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Abstract: This work presents the development, validation, and sensitivity analyses of a portable
device capable of performing high-frequency dielectric spectroscopy tests on site. After a brief
introduction on the operation principle and the description of the impact of frequency on dielectric
spectroscopy, the article presents the results of tests on reference samples confirming good agreement
with expected values. The frequency region in which the device operates, 1–200 kHz, was chosen
because of its correlation with oxidative species of polymeric compound. The sensitivity analyses
were performed measuring the dielectric response of low voltage cables with different aged lengths.
The outcome of these tests is twofold. On the one hand, they confirm the suitability of the technique
for aging evaluation, and, on the other hand, they allow the assessment of the minimum aged length
(damage ratio) which causes appreciable variations on the obtained dielectric spectrum. This quantity
was found to be ~35% of the total cable length.

Keywords: dielectric spectroscopy; cables; low voltage cables; aging; condition monitoring technique

1. Introduction

Aging is the irreversible degradation of material properties caused by applied stresses
coming from the environment, e.g., heat, radiation, moisture, and electric fields. In the
case of extruded cables, these stresses lead to chemical changes inside the insulation such
as depletion of additives and oxidation of polymer chains [1–4]. At the macroscale, the
chemical modification of the insulation may cause the deterioration of the mechanical and
electrical performance of the cable system. In particular, the loss of insulating properties
of the material is a key element to be investigated during aging since it can lead to the
breakdown (electrical failure) of the insulation system [5–7].

Failure of the insulation system, in the case of instrumentation and control (I&C) cables,
may imply the unavailability of the device the cable is connected to. This is particularly
important in the case of cables connected to safety devices, where the unexpected failure of
the system might cause serious danger, as in the case of nuclear environments [8–10]. For
this reason, monitoring the evolution of insulating properties throughout the application life
of the cable system is very important in order to schedule maintenance and take corrective
actions which ensure the prevention of damage and the increase of system reliability.

To do so, condition monitoring techniques are used. They can be described as the
assessment of the current state and estimation of the future state of a system by means of
measurements and calculations [11]. In the case of low voltage cable systems, which are an-
alyzed in this article, various condition monitoring techniques are commonly used at indus-
trial scale, e.g., insulation resistance, indenter modulus and elongation-at-break [8,11–16].
Even so, in some cases, these techniques are not referred to the bulk of the insulation, they
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may exhibit high error dispersion, or they are based on destructive tests. In this framework,
various electrical techniques, e.g., frequency domain reflectometry (FDR) and dielectric
spectroscopy (DS) are increasing in interest due to their non destructiveness and possibility
to be used onsite [13,14,17–21].

The DS technique addresses most of the requirements being also referred to the bulk
of the insulation. The measured dielectric quantity, the complex permittivity, is a function
of the electric field frequency. In particular, in the case of the imaginary part of permittivity
(dielectric losses), the quantity can vary by several orders of magnitudes depending on the
analyzed frequency [13,22–25]. For this reason, some researchers m looked for the most
suitable frequency to be related to the aging development inside the insulating material.
Despite this being still under debate, the authors found that the complex permittivity at
100 kHz well follows the aging state of the material and successfully correlates with some
of the most common techniques for aging evaluation i.e., elongation-at-break [14,18,31],
suggesting its use as an aging marker for LV cable systems.

Nowadays, various portable devices able to measure various dielectric properties,
e.g., tan δ and resistivity are commercially available. However, they usually operate in a
very narrow frequency range which, in most cases, is not efficiently related to the aging
development of the insulation system, such as power frequencies (50 or 60 Hz) and low
frequencies (0.1 Hz). On the other hand, devices able to provide a broadband dielectric
spectrum (up to 1 MHz) are lab-scale equipment and, for this reason, not easily usable
on site.

This article aims at filling this gap by developing a portable device, capable of per-
forming dielectric spectroscopy measurements, able to operate in the frequency region of
interest for the aging evaluation e.g., 1–200 kHz. The validation of the device is achieved
by measuring and checking the values obtained from tests on reference samples, i.e., with
known capacitance and tan δ. Finally, a sensitivity analysis of the device is presented,
aiming at evaluating the minimum aged cable length able to register modification in the
dielectric spectrum.

