Voltage tests to assess medium-voltage

cable systems.
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The service reliability of medium voltage cable systems is currently proved with
DC voltage test. For paper-insulated, oil-impregnated cables the DC voltage test
provides satisfactory results, but fails for PE(polyethylene) /XLPE (crosslinked
polyethelene) cables. The authors present comparative tests with various alternative
voltage types which come into consideration for on-site testing of medium- voltage
cables. The results will be discussed with regard to the fundamental possibilities

and limits of voltage tests.

1. General .

Medium-voltage cable systems are tested
for various reasons to check the system’s
readiness for connection and to prevent
breakdowns during operation. For ex-
ample, tests are carried out after new
cables are installed to reveal any faults
caused by transportation or installation.
Tests are also carried out in connection
with the re-commissioning of a cable
system, for example following repair, in
order to reveal any further weak points
in the insulation other than at the fault
repaired or to be able to monitor the qual-
ity of a repair. Furthcrmore, for some
time, old PE/XLPE-insulated cables in
particular have been tested for a rough
assessment of their aging condition. This
is mainly carried out to reveal water-tree
weak points which would cause the cable
to fail in the forcseeable future.

For paper-insulated, oil impregnated
cables a DC voltage test has been estab-
lished over many years for monitoring
the service reliability of cable systems.
With this cable type the DC voltage test
reveals potential hazardous breakdowns
with a sufficient level of reliability with-
out damaging the cable. However, DC
voltage is not suitable for testing cables
insulated with plastics[1]as massive
weak points cannot reliably be detected
even using very high test levels and,

furthermore, it is not possible to exclude
the risk of initiating damage which is not
discovered during test duration. There-
fore, for a long time, there has been an
international search for test methods
which can be used as a replacement or
alternative for DC voltage.

Up to now it has not been possible to in-
clude alternative methods in the exist-
ing VDE (Association of German
Electrotechnical Engineers) regulations
(VDE 0298 TI) due 1o the lack of the re-
quired comparative tests and experience
(with thesc alternative voltage types).
In order to be able to remove the exist-
ing uncertainty regarding on-sit¢ testing
of medium-voltage cables insulated with
plastics, which has also been reflected in
a footnote to the corresponding VDE
regulations, a rescarch project (“Test pro-
cedurcs for assessing installed medium-
voltage cables” ) ‘was started in 1989 at
the Technische Universitat Berlin (Ber-
lin Technical University), Institut fuer
Hochspannungstechnik (Institute for
High-Voltage Engineering), with the par-
ticipation of Bewag, Berlin, EWE AG,
Oldenburg, Siemens AG Berlin
Geschacftsbereich Starkstromkabel und
-Leitungen (power cables and lines sec-
tion) and VEW AG, Dortmund.
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The aim of this research project was to
investigate the suitability of the follow-
ing methods for on-site testing of medium
-voltage cables (PE/XLPE and paper in-
sulated, oil impregnated cables)using
comparative laboratory tests and on-site
tests:

e Very Low Frequency (VLF) 0.1Hz
sinusoidal voltage.

® VLF 0.1 Hz cosine-square wave volt-
age.

® Oscillating Voltages,about 1 to 12
kHz

® 50 Hz Resonance Voltage

The present report gives an overview of
the essential results of these tests. Rec-
ommendations for the testing of installed
medium-voltage cables can be derived
from these results.

2. Types of test voltage

2.1 VLF 0.1 Hz sinusoidal voltage and
cosine square wave voltage.

The advantage of a test voltage source
with the frequency of 0.1 Hz compared to
50 Hz AC voltage is that the reactive
power requirement is 500 times less. 0.1
Hz voltage test sources can thus be sct
up correspondingly easily and are rela-
tively easy to transport so that testing large
capacitance’s ( for cxample, cable sys-
tems) on site presents no problem,

For the laboratory tests a laboratory sys-
tem [1; p. 129] was used which allowed
testing of short length cable (6 to 10 m)
with up to Vggr = 100 kV. For testing on
site there is already a 0.1 Hz sinusoidal
voltage source commercially available. Its
output voltage is howcver limited to Vg
=33 kV.

A commercially available test voltage
source was used to gencrate the cosine
square wave 0.1 Hz voltage in the labora-
tory and on site: its circuitry is also re-
produced, in [1: p. 131), where the mea-
surcd shape of the output voltages of both
0.1 Hz voltage sources are represented.

