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Abstract: A medium voltage (MV) cable network is a substantial component of the distribution
network. Present management of this grid segment is mainly based on the failure rate analysis,
i.e., a rise in the number and kind of faults on the actual line means that its technical condition
is getting worse. The efficiency of the power system is low and additional costs of repair works,
supply interruption, difficulties in the investment planning and operation and maintenance works are
necessary. The aim of the R&D works done in the realised project is to implement the management
of the MV cable network based on the estimated condition of the individual cable line, obtained
from diagnostic measurements. The diagnostic investigations of the cable lines are the reference.
Many years of research work have led to the development of the Health Index based on diagnostic,
technical and service data.

Keywords: cable diagnostics; partial discharge measurements; dielectric loss factor measurements;
health index

1. Introduction

Development of the grid management’s efficiency is a challenge to each electric
power grid operator. The MV cable lines are a specific and very important grid element.
Often the most aged part of the MV cable network is the paper insulated lead covered
(PILC) cables. In such cable lines, the risk of failure will be the highest in the near future.
The aging/degradation process in the individual cable sections and accessories (cable
terminations and joints) can be at a different stage resulting in the additional difficulty in
the network management [1–4].

In recent decades, new diagnostic methods for MV cable systems have been imple-
mented. At present, two basic diagnostic techniques are applied: partial discharges (PDs)
measurement and the dielectric loss factor (tangent delta, tan delta, TD) measurement.
In available diagnostic systems, the off-line measurements, carried out with the cable
line disconnected from the operating voltage, are possible. In such solutions, external
voltage sources are applied. Therefore, the test voltage can be regulated and the PD and
TD measurements under different voltage values can be carried out. Thus, the value of
the PD inception (PDIV) and extinction voltage (PDEV) can also be measured. In diagnos-
tic measurements, the very low frequency (VLF) voltage 0.1 Hz and damped AC (DAC)
voltage are most often applied as the test voltage [5]. Information obtained from the PD
and TD measurements can give the knowledge supporting the estimation of the cable and
accessories technical conditions [6]. At present, the problem consists not only in the correct
measurements but also in the interpretation of the obtained results and the diagnosis of
the cable line technical conditions referred to the owned set of information. Special oppor-
tunities to analyse the aging processes in the individual cable lines can arise from the PD
measurements, which enable one to find the localisation of the PD appearance [2,7–9]. This
is one of the tests enabling one to analyse the data as a function of the cable length [10–13].

Energies 2021, 14, 4116. https://doi.org/10.3390/en14144116 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9393-7481
https://doi.org/10.3390/en14144116
https://doi.org/10.3390/en14144116
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14144116
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14144116?type=check_update&version=1


Energies 2021, 14, 4116 2 of 13

A universal method is being sought all over the world, which will allow one to estimate
the cable’s life expectancy based on the cable insulation condition assessment [14,15]. After
a certain period of operation of the cable line, it is necessary to have the information
about the condition of this insulation. The importance of reliable MV cable network is
well understood by the cable network operators. For this, various diagnostic methods are
used, but the most important is interpretation of the obtained measurement results [16,17].
However, it is necessary to use such measuring methods that do not have a destructive
effect on the condition of the cable insulation system. Some of the diagnostic methods
used to determine the condition of the cable insulation system can also be used to locate a
place of cable line fault [18]. To be able to assess the current condition of the insulation in a
cable line operated for a certain period of time, information about selected parameters that
changed from the time of line commission is very useful. Therefore, monitored acceptance
tests are increasingly used, especially those in which the voltage test is combined with
partial discharge and tan delta analysis [19–22].

Diagnostic measurements can be used to test the degradation state of MV cable
insulation. The assessment system should be multistage so that it can effectively support
the management of this network. Partial assessment methods are described, e.g., in IEEE
documents 400.2 and 400.4 [23,24]. Increasingly, the health index procedure is used to
assess the condition of a cable line [25–29]. Research to develop an integrated system
for assessing the degradation of the cable insulation is carried out by Energa-Operator
SA. In the network, diagnostic tests are carried out in the years 2003–2021 on MV power
cables. Within the SORAL project, based on the obtained data, a cable health index
for paper insulated lead covered (PILC) and cross-linked polyethylene (XLPE) cables is
developed. Scientists from the Poznan University of Technology and experts from Onsite
participate in the research. The authors used electrical and chemical measurements to
obtain more precise information on the state of tested cables’ insulation. The designed
research included PD and tan delta value investigation and such chemical and mechanical
parameter measurements like: microscopic observation, material composition by infrared
(IR) spectroscopy, differential scanning calorimetry, degree of crystallinity and cross-linking
of XLPE insulation, microhardness, oxygen index, tensile strength, elongation at break and
modulus of elasticity.

