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Abstract: Cables are critical to the safe and reliable operation of nuclear power plants
(NPPs) since they are widely used as a connection medium for various safety-critical equip-
ment. According to research data and operational experience (OPEX), cable materials can
degrade with time, resulting in reduced dielectric strength and higher leakage current.
Cables may degrade gradually over time under normal service conditions and fail un-
expectedly as a result of sudden exposure to harsher environments, such as Secondary
Steam Line Breaks (SSLBs), or when required to operate under the severe conditions of a
design basis event, such as a Loss-of-Coolant Accident (LOCA). To assess the condition of
medium- and low-voltage cables in Canadian nuclear power plants, numerous inspection
methods and electrical testing techniques are employed. These techniques include dielec-
tric spectroscopy, polarization/depolarization current analysis, reflectometry, dielectric
standby tests, AC partial discharge, and very-low-frequency (VLF) Tan Delta assessments
for medium-voltage (MV) cables. While these methods provide precise diagnostic insights,
they require cables to be disconnected at both ends and de-energized, posing operational
constraints. Consequently, on-line plant cable monitoring has garnered significant interest,
particularly for new reactor developments and large-scale NPP refurbishments. This paper
provides a comprehensive benchmarking of existing technologies and a state-of-the-art
review of modern cable assessment methodologies. It examines commercially available
solutions and ongoing research in power testing for low-voltage (LV) and MV cables, with
a particular focus on their applicability in nuclear power settings.

Keywords: cable dielectric strength; leakage current; cable condition monitoring; cable
assessment; cable electrical test; polarization/depolarization current analysis; off-line cable
testing; on-line cable testing

1. Introduction
The global fleet of nuclear reactors has aged over the past few decades and a significant

number of nuclear reactors are approaching their end-of-life phase and are slated for
decommissioning. However, the decommissioning process is increasingly complicated
due to the limited availability of non-carbon energy alternatives. According to the Nuclear
Energy Agency (NEA), approximately 400 commercial nuclear power plants are expected to
be decommissioned by 2050. Figure 1 illustrates the trend of new reactor grid connections
and shutdowns from 1954 to 2023 [1].
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Figure 1. Number of new reactors connected to power grid per year from 1952 to 2023 [1].

Recent commitments at COP28 to triple nuclear energy production by 2050 have
reignited interest in nuclear power, despite the relatively low number of reactors con-
structed in recent decades [2]. The replacement of the existing generation of nuclear
power plants (NPPs) is expected to span several decades. In the United States, the av-
erage age of an NPP is 42 years, nearing the operational lifespan for which they were
originally designed [3]. The decommissioning of these reactors poses challenges to climate
goals, prompting many operators to consider refurbishment as a means of extending their
service life.

Nuclear plant refurbishment is an extensive and costly process. However, as the exist-
ing nuclear fleet ages, plants are now looking to refurbishment to extend the operational
life of the plants [4]. Companies have also started looking into the potential to restart older
reactors and repurpose them as energy sources for data centers [5]. An important, costly,
and time-consuming part of reactor refurbishment is verifying the health and integrity of
electrical cables to determine if they need replacement. Insulation and jacket materials used
for electrical cables are polymers with additives and fillers to improve aging resistance,
dielectric, mechanical, and fire-retardant properties. In a nuclear power plant, cables may
be subjected to environmental stressors such as high temperature, radiation, humidity, or
vibrations during both normal and abnormal conditions that can cause deterioration and
ultimately the failure of power, control, and instrumentation cables. While functional tests
confirm operational status, they offer limited insight into insulation health or remaining
service life, key concerns addressed through condition-based diagnostics. This research
provides a timely and comprehensive literature review on both off-line electrical tests of
the physical and chemical properties of cables, while they are de-energized and discon-
nected, and on-line electrical tests and diagnostic techniques while cables are energized
and in service. Electrical tests are inherently more attractive, as they offer the potential of
assessing an entire cable run rather than a predetermined, accessible area of a cable [6].
This has resulted in on-line plant cable monitoring becoming a key area of interest for
refurbishment and maintenance. If cables are monitored throughout plant operation, cable
aging and faults can be simultaneously monitored as they form, allowing for any necessary
replacements during routine plant outages.

The rest of this paper is organized as follows: Section 2 provides background informa-
tion for this research. Section 3 focuses on off-line cable condition monitoring techniques.
Following this, on-line cable assessment and testing techniques are discussed in Section 4.
Lastly, summary charts of current off-line and on-line cable testing and aging assessment
techniques are developed and presented in Section 5, together with discussions and insights
with respect to cable testing in NPPs.
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2. Background
Polymer insulated cables were first produced in the 1850s and vulcanized rubber was

used for the first time as insulation for wires in 1860. The telegraph was the first device
utilizing electrical energy to become of any commercial importance and its development
required the use of underground construction. Reports of early cable failures in extruded
dielectric systems began to be documented in many parts of the world during the mid-
1970s [7]. In the presence of water and voltage stress, small imperfections and flaws in
insulation materials such as polyethylene (PE) and cross-linked polyethylene (XLPE) create
large stress risers that cause insulation degradation and lead to failure. Nuclear power
plants can contain more than one thousand kilometers of electrical cables.