2.2 Oscillating voltages.

Oscillating voltages can be produced rela-
tively cheaply on site by using a normal
DC voltage test unit, a triggered spark gap
and a high voltage air coil.

The cable to be tested serves as a capaci-
tor and is charged with the DC test unit to
the required test voltage level and dis-
charged via a triggered spark gap onto the
air coil. The resulting voltage pulse which



oscillates symmetrically around the zero
point ( 1 to 12 kHz) has to be rcpeated
several times for the test (for example,
50 times). In this way very high test volt-
ages can be created relatively easily on
site which, in principle, also qualifies this
type of voltage for testing high-voliage
cables [2].

2.3 DC voltage and 50 Hz AC voltage.
For on site tests with AC voltage in the
range of the power frequency, a resonance
system with the frequency converter and
inductive resistors has been commercially
available for some time [ 3.). Instead of
such a resonance system, for the present
tests a conventional high voltage trans-
former was used in the laboratory to pro-
duce a 50 Hz high voltage.

The DC voltage included in the tests for
comparison was produced in the labora-
tory with half-wave rectification from a
50 Hz high voltage instead of using con-
ventional on-site test systems.

3. Laboratory tests and results

3.1 Service-aged XLPE cables

In order to investigate the ability of the
various types of voltage to reveal water-
tree weak points in XLPE cables, 6m
cable lengths from two service-aged 10
kV XLPE cables were used as test ob-
jects:

e Cable A: Vented trees on the inner
semi- conductive layer spanning up to
65% of the insulation. Cable service aged
for about 12 years; '
e (Cable B: Vented trecs on the outer
semi-conductive layer spanning up 10
85% of the insulation. Cable service aged
for about 11 years.

In order to obtain a value for the strength
of the service-aged XLPE cables depen-
dent on their water trce damage, which is
important for determining the suitable test
level, cables A and B were subjected to
the various types of voltages in the form
of residual strength test ( step voltage
tests) [1:pp.127-152].

Fig.1. Breakdown voltages of
service aged short lengths of
cable from 2 manwfacturers (6m
lengths, cable A, cable B} with

various types of voltage.

Fig.2. Partial discharge incep-
tion voltage of service-aged
10kV XLPE cable pieces with
antificial needle faults or alter-
native of service-aged 10 kV
XLPE cable pieces with water-
tree damage: Weibull rated val-
ues related in each case to the
voltage with 50 Hz AC voltage.
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Test #
Voltage level Duration Test Faults-
Type objects occur.

50-Hz-AC 2Vo 30 min 10 10

(Reference

-value)

VLF-Sinu- 3Vo 30min 5 5
soidal Voltage

VLF-Cosine 3Vo 30min 5 5
Square Wave

Oscillating 4Vo 50Pulses 5 5
Voltage

DC Voltage  8Vo 30min 6 0
DC Voltage 10Vo 30min 6 0

Figure 3. Schematic illustration of an artificial
needle fault in a 10 kV-XLPE cable and the re-
sults of the voltage tests on these test objects with
various voltage types.

residual strength had decreased in relation
to untested cables.

The test results on service-aged XLPE
cables show (Fig. 1) that uncxpected high
voltage Ievels are required to reveal water
tree weak points, as appearing in cables A
and B. These levels are much higher than
the Ievels discussed for on- site testing to-
day, with which, therefor, only extreme wa-
ter-tree damage can be detected ( for ex-
ample, almost completely penetrated wa-
ter trees). Particularly impressive, however,
is the confirmation that, even using very
high test levels, extremely scrious water-
tree faults in XLPE cables can not be de-
tected with DC voltage, except for those
bridging the complete insulation thickness.
At the same time the residual breakdown
strength test shows that with the various test
voliage types there are, as expected, differ-
ences in the residual strength levels of the
cables and that there is a ranking with re-
spect 1o the level of voltage required for
the detection of water-tree faults. This rank-
ing (lowest breakdown voltage level with
50 Hz AC voltage then VLF cosine square-
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Figure 4. Partial discharge inception
voltage of new, dry 10 kV XLPE cables
with artificial needle faults at various

voltages.
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The possibility of damage having been
initiated by the voltage test with the lev-
els and duration’s discussed herc (AC
voltage 50 Hz 2 Vo/30 min.; VLF 3 Vo /
30min.; oscillating voltages 4 Vo/50
pulses) was investigated by checking
after the voltage tests in an FGH step
test with 50 Hz AC voltage, whether the

wave voltage, VLF sinusoidal voltage and
the highest breakdown voltage level with
oscillating vollages) is obviously, accord-
ing to Fig. 1, not dependent on the type and
extent of the water-trec damage of the cables
tested.

