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In situ defect recognition analysis on long cables
through nondestructive reflectometry and dielectric
spectroscopy methods: a comparison

Simone Vincenzo Suraci
LIMES (Laboratory of Innovative
Materials for Electrical Systems) — DEI
University of Bologna
Bologna, Italy
simone.suraci@unibo.it

Abstract— In this paper the aging through high temperature
of 10-meter long coaxial cables and its change in electrical
properties have been investigated through non-destructive
electrical techniques i.e. dielectric spectroscopy and time
domain reflectometry. Both techniques allow changes of
electrical properties to be revealed with aging, however, the
coupling of these two techniques permits an effective cable aging
assessment allowing also the recognition of local defects. Indeed,
it has been demonstrated that dielectric spectroscopy is more
sensitive when the cable is globally aged, while time domain
reflectometry, in addition to a global investigation, can also
single out aging occurring in limited portion of cable insulation
(local aging).

Keywords—  Time domain reflectometry, dielectric
spectroscopy, aging, onsite measurements, cable diagnostics, Iv
cables.

I. INTRODUCTION

Low voltage cables are widely used in nuclear power
plants (NPPs) for power transmission, control of equipment
and instrumentation and communication of signals and data
[1, 2]. It has been estimated that each NPP owns about 1500
km of LV cables. Since most of the NPPs built during the ‘80s
and ‘90s are now reaching their end-of-life point, electric
utility companies are trying to extend the NPPs operating life
up to other 40 years. To do so, LV cables require a cable aging
management system which includes condition monitoring in
order to guarantee the cable performance under normal
operation as well as accident conditions.

This research is part of a H2020 EU Project called “TeaM
Cables” which aims at providing NPP operators a novel
methodology for efficient and reliable NPP cable ageing
management by developing cable aging models and
methodologies for non-destructive testing techniques.

A major requirement for condition monitoring techniques
is being non-destructive and applicable on-site. Among the
most promising techniques for cable online monitoring,
electrical measurements such as dielectric spectroscopy (DS)
and time domain reflectometry (TDR) have gained more and
more interest in recent years.

The former could provide the evaluation of the trend of the
complex permittivity as a function of frequency. Various
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works showed that the increase of the dielectric losses is
directly linked with the degradation state of the cable [3-7].
On the other hand, the TDR technique is used to identify and
localize defects in cables detecting discontinuities in the
electrical impedance that occur due to inhomogeneities or
local defects along the cable length [2, 8, 9, 10, 11].

This paper aims at, on the one hand, evaluating the
suitability of these two techniques in the study of the evolution
and degradation with aging of long cable dielectric properties;
on the other hand, at making a comparison between the two
techniques in terms of applicability for onsite applications.

The cables analyzed in this work are XLPE cables which
have been thermally aged. Aging has been performed, in one
case, on the entire cable, in the second case, on a small part in
order to simulate a local aging condition. The two
aforementioned measurement techniques have been used to
characterize the electrical behavior of cable insulation.

Il. MATERIALS AND METHODS

A. Cable specimens

The samples here analyzed are low-voltage I1&C coaxial
cables with XLPE insulation used in NPPs, especially
designed for the project. Morphology of the investigated
cables is reported in Fig. 1. Specimens are made of five
concentric parts:

1. Conductor — Copper (the innermost);
Primary insulation — XLPE;

PET Polymeric film;

Shielding — Copper wire braid,;

Outer sheath — Low Smoke Zero Halogen.

[4]

AN N

Fig. 1. Multilayer structure of coaxial cables under investigation. (1)
Conductor — Copper, (2) Primary insulation — XLPE, (3) Polymeric film —
PET, (4) Shielding — Copper wire braid, (5) Sheath — Low smoke zero
halogen



The primary insulation, in particular, is a silane crosslinked
polyethylene stabilized with 1 phr of primary antioxidant
(phenol-based) and 1 phr of secondary antioxidant (thioether-
based). Each cable specimen is about 10m long.

B. Cables aging

Aging has been performed through high temperature in
oven at 150°C for three weeks. In order to investigate the
ability of TDR to localize aged spots through the entire cable
system, aging has been performed on one cable throughout
the entire cable length and on a second cable only locally
following the scheme reported in Figure 2.