The basic components of a multi-conductor control cable, with jacketed, single-
conductor, low-voltage power and medium-voltage (MV) unshielded power cable con-
struction, are shown in Figures 2–4, respectively. A non-shielded cable may consist of one
or several insulating layers and a jacket. A cable is not considered fully shielded until both
conductor and insulation shields are present.

Figure 2. LV shielded control cable [8].

Figure 3. Low-voltage (LV) non-shielded power cable [8].

Non-shielded cables are common in the 0-to-2 kV voltage range, as shown in
Figures 3 and 4. Medium-voltage cables are generally fully shielded (with both conduc-
tor and insulation shields) cables in the 5 kV-through-35 kV voltage range, as shown in
Figure 5. The insulation shield for a medium voltage is made up of two components; a
semiconducting or stress-relief layer (conductor screen) and a metallic layer of tape or
tapes, drain wires, concentric neutral wires, or a metal tube. The purpose of the conductor
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shield, also called the conductor screen, over the conductor is to provide a smooth cylinder
rather than the relatively rough surface of a stranded conductor in order to reduce the
stress concentration at the interface with the insulation [7].

Figure 4. Medium-voltage (MV) unshielded power cable [8].

Figure 5. Medium-voltage (MV) single-core shielded power cable.

Faults can occur in any section of an electrical cable. However, only certain materials
experience aging, which affects the physical characteristics of the cable. This is the premise
behind on-line cable condition monitoring programs. Cable testing is commonly found
for medium-voltage (MV) power cables and high-voltage transmission lines, as sudden
faults may result in excessive revenue losses or compromise the integrity of the grid [9].
Due to the availability of measurements at substations, the desired monitoring method
for insulation materials is simplified for power transmission cables, as no signal is being
sent, and the primary purpose is to convey the electric current to the intended device or
location. Cables used for nuclear instrumentation and control (I&C) transmit signals at a
low voltage. The information contained in the signals cannot be distorted; therefore, many
of the monitoring methods utilized by transmission cables are not applicable or do not
work for lower-voltage, data-intensive cables.

The monitoring method used for a cable is dependent on which part of the cable is
determined to provide a sufficient indication of cable health. Numerous cable condition
monitoring techniques exist, each with inherent advantages and limitations. Consequently,
no single method can serve as a universal solution for all cable monitoring needs. Off-line
testing requires taking the circuit out of service (de-energizing), whereas on-line testing
enables diagnostic measurements during normal operation [7]. There are two fundamental
errors in cable aging management: looking in the wrong place with the right inspection
technique and looking in the right place with the wrong inspection technique. It takes
two “rights” for an effective cable monitoring program, the “right spot” and the “right
technique”. The “right spot” implies that the identification of the cables and the locations
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that are expected to age more rapidly will be singled out for cable condition monitoring. The
“right technique” implies that the technology is available and appropriate cable monitoring
techniques will be selected for the materials and the application.

3. Off-Line Cable Condition Monitoring Techniques
Fault detection in cables has historically been performed off-line and requires the cable

to be de-energized. Cable condition monitoring techniques are used to trend or assess
the condition of cable materials with respect to aging. They are capable of measuring the
property changes that can be correlated with a known standardized amount of cable degra-
dation that could be detected and trended. This allows comparisons with baseline data to
quantify the remaining cable life and to determine if or when cables need to be replaced.
Troubleshooting tests are performed only if there is a problem with the circuit. Off-line
assessment and detection techniques encompass both laboratory measurement methods,
such as elongation at break (EAB), Oxygen Induction time (OIt), Fourier Transform Infrared
(FTIR) Spectroscopy, Thermal Gravimetric Analysis (TGA), and plasticizer content mea-
surement (PCMT), and in situ cable assessment techniques such as those involving an EPRI
Indenter, an AECL Portable Polymer Tester, near-infrared (NIR) spectroscopy, insulation
resistance (IR), partial discharge (PD), and Tan Delta diagnostics.

3.1. Laboratory Measurement/Testing Techniques

Physical and chemical cable aging methods are primarily performed in the laboratory
and require obtaining cable samples from the field while cabling systems are de-energized
and disconnected from one or both ends.

3.1.1. Elongation-at-Break (EAB) Measurement Technique

Elongation at Break (EAB) is a widely accepted method for assessing polymer aging
and serves as a reference baseline for evaluating other condition monitoring techniques.
EAB and tensile strength (TS) are two common indicators that reflect the mechanical
strength of insulating materials. EAB refers to the ratio of the displacement value of the
sample at the break to the original length during the entire stretching process, expressed as
a percentage. The principal formula is given as follows:

EAB =
∆L
L

× 100% (1)

In Equation (1), L is the original length of the material and ∆L is the displacement
length of the material after stretching [10]. A conservative threshold of 50 percent or greater
is typically used as an acceptance criterion [11]. This technique is applicable to all polymer
materials; however, it is a destructive test that requires a relatively large sample.