The health index developed in time of the research that is implemented in the IT
system. The system gives the possibility to optimise maintenance procedures and re-
placement of cable lines. Research and development works are cofinanced by the Polish
government [30].

2. The First Stage of Research

Up to 2018, the research works focused on the determination of the key parameters
reflecting the advanced aging process in the insulation’s material. The research has been
carried out in the pilot area consisting of one thousand MV cable lines of 500 km total
length. Over 50% of the investigated network is made of the paper insulated lead covered
(PILC) cables [3]. The research was based on measurements made over a period of over
15 years. PD measurements were performed with the use of DAC test voltages.

Measurement results of more than 450 cable sections were analysed. For these cables,
measurements were performed cyclically throughout the research period. In that time,
there were electrical failures in 18 sections of the cable lines. The collected data for these
cables (technical data, partial discharge measurement results) were analysed in detail and
compared with the data of the remaining cables subjected to diagnostic tests. The results of
the research allowed one to determine the key parameters influencing the risk of failure.
Key factors describing the level of degradation of PILC cable insulation are as follows:

A. The analysis has shown that, for 90% of defects of cables, the failure took place when
either an increased intensity of PDs or an increased PD level appeared in the cable as
compared to the average PDs’ level in the whole cable line.
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B. Probability of the cable failure was increased as the PD inception voltage decreases.
In Figure 1 it is shown:

• The percentage of damaged cables in the total number of cables in which the
PDs have been registered,

• The percentage of damaged cables in relation to the cable sections on which an
increased intensity of PDs appeared are shown for the groups of cables at an
actual level of the PD inception voltage (PDIV).

C. The aging of the insulation proceeds with the service life. The probability of failure
increased with the age of the cable line. It is necessary to consider this indicator in the
risk of failure. Figure 2 shows the exemplary number of failures that occurred within
10 years in PILC cable lines depending on the year of manufacturing of the cables.

D. Detailed analysis of the PD level in the investigated damaged cable sections, at chosen
PD inception levels (see Figure 3) does not indicate that the PD value decides on the
future damage of the actual cable section. The measurements marked in red in the
group for each level of PDIV refer to the sections of the cable on which the failure
occurred. At this stage of research, it was not possible to demonstrate the relationship
between the value of partial discharges and the risk of failure.
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The knowledge and experience gained during the research served as the basis for
further activities described in the further part of the document. The results of the work
indicated dependencies that can be used to determine the health index.
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Figure 3. Partial discharges charge q (pC) at PD inception voltage 6.3 kV and phase voltage Uo for
different cable line groups: (a) group of 34 cables; (b) another group of 36 cables (the red colour
means that the cable failed in time of normal operation, soon after the test).

3. The Second Stage of Research

The aim of the second stage of the research was to define the health index (HI)
describing the relationship between the risk of failure and the data for individual cable
lines. Accomplishment of additional diagnostic measurements was an important research
element of the project. The number of the cable lines under test was 230. The measurements
were done by the new diagnostic system to investigate the partial discharge and dielectric
loss factor. The equipment, enabling one to apply two test voltages, i.e., DAC and VLF,
used in investigations is shown in Figure 4.
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The diagnostic investigations conducted in the project completed our expertise ac-
quired during earlier diagnostic measurements. Along with historical data, it forms the
data sets encompassing a very long time of line operation, i.e., 2003–2020.

The obtained data on the cable network was collected in the digital data base. Data
concerning the cable network include technical information on MV cable lines obtained
from GIS (geographic information system). They contain detailed information about
elements of the cable line (joints, terminations and cable sections). Figure 5 shows the view
of the cable line with information on individual cable sections.
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Figure 5. The implemented GIS system on the cable network with technical information.

Technical information has been integrated with the results of diagnostic measure-
ments. Data obtained from each measurement have been implemented in the system and
information on each PD site has been entered for individual test voltages (apparent charge
value and PD place of occurrence). Figure 6 shows an example of integrated data and
visualisations of PD measurement results.
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Figure 6. Automatically implemented diagnostic measurement results for a selected cable line.