2. Dielectric Spectroscopy as a Condition Monitoring Technique
2.1. Introduction and Operating Principle

Dielectric spectroscopy, sometimes called impedance spectroscopy, is a nondestructive
technique which measures the dielectric response of a medium subjected to an external
alternating electric field as a function of frequency. From this measurement, the complex
permittivity can be obtained. It is defined as:

.
ε = ε′(ω)− jε′′ (ω) (1)

where ε′ is the real part of permittivity and represents the ability of the dielectric medium
to store energy and ε′′ is the imaginary part of permittivity and defines the energy losses
of the material. The values of permittivity of dielectric materials are usually recorded as
relative values with respect to the permittivity in vacuum (ε0 = 8.85 pF/m). For poly-
olefins, typical values of ε′ range in the order of some units (~2.2 for polyethylene and
polypropylene) [25,32–35].

In the case of perfect dielectrics, the current is π/2 leading with respect to the applied
voltage. In real dielectrics, the phase displacement is not exactly π/2 but there is an angular
deviation (δ), whose tangent (tan δ) is defined as dissipation factor (DF) (Figure 1). This
measures the quantity of energy dissipated by the dielectric system due to polarization
mechanisms [25,36–38].
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The dissipation factor may be expressed as a function of other electrical properties,
i.e., complex permittivity and conductivity, through the following formula:

tan δ =
σ/ω+ ε′′

ε′
∼ ε′′

ε′
(at high frequencies) (2)

where σ is the conductivity of the dielectric and ω is the angular frequency. At high
frequencies, the term σ/ω is negligible, and the dissipation factor is reduced to the ratio
between the two parts of complex permittivity.

The use of the dissipation factor over the complex of permittivity is very convenient
in the case of real systems, e.g., cables. Indeed, while the complex permittivity (particularly
the real part) is deeply influenced by the geometrical properties of the dielectric material,
tan δ values are invariant to dielectric structural characteristics. Moreover, if we consider
frequency regions where the ratio σ/ω can be neglected, the dissipation factor can be a
good representative of the dielectric losses of the material under test.

2.2. Effect of Frequency

As briefly reported above, the complex permittivity is a function of the frequency of
the applied alternating electrical field. In particular, the dielectric losses exhibit a peak
in the dielectric spectrum once the electric field frequency is close to the inverse of the
relaxation time of the species inside the dielectric. Depending on the nature of the species
and the frequency region in which these species exhibit a relaxation peak, we can divide
the dielectric spectrum into four sections, each one related to a particular polarization
mechanism: electronic, atomic, dipolar, and interfacial polarizations.

The first two mechanisms are related to optical frequencies (>400 THz) and the complex
permittivity trend is normally very difficult to identify due to the environmental noises
and distortions [25,37,39].

The other two mechanisms are the most interesting in terms of investigation of material
properties, since they represent the biggest part of the dielectric losses for the material, and
they are related to frequencies normally used in electrical applications. In particular, the
dipolar polarization is related to the movement of dipoles in the direction of the electric
field. The frequency region, in which this polarization mechanism occurs, is estimated to
be between 103–109 Hz, with a peak of dielectric losses at ~105 Hz. On the other side, the
interfacial polarization, also called Maxwell–Wagner–Sillars (MWS) polarization, is linked
to the accumulation of opposite charges at different surfaces (e.g., between the amorphous
and crystalline phase or between matrix and additives) thanks to the external electric field.
This kind of polarization, which is characterized by frequencies lower than ~10 Hz, is the
most relevant in terms of dielectric losses, which can reach very high values [25,37,39].