3.1.2. Oxygen Induction Time/Oxygen Induction Temperature (OIT) Technique

Depending on their practical application, polymer materials are stabilized against
oxidation and other environmental influences. A simple method to check the activity of the
stabilizer system is to determine the Oxidation Induction time (OIt) or Oxidation Induction
Temperature (OIT) of the material [12]. Oxygen Induction time (OIt) measures the time
required for a polymer to initiate oxidation under controlled conditions. It also quantifies
the level of antioxidants present in certain materials, such as polyethylene (PE), cross-
linked polyethylene (XLPE), and ethylene propylene Rubber (EPR). OIt values correlate
with elongation at break (EAB) measurements for specific materials. This technique requires
micro-samples extracted from accessible locations. The important characteristics of OIt are
as follows: (a) It measures the level of anti-oxidants present for XLPE and EPR cables only;
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(b) It correlates to elongation-at-break values for specific materials; (c) Microsamples are
required for testing.

The limitations of OIt are as follows: (a) It is not easily applicable to PVC; (b) Mi-
crosamples are needed which may not be representative of the state of the bulk mate-
rials; (c) It requires a detailed procedure to obtain samples; (d) It is mainly used for
insulation measurement.

3.1.3. Fourier Transform Infrared (FTIR) Spectroscopy Technique

FTIR Spectroscopy is a universal and widely used spectral methodology based on
atomic vibration and rotation [13]. Due to this principle, molecules with a dipole moment
could be fingerprint detected by FTIR Spectroscopy, because all substances are different
in either the type of atoms, the number of atoms, or the position of atoms, which could
result in different FTIR spectrums. Fourier Transform Infrared (FTIR) Spectroscopy is
commonly used to identify polymer types in cable insulation or jackets [14]. However,
its effectiveness in assessing aging-related degradation remains inconclusive. While FTIR
results often exhibit a consistent trend with aging, the underlying technical justification for
this correlation is uncertain.

3.1.4. Thermal Gravimetric Analysis (TGA) Technique

The Thermogravimetric Analysis (TGA) of polymers is conducted to measure weight
changes as a function of temperature and time. The weight changes of polymeric materials
can be caused by decomposition and oxidation reactions as well as physical processes
such as sublimation, vaporization, and desorption [15]. As materials are heated, they
can lose weight from a simple process such as drying or from chemical reactions that
liberate gasses. It is representative of the content of volatile molecules and is mainly
suitable for PVC materials that lose their plasticizers. The test should be carried out at a
constant temperature ramp rate, in a given atmosphere (usually oxygen, but nitrogen can
be used). The plasticizer content can be correlated to elongation-at-break values when PVC
is subjected to thermal aging. A sample of 8–10 mg is required for TGA.

3.1.5. Plasticizer Content Measurement Technique (PCMT)

Plasticizers are molecules that are commonly used as additives in polymeric materials
to lower their glass transition temperature and improve their processability, mechanical
flexibility, ductility, toughness, and rheological properties. Qualitative and quantitative
analyses of plasticizers in polymers, or more specifically rubbers, typically require a step
in which the plasticizers are extracted from the polymer matrix. The extracted additives
can then be analyzed using, for example, thermogravimetric techniques, with or without
combination with Fourier Transform Infrared (FTIR) Spectroscopy [16]. Plasticizer content
measurement is a useful technique for assessing the degradation of PVC material exposed
to thermal aging. The plasticizer content of PVC insulation is generally between 20 and
30 percent by mass. A number below 15 percent indicates that the cable has undergone
thermal degradation. For radiation exposure, there is no direct relationship between
plasticizer content and physical degradation.

3.2. In Situ Cable Assessment Techniques

In situ cable aging methods are primarily performed in the field while cabling systems
are de-energized and disconnected at one or both ends. Current nuclear plant cable
inspections primarily rely on the direct visual examination of installed cables, supplemented
by off-line electrical tests to assess the condition of medium- and low-voltage cables
(especially during refurbishment outages).
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3.2.1. EPRI Indenter/Portable Polymer Tester (PPT) Technique

The EPRI Indenter is a self-contained, portable system suitable for both in situ and
laboratory evaluations. This is a non-destructive, in situ method for monitoring the aging
of in-service cables in harsh industrial environments. The evaluation of the severity of the
jacket degradation may be performed through indenter modulus assessment, as shown
in Figure 6.

Figure 6. Indenter modulus (IM): The anvil moves at a constant velocity while the force is measured
during indentation. The ratio of force to deformation is the indenter modulus (IM) [17].