Accidental damage by voltage testing with
the above-mentioned levels on service-aged

cables could be observed in none of the
cascs (no reduction in strength on six test
objects per type of voltage).

However, with fests in the form of step-
voltage fests, it is unclear at what voltage
the breakdown process begins (i.e. when
the transition from a water tree to an elec-
trical trce takes place) and how long it
takes until the sample breaks down. As
these findings are, however, of great sig-
nificance when determining the suitable
test duration’s for on-site voltage tests,
additional tests in the form of a step time
to breakdown test with the various test
voltage types were carried on 6 m long
short lengths of service-aged XLPE cable
B.

The step time to breakdown test selected
[4] consists of a sequence of 60-minute
voltage tests which are each interrupted for
a partial discharge check with 1 Vo/50 Hz
AC voltage in ordcr then, if no partial dis-
charges > 1 pC were measured, to con-
tinue with voltages increasing by 1 Vo ata
time. In this way the partial discharge in-
ception voltage (for example, the transi-
tion from a water tree into an electrical
tree) can be recognized with the various
voltage types and can be used as an im-
portant quality characteristic for the suit-
ability for voltage testing. In addition, the
step time to breakdown test produces valu-
able information regarding the time to
breakdown of water-tree damaged XLPE
cables under constant test voltage stress,
which, in tum, is of great interest in de-
termining a suitable test duration.

In Fig. 2, the partial discharge inception
voltages eslablished for seriously water-
tree damaged XLPE cables with the vari-
ous voltage types are represcnted as
Weibull rated values. A ranking for the
voltage types can be seen here t00; it co-
ncides with the ranking observed with the
breakdown tests. In Fig. 2 the partial dis-
charge inception voltage values of needle
faults in service-aged XLPE cables test
objects are also representcd; these values,
in turn, also allow the same ranking to be
observed as with the water-tree damaged
test objects. Consequently, a partial dis-
charge inception can be obtained with 50
Hz AC voltage on water trees and also on
ncedle faults with the lowest, in terms of
comparison, voltage levels. The partial dis-
charge inception voltage value using VLF
cosine square-wave vollage were about
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Fig 6. Dingramof an artificial wet fault
in a 20 kV paper-insulated, oil-impreg-
nated cable and results of the voltage
tests on these test objects with the vart-

ous voltage types .

1.4 times higher; these values were,
however, clearly exceeded by the val-
ues obtain with VLF sinusoidal volt-
age . The highest partial discharge in-
ception voltage values in the service-
aged diclectric were observed with 0s-
cillating voltages for both water-trec
weak points and needle faults,
Furthermore, the tests showed that,
with a test with oscillating  volt-
ages /50 pulses, there was a clear risk
of initiating accidental damage.
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lengths with needle fault.

New XLPE cable short lengths with arti-
ficial needle fault were tested to find out
if the voltage tests with the paramcters
discussed here allow faults to be detected.
The electrical residual breakdown
strength of those samples can be deter-
mined at 2 Vo (50 Hz AC voltage). Fiq. 3
shows both the test Ievels and durations
discussed here for the alternative voltage
types and the results of the voltage tests.
It can clearly be secn that this service
hazardous fault cannot be detected by a
DC voltage test in accordance with the
current VDE regulations, cven with in-
creased test levels, for cxample 10 Vo. On
the other hand, all the alternative voltage
typcs allowed reliable detection of the
fault. The impressive aspect of this is how
seriously the insulation must be damaged
by the needle(undamaged residual insu-
lation thickness only about 0.8 mm) to
lead to breakdown with the test levels dis-
cussed.