The other layer of integrated data is information on cable failure occurrence. Prepared
and verified information on electrical breakdowns were entered into the system. The
information about each failure contains the place and time of occurrence—Figure 7.
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The definition of such models for the insulated cable sections, PILC (paper insulated
lead covered) and XLPE (cross-linked polyethylene) cables, will be of key importance.
The aging processes in two mentioned cable types run in a different way and the values
of corresponding parameters measured in diagnostic tests are different. Due to detailed
investigations of the chosen cable samples done by the Poznan University of Technology,
the aging processes in the PILC and XLPE cables can be estimated. Thus, the results of
research work can be verified.

The additional analysis of collected data indicates that the changes in time mainly
concern the lowering of the PD inception voltage and the increase in PD intensity. This
confirms the previous assessments presented in Section 2 of this paper. The described scope
of work and prepared data allowed to select a group of cable lines in which the lowering
of PD inception voltage is visible. These cable lines represent about 15% of all cable lines
tested. This group of cables with an increased risk of failure will form the basis for further
research.

The acquired data were prepared for analysis in the research part of the work. There-
fore, the data are aggregated in a special database and its acquisition is automated by the
IT system. Preprocessed data were used in the analyses and statistical investigations. The
datasets contain two main categories:

1. The cable lines definition:

• Component level (joints, terminations and cable sections): e.g., types and the
components, designed voltage level, date of installation, etc.

• Object level (cable lines): e.g., based on Pos. 1 input complete cable line informa-
tion like length, location, operated voltage level, eventual repair-changes, etc.

2. Diagnostic tests definition:

• Test data level: e.g., dates of diagnostic measurements, test procedures, test
parameters, analysis results, etc.

• Network level (where the tested object is located): e.g., information collected for
a defined group of objects for the research area.

Based on the above-mentioned information the analysis tool was defined. A library of
both deterministic and statistical tools was needed to allow the analysis of the above data.
From this analysis, it was possible to obtain the boundary values that will be used in the
tool to determine the cable health index. The main layout of the required analysis structure
is seen in Figure 8.
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Figure 8. Flowchart of the phases to come from the measurement data to the cable health indexing.

The following information was obtained from the GIS and PD mapping:

3. Age of the cable section.
4. PD inception voltage per cable phase for all cable sections.
5. The amplitude of partial discharges at each test voltage level for each phase up to

2Uo.
6. PD concentration at a specific location.
7. Failure history—take into account only electrical failure.

Additional measurements of tan delta with VLF voltages were made in 2019. About
120 cable lines were tested in this way. The following information was stored:

1. Tan delta values measured at 1.0 Uo, 1.5 Uo and 2.0 Uo for each cable phase.
2. From the measured values of tanδ, an increase in this value or an increase in the

difference ∆tanδ for each phase was obtained. This is the difference between the TD
value measured at 1.0 Uo and 2.0 Uo.

Both kinds of data are used as input for the statistical analysis of TD.
The statistical analysis was applied to the PD and TD diagnostic properties. To analyse

the PD data of PILC cables five datasets were constructed and analysed: PD concentrations
of at least five PD pulses, voltage levels in the ranges below 0.5 Uo, 0.5 Uo–1.0 Uo, 1.0 Uo–
1.3 Uo, 1.3 Uo–1.7 Uo and above 1.7 Uo.

The five datasets were fitted to the 3-parameter Weibull distributions, which provided
the best fit. The datapoints and the fitted Weibull distribution for the exemplary dataset
are shown in Figure 9.
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A similar scope of analyses was performed for TD. To analyse the TD data four
datasets were constructed: TD at voltage levels at 1.0 Uo, 1.5 and 2.0 Uo, tip up (delta tan
delta) given the increase of tan delta between 1.0 and 2.0 Uo.

The statistical functions were used to obtain boundary values for tan delta and partial
discharges values. Statistical limits for the index state of the cable in the 5-point scale, with
the number and the colour adopted as:

• Index 9: very good (green),
• Index 8: good (light green),
• Index 6: moderate (yellow),
• Index 3: poor (orange),
• Index 1: very poor (red).

Seven parameters were determined as the result of the data analysis:

1. PD concentration.
2. PD inception voltage (PDIV). The PD inception voltage is the lowest voltage where

PD activity starts within the cable.
3. PD amplitude at PDIV. Besides the inception voltage, also the PD amplitude that is

measured at this voltage level is of importance. For a very good (green) condition,
the measured values at the inception voltage have to be equal or below 20% (B20)
of the values of the complete distribution. For a condition to be very poor (red), the
measured values have to be higher than 80% (B80) of the fitted distribution.