Among the two, the dipolar polarization is the one to be taken into account for
the dielectric aging assessment. As is well known, the main degradation mechanism,
occurring inside organic materials like polymers, is oxidation. This latter is a thermo-
assisted process since its kinetics is exponentially dependent on temperature (see Arrhenius
law) [2,4]. Briefly reporting, during the initial phases of the degradative process, the
polymer macromolecules face chain scission [2]. This process leads to the creation of
two smaller molecules with unpaired charges (radicals), which are highly reactive and
tend to acquire oxygen molecules coming from the environment (oxidation reaction).
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Given the high electronegativity of oxygen molecules in comparison with the carbon and
hydrogen ones, the molecules produced during this process (oxidized polymer chains)
are characterized by a permanent dipole. As an example, using the chemical simulation
software Avogadro [40], it is possible to obtain and verify that typical PE chains exhibit
no permanent dipole (estimated dipole moment ~0 D), while the same PE chain with
a single oxygen atom, e.g., ketone, show a permanent dipole ~2.7 D. The presence of
permanent dipoles brings to the modification of the electrostatic potential as shown in
Figure 2 for a PE chain before (2a) and after (2b) the formation of a ketone group (oxidation
phase). Obviously, as we increase the aging time and the aging stress, we are increasing the
number of reactions taking place and, consequently, of oxidized species, e.g., aldehydes,
hydroperoxides, ketones and carboxyl acids. Given their dipolar properties, all these
species electrically respond in the dipolar polarization frequency region.
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Nonetheless, it is worth recalling at this point that the molecule relaxation time, and
consequently its resonant frequency, is also proportional to the size of the molecule [37]. In
particular, given the big molecular dimensions and dipolar properties, the frequency region
likely associated with the response of the oxidized polymer chains is the lowest frequency
region related to the dipolar polarization (104–106 Hz).

2.3. The Proper Aging Marker

In our previous works [14,17,18,28,35,41], it was demonstrated how well the dielectric
response close to 100 kHz fits the aging evolution of the dielectric materials under test.
The values of dielectric losses (or tan δ) at 100 kHz were proposed as a suitable aging
marker for LV cables, depicting a monotonic increase of the property with aging and a
direct dependence with the aging severity.

As an example, Figure 3 shows the trend of tan δ as a function of frequency at different
aging times for a twisted pair cable subjected to radio-chemical aging (400 Gy/h at 21 ◦C).
From the graph, it is possible to highlight that the monotonic increase of the property
is displayed only in the highest frequency region of the spectrum (106–104 Hz). On the
contrary, not good agreement between aging time and tan δ values is shown in the interfacial
polarization region (<10 Hz).

To check the dependance of the property with aging severity, the same cables were aged
under different aging conditions, reported in Table 1. Once aged, dielectric spectroscopy
measurements are performed on the cables. The values of tan δ at 100 kHz as a function of
the different aging conditions (Figure 4) claim a complete accordance between the aging
severity and the increase of the property, confirming the suitability of the dielectric quantity
at 100 kHz to be used as an aging marker for the assessment of the health of LV cables.
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Table 1. Accelerated aging conditions.

Aging Type Dose Rate
(Gy/h)

Withdrawal
Time (h)

Total Absorbed
Dose (kGy)

Temperature
(◦C)

Low dose rate 7 3456 48 47
Medium dose rate 66 864 286 47

High dose rate 400 167 334 21
Combined aging 7 3456 48 87
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3. Portable Dielectric Analyzer

Given the high potential and consistency of the dielectric spectroscopy technique
for nondestructive cable health assessment, there is the need to select a device capable
to perform such measurements onsite. Indeed, while accessing the cable terminations to
perform these measurements is fairly simple inside power plants, up to now and to our
knowledge, there is no availability of a portable device for the evaluation of cable dielectric
properties at the frequencies of interest (around 100 kHz).

Various devices are commercially available, e.g., LCR (inductance L, Capacitance C,
Resistance R) meters and broadband dielectric analyzers, i.e., Novocontrol or Solartron.
Unfortunately, the former ones usually work only with selected frequencies in a limited
range, i.e., 20 Hz–1 MHz, while the latter ones offer the capability to sweep the frequency
throughout a wider range (10−3–107 Hz) and graphically display the acquired parameters,
i.e., complex permittivity and tan δ. Besides this, they are lab-scale devices which are not
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suitable to be used on site. For these reasons, it has been chosen to develop and build
a portable device which is able to evaluate the dielectric properties of interest, namely
capacitance and tan δ, in a frequency region (1–200 kHz) which includes the frequencies
related to the aging of the material (~100 kHz).