The partial discharge inception voltage at
weak points and the channel growth rate
at a fixed fest voltage level after the ini-
tiation of the first partial discharge are of
great importance for the suitability of a
voltage type for testing PE/XLPE-insu-
lated cables. The microscopic tests of
XLPE cable lengths with ncedle fanlt
under high voltage served to determine
the partial discharge inceplion vollage and
to determine the channel growth rate

Fig. 5. Mean channel growth rate PD pre damaged
needle faults in new, dry 10 kY XLPE cable insulation
at different voltage levels.

with the various voltage types. The results
of the partial discharge inception vollage
mcasurements of ncedle faults in new, dry
XLPE insulation are reproduced in Fig. 4.
A ranking of the types of voltage can clearly
be seen, although it is different to the order
of priority observed in service-aged cables,
The highest partial discharge inception volt-
age values with the greatest dispersion were
obscrved on these new, dry test objects with
needle faults using the VLF 0.1 Hz sinusoi-
dal voltage. The values for 50 Hz AC volt-
age are, however, lowest here as well and
are exceeded by the values for VLFE 0.1 Hz
cosine square-wave voltage by a factor of
about 1.4. The rated value for the partial dis-
charge inception voltage with oscillating
voltages slightly exceeds the VLE cosinc
Square-wave voltage value and is in this case
(new, dry XLPE insulation) lower than the
valug established for VLF sinusoidal voltage.
To establish the channel growth rate, i.e. the
time until breakdown after the first partial
discharge initiation, XLPE cable test objects
(new and dry/service-aged and wet) were
damaged with a needle fault which produced
auniform first disruption of partial discharge
structures (length about 120 um). These defi-
nitcly partial discharge-damaged (est objects
were then subjected to time to breakdown
tests with the individual types voltage at vari-
ous voltage levels (for example 2, 3 and 4
Vo). The growth could be observed through
a microscope with the help of video technol-
0gy. The time until breakdown and the gap
distance enables to calculate the growth rates,
which are represented in Fig. 5 for a ncw,
dry insulation.

Fig. 5 shows clearly that this fault is reliably
detected with all types of voltage at the test
levels discussed here within a test duration
of 60 min. It is also clear that the growth is
markedly slowed with 50 Hz AC voltage in
the range 2 10 3 Vo (on account of the gas
pressure formed in the partial discharge
channels). With this low growth rate in the
range of the test level there is the risk



that the weak points, for example, will
be converted into partial discharge
channels by means of the low partial
inception voltage demonstratcd by the
50 Hz AC voltage. Then the problem
is that during a test duration of , for
example, 30 minutes, this fault will
not be brought to breakdown. A com-
paratively high channel growth speed
could be observed with the two VLE
voltages; however with the same volt-
age level, the channels grow slightly
faster with sinusoidal voltage than with
VLEF cosine square wave voltage. Such
fault is also reliably detected with os-
cillating voltage within 50 pulses with
the test level discussed today. However,
a comparison with the DC voltages is
not possible here.

In general, a lower channel growth
speed was obscrved with service-aged
XLPE insulation, which makes clcar
that a test duration of 60 minutes is (o
be recommended, particularly when
testing aged cable lengths.

3.3 Tests on paper- insulated, oil-
impregnated cables.

Mixed cable networks, i.e. both PE/
XLPE and paper insulated oil impreg-
nated cables, are used widely by many
power supply companies in one
system.Thus there is a desire also to be
able to reliably detect typical faults in
paper insulated, oil impregnated cables
with the alternative test voltage, as was
previously guaranteed by a DC volt-
age test.

A typical fault in a paper insulated, oil
impregnated cablcs, for cxample, mois-
ture penetration of the dielectric on ac-
count of damage to or corrosion of the
metal sheathing. Therefore' short
lengths of paper insulated, oil impreg-
nated cables with an artificially created
humid fault were tested with the vari-
ous types of voltage. The fault was
formed in such away that it would be
reliably detected by DC voltage test in
accordance with VDE 0255.

The results in Fig. 6 show that all al-
ternative types of voltage, using the in-
dicated test levels and durations, arc
able to detect this fault with compara-
tively low voltage levels just as reli-
ably as DC voltage test. However, there
is the one restriction that the reson-

Tablel. Evaluation table for the selection of a suitable voliage type for testing installed medium voliage cables

{+ = good. 0 = less good, - = bad).

Type of voltage 50 Hz AC  VLF Cosine - VLFASinu~ Oscillating DC
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1) Results with the test voltage levels discussed today

ance AC voltage is suited only for testing
short Iength's of paper insulated, oil impreg-
nated cables on account of the high dielec-
tric loss factor of paper insulated cables.