196 cm 124 cm 200 cm 99 cm 200 cm 75cm 100 cm
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Fig. 2. Scheme and aged part lenghts for local aging cable. Grey parts are
the ones subjected to aging inside the oven, white parts unaged.

C. Dielectric spectroscopy measurements

Capacitance and tand have been investigated through the
setup showed in Figure 3. This is made up of:

1. a function signal generator (Rigol DG 1022z)
which applies voltage equal to 4 Vs with
frequency in the range 1-200 kHz;

2. a device mainframe made up of a data
acquisition module consisting of NI cDAQ9174
model and NI9215 data acquisition card, two
sampling resistor modules, four BNC input
channels for the signal measurement and one
input channel for the signal source;

3. A laptop to acquire data.
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Fig. 3. Measurements setup scheme for dielectric spectroscopy tests

D. Time domain reflectometry (TDR) measurements

A ZNB8 Vector Network Analyzer (VNA) from
Rodhe&Schwarz has been used to perform TDR
measurements. The VNA setup (Figure 4) has been calibrated
with VNA reference impedance Zo = 50 Ohms. The
frequency region analyzed is between 50 kHz and 1.000050
GHz. Data output is made up of 20001 points at 0 dBm
power. The frequency band and the number of point has been
chosen to obtain a hamornic grid.

This setup gives the reflection coefficient (p), defined as:

Zc—-Zy

p= Zc+Zg (l)

with Z. = characteristic impedance of cable under test

Zo = the calibration impedance of the VNA
Then, to obtain the characteristic impedance of the cable
under test Z:

O]

Fig. 4. ZNB8 Vector Network Analyzer used for TDR measurements

I1l. RESULTS

A. Dielectric spectroscopy results

Figure 5 displays the results obtained through the
dielectric spectroscopy setup. Figure 5.a and 5.b shows the
trend for the three cables considered of Capacitance and tang,
respectively.
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Fig. 5. Dielectric spectroscopy results for differently aged cables
(a) Capacitance (b) tand

As showed (Figure 5.a), capacitance values decrease by
about 15% for the global aged sample with respect to the
unaged one. This behavior, quite unusual, could be imputable
to the very high temperature set during aging. As a matter of
fact, this can cause a detachment of the external metallic
screen bringing to a slight reduction of the analysis area and
consequently a reduction of the resulting capacitance values.
In the case of the local aged cable, the reduction is almost



negligible (by 0.04 pF) and it could be imputable to
measurements setup uncertainties.

Focusing of the dissipation factor trend (Figure 5.b), one
can state that, as expected, the tand increases with the
increase of aging severity. Indeed, since the dielectric
measurement is a bulk measurement which takes into account
the whole equipment under test (EUT), the local aged spots
result in a little global increase of the tand value throughout
the frequency region here analyzed. Fixing a frequency i.e.
100kHz, it is possible to claim that this increase imputable to
the local aging condition is anyway lower (of about 2.5 times)
than the one referred to the global aging.

B. Time domain reflectometry (TDR) results

For the new coaxial sample (Figure 6), it is possible to
highlight some small noise between the first peak and the last
peak representing little heterogeneities throughout the cable
length signal. Measurements showed no important
modifications of the characteristic impedance (Z:). To
evaluate Z. equation (2) is used leading to Z; = 55.2 Ohms.
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Fig. 6. TDR measurement of the new coaxial and globally aged sample
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Fig. 7. TDR measurement of the locally aged coaxial sample

For the globally aged coaxial sample (Figure 6), some
heterogeneities, evenly distributed along the cable length, are
visible between the first peak and the last bigger peak of open
circuit. Using the same equation with the first peak (2), Z. =
56,3 Ohms.

Focusing on the locally aged coaxial sample, it is possible to
underline some heterogeneities between the first peak and the
last peak of open circuit located at 10.41 m (Figure 7) placed
in three defined areas. These local heterogeneities result to be
placed at the same position and to have the same length (1.25
m, 1 m and 0.75 m) of the local aged segments (Figure 2). To
evaluate the characteristic impedance Z. we use equation (2)
in recursive way to obtain Figure 9.