3.1. Portable Device Components and Onsite Cable Connections

The proposed portable measurement setup is made up of a mainframe, a signal
generator, and a laptop to acquire data. The schematic of the setup is reported in Figure 5.

- Device mainframe The dielectric analyzer mainframe consists of a data acquisition
module with a National Instrument (NI) DAQ9174 [42] and a NI9222 data acquisition
card [43], two sampling resistor modules and five input channels for connection with
the signal generator and the cable under test.

- Signal generator The signal generator used is a DG1000Z from Rigol [44]. It can
operate up to 10 Vrms, possibly providing different voltage waveforms.

- Cable connections Cable terminations are usually easily accessible inside the plants.
Cables are connected to the device mainframe through two type N or BNC plugs. For
the analysis of the cable insulation, one plug is connected to the cable conductor and
the second one is connected to the cable shield.
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Figure 5. Measurement setup scheme for dielectric spectroscopy tests.

3.2. Theoretical Outlook—Principle of Operation

The operation principle of the proposed system lays on the calculation of the pa-
rameters of the voltage drop through the dielectric material once an external voltage is
applied [25,37]. In the studied setup, the AC voltage is applied through the abovementioned
signal generator.

The equivalent circuit of the cable to be tested is a parallel connection of a resistor
and a capacitor, and a sampling resistor is connected in series to the cable circuit. Voltages
UC (passing through the cable circuit) and U0 (passing through the sample resistance) are
synchronously collected by the acquisition card together with their corresponding voltage
waveforms. After extracting and calculating the parameters, UC, U0 and ϕ (the angle
difference of the two voltage waveforms), it is possible to obtain the capacitance, C, and
dissipation factor, tan δ of the cable under test according to Equations (3)–(6). The schematic
of the connections is reported in Figure 6.
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The current flowing through the two components can be described using the follow-
ing formula.

UC

R
+

UC

(1/jωC)
=

U0

R
(3)

After solving Formula (1), we can have the value of C and R, namely:

C =
tanφ
ω

(4)

R =
UCR

(
sin2ωt + cos2ωt

)
U0 cosφ

(5)

Therefore, we can obtain tan δ through:

tan δ =
1

R·C·ω (6)

3.3. Software

The data coming from the measurements are then acquired by a software based on
LabVIEW® 2018. The software interface allows the choosing of the acquisition card and the
signal generator properties i.e., the applied voltage and the waveform. On the right-hand
side of the interface capacitance and tan δ values of the cable under test are plotted as a
function of frequency after measurements (Figure 7).
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3.4. Laboratory Validation

To verify the reliability and consistence of the values obtained by the portable device,
capacitors with different nominal capacitances ranging from 1.2 nF to 74 nF are picked and



Energies 2022, 15, 1509 8 of 15

tested. Figures 8 and 9 show the measurement results from the proposed device and a
commercial impedance analyser (LCR meter Hewlett Packard 4284A).
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From Figure 8, we can find that the measurement results on capacitors obtained by
the portable device are in excellent agreement with the ones obtained through the Hewlett
Packard 4284A. Similarly, referring to the tan δ measurements (Figure 9), the obtained
results are close to the those obtained by Hewlett Packard 4284A, resulting in maximum
difference equal to 8% between the two measurement setups.

4. Sensitivity Tests
4.1. Damage Ratio

One of the limitations appointed to the DS technique is the fact that it cannot localize
limited aged region (hot spots) since it is a bulk technique. Indeed, if the aged part of the
cable is limited in length, the variation in the property can be small and, in some cases, close
to the accuracy of the instrumentation [45]. Hence, there is the need to study which is the
minimum aged length which can cause recordable modifications of the property. In order
to perform this sensitivity analysis of the proposed portable device, dielectric properties of
cables with different aged lengths have to be tested.

For quantifying the aged part of the cable under test, let us introduce the damage ratio
which is defined as the ratio between the aged and the total cable lengths:

Damage ratio (DR) =
aged cable lenght (m)

total cable lenght (m)
(7)

In other words, the damage ratio represents the concentration of the aged part of the
cable in the total cable length.