The use of indenter testing allows the quantification and trending of the hardening
of the jacket to provide insights into the relative hardness and the degree of continued
aging [18]. The compressive modulus is a key mechanical property of insulation and
jacket materials, used to monitor aging in materials that exhibit progressive changes in
mechanical properties over time. As insulation hardens with age, the indenter modulus
correspondingly increases. The indentation technique is a quantitative non-destructive
cable condition monitoring technique that consists of driving a probe tip into the surface of
the cable jacket or cable insulation material. During the indentation and post-indentation
phases, the load and displacement are measured and combined to derive parameters
related to the rheological properties of the material. The advantages of this technique are
as follows:

• Portable instruments are available;
• The measurement is quick;
• Data are simple to analyze.

An example of a new-generation indenter is the Portable Polymer Tester (PPT) de-
veloped by AECL [19]. It has been demonstrated to effectively assess and profile cable
damage caused by localized heat sources. The principle of operation of the PPT is shown
in Figure 7. Recovery time was shown to be highly sensitive to degradation occurring in
jacket and insulation materials typically found in nuclear plants. As well as this, the change
in recovery time observed between unaged and aged samples matched the change in EAB
(reference destructive laboratory technique). Therefore, recovery time can be relied upon to
assess, monitor, and trend the degradation of installed electrical cables [19].

Important characteristics of the EPRI Indenter and PPT are as follows: (1) Using
them is a mature technique; (2) They are portable devices; (3) They are limited to soft
jacket materials such as PVC, Hypalon, and Neoprene; (4) They are limited to thermal
aging; (5) They are less sensitive to XLPE material; (6) They are correlated with absolute
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elongation at break to predict the remaining life of a cable by comparing baseline test data;
(7) They are limited when evaluating loose cable construction; non-even thickness in the
jacket or insulation affect the test results; (8) Measuring the jacket and correlation with
insulation properties are required to predict remaining insulation life; (9) Temperature
compensation is applied; (10) Test temperature, probe speed, and calibration accuracy affect
the test results.

Figure 7. A typical PPT test sequence showing the preload, indentation, force relaxation, and
deformation recovery phases. The recovery phase is shown following a probe retraction equal to
50 percent of the initial indentation depth [19].

3.2.2. Near-Infrared (NIR) Spectroscopy Technique

NIR spectroscopy applied in transmission, reflection, or transflection mode is a rapid
and non-destructive method, which is gaining increasing acceptance in many fields for
qualitative and quantitative analysis [20]. NIR spectroscopy has been applied to the charac-
terization of polymers resulting from light absorption in organic molecules. The chemical
fingerprints of cable insulation are significantly altered due to degradation resulting from
irradiation and thermal aging. These spectral changes are correlated with critical property
changes (e.g., elongation change). The important characteristics of NIR are as follows:
(1) The test device is portable and non-destructive; (2) It can confirm the qualification
group; (3) It can predict absolute elongation at break by comparison to a database for the
same cable formulation; (4) There are proprietary databases; (5) Using this technology for
condition assessment is only available from one source; (6) No standards exist.

3.2.3. Insulation Resistance (IR) Technique

Insulation resistance (IR) measurements have historically been the only electrical test-
ing method available for LV cables. Insulation resistance testing is a crucial technique used
to evaluate the quality and safety of electrical equipment, including motors, generators,
transformers, and cables. The process involves measuring the resistance of the insulation
system to the flow of current. Insulation resistance testing can detect faults such as in-
sulation degradation, moisture ingress, and contamination, any of which could lead to
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equipment failure or pose a safety hazard to personnel [21]. The basic formula for a single
conductor cable of cylindrical geometry is as follows:

IR = K log10
D
d

(2)

where IR = megohms for 1000 feet of cable; K = the insulation resistance constant; D = the
diameter over the insulation (under the insulation shield); and d = the diameter under the
insulation (over the conductor shield). Note that both D and d must be expressed in the
same units. IR is expressed as a resistance value in megohms for 1000 feet of cable for a
given conductor diameter and insulation thickness. This means that the longer the cable is,
the lower the resistance value that is read on a meter is, since there are more parallel paths
for current to flow to the ground [7]. These measurements are not very sensitive to the
deterioration mechanisms that impact LV cables and offer limited diagnostic capabilities.

3.2.4. Partial Discharge (PD) Diagnostic Technique

Partial discharge is due to decomposition of air in the voids within the insulation mate-
rial wall or at the surface–shield interface. The discharges lead to the eventual degradation
and failure of the polymer. This process, which involves electron and ion bombardment, is
a major cause of insulation failure in cables. Partial discharge (PD) is gas discharge that
occurs within the insulation media without bridging the system. PD is generally applied to
medium-voltage power systems. Partial discharge testing is performed on newly manufac-
tured cables precisely to prevent cables with voids of certain sizes (and quantities) to reach
the user. The dielectric strength of air (in the void) must be understood. The greater the
dielectric strength of the insulation material is, the greater the resistance to degradation
under discharge conditions is. PD testing is a non-destructive test methodology that has the
ability to detect/locate high-impedance defects such as voids, cuts, and electrical trees [8].
However, it is limited to cables with continuous metallic shields and it may require a
trained analyst to interpret measurements. There are three types of PD tests: (1) on-line PD
testing, (2) on-line PD monitoring, and (3) off-line PD testing.

