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Abstract— Underground power cables condition assessment is, 

nowadays, an important step to guarantee continuity of electric 
power supply. This continuity is an increasing concern, and to 
avoid unexpected interruption of supply, methods to assess cable 
condition were developed. Among the used methods, three stand 
out: Partial Discharges, Tangent Delta and Frequency Domain 
Spectroscopy. These methods can be used in installed cables, but 
require service interruption. The main objective of this paper is to 
obtain and to analyze the results achieved with the methods 
described. Experimental results are presented so to illustrate these 
methods, and how the condition assessment is achieved. Through 
this analysis is concluded that perform these tests help to manage 
the resources and prevent unexpected interruption of supply. 
 

Index Terms—Condition Assessment, Frequency Domain 
Spectroscopy, Partial Discharges, Tangent Delta. 
 

I. INTRODUCTION 
ables with XLPE insulation are the most common 
underground power cables, currently, in Portugal. There 

are a few problems associated with this insulation material, 
such as voids, semiconductor insertions and water trees. 
Moreover, problems associated with joint/terminations 
manufacturing frequently occur. These four problems are the 
most significant in underground network operation. They are 
addressed in section II. In order to identify and locate these 
problems, several methods are available, such as Partial 
Discharges (PD), Tangent Delta (TD), Frequency Domain 
Spectroscopy (FDS), Line Resonance Analysis (LIRA), Voltage 
test and Polarization/Depolarization Current. Three of these 
methods are described in section III, as they are used in the tests 
presented in section IV: Partial Discharges (PD), Tangent Delta 
(TD) and Frequency Domain Spectroscopy (FDS). 
 

II. PROBLEMS IN CABLE INSULATION 

A. Voids 
Voids are cavities within insulation filled with water vapor or 

gases. During the manufacturing of power cables, there are 
three processes that are strictly related with the insulation: 
curing process, extrusion process and cooling process. Of these 
three, the process that influences the most the occurrence of 
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voids is the curing process. Nowadays, this process is called 
Dry-Curing because it is performed with radiant heat instead of 
steam, thus resulting a minor content of water and impurities 
within the insulation [1]. 

Voids cause premature aging of cable insulation, which is 
associated with water trees, originated in voids filled with water 
vapor, or with partial discharges, when voids are filled with gas. 
Partial discharges are due to the fact that the dielectric constant 
of the voids filled with gas is lower than the insulation dielectric 
constant, causing an electric field with higher intensity. As the 
breakdown electric field in the voids is lower than in the solid 
dielectric, when the rated voltage is applied (for which the cable 
was designed), it is likely that partial discharges occur. After 
the void breakdown, the voltage decreases rapidly and the arc 
is extinguished [2]. 

 

B. Semiconductor Insertions 
Semiconductor insertions are originated in the manufacturing 

process of power cables, and as the voids, they originate 
premature aging of the cables. The electric field in these 
insertions is more intense and can cause partial discharges or 
influence the onset and development of water trees [3]. 

 

C. Water Trees  
Water trees are ramified structures that diffuse by the 

insulation volume. In extreme cases, these structures can 
become electrical trees. There are two types of water trees: 
vented trees and bow tie trees. This categorization is based on 
their place of origin.  

Vented trees have their origin on the borders of the 
insulation. They look like pencils, growing according to the 
electric field axis, and their early growth is slower when 
compared with the early growth of bow tie trees [4]. However, 
vented trees have a growth rate between 10 to 1000 µm per year. 
This growth rate puts at risk the cable integrity in a few years 
[3]. 

Bow tie trees have their origin in the insulation volume and 
branch on both directions [4]. Water trees of this kind have a 
rapid initial growth, but their length rarely puts at risk the cable 
integrity [3]. 
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D. Joints/Terminations 
Joints/terminations are connections between two cable 

segments. They may represent a problem if poorly executed. 
Different kinds of problem are commonly observed when joints 
are opened, such as stones inside the tubes, dirtiness inside the 
joint and inappropriate use of low voltage connections in 
medium voltage cables. Furthermore, during the 
joint/termination manufacturing process, if the heat source was 
not properly used in the heat shrink tube, the retraction is not 
uniform and it gives rise to air pockets. In these air pockets, 
some partial discharges may occur. 

III. METHODS OF TESTING AND DIAGNOSIS 

A. Partial Discharges 
The Partial Discharges method allows to find weaknesses in 

the circuit [5]. To do this, it is necessary to have a high voltage 
generator, an impulse generator, a standard capacitor and a 
measurement system. 