4. PD amplitude at 2 Uo. Internal PD is in general dependent on the applied voltage
level and will increase with the increasing test voltage level. Therefore, the parameter
of the measured PD amplitude at the maximum test voltage level 2 Uo is taken.

5. Cable age. By analysing the historical failure data of cables in service, it has been seen
that the number of failures is higher on cables that are older in age. Therefore, the age
is taken into account in the cable health index [25–27]. The failures are especially seen
on cables that are 30 years and older, especially over 40 years. Therefore, cables with
this high age get a poor or very poor indication. The results of electrical and physic-
ochemical tests, carried out in laboratories of the Poznan University of Technology,
were used to dimension this parameter. The samples of selected cable section were
prepared by the Distribution System Operator DSO (ENERGA-OPERATOR SA) for
both types of cables PILC and XLPE. The preparation of samples from the cut sections
of the cable line is shown in Figure 10.
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The tested cable sections were subjected to laboratory tests, which included, in ad-
dition to tan delta and PD measurements, also microscopic examination of insulation
structure, hardness of dielectrics, tensile strength, modulus of elasticity, elongation at break
and oxygen index. The obtained results made it possible to evaluate the condition of the
insulation system of the tested power cables.

Microscopic examination of the cables included the assessment of the insulation
material of the PILC and XLPE cable with the use of the stereoscopic microscope with
software for image recording and measurement. No delamination, inclusions and effects
of treeing phenomena was found in all tested samples. Determination of hardness was
done with the use of the durometer according to the Shore D method. The insulation
hardness was determined along the cable on the outer and inner side of the insulation.
Measurements of tensile strength and elongation at break were performed according to
the ISO standard with the use of the machine that assures the initial stress, stretching and
tensile speed for determining the Young’s modulus. For measurement of the oxygen index
the minimum concertation for oxygen in a mixture of oxygen and nitrogen was determined
to obtain the ignition effect.

The test results show good condition for the samples from various construction
periods. This contributed to the decision to adopt a maximum limit value for the cable
age of 40 years. The ranges of test results for XLPE cables are presented in Table 1 (green
colour—positive).

Table 1. Cable state classification according to various measured parameters.

Symbol
of Cable
Section

Cable
Section

from
Year

Type of Investigation

PD Level
at 2 Uo

(1)
UPDIV UPDEV

Tan Delta
(2)

Microscopic
Examination

(3)

Hardness
(4)

Tensile
Strength

(4)

Modulus
of Elasticity

(4)

Elongation
at Break

(4)

Oxygen
Index

(4)

PE1 2008
PE2 2019
PE3 2011
PE4 2017
PE5 1998
PE6 1988

(1) PD level measured at 2 Uo should be less than 100 pC; (2) Tan delta measured at 2 kV should be less than 20 × 10−4; (3) No strange
inclusions, no structure discontinuity and no delamination observed; (4) Typical value for such kind of material.

6. Electrical failure history. By analysing historical data cable failures in the operation,
it was found that the number of failures was higher in older cables. Therefore, in the
cable health index, age was taken into account.

7. Tan delta at VLF. Since 2019 tan delta measurements with VLF were performed on
mainly the PILC cable lines. The tan delta was measured at three voltage levels: Uo,
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1.5 Uo and 2 Uo. Additional difference of the tan delta value measured at Uo and
2 Uo was taken into account. These four values were separately evaluated. The sum
was taken of the individual parameters.

The determined boundary parameters for the above components were combined to
get the cable health index. This was done by summing up the condition numbers that
were obtained. This was done by adding up the resulting state numbers. The total sum
obtained was taken to a 5-point scale from very poor (red) to very good (green). The value
ranges are shown in Table 2. The table shows two results, one with the values of all seven
parameters, one for the case where tan delta measurements were not made, which is the
case for measurements performed a year ago or for cable lines on more than one cable
section.

Table 2. Possible outcomes of the seven and six parameter evaluation and relation to the cable health condition index.