3.2.5. Tan Delta Diagnostic Technique

Tan Delta, also called loss angle or dissipation factor testing, is a diagnostic technique for
testing cables to determine the quality of cable insulation. In the dielectric dissipation factor
(DDF) method, cable insulation can be modeled by a resistor, R, and a parallel capacitor, C,
and can be represented by an equivalent circuit, as shown in Figure 8 [8].

Figure 8. An equivalent model of cable insulation; the insulation characteristics of the cable can be
equated to the RC parallel-circuit model [22].

In Figure 8, R represents the overall dielectric loss (conduction, polarization, and
ionization losses) and C represents the lumped capacitance of the cable insulation. The
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dissipation factor can be defined as the ratio of the leakage current IR to the capacitive
current IC, and their relationship can be derived from Equation (3) [22]:

DDF = tan δ =
IR
IC

=
1

ωRC
(3)

There are irreversible increases in the cable insulation dissipation factor when the
aging of the cable insulation occurs. If the insulation of a cable is free from defects, the
cable approaches the properties of a perfect capacitor. In a perfect capacitor, the voltage
and current are phase-shifted 90 degrees. If there are impurities in the insulation, it is no
longer a perfect capacitor and the phase difference between voltage and current is less
than 90 degrees. The extent to which the phase shift is less than 90 degrees is indicative
of the level of insulation defects, such as water (or electrical) trees, moisture, air pockets,
etc. A voltage source is required to energize the cable. What is typically used is a very-
low-frequency (VLF) AC High Potential (HIPOT); it requires less power to test the same
cable compared to 60 Hz. Using VLF AC HIPOT, the test voltage is applied to the cable
while the Tan Delta controller takes measurements. Typically, the test voltage is raised in
steps, and measurements are voltage-dependent if the cable is aged. This method measures
the dielectric losses in the cable system. The important characteristics of the DDF method
are as follows: (1) The test device is portable; (2) It is applicable to thermal and radiation
aging; (3) Test results correlate with elongation change; (4) It is applicable to whole-cable
evaluation; (5) Cables need to be disconnected for evaluation.

Most electrical tests (voltage testing, insulation resistance testing, etc.) are troubleshoot-
ing tests and they show functionality at the position measured but do not indicate the
degree of aging in the insulating system.

3.3. Performance Metrics of Off-Line Testing Technologies

It should be noted that some methodologies are suitable for localized fault detection
(e.g., combined TDR and FDR diagnostics) and other technologies provide global cable
condition assessment (e.g., polarization and depolarization current (PDC) measurements);
therefore, cable condition monitoring technology require integration strategies to achieve
multi-parameter collaborative diagnosis. This concept is shown in Figure 9.

The performance metrics of the main off-line cable testing and condition assessment
technologies (e.g., primary use, accuracy, application scope, destruction, or in situ use) are
shown in Figure 10.

Figure 9. Combined TDR/FDR diagnostics and polarization/depolarization current (PDC) measure-
ments as part of cable condition assessment technologies [23].

A brief overview of on-line cable testing methods is explained in the next section.
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Figure 10. Performance metrics of main off-line cable testing and condition assessment technologies.

4. On-Line Cable Assessment/Testing Techniques
While off-line testing techniques provide precise diagnostics of LV/MV cable assets,

they require cables to be disconnected at both ends and de-energized, making them imprac-
tical for certain plant applications due to time and access constraints. Consequently, on-line
plant cable monitoring has gained significant interest, particularly in the refurbishment and
maintenance of existing NPPs and the development of Small Modular Reactors (SMRs).
Monitoring cable conditions in real time during active operation supports predictive main-
tenance, enabling timely replacement during scheduled outages. This section reviews
commercially available technologies and recent research on the live-power testing of LV
and MV cables, with a focus on their applicability to nuclear power plant environments.
Recent advancements in high-frequency reflectometry-based measurement techniques
for energized LV and MV cable systems, specifically for detecting localized impedance
anomalies based on transmission line theory, are examined. Currently, few commercialized
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technologies exist for LV cable monitoring, as most were initially developed for non-nuclear
industries such as aviation and railways. However, spread spectrum time-domain reflec-
tometry (SSTDR) has recently garnered increased attention within the nuclear sector. The
process overview of SSTDR is shown in Figure 11.

Figure 11. SSTDR process overview: spread spectrum time-domain reflectometry (SSTDR) is designed
for testing energized cables; it sends a high-frequency pseudo-noise (PN) code into the cable, where
it reflects off impedance discontinuities and returns to the test end [24].