Before the test is carried out, a calibration through an impulse 
with a known load is performed. After calibration, the test is 
performed at two voltages levels, U0 and U or 2U0 [6]. This 
voltage is applied to the cable, and when the value is sufficiently 
high to cause breakdown of the void, two impulses with the 
same amplitude are generated and travel in opposite directions 
[7]. These impulses are measured and subsequently analyzed. 
Knowing the cable length and the propagation velocity, the 
partial discharge location is determined. During the test, the 
trigger, initially with a higher value, is decreased to allow 
measuring partial discharges with lower amplitude. 
 

B. Tangent Delta 
The Tangent Delta method allows to assess the whole circuit 

condition [5]. With this method, the insulation losses are 
measured [8], [9]. 

If the insulation is represented by a capacitor in parallel with 
a resistance, the total current that flows through the circuit can 
be divided into capacitive and resistive components. The angle 
between the total current and its capacitive component is delta, 
and its tangent TD can be calculated by the ratio between its 
resistive and capacitive components (1). Note that the TD value 
is frequency dependent. 

As the resistive component is associated with the insulation 
losses, it must have the lowest value possible, thereby reaching 
the lowest value possible for TD. The lower the TD value, the 
better the condition of the circuit. 
 
𝑇𝐷 = 	 %&

%'
 (1) 

 

C. Frequency Domain Spectroscopy (FDS) 
This method provides information about the condition of the 

cable insulation, more precisely, the insulation degradation due 
to water trees [10]. 

The main goal of this test is to measure the so called complex 
capacitance, which depends on the frequency. From the 
complex capacitance, it is possible to calculate TD, as the ratio 

between the imaginary component of the capacitance (C’’) over 
its real component (C’): 
𝑇𝐷 = ())

()
 (2) 

To perform this test, AC voltage with a frequency sweep is 
applied and the current response is measured. In cable testing, 
this method must be used at various voltages levels, all of them 
near service voltage [10]. 

IV. RESULTS 
The tests were carried out with two systems, the Baur PHG 

TD/PD 80, for the PD and TD tests, and the OMICRON 
DIRANA, for the FDS tests. 

As regards the TD and PD tests, an AC voltage with a 
frequency of 0,1Hz was applied, the tests having been 
performed for XLPE insulated cables. In the case of the FDS 
tests, an AC voltage with an amplitude of 100V was applied, 
with a frequency sweep from 0,1 to 5000Hz. These tests were 
performed for the XLPE insulated cables too. 

 

A. Tangent Delta 
On TD method, the value of tangent delta is measured eight 

times for each voltage level. The criteria used to assess the 
circuit condition is provided by Baur. Further to the absolute 
value, it is necessary to take into account the evolution of TD 
values with the increase of the voltage. In a good condition 
circuit, the evolution of the TD values is represented by a 
straight horizontal line, showing that the values of the TD are 
not depend on the voltage level. When the evolution shows a 
positive derivative, it means that probably water is present 
inside the circuit, while when the evolution shows a negative 
derivative, it is an indication that probably there is humidity 
within the circuit. 

Now, some results of the TD tests are presented in a summary 
table, Table 1 (a, b and c), and next a single case is chosen to 
analyze in detail. Values and evolution of TD are presented for 
this single case on Table 2, Table 3, Table 4 and Figure 1. 

Analyzing the graphics in Figure 1, we can conclude that 
both maximum criteria are far exceeded. Note that the evolution 
of TD is decreasing, and this behavior is normally associated 
with humidity inside the circuit, like explained above. In this 
case, as in the case which the tests indicate the presence of 
water, the circuit must be replaced when possible.  
Due to the high costs associated with the replacement of long 
circuits, if the circuit presents problems as these, the best 
solution is to open the circuit in a joint and test it for both sides. 
This is done because one of the parts of the circuit can be in a 
good condition, and its replacement may not be necessary. With 
this approach, resources can be saved, either on the economic 
level and on time. 
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Table 1 - Summary of TD Value 

Circuit 
Number 

TD [x10-3] at Voltage 
U0 

L1 L2 L3 
1 0,24 0,24 0,24 
2 102,00 127,00 110,00 
3 0,76 0,51 0,54 
4 130,00 138,00 134,00 
5 160,00 183,00 176,00 
6 1,32 1,80 1,63 
7 1,05 1,22 0,93 
8 1,55 2,63 1,22 
9 173,30 434,40 424,60 

10 265,80 9,10 437,20 
11 1,02 1,07 0,44 
12 0,21 0,21 0,21 
13 0,30 0,21 0,21 
14 0,26 0,27 0,27 

a) 
 

