable value of *C* the value of th
coefficient ‘n" is not critical. The voltage stress corresponding to the
63% probability of "C* and the time of a single step duration utilized in
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Fig. 2 - Voltoge breckdown of mode! cable {5 minute steps).
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Stress - kv/mm Breakdown .« 20 D~ ' :
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Type of S min. 60 min. S min. steps & l \
Voltage steps steps . \ \
% | i 0\"\
Unaged Cable K, | i ~\
60 Hz 49 - - $ \ \
0.1 Hz 11~ 11+ - -§ | ’ ;
. 2 |
v i
Aged 14 Months & 1 | z .
1.0 ! ! bl
60 Hz 14.5 - . ) b P
0.1 Hz 11* 85 >08 0, S — o100
dc 58 - 42 Durotion — Minutes
=t istic for XLPE model coble
h Fig. 4 = 0.1 Hz Voltage tlm.e characteris
Aged 28 Monthe 132 10 ofter 38 months oging.
60 Hz 14 . .
>08
0.1 Hz ne 7_'_8 33 After aging the model cable for 38 months, 0.1 Hz proof tests were
= 2 conducted at applied voltage stresses prior to flashover of %01 a:lczi 1:“2
i f tests at 0.
* Limi uipment - samples did not break kV/mm. The results of 60 Hz tests, after prool
l:;nv:tno" test equp P flashover, are given in Figure 5. The duration of the proof tests was 5
< . minutes and the magnitude of voltage str.&ssdzas ;2 l:’V{imr:.aﬂTegz
icutar test were calculated using Equation (2) derived from the resutts indicate that proof testing at the specified levels and tim
jwp;r:empowef law [9]. 9= only shightty the voitage breakdown stress of XLPE cable having severe
water treeing.
n 2) -
C - Eert : > N N A f 717
where: % Bt oottt - o)
o Ex = the equivalent constant voltage stress for 2) :::g_: ::x ::: |
cable breakdown in time t 70 )m- : !

Etfect o1 0.1 Hz Voltage Proof Tests on XLPE Cable - This series

of tests was performed to establish the suitabiiity of a 0.1 Hz proof test

8

for detecting cable deterioration without inducing incipient damage to
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i
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XLPE cable containing water trees. Tests were performed on mode!and
15 kV cables.

8
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A model cable aged 23 months was subjected to a proof test in
combination with a flashover at 13.3 kV/mm. The flashover simulated
the occurrence of a cable failure or termination flashover during proof
testing. Samples were subsequently taken to 60 Hz breakdown using
5 minute steps to determine whether proof testing caused any cahle
degradation, During testing the cable was energized at 13.3 kV/mm, 0.1

Probability of Breakdown - Percent
[
®
~.
/

] T
Hz for 5 minutes before the flashover. The simulated flashover was / V '\PMN“
generated by a triggered discharge of a sphere gap connected across ¢ / b /\ . : flashover level
the voltage source to ground. This procedure was repeated 10 times. 4 ¢
Similar tests also were performed without flashovers. The results / !
indicate that proof tests at 13.3 kv/mm did not affect this cable. i .
99 * 19 100
- // Voltage Breakdown Stress - kV/mm
0 ,/b ?lb Fig. 5 - Effect of 0.1 Hz proof tast on model cable aged 38 months.
- 70 ;U
g T T T = ?—__-g = =1 4]l After aging 14 and 28 months the 15 kV cable was subjected to a
& 50 7 ve| series of 0.1 Hz proof tests with and without flashovers. The test results
é i are given in Table 4. The 0.1 Hz proof test voltage, corresponding to
& 30 / a nominal average stress level of 10.9 kV/mm (52 KV), was applied to
5 A the sample for a time duration of 5 minutes. The cables were
g /' [ subsequently subjected to a 60 Hz voltage breakdown test, to establish
3 10 any damage caused by the proof testing. The results show that a 0.1
% 3 Hz proof test at 10.9 kV/mm reduces the 60 Hz dielectric strength to
5 about 75% of the I'evel'p‘ri_or to proof testing, indicating that this level of
g 0.1 Hz proof testing initiated (or enhanced) weak points which are
present in the aged cable insulation.
60 min sminf (1 min Tests with flashovers were performed after 14 months agingon 15
/ / kV cables at 0.1 Hz volage stresses of 5.1,5.9 and 6.5 kV/mm. These
. levels correspond to nominal 0.1 Hz voltages of 24, 28 and 32 kV
A I oo respectively. The resuits of the subsequent 60 Hz breakdown fevels
Vottage Brea Svess - Vi :rec:; : :s«: lsng ang 16h1 kv/mm, respectively. The results indicate that
) kdown s with and without Siak
F1g. 3 - 0.1 Hz voltage treakdown of XLPE model cablo aftor 38 montts aging at 1, S and 60 minule steps not degrade cable alter 14 n“f::lg?;;&%ﬁ T)gh as6s W/mm
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TABLE 4, - 60 HZ BREAKDOWN STRES
S OF AGED 15
XLPE CABLE AFTER 0.1 HZ PROOF TEST v