4.1. Spread Spectrum Time-Domain Reflectometry (SSTDR)

An on-line SSTDR cable fault detection method was proposed for ARINC bus
cables [25]. The cables of interest were for low-speed, one-way ARINC 429 and high-
speed ARINC 825 bus cables, both commonly used for transmitting data to an aircraft’s
avionic system. Incident SSTDR signals were developed based on the cable characteristics
at frequencies of 50 MHz and 100 MHz for both the 429 and 825 cables, respectively. The
proposed method was validated in both the time and frequency domains using experimen-
tal tests on cables containing open- or short-circuit faults, with fault positioning accuracy
being found to increase with distance to the fault.

A fault location and detection method was developed using FDR in HV submarine
cables [26]. The technique was compared with traditional TDR methods, and it was found
that FDR had greater short-circuit detection performance, along with an ability to detect
slight impedance changes within the cable such as slight changes at turn points and joints.

4.1.1. SSTDR and Back-Propagation (BP)

A SSTDR- and Back-Propagation (BP)-based fault detection and diagnosis method
was proposed for on-line PV solar-array cable testing [27]. SSTDR was first used to detect
the faults, from which the BP network identified if the fault was either an open-circuit,
short-circuit, or grounding cable fault. The benefit of this approach is that output and envi-
ronmental parameters do not require additional sensors nor illumination to detect/diagnose
the cable faults. Upon experimental testing, the BP neural network fault diagnosis overall
showed adequate performance while accurately identifying up to 90% of the short-circuit
faults and 70% of the open-circuit faults.

An inductive directional coupler for SSTDR was proposed to improve the detection
accuracy of non-intrusive on-line cable diagnosis [28]. A capacitive trapper and inductive
coupling method was used to prevent the detection signal from transmitting to the power
source. Two couplers along with an impedance matcher were required to produce a
reflected signal large enough for detection. The directional coupler also required the
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mutual inductance and trapper capacitance to be higher than their individual limits, which
was dependent on the type of signal used and the cable material. Extensive experimental
tests were conducted to compare the inductive coupling technique to an existing capacitive
coupling diagnosis method. The detection rate of the capacitive coupling method decreased
with cable distance; however, the inductive coupling method remained within 93 ± 3% for
both open- and short-circuit cable faults.

4.1.2. Discrete-Time Chaotic SSTDR

An intrusive synchronous on-line multi-cable diagnosis method was proposed us-
ing discrete-time chaotic SSTDR for various intermittent fault types [29]. Three chaotic
sequences and the m-sequence were compared using simulations and experimental tests
for synchronous multi-cable fault diagnosis. It was found that the intermittent arc fault
coefficient could be increased by amplifying the signal source impedance. The chaotic
sequence method also demonstrated good anti-interference capabilities, with the self-
/cross-correlation characteristics able to be applied for both single- and multiple-cable
intermittent fault diagnosis. The Logistic and Chebyshev sequences outperformed the
Trent sequence in terms of self- and cross-correlation characteristics, with the Logistic
sequence achieving up to 90% fault detection accuracy irrespective of distance.

An improved SSTDR fault detection method to reduce leaking transceiver signals and
the impedance mismatch between a device and cable was proposed [30]. It was found
that an isolated transceiver circuit along with a trapper could reduce interference by 90%,
control the transmitted signal direction, eliminate the impedance mismatch, or completely
block the transmitted incident signal. The fault detection method operated within the
high-frequency range, with experimental tests that showed a short-circuit fault detection
ability of up to 200 m for a 5 MHz signal.

4.1.3. SSTDR and Quadratic Correlation Method

A combined on-line SSTDR and quadratic correlation method was proposed to detect
and diagnose faults in aircraft cable systems [31]. The method was simulated in MATLAB’s
Simulink model for a low signal-to-noise environment with open- and short-circuit faults.
It was found that the cable fault location could be determined with absolute accuracy,
while correctly identifying the fault type; however, the data were not verified experimen-
tally. A PV array arc prediction and detection method using SSTDR was proposed [32].
Experimental tests demonstrated SSTDR’s ability to detect an increase in resistance for a
particular location along the cable. These changes could be indicative of an area where
a future arcing event may occur and were independent from the total number of cable
faults. An autocorrelation algorithm was developed that can be applied for both ground
and arcing faults to improve fault detection ability.