Circuit 
Number 

TD [x10-3] at Voltage 
1,5 U0 

L1 L2 L3 
1 0,27 0,30 0,28 
2 91,00 113,00 93,00 
3 0,89 0,55 0,56 
4 173,00 198,00 186,00 
5 218,00 259,00 273,00 
6 1,42 1,99 1,79 
7 1,15 1,28 1,03 
8 1,86 2,94 1,39 
9 206,60 499,30 484,60 

10 364,70 12,70 575,80 
11 4,18 3,11 1,93 
12 0,25 0,25 0,25 
13 0,31 0,22 0,22 
14 0,31 0,32 0,41 

b) 
 

Circuit 
Number 

TD [x10-3] at Voltage 
2 U0 

L1 L2 L3 
1 0,30 0,38 0,31 
2 82,00 98,00 81,00 
3 1,31 0,60 0,62 
4 214,00 250,00 218,00 
5 266,00 309,00 368,00 
6 1,47 2,12 1,96 
7 1,24 1,34 1,11 
8 2,14 3,18 1,58 
9 239,80 560,00 456,30 

10 466,30 16,00 699,80 
11 9,06 8,11 5,70 
12 1,08 0,84 2,13 
13 0,33 0,23 0,22 
14 0,42 0,54 0,86 

c) 
 
 
 
 
 
 
 
 

Table 2 - TD and Capacitance Values of L1 

Test TD [x10-3] to Voltage [kV] 
5,7 8,6 11,4 

1st 102,12 91,04 82,63 
2nd 102,03 90,97 82,28 
3th 102,15 90,87 81,96 
4th 102,25 90,72 81,74 
5th 102,19 90,68 81,66 
6th 102,30 90,50 81,27 
7th 102,42 90,40 80,85 
8th 102,62 90,35 80,52 

Average 102,2600 90,6913 81,6138 
Capacitance 

[nF] 102,7 103,3 103,2 

 
Table 3 - TD and Capacitance Values of L2 

Test TD [x10-3] to Voltage [kV] 
5,7 8,6 11,4 

1st 126,91 113,69 99,97 
2nd 127,23 113,70 99,35 
3th 127,26 113,52 98,92 
4th 127,02 113,47 98,39 
5th 127,07 113,38 98,42 
6th 126,97 113,14 97,88 
7th 126,94 112,85 97,34 
8th 126,90 112,63 96,73 

Average 127,0375 113,2975 98,3750 
Capacitance 

[nF] 103,4 103,8 103,7 

 
Table 4 - TD and Capacitance Values of L3 

Test TD [x10-3] to Voltage [kV] 
5,7 8,6 11,4 

1st 110,33 94,19 82,74 
2nd 110,15 93,79 82,25 
3th 110,02 93,48 81,73 
4th 110,06 93,22 81,16 
5th 109,92 93,16 81,19 
6th 109,77 92,78 80,81 
7th 109,50 92,39 80,47 
8th 109,24 92,04 80,25 

Average 109,8738 93,1313 81,3250 
Capacitance 

[nF] 102,4 102,8 102,6 

 
It may happen that a straight horizontal line is found for the 

evolution of the TD values, and still the circuit is not in good 
conditions. In order to clarify this aspect, an empirical formula 
is used to estimate the system TD, and this is compared to the 
recorded value. Moreover, the capacitance values should be 
taken into account. These values should not vary with the 
increasing of the voltage, and must be similar in all of the three 
phases. 

In the case presented in Tables 2 to 4, the capacitance values 
obtained for each phase do not significantly vary with the 
increasing of the voltage. Also these values are similar for the 
different phases. 
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a) 

 

 
b) 

Figure 1 - Summary Graphics 

 

B. Partial Discharges 
 

In this section, a summary table is presented with the results 
of the PD tests, Table 5. Below, it is detailed a case and a 
possible conclusion to intervene or not in the circuit is 
presented. Note that XLPE insulated cables do not admit PD, 
but in our case PD are in joints, and for this a specific criterion 
is applied. This criterion is that, when there is a PD with a value 
above 1000pC at U0 or 3500pC at U, the joint should be 
replaced at a maximum of one year. When the values are below 
of those previously present, new tests should be made with a 
periodicity between 1 to 5 years. 

The case 25 is not a regular case, because when it is expected 
that the value of the magnitude of the PD increases, this value 
decreases. It is expected that the value increases because, when 
it has a certain value of voltage and the disruption occurs, if the 
voltage is increased, the level of the PD values should increase 
too. 

In the case 17 there are two phases where PD are verified, 
but as the values do not exceed the maximum criteria, it is 
suggested that new tests should be performed in 3 to 4 years. 