In this case, the impedance increases by about 10% in the
segments where the cable has been locally aged.
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Fig. 8. Z profile for the locally aged coaxial sample

IV. DISCUSSION

In the previous section it has been shown that different
aging conditions lead to different behavior of the electrical
quantities analyzed here. In particular, a good consistency
between the two electrical measurements techniques proposed
(TDR and dielectric spectroscopy) is evidenced.

The dielectric spectroscopy measurements, especially the
dissipation factor (tand), showed in literature [3-7] to be easily
relatable to cable insulation health and status. Broadening this
concept, the evolution of tand with aging can be related to the
degradation of the insulation material. In particular, the
frequencies nearby 100 kHz have been [4-7] used as an aging
marker since they resulted to be associated with polymer
oxidation, as shown by correlation with the most common
state-of-the-art aging assessment techniques, which are
usually destructive (e.g. tensile stresses, thermo-chemical
analyses) [4, 7]. This type of testing, however, is a bulk
analysis because the quantities obtained like e.g. tand, are not
affected significantly by local defects or damages, but depends
on the insulation properties of the entire cable system.

On the other side, the time domain reflectometry (TDR)
measures reflections of an impulse signal along a single
conductor to detect and locate any changes in the cable
impedance. If the cable owns a homogenous impedance, there
will be no reflection between the initial peak and the final peak
(i.e. open circuit). On the contrary, if the cable shows any
variation of impedance, part of the initial signal will be
reflected back to the source, resulting in little peaks (as
showed in Figures 6-8). The reflected signal can be linked to
distance along the cable and its peak amplitude allows the
estimation of the impedance change. It is evident that TDR
tests are capable to assess the condition of the entire cable, but
very little information are referred to changes in the insulation
[9, 2, 12].



Results from the TDR measurements report that if the
aging is globally displaced, the increase of impedance is very
little (about 1 Ohm) considering the first peak, while if the
aging is placed locally, the local increase of impedance is way
higher (about 5 Ohms), and located in correspondence of the
aged segments.

On the contrary, the variation of the other two dielectric
properties (Cap and tand) is almost negligible in the case of
local aging with respect to the unaged cable. Indeed, as
already explained, the dielectric spectroscopy is a bulk
measurement and it is not able to characterize and localize
local dielectric properties. The effect produced results in a
variation of the dielectric properties similar to a cable
subjected to a very low, but homogenously distributed, aging.

The global aging gives a raise to the dielectric losses which
result to be about 2.5 times higher than the unaged material,
as stated above. The uniformity of the aging is also globally
confirmed by the TDR measurements (Figure 6), in which
small peaks, representing the reflection of the signal, which
are usually related to the contact of the conductor with aged
insulation, are evenly distributed throughout the cable length.

It has to be pointed out that the actual aging time and setup,
particularly on for the local aged cable, did not provide a large
modification of the electrical quantities investigated.
However, it is worth commenting that, even if the aging is far
away from bringing to the actual cable crisis, the two
measurements techniques showed to be sensitive also to these
low stressing conditions, confirming the ability of these
systems to follow the aging of the cable systems.

This approach opens new opportunities for cable
monitoring online. Indeed, the possibility to couple a portable
dielectric spectroscopy measurement device together with a
TDR-capable VNA can permit to easily assess in depth the
health of the cable system, in a non-destructive way. In fact,
an initial evaluation through the dielectric spectroscopy setup
allows the definition of the global status of the cable insulation
matter and its capability to fulfill its role without any damage
to the system. A secondary test through TDR setup, permits
the evaluation and identification of local aging defects and
cable weak points. It is worth commenting that, anyway,
global aging can be evaluated also through TDR with a
different measurement protocol [9, 10, 11, 12].

V. CONCLUSIONS

This article introduced an innovative way for the
assessment of the status of cable systems on-site in a
nondestructive manner. The two presented measurements
techniques: the dielectric spectroscopy and the time domain
reflectometry, showed to be consistent with each other and the
possibility to combine them allows the assessing the global
health and localize any possible defects inside the analyzed
cable system. This approach would be a key step forward for
the state-of-the-art cable condition monitoring online. In this
way power plants management companies could easily access
to the cable system status and, in case, schedule in advance the
replacement of the entire or part of the cable system.

Future works on this topic will focus on the applicability
of these techniques to other morphologies of cables which are
present inside the most common power plants i.e. twisted pair
cables, and to more severely aged cable systems.
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