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HOW GOOD ARE ELECTRICAL DIAGNOSTIC
TESTS TO PREDICT WATER TREES IN HV CABLES
– AN EVALUATION USING OPTICAL MICROSCOPY

Motaheruddin Ahmed — Mohammad A. Al-Ohali — Mohammad A.
Garwan — Khaled Y. Soufi — Zakariya M. Hamouz

∗

DC Current, DC Conductivity and Partial Discharge tests were performed as diagnostic tools to indicate the presence
of water trees in 15 kV, 35 kV and 69 kV underground field-aged high voltage cable samples from the Eastern Province
of Saudi Arabia. The insulation micro-sections of these cable samples were then observed under an optical microscope for
visual detection of water trees. The DC Current and the DC Conductivity tests showed insulation deterioration in the 15 kV,

35 kV and the 69 kV cable samples, with the possibility of existence of water trees in them. Optical microscopy confirmed
the presence of water trees in the 35 kV and 69 kV cable samples, but not in the 15 kV sample. The Partial Discharge test
carried out on one 35 kV cable sample of sufficient length also showed insulation deterioration. However, optical microscopy

could not detect any water tree in this cable sample.
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1 INTRODUCTION

Polymeric insulation in power cables was first intro-

duced over 50 years ago. However, premature degradation

of the HV cables still remains a costly problem for the

utility sector. A major cause of this premature degrada-

tion can be attributed to a phenomenon called water tree-

ing in the cable insulation [1]. Diagnostic testing for the

condition assessment of power cables is increasingly be-

coming important. A fundamental interest of power util-

ities is to increase the total reliability at a minimum cost

by improved maintenance routines. Diagnostic testing of

installed cross-linked polyethylene (XLPE) power cables

is of high interest because of the large number of old ca-

bles in service with high probability of failure caused by

water tree degradation.

In a study undertaken by the investigators to analyze

water trees in underground HV cables in the Eastern

Province of Saudi Arabia using nuclear microscopy [2],

a large number of cable samples of three voltage ratings

and from three different locations were collected. Before

embarking on visually detecting water trees in the insu-

lation micro-sections of these cable samples, a painstak-

ing and labour-intensive process, it became necessary to

screen the cable samples for possible existence of water

trees. Several electrical diagnostic tests have been tried by

various researchers. The present study is an attempt to

evaluate the effectiveness of three such tests: DC Current,

DC Conductivity and Partial Discharge.

2 EXPERIMENTAL METHODOLOGY

2.1 DC Leakage Current Test

The experimental set-up for the measurement of the
DC current is shown in Fig. 1. The set-up consists of
the cable sample, HV DC source, insulating holder, and
a measuring circuit. The HV source was rated 140 kV
DC, 5 kVA. The insulating holder was used to mount
the cable above the ground level. The measuring circuit
consisted of a stable resistor, a protecting circuit and a
digital voltmeter. The whole set-up had one ground, ie ,
the HV source, cable sheath and the measuring circuit
were all grounded to the same point.

2.2 Procedure for DC Leakage Current Mea-
surement

DC voltage was raised in steps of 10–20% of the test
voltage. The reading of the voltmeter was recorded af-
ter 15 seconds from the time of applying the DC volt-
age. This elapsed time was found to be sufficient for the
capacitive current to decay when the voltmeter reading
became constant. Then the voltage was raised and again
the voltmeter reading was recorded after the elapse of
the discharging time of the capacitive current. The pro-
cess of applying a voltage and recording the voltmeter
reading continued until the testing voltage was reached.
The cable DC current is calculated as the voltmeter read-
ing divided by the measuring resistance. This procedure
was repeated for all suitable cables, unused and used. In
the literature [3] it has been reported that if the slope of
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Fig. 1. Experimental set-up for DC current measurement.
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Fig. 2. Experimental set-up for PD measurement.
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Fig. 3. Currentvoltage characteristic for an unused 35 kV cable

sample.
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Fig. 4. Current-voltage characteristic for a used 15 kV cable sam-

ple.
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Fig. 5. Current-voltage characteristic for a used 35 kV cable sam-

ple.
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Fig. 6. Current-voltage characteristic for a used 69 kV cable sam-

ple.

the current-voltage characteristic changes from a linear to
non-linear relation, then this is a sign that the insulating
material is deteriorating.

2.3 DC Conductivity Test

The circuit set-up for the DC conductivity measure-
ment was the same as that for the DC current test in Fig-
ure 1. The procedure followed for measuring the DC con-
ductivity was similar to DC current measurement. The
only difference was in the way of applying the DC volt-
age. In this case, a short circuit was made after the appli-
cation of the DC step voltage. The DC current and time

parameters were measured after the application of the

DC step voltage and the short circuit. Different DC step

voltages were tried and the corresponding current-time

characteristics were compared. It has been reported [4, 5]

that if the decay time is quite long, then this is a sign

of the deterioration of the cable insulating material and,

therefore, there is a possibility of water trees in them.

2.4 Partial Discharge (PD) Test

The set-up for the PD measurement is shown in Fig. 2.

It consisted of an AC voltage source, a Coupling Capaci-



Journal of ELECTRICAL ENGINEERING 56, NO. 1–2, 2005 33

DC conductivity currnet (nA)

5 10 15 20 25 300

Time (minute)

70

60

50

40

30

20

10

Fig. 7. DC conductivity current-time characteristic for the same

used 15 kV cable sample for which the DC current test result
(Fig. 4) also indicated insulation deterioration.
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Fig. 9. DC conductivity current-time characteristic for the same

used 69 kV cable sample for which DC current test result (Fig. 6)
also indicated insulation deterioration.
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Fig. 8. DC conductivity current-time characteristic for the same

used 35 kV cable sample for which the DC current test result
(Fig. 5) also indicated insulation deterioration.

tor, a Coupling Quadrupole (measuring impedance), and
a PD Detector and the cable sample.