4.1.4. SSTDR Scale Transform (ST) and Dynamic Time Warping (DTW)

SSTDR Scale Transform (ST) and Dynamic Time Warping (DTW) algorithms were
proposed and compared to account for propagation velocity changes in cables exposed
to moisture [33]. PV array cables exposed to varying amounts of moisture were tested
to examine the algorithms’ fault detection capabilities. The ST showed slightly greater
robustness to variability than DTW; however, both had comparable performance for a PV
array with uniform exposure to moisture. Other environmental factors such as illumination
and temperature were not considered. A method for determining the minimum detectable
change of impedance and uncertainty window was proposed for SSTDR measurement de-
vices [34]. The paper provided a methodology on how to determine component variability
for when new baseline measurements are needed for small fault detection.
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By the same author as that of [33,34], reflection coefficients were derived for infinitesi-
mally long impedances and asymmetric transmission lines [35]. The reflection coefficient
magnitude and phase were compared for both theoretical and experimental tests with
symmetric, asymmetric, and parallel configurations. The results showed a 99% match for
resistor and capacitor reflection magnitudes, while they showed roughly a 70% match for
the reflection coefficient phase. This can be extended to evaluate sensors, underground
cable networks, and PV arrays.

4.1.5. SSTDR Fault Detection Using Model Parameters

A new method is proposed for SSTDR fault detection and identification, using model
parameters developed from experimental SSTDR data [36]. The modelling method accu-
rately simulated an SSTDR response, with comparisons on PV modules providing similar
results to experimental tests. A zero-correlation zone (ZCZ) sequence is proposed to im-
prove on-line SSTDR fault diagnosis in high SNR environments [37]. Both simulated and
experimental results were compared to m-sequencing, with ZCZ achieving higher reliabil-
ity and more effective noise resistance. The ZCZ sequence kept a 2% false alarm rate and
approximately 95% fault detection accuracy and were consistent above a SNR of −10 dB.

4.2. Temperature (Thermal) Monitoring

Thermal monitoring is intended to identify sources of internal ohmic over-heating
in cable metallic components (conductors, splice connectors, metallic shields), severe
moisture ingress in accessories (causing dielectric loss-induced heating), or external
elevated ambient temperatures. Measurement methods can be direct and localized
(e.g., measurement of cable or accessory component surface temperature(s)) or indirect
and global (e.g., measurement of cable propagation velocity to estimate average conduc-
tor temperature). Equation (4) shows the propagation velocity (v) of electromagnetic
waves governed by the dielectric permittivity, ε, and the magnetic permeability, µ, of the
medium [38]. Variability in the signal propagation velocity can be employed to detect
temperature variation, as shown in Figure 12 [38].

v =
1

√
ε0εrµ0

(4)

where ε0 = absolute dielectric permittivity; εr = relative dielectric permittivity; and
µ0 = vacuum permeability or the permeability of free space.

The experiments show that the propagation velocity typically diminishes by 1 percent
for every 10 ◦C temperature rise [38].

Figure 12. Temperature-dependent variation in signal propagation speed for mass-impregnated
(PILC) cable. The values are normalized for the measured value at 25 ◦C. The black dashed horizontal
line at 1.00 represents the reference velocity at 25 ◦C used for normalization. The red dashed line is
the velocity obtained from the transit time measurement, and the continuous black line is the velocity
obtained from the measurement of the relative permittivity [38].
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4.2.1. Optical Time-Domain Analysis

A temperature–strain decoupling method was proposed for the on-line temperature
measurement of underwater cables [39]. Using BOTDA and ROTDR measuring devices
at the same pulse-width, an interpolation method was used to decouple temperature and
strain values. An experimental device was designed to separate temperature and strain
simultaneously in order to verify the decoupling method. The loss factor TanDelta is
proposed as a parameter for monitoring cable degradation due to it being dependent
on frequency [40]. An on-line conductor temperature monitoring method using BOTDA
and a fiber-optical current transducer (FOCT) was proposed in [41] for underwater HV
cables. The FOCT is used to measure the current flow, with the BOTDR-based distributed
temperature sensor (DTS) measuring cable surface temperature. An optical cable is in
direct contact with the outer jacket of the submarine cable along its entire length, allowing
for this method to be possible. The temperature monitoring method has high accuracy
and reliability.

An on-line fiber Bragg grating (FBG) temperature measuring system was proposed
for power transmission cables [42]. Laboratory tests showed that the FBG temperature
monitoring method could achieve high accuracy with low relative error. The primary
benefit over systems such as BOTDR, however, comes from cost comparisons. An on-line
monitoring method based on BOTDR was proposed for submarine HV power transmission
cables [43]. Experimental tests showed that strain measurements matched with topography
changes where the cable was laid upon. Any Brillouin frequency shifts were primarily
due to temperature, strain, and power consumption, with on-line monitoring of the cable
being achieved.

4.2.2. Trusted Execution Environment Modeling

To provide thermal cable measurement inputs for TEE models, [44] proposed an algo-
rithm using end-to-end phasor measurement units (PMUs) for on-line cable resistance and
temperature estimation. Current and voltage measurement bias errors were considered in
the algorithm, with the proposed method being able to monitor cable temperature to an
accuracy of ±5 degrees Celsius. To achieve the thermal monitoring of MV power cables,
Ref. [45] proposed a method to calibrate a TEE model using the dielectric permittivity to
estimate cable temperature. Wave velocity measurements were taken from pre-installed
fault detection and PD instruments located at both ends of the power transmission cable.
The proposed method was tested using XLPE and PILC cables, with temperature estima-
tions using a combination of measured wave velocity data and TEE (thermal modeling).
Locational temperature changes were not possible to detect, and there was an overall
system accuracy of ±5 ◦C.