Prol Test" Stass - Kl
Dura_alion Number of VS‘::(:sgse Aged 14 | Aged 28
min. Flashovers kvV/mm months** | months**
5 0 37 - 133
5 1 37 - 133
5 1 51 134 -
s 0 59 15.6 11.7
5 1 59 15.6 12.0
5 0 65 14.6 -
5 1 6.5 16.1 -~
Sewe (4] 10.9 104 109
* Repeated 10 times
** The 60 Hz breakdown stress before 14 and 28 months proof
testing was 14.5 and 14.0 kV/mm, respectively
**¢ Only one voltage application

Effect of DC Volitage Proof Test on Aged XLPE Cable - Tests

similar to the 0.1 Hz proof tests except using dc voltage were conducted
on model and 15 kV cables to confirm the fact that dc testing with
flashovers can damage XLPE cable, as was found to be the case in an
earfier program [8]. The test circuit used in these tests charges the test
sample with a dc voltage through a current limiting resistance [8]. After
a specific charging time a variable air gap is triggered bringing the cable
voltage rapidly to zero. In this way a cable failure is simulated.

The 15 kV XLPE cable after 14 months aging was subjected to a

series of dc breakdowns and proof tests with flashover at applied dc
voltage stresses of 7.5, 13.4, 21.0 and 31.0 kv/mm. These stress levels
correspond to applied voltages of approximately 33, 59, 82 and 138 kv,
respectively. The test samples were held at the specified dc proof test
voltags for 5 minutes prior to flashover,

A summary of the results of dc proof testing is given in Table 5.

After 14 months of aging the test data show that at 7.5 kV/mm no
damage occutred as a result of the dc proof test {the 60 Hz breakdown
level Is unchanged). At higher dc proof test levels of 13.4, 21.0 and
91.0 kKV/mm, some degree of damage is caused by the proof testing.
A typical Weibull plot at the pre-stress level of 31.1 kV/mm is given in

Figure 6.
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After 28 months the 15 kV XLPE cable was subject
ts::t:s ’?'h dc voltage proof tests followed by 60 Hz vgnag‘:adt:?eaasm
lests‘ e data also Is summarized in Table 5. In this case the dc proof
were conducted at pre-stress levels of 10.4 and 16.6 kV/mm with
flashovers. The dc proof testing in each case affected tt'te cable.

TABLE 5, - 60 HZ BREAKDOW
N STRESS OF AGED 15
XLPE CABLE AFTER DC VOLTAGE PROOF TEST v

60 Hz B
Proof Test* Stress {e:\'/(/dn?rvr:n
Dura}ion Test Stress | Aged 14 Aged 28
min. kV/mm months** | months**
5 75 13.7 -
5 134 11.0 -
5 210 11.8 -
5 31.0 >2.0 -
5 104 - 12.8
5 16.6 - 12.0
* Repeated 10 times
¢* The 60 Hz breakdown stress before 14 and 28
months proof testing was 14.5 and 14.0 kV/mm,
respectively

IV. DISCUSSION

The water tree count and the sharp decrease in dielectric strength
demonstrate that the XLPE cables studied were highly aged. The
number of water trees found, particularly the bow tie type, is so
numerous only a rough estimation of the quantity could be made.

The magnitude of the voltage breakdown at 0.1 Hz and at 60 Hzis
approximately equal and is a fraction of the dc voltage breakdown.
AEIC cable specffications imply a lower breakdown level for ac voltage
when suggesting dc proof testing at 2.8 times ac, as an alternate to the
recommended 60 Hz proof test voitages. It was expected that the mag-
nitude of the 0.1 Hz breakdown voltage weuld be more, like that at 80
Hz because of polarity reversals. For solid paper insulated 15 kV cable,
Specification AEIC CS1-90 requires the factory final 60 Hz voltage test
to be approximately 3.9 times the cable operating voltage [10]. If this
ratio of final factory to rated operating voltage Is extended to 15 kV
polyethytene cable, the factory final 60 Hz voltage test would be equal
to 33.6 KV, the same as In Specification AEIC CS1-90. Thus, Speci-
fication CS1 provides a precedent if and when ac proof testing in the
field is incorporated into the AEIC CS5 Specification.

After instafiation of a cable, but before placing in service, the
magnitude of the 60 Hz high voltage test would be 26.8 kV if a 20%
reduction is taken, as suggested for high voltage dc testing in
Specification AEIC CS-5. Because the breakdown voltage of XLPE
cable is approximately the same at 0.1 and at 60 Hz it would seem
fogical to conduct the high voltage 0.1 Hz field test for 15 kV XLPE
cable at 26.8 kV after instaliation but before placing in service.