4. Experience with alternative test
voltage types on site.

The VLF 0.1 Hz cosine square-wave volt-
age was introduced in 1987 at EWE
Aktiengesellschaft in Oldenburg to test the
medium-voltage cable system (20 kV)
which consists mainly of XLPE cables. At
first tests were carried out with a test level
of 3 Vo and a test duration of 30 minutes.
This test replaced the DC voltage test with
4 Vo ( see footnote VDE 0298 T1) which
had previously also been used at EWE
Aktiengesellschaft for service-aged XLPE
cables. Within the framework of this test
two gencral observations were made:
markedly more faults were detected in
cables insulated with plastics than with DC
voltage

O Impulse-like stressing.

but there were some breakdowns in cables in
service only a short time after the test. The
second observation caused the test duration
to be increased from 30 minutes to 60 min-
utes while maintaining the test level at 3 Vo.
Since changing over in 1990 the number of
cable failures following testing fell markedly.
[1; pp. 221-225].

The previously represented results of the
laboratory tests agree well with the results of
the on-site tests at EWE and tend to agree
with those at VEW AG, Dortmund and
Bewag, Berlin, as it was also established the
laboratory that a test with VLF cosine square
wave voltage 3 Vo/ 30 minutes, better 60
minutes, was suited for detecting service haz-
ardous weak points in XLPE cables.
Moreover there arc also first cxperiences
from on-site tests using a resonance AC volt-
age, which are also largely in agreement with
the obscrvation made here ( danger of dam-
age by means of low channel growth rate si-
multancous low partial discharge inception
level).




There is as yet no experience with on-
site voltage tests with VLF sinusoidal
voltage. This type of voltage was only
used to test the on-gite dissipation fac-
tor measurement, the result of which are
reproduced in[5].

5. Conclusions.

On the basis of the present results of the
comparison of the various voltage types,
the suitability of the individual voltages
for testing medium-voltage cable sys-
tems is evaluated in Table 1.

The following conclusions can be drawn
for the voltage testing of medium-volt-
age cable systems:

e Even scriously service hazardous

weak points in PE/XLPE cables are not,

detected with a DC voltage test cven
with increased test levels.

e  Voltage tests with the altcrnative
voltage types (VLF sinusoidal, cosinc
squarc-wave voltage, SOHz AC voltage
and oscillating voltages) are in principle
suitable for detecting faults in PE/XLPE
cables.

e  Using the test levels discussed here
(50 Hz AC voltage: 2 Vo;VLFE: 3 Vo;
oscillating voltages: 4 Vo) it is possible
to detect severe service hazardous faults.
s  Less serious weak points of PE/
XLPE cablcs could be detected with
higher test voltage levels, but with a
higher risk of further damage and the
danger of unwantcd breakdown in
cables which are still service reliable.
¢ Extension of the duration of 30 min.
discussed today for the test with 50 Hz
AC voltage and VLF voltages to 60 min.
is to be recommended. This applies par-
ticularly for testing service-aged XLPE
cable systems. '

e With oscillating voltages, either the
number of impulses should be increased
to more than 50 initiating unwanted fur-
ther damage by the test here as well.

e Typical faults in paper-insulated, oil
-impregnated cable can be detected with
the alternative voltage types cven at
lower voltage levels compared with a
DC vollage test in accordance with
VDE.

For on-site voltage tests( yes/no result
delivered) particularly on cables insu-
lated with plastics, the is VLF cosine
square-wave voltage is comparatively
best suited as relatively low partial dis-
charge inception voltage valucs arisc
with, at the same time, relatively high
channel growth speeds. The possibility
of detecting serious, i.e, service hazard-
ous faults is therefore relatively high
here and the risk of further damage rela-
tively low. A voltage level of 3 Vo and a
test duration of 60 minutes arc recom-
mended today as-test parameters.

For extended evaluation of service-aged
PE/XLPE cables, the use of sinusoidal
VLF voltages with accompanying dis-
sipation factor measurements can be
proposed as this allows the possibility
of obtain more information about the
condition of the insulation than with a
pure test (yes/no result)  without the
cable being damaged [5].

For checking newly installed XLPE
cable systems, i.c. to detect defective
fittings, the partial discharge measure-
ment with oscillating voltages or with
unipolar impuls voltage [6; 7] represents
the possibility of obtaining a result re-
garding the quality, for instance, the in-
stallation work. however, on-site partial
discharge measurement is currently still
under development.

[1]Krefter,

[4]Bach, R.,:
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