Performing electrical measurements on cables with different damage ratios allows the
identification of a threshold value under which the variations of bulk electrical properties
are negligible. As a result, this process will allow the definition of the sensitivity of the
proposed portable device (Figure 10).
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4.2. Cable Specimens

The cables used to carry the sensitivity tests out are two low-voltage cables, with length
of ~10 m, designed for the TeaM Cables H2020 EU Project purposes by Nexans. Their
primary insulation is 1.05 mm-thick and it is made up of a Silane cross-linked polyethylene
(Si-XLPE) matrix with 1 phr of primary antioxidant (phenol-based) and 1 phr of secondary
antioxidant (thioether-based). The cable structure is presented in Figure 11.
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4.3. Aging Procedure and Samples

Table 2 reports the specifications of the tested samples, portraying both the unaged
and aged lengths of the different coaxial cables tested and their correspondent damage ratio.
Aging was performed on one 10 m-long coaxial cable in an air ventilated oven at 120 ◦C
for ~6000 h. The aged cable was then connected to the second 10 m unaged one through
BNC plugs. As a result, a 20 m-cable with a damage ratio = 50% is obtained. After testing,
the unaged cable was reduced in length by cutting the cable to the desired dimension and
analyzed. Iterating this procedure with different lengths, allows to obtain a wide range of
damage ratios (Table 2).

Table 2. Sample specifications.

Unaged Length (m) Aged Length (m) Damage Ratio (DR)

0 10 100%
3.3 10 87%
5 10 66%
7 10 59%
10 10 50%
3.3 2 37%
3.3 1.5 31%
3.3 1 23%
3.3 0.33 10%
10 0 0%

4.4. Results and Discussion
4.4.1. Specific Capacitance

Capacitance is deeply influenced by the geometric properties of the cable under test.
Therefore, it is not usually used as a reference quantity for the evaluation of aging if the
cable structure is not known. In this work, given the different lengths (Table 2) of the
cables and in order to compare the different cables under test, it is necessary to divide
the measured capacitance results, in Farads, by the correspondent cable length. Figure 12
shows the trend in specific capacitance (nF/m) as a function of frequency for the different
damage ratios considered. Measurements were performed multiple times in order to
identify the standard deviation of tests. This was dependent on applied frequency, but was
in any case lower than 5%.
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Figure 12. Results of specific capacitance for different damage ratios as a function of frequency.

From this graph, it is possible to highlight very little modifications of specific capaci-
tance, ranging between 0.1 and 0.12 nF/m, which can be close to the measurement setup
accuracy. Moreover, no monotonic increase of the property with damage ratio is observable.
This result suggests that the considered property is not related to the damage ratio of the
cables; hence it is not suitable for the evaluation of the damage ratio threshold value.

4.4.2. Tan δ Results

Figure 13 displays the trend of tan δ values as a function of frequency for different
damage ratios. From this graph it is possible to notice that, as we increase the damage ratio,
the tan δ trend is shifted upwards, hence the dielectric losses increase. This result has a
twofold output. On the one hand, it confirms the suitability of tan δ to be used for aging
assessment of cable systems. On the other hand, it highlights the possibility to use this
property for following the variation of concentration of aged sections in the cable and for
defining the damage ratio threshold value.
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4.4.3. Derivation of the Damage Ratio Threshold Value

For an easier data analysis, it is chosen to report the values of tan δ for the different
damage ratios considered for three fixed frequencies, namely 50, 100 and 150 kHz.

Figure 14a reports the absolute values of tan δ while Figure 14b depicts the percentage
variations of the property as a function of the cable damage ratio.
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Considering the absolute values, one can notice that, for all the considered frequencies,
the tan δ values depict variations even with low damage ratios, although with damage
ratios between 0 and 25%, the property value change is very small and could be influenced
by the instrumentation uncertainties and noise, in particular in on-field measurements.
Moreover, in the case of 150 kHz and 100 kHz, it is possible to see a reduction in the
property for low damage ratios (DR < 25%). For these reasons, a variation of at least 10%
from the initial value is advisable, this would correspond to a damage ratio ~35%. After
this level, for all the frequencies considered, there is a good correspondence between the
increase in tan δ values and the cable damage ratio.