Very Good Good Moderate Poor Very Poor
Condition 9 8 6 3 1

Overall parameter with TD
(7 parameters) 58 < Sum ≤ 63 49 < Sum ≤ 58 32 < Sum ≤ 49 14 < Sum ≤ 32 6 < Sum ≤ 14

Overall parameter without TD
(6 parameters) 49 < Sum ≤ 53 42 < Sum ≤ 49 26 < Sum ≤ 42 12 < Sum ≤ 26 5 < Sum ≤ 12

Based on these classes the appropriate action can be defined:

• Very good (no action): Cable is in an overall good condition.
• Good (monitoring): Cable is in a good condition with some minor deviations.
• Moderate (investigation): There are some signs of cable insulation degradation; it is

recommended to study the cause of this and monitor the condition.
• Poor (action required): The cable is degraded; the cable has a high risk of failure; it is

recommended to plan a replacement of the cable line or part of it.
• Very poor (immediate action): The cable is very heavily degraded; the risk of failure is

very high; it is recommended to plan replacement of the cable circuit or its part in the
nearest future.

4. Discussion and Conclusions

The electrical and chemical measurements were done to obtain more precise informa-
tion on the state of tested cables’ insulation. In addition to PD and tan delta investigations,
such chemical and mechanical parameter measurements were made like: microscopic
observation, material composition by infrared (IR) spectroscopy, differential scanning
calorimetry, degree of crystallinity and cross-linking of XLPE insulation, microhardness,
oxygen index, tensile strength, elongation at break and modulus of elasticity.

The results of the first stage of research work showed the key relationships between
the data obtained from diagnostic measurements, technical data and the risk of failure
of PILC cables. This became the basis for raising funds for another large scope of field
research aimed at defining the health index (HI) for PILC and XLPE cables. At this stage,
within the project, the planned goal was achieved and HI was defined.

Two key elements were achieved in the realised project: HI was developed and a
digital database for the calculation of HI was built.

The key stage currently being implemented is the construction of an IT system that
will support the management of the MV cable network using the achievements of the
described research.

The IT system SORAL will be an expertise-based tool leading to the change in the
strategy of the MV cable network management. The currently applied corrective main-
tenance (CM) strategy will be replaced by the condition based maintenance (CBM) one,
based on the preventive activities related to the MV cable lines technical conditions. Due
to the system, the preventive activities limiting the failure number become possible. The
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activities will focus on the replacement of the network elements of the highest failure risk.
The MV cable lines replacement can be planned referring to the analysis of the failure
before the failure occurs. The replacement works can be limited to the sections in bad
technical conditions and not touch the cable line as a whole. The knowledge about the cable
condition enables one to anticipate the future cable lifetime. In the urban area, if the need
for a cable replacement can be planned in the indicated time, the modernisation works can
be correlated with the works in other domains to costs limitation. The implementation of
the project results allows one to improve the reliability and quality of electric energy sup-
ply and moreover reduce the average outage duration for the customers (SAIDI—system
average interruption duration index) and number of interruptions (SAIFI—system average
interruption frequency index).

The information technology (IT) system SORAL will be the main effect of the project.
The system will be responsible for:

• Input data preparation and preprocessing,
• Acquisition of the measurement results and network model,
• Computational model service,
• Data analysis,
• Geographical visualisation of measurements (GIS).

Due to the GIS system, the exchange of data will be carried out according to the
common information model (CIM) standard whilst the dedicated interface will be ready to
exchange data automatically between the SORAL system and diagnostic equipment, as
shown in Figure 11.
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Despite the acquisition and presentation of the current data, the mapping of modifica-
tions introduced to the network will be possible with SORAL. Visualisation will comprise
both the modifications in the network configuration and the locations where the cable
sections are replaced. Thus, the network historical data and the current measuring data
and results of computations done at different times correlated with the corresponding
network status can be saved and accessed.

Finally, measuring data and information concerning network modifications will be
aggregated in the system. Thus, the history of the measurements correlated with a corre-
sponding network configuration can be built. The data will form a base for analysis and
systematic upgrading of the models for estimation of the cable network elements condition.

The next advantage of the system is the opportunity to save the changes in the
network; both those concerning technical parameters and those lied with its layout and
reconfigurations. In effect, the network presentation not only in the current status but also
at any chosen time in the past will be possible. Thus, not only the detailed analysis of the
historical and current data but also the forecast and prediction of the future events become
available.

An important element of the SORAL system is the computational model that will
register the events in the network referring to the measurements (partial discharges and
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the dielectric loss factor). In the future, in addition to the data mentioned above, the
environmental factors (temperature, soil type or soil PH) will be considered.

Due to such a set of data, a normalised health index algorithm for individual elements
of the cable lines will be implemented and the risk of failure related to the insulation’s
condition could be determined.
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