 
 
 
 
 
 

Table 5 - PD Tests’s Results 

Number 

DP [pC] 
L1 L2 L3 

U0 1,73U0 
Location 

[m] U0 1,73U0 
Location 

[m] U0 1,73U0 
Location 

[m] 
15 Absence   Absence   Absence   
16 Absence   Absence   Absence   

17 240 270 471 Absence     190 235 
150 190 471 

18 Absence   Absence   
  95 592 

110 120 895 
  120 1654 

19 Absence   
  350 457 

350 600 238   200 480 
  300 728 

20 

  420 241 

  160 297   280 42   410 473 
  430 576 
  700 731 

21   225 0   207 0 Absence     220 95 
22 Absence   Absence   Absence   

23   3900 0 Absence     5860 0 
  4600 97   5300 97 

24   300 2834 Absence     6500 1930 

25 1000 600 2865   350 153 350 600 2073 600 500 2945 

 

C. Frequency Domain Spectroscopy 
As explained above, in power cables it is better to make the 

tests with a voltage near the service voltage. The inability to 
apply these voltage levels in cables, led to apply an AC voltage 
of 100V in reference cables, and the results were in accordance 
to the expected. Thus, it is concluded that in this case, tests can 
be performed with a 100V voltage, based on the criteria 
presented in [11]. In this case, only the slope of the TD vs 
Frequency curve was calculated. This parameter is associated 
with the leakage current [11]. 

Now, two tables are presented. First, a table with the values 
of the TD measured, and then a table with the calculated slope 
values, Table 6 and Table 7. For the computation, it is assumed 
that between two measured points the variation is linear.  

 
Table 6 - TD Values Depending on Frequency 

Frequency [Hz] TD Values 
1,00E-01 2,66E-01 
2,15E-01 2,27E-01 
4,64E-01 1,77E-01 
1,00E+00 1,65E-01 
2,15E+00 1,51E-01 
4,64E+00 1,27E-01 
1,00E+01 9,85E-02 
2,00E+01 7,68E-02 
4,00E+01 6,04E-02 
7,00E+01 5,08E-02 
1,10E+02 4,55E-02 
2,22E+02 3,99E-02 
4,47E+02 3,69E-02 
1,00E+03 3,55E-02 
2,24E+03 3,57E-02 
4,47E+03 3,69E-02 
5,00E+03 3,69E-02 
Average 9,80E-02 
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Table 7 - Leakage Currents Calculated Values 

f1 f2 Leakage 
Current 

1,00E-01 2,15E-01 3,41E-01 
2,15E-01 4,64E-01 2,02E-01 
4,64E-01 1,00E+00 2,18E-02 
1,00E+00 2,15E+00 1,24E-02 
2,15E+00 4,64E+00 9,73E-03 
4,64E+00 1,00E+01 5,23E-03 
1,00E+01 2,00E+01 2,17E-03 
2,00E+01 4,00E+01 8,20E-04 
4,00E+01 7,00E+01 3,22E-04 
7,00E+01 1,10E+02 1,32E-04 
1,10E+02 2,22E+02 5,02E-05 
2,22E+02 4,47E+02 1,33E-05 
4,47E+02 1,00E+03 2,60E-06 
1,00E+03 2,24E+03 2,28E-07 
2,24E+03 4,47E+03 5,41E-07 
4,47E+03 5,00E+03 1,33E-07 

Average 3,73E-02 
 
Taking into account the support table proposed in [11], for 

the presented case, the cable insulation can be in one of the two 
first degradation stages, if the values are analyzed separately. 
However, analyzing the values together allows a better 
assessment, and taking into account the higher calculated values 
of the leakage current, the conclusion is that the cable insulation 
is in an intermediate stage of degradation due to water trees. 
Thus, it is proposed that new tests are performed with TD and 
PD methods in the cable for a most accurate conclusion. 

V. CONCLUSIONS 
 

This paper has as main goal to present and analyze the results 
obtained with various methods of cable condition monitoring 
and diagnosis, such as PD, TD and FDS, so to help decision 
making in order to achieve the best management of the 
resources. 

For a better explanation of these results, the most relevant 
problems found in cable insulation are described, as well as the 
methods used to assess the insulation condition. 

Among the described methods, TD and FDS are those that 
allow to calculate the value of TD. 

The PD method allows to identify and locate the weak points 
of the cable insulation and the magnitude of the discharges, 
when they exist. With these values, it is possible to make a 
decision, and to have an estimation of the remaining life of the 
cable. 

For a more thorough decision, it is suggested to perform PD 
and TD tests for the same sample, and analyze the results 
simultaneously. With FDS, the degradation of the cable 
insulation due to water trees can be assessed. For this, the value 
of the leakage current must be calculated according to the 
frequency and the TD values measured. 
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