Similar reasoning can be obtained focusing on the tan δ percentage variation shown in
Figure 14b. In particular, from the graph, a more significant increase in the property (up to
+80% of the initial value) is seen for the 50 kHz response. For the other two frequencies, tan
δ increases up to +40%. The limited increase in the property for these two last frequencies
is also caused by an initial high value of tan δ which decreases with low damage ratios
(DR < 25%). Furthermore, the minimum damage ratio beyond which increasing variations
are registered is again equal to ~35%, in agreement with that mentioned above.

In particular, the choosing of this threshold value leads to:

1. the neglection of small modifications of tan δ values with low damage ratios, (reduc-
tion of the registered tan δ).

2. the overcoming of possible environmental disturbances or instrumentation-related issues.
3. the use of different frequencies among the frequency region considered. In particular,

it would be possible to use 100 kHz as a reference frequency in accordance with its
use as an aging marker for cable health status evaluation (see Section 2.3).

4.4.4. Assessing Cable Health in Cables with Low Damage Ratios

In the previous section it has been shown that negligible variation of the dielectric
losses can be recorded by the instrumentation if the aged portion of the cable under test
occupies less than 35% of the total cable length (DR < 35%). In real conditions, lower
damage ratios are common due to non-homogenous aging stresses the cables are subjected
to throughout their length e.g., cables passing through different environments and areas,
presence of accidental conditions and localized moisture. In these circumstances, coupling
the dielectric spectroscopy setup with a complementary measurement technique may
overcome this issue. In our previous work [45], we have demonstrated how the Time
Domain Reflectometry (TDR) is able to evaluate the locally aged spots and assess the status
of the insulation. The device used to perform such measurement is a Vector Network
Analyzer (VNA) working in the frequency region 50 kHz–1 GHz. The setup provides
the characteristic impedance (Zc) as a function of cable length. This property is found to
increase from its initial value if any defect is present in the cable system e.g., aged spots.
As an example, Figure 15 reports the trend of Zc for a coaxial cable which was thermally
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aged in three different sections. As expected, the increase of characteristic impedance is
placed in correspondence to the cable aged sections, permitting the identification of the
most stressed sections of the cable. Unfortunately, this technique is not a quantitative
measurement, hence it is not possible to follow the aging evolution of the cable under test
and define an end-of-life criterion. For this reason, the use of the TDR technique is limited
to the localization of zones which are more likely to induce cable failure and in need of
additional localized tests, e.g., indenter modulus tests [15].
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5. Conclusions

In this work, the design, development, and validation of a portable device capable of
performing dielectric spectroscopy measurements on low voltage cables are presented.

It was reported that the most suitable electrical property to be used for aging evaluation
is related to the dielectric losses, as tan δ, in the frequency region nearby 105 Hz. To validate
the results coming from the device in the frequency range of interest, reference capacitances
were used proving good agreement with measured values.

The sensitivity analyses of the portable device were performed using cables with
different aged lengths (different damage ratios). It was found that the portable device
is able to follow the concentration (and dilution) of aged sections in the cable. This per-
mitted the assessment of the minimum damage ratio which causes appreciable variations
in the dielectric spectrum. In particular, depending on the frequency considered, very
low damage ratios can be recorded (down to 15%). However, due to the initial small
modification of the property, a minimum variation (~10%) from the initial value, related to
the unaged sample, is suggested to overcome uncertainties given by instrumentation and
environmental noises. Thus, it was found that at least 35% of the damage ratio is needed
to trigger noticeable changes in the measured property. Cables with damage ratios <35%
would require complementary measurement techniques e.g., TDR, in order to monitor
and localize locally aged spots which were showed not to significantly modify the global
dielectric property.

Future work on this topic will include the validation of the portable device on cables
with different structures e.g., multi pair, different aging conditions, radio-chemical and
electrical aging, and onsite testing.
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