Step vottage breakdown tests at 0.1 Hz on age_':d XLPE cable were
performed using steps from 1 to 60 minutes duration. .ThlS was done
to provide information on the effectiveness of the time of vonage
application during the high voltage field test. The result§ are shown in
Figure 4. The data provide information when selecting proof test
voltage magnitude and duration for aged XLPE cable.

The series of tests on aged XLPE cable was condudefi to pro‘{ida
data to establish suitable proof test vottages and time durations for field
tests. Cables with different levels of aging were tgsted to estab.hsh 0.1
Hz voltage magnitudes that could be used wdhou‘t damaging the
insulation. The cable charadteristic chosen to establish t.he extent of
damage was 60 Hz step voltage breakdown strengtr!. :\'hlS character-
s it oo i i dation. Realistic proof voltage
istic is very sensitive to insulation degra o define
time durations were chosen so that the data oould~ be used to o
this parameter. Flashovers that simulate cable failure were#ﬁ: e

provide the worst damaging case duting 0.1 Hz prOPf tests. X mle —
found to be the case with dc voltage prog( (.es\s_ Wtis i.en \hana o
presented is useful when defining a realistic 0.1 Hz high voltag
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test for cables of different levels of degradation.

The 0.1 Hz voltage-time characteristic data, presented in Figure 4,
obtained on XLPE model cable, is useful to establish suitable field proof
test voltage magnitudes for 15 kV XLPE cable. This was done with the
curves presented in Figure 7 where the data obtained on modet cable
is replotted as a base. From this base curve, the laboratory proof test
level for 15 kV cable is approximated. Taking into consideration that the
breakdown vollage decreases as the length of the cable tested in-
creases, the field proof test level can be determined approximately. The
characteristic shown in Figure 7 assumes the proof test s made on a
typical cable length of 150 m. The proof test voltage of short laboratory
samples must be adjusted for the longer lengths of cable in typical field
circuits. Equation 3 is an approximation for this adjustment [9].
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Fig. 7 ~ 0.1 Hz field proof test level for 15 kV XLPE cable.
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voltage stress
length
conductor radius
a factor (in this case 8) determining
statistical distribution of breakdown with
respect to variation of voltage stresses

s = . laboratory cable

t = field cable

The magnitude of the 0.1 Hz field proof test voltage for a duration
of 5 minutes indicated by Figure 7 is approximately 24 kV for an aged
15 kV XLPE cable.

The magnitude of a proof test voltage must not be unrealistically
high. if too high, a cable in good condition, with long life remaining,
would fail and be removed prematurely. Conversely an unrealistically
low proof test voltage would not cause a cable on the verge of failure
to be removed. For routine maintenance testing, the higher the voltage
magnitude, the greater the cost advantage, because this would increase
the elapsed time between maintenance tests. Based on knowledge
gained during the taboratory program, suggested preliminary values for
0.1 Hz high voltage field tests are given in Table 6. It must be
recognized however, that more experience needs to be gained before
final values are established.
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TABLE 6. - SUGGESTED FIELD TEST VOLTAGES FOR SHIELDED POWER CABLE

0.1 Hz Test Volage
System Volage Ir ion Accep Maintenance Proot
(kV rms) kv kv kY kv
(phase-phasc) (condgnd) (cond-grxf) {cond-gnd) {cond-gnd)
5 12 i1 10 10
15 k<3 28 2 22
25 38 44 33 33
as 55 62 a7 47
Maintenance and proot lest voltage duration suggested 15 minutes untd some field
expefience gained ~ .
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V. CONCLUSIONS

a) The voitage breakdown magnitude of laboratory aged XLPE cable
using a frequency of 0.1 Hz Is approximately equal to that at 60 Hz,
Both are significantly less than dc voltage breakdown.

b) The voitage-ime breakdown characteristic at 0.1 Hz of XLPE cable
has been obtained in the time range of 1 to 60 minutes. This
range is expecled to cover a realistic time duration for high voltage
field tests.

c) Proof tests at 0.1 Hz affect laboratory aged XLPE cable less than
do tests with dc. A 60 Hz step voltage test was used to judge the
extent of the effect.

d) Suggested voltage magnitude and time duration for 0.1 Hz field
proof tests have been developed based on evaluation of laboratory
aged XLPE insulated cable. Service aged cable presently under
evaluation will provide additional data.

e) Basedon tests of laboratory aged model cables, it is estimated that
the 0.1 Hz proof voltage test level for 150 m, 15 kV, XLPE cable
should be 22 kV for 15 minutes.

f) In-service proof testing at 0.1 Hz appears to be a satisfactory
alternate to dc proof testing. Planned field trials should provide
further confirmation.

g) The required KVA output of the 0.1 Hz test equipment is much less
than that of a 60 Hz unit because of low frequency. The 0.1 Hz
unit is comparable in size to a dc unit.
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