2.5 Procedure for Partial Discharge Measure-
ment

After connecting the cable to the PD set-up, the cable
was excited from a 60 Hz voltage supply. The voltage
was increased to 1.75U0 where U0 is the rated power
frequency voltage between the conductor and the earth
or metallic screen for which the cable is designed. Any
PD signal above 5 PC was taken as a measure of cable
deterioration as reported in the literature [6, 7].

2.6 Optical Microscopy

For optical microscopy to visually detect water trees,
the first step was to remove the insulation of the ca-
ble samples from all the usual components of the cables.
The bare insulations were microtomed into 10-micrometer
thin sections using a rotary microtome. These microslices
were then scanned under a high-power trinocular micro-
scope at a typical magnification of 100. Images of water
trees observed were recorded using a video camera at-
tached to the microscope and stored in a PC.

3 RESULTS AND DISCUSSIONS

3.1 DC Current Test

Before the field-aged cable samples were tested, an un-
used cable sample was measured as a check on the experi-
mental conditions. The current-voltage characteristics for
a 35 kV unused cable sample is shown in Fig. 3. A lin-
ear relationship can be seen, an indication that the cable
insulation is undamaged and can be taken to be free of
water trees.

Figures 4 to 6 show the current-voltage characteristics
for field-aged 15 kV, 35 kV and 69 kV cable samples,
respectively. A non-linear relationship was observed for
the three voltage ratings when the applied DC voltage
was raised to about 40 kV. This non-linearity became
very sharp when the voltage was raised above 50 kV. This
result indicates a deterioration of the cable sample with
a possible presence of water trees.

3.2 DC Conductivity Test

DC conductivity measurements on an unused cable
sample showed a very fast decay of DC current, which
indicated that these cables were not electrically damaged.
This has been found to be in conformity with the results
obtained from the DC current characteristics. The DC
current- time characteristics for the same used 15 kV
cable sample is shown in Fig. 7. A long decay time can
be seen and, as reported in the literature [4, 5], this is a
sign of the deterioration of the cable insulating material
possibly due to water trees. Similar results were obtained
for the used 35 kV and 69 kV cable samples as shown in
Figs. 8 and 9, respectively.

From the above results, it is clear that the DC leakage
current and conductivity tests data are in full agreement
with each other. The same cables that were tested by the
two techniques gave similar indication of the dielectric
deterioration of the cable insulation. Therefore, either of
these two tests can be used as a possible diagnostic tool
for screening a large number of field-aged cables for the
presence of water trees.
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Fig. 10. Some typical bow-tie water trees in 10-µm thin insulation
sections of the 35 kV cable sample.

Fig. 11. Some typical bow-tie water trees in 10-µm thin insulation
sections of the 69 kV cable sample.

3.3 Partial Discharge Test

Partial Discharge (PD) measurement was made on
the only available 35 kV cable sample of sufficient length
(∼ 40 m) in accordance with international standards [8].
This cable sample is different from the 35 kV cable sam-
ple tested for DC current and conductivity tests discussed
above. The PD measured value for this cable at 25 kV
applied voltage was 85 pC, which is a very high value
indicating that the cable sample has insulation deteriora-
tion. According to published literature [8], the PD value
for a good cable should be lower than 5 pC. The high
PD level in the cable sample tested can be attributed to
either small cavities inside the XLPE insulation or the
presence of water trees.

4 OPTICAL MICROSCOPY

No water tree was observed in the 15 kV cable sam-
ples that were diagnosed to have insulation deterioration
by the DC current and conductivity tests. The absence
of water trees indicates insulation deterioration of these
cable samples due to causes other than water tree growth.

Typical water trees seen in the 35 kV cable samples are
shown in Fig. 10. The DC current and conductivity tests
also predicted the presence of water trees in these cables.
Only bow-tie water trees were observed, no vented water
tree was detected. The density of the water trees seen was
estimated to range from 10000 cm−3 to 30000 cm−3 . The

sizes of the trees observed varied from about 100µm to
about 400µm.

Typical water trees observed in 69 kV cable samples
are shown in Fig. 11. No vented tree was seen in these
cable samples also. The DC current and conductivity
tests indicated insulation deterioration these cable sam-
ples possibly due to water trees. The number of bow-
tie trees observed had an estimated density ranging from
5000 cm−3 to 10000 cm−3 . The sizes of the trees observed
varied from about 50µm to about 200µm. Compared
with the water trees seen in the 35 kV cable samples, the
trees found in these 69 kV samples were in general less
densely distributed, smaller in size and lighter in colour.

Although the Partial Discharge test on the only suit-
able 35 kV cable sample of sufficient length indicated a
possible existence of water trees, optical microscopy failed
to detect any water tree in this sample. However, no def-
inite conclusion can be drawn about the efficacy of the
PD test for diagnosing of the presence of water trees on
the basis of results from only one sample.

5 CONCLUSIONS

The DC Current and Conductivity tests were success-
ful to reveal the presence of water trees in 35 kV and
69 kV cable samples confirmed by visual inspection using
optical microscopy. These tests also showed insulation de-
terioration for the 15 kV sample. However, no water tree
was detected in this sample. Nevertheless, we feel that
these tests can be useful as diagnostic tools for water
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trees when a large number of field-aged cable samples are
required to be screened. This can save time and labour
needed to prepare and visually inspect such large num-
bers of cable samples by optical microscopy. The useful-
ness of the Partial Discharge test for this purpose remains
doubtful however.
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