4.2.3. Non-Invasive Monitoring

A fault detection method based on DTS was proposed for the on-line insulation moni-
toring of MV XLPE cables using external optical fiber [46]. The temperature distribution
throughout the cable was simulated for different degrees of cable degradation. Cable
faults would alter surface temperature rise characteristics and would be picked up by the
direct-contact fiber-optical cable. The temperature monitoring method was able to detect
and locate faults with a 15% error between the simulated and experimental results.

A non-invasive electromagnetic-thermal coupling method was proposed to calculate
HV cable–conductor temperature [47]. FEM software COMSOL [48] was used to perform
a simulated model of a cable. Unlike modeling approaches that use TEE, the effect of
changing ambient temperature and load current were considered. These were also used for
the development of a conductor temperature calculation method utilizing the temperature
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difference between the conductor and surface. Simulated conductor temperature results
were experimentally verified using an RTDS system attached to the cable surface. The
simulation results were comparable to the results calculated with the method, with the
simulation having a maximum error of roughly 2 ◦C.

A distributed simultaneous temperature-and-strain measurement method was pro-
posed based on chaotic BDG [49]. To circumvent the power fluctuation problem that BGS
systems face, as outlined in Section 1, a birefringence frequency shift (BireFS) was used
along with the temperature coefficient of the Brillouin frequency shift (BFS). Taking both
of these as parameters, the simultaneous measurement of temperature and strain was
achieved. The spatial resolution for a 100 m, polarization-maintaining optical cable was
2.3 cm, with a temperature and strain error of 0.3 ◦C and 11 µε, respectively.

4.3. Dielectric Loss Monitoring

There are no commercialized technologies in this area; hence, the focus of this review
is on identifying the most promising technology options for development, validation, and
benchmarking for potential use within an NPP cable monitoring context.

An on-line insulation monitoring method was proposed based on the active back-
injection of a controllable, variable-voltage, variable-frequency excitation signal onto an en-
ergized line, using a multi-winding PT or alternative transformer-based arrangement [50].
The result could constitute a low- (e.g., VLF) or variable- (e.g., dielectric spectroscopy)
based capacitance and tangent delta measured using an energized MV cable segment, as
depicted in Figure 13.

Figure 13. Measuring principle diagram of double-ended synchronous measurement method in a
3-phase (A-B-C) system [50].

4.3.1. Common-Mode Leakage

A novel on-line monitoring method based on resonance frequency analysis under chirp
signal injection was proposed [51]. By measuring the induced common-mode (CM) leakage
current, the CM admittance could be calculated to provide the resonant frequency. The
resonant frequency obtained from the chirp signal was used as the indicative parameter for
the cable aging degree, as it can monitor—and not be influenced by—capacitance changes
within the cable insulation. Theoretical and experimental tests were conducted to validate
the method for different operating conditions.

A novel on-line segmented cable aging detection method using multi-frequency steady-
state common-mode (CM) leakage currents was proposed [52]. The paper developed a
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segmental aging algorithm based on support vector data description (VSDD), with the
multi-frequency steady-state signal injection allowing for segmental decoupling from the
normal system. Validation was performed using simulations in MATLAB along with case
studies for underground cables of different lengths.

A novel on-line monitoring method for cable aging was proposed based on CM leak-
age currents [53]. The authors designed an on-line neutral-point voltage injection and CM
leakage current measuring method for quantitative underground cable insulation moni-
toring. Experimental tests along with PSCAD simulations were performed for validation.
The designed sensor was able to detect CM leakage currents of less than 5 mA and was
able to overcome an SNR of −72 dB, allowing for the accurate evaluation of aging severity.
An on-line insulation monitoring method was proposed based on CM signal injection [54].
The cable age was estimated from measuring leakage currents using principal component
analysis (PCA). A variable-frequency CM monitoring signal injection device was developed
to amplify the insulation capacitance to increase accuracy. Experimental and simulations
performed using MATLAB [55] for 10 kV underground cables showed that the on-line
monitoring of the insulation could be achieved.

4.3.2. Impulse Impedance Spectrum (PSCAD/MATLAB) Simulation

An on-line monitoring method using an impulse impedance spectrum was proposed [56].
Low-frequency regions of the impulse voltage and leakage currents were used for insulation
performance monitoring. Simulations were conducted on a 10 kV power cable using PSCAD
software [57] along with experimental tests to determine the impulse impedance changes
for varying cable degradation states. A comparison of time-varying impedance changes for
the initial frequency band allowed cable degradation monitoring to be achieved.

An on-line dielectric loss angle monitoring method was proposed using a low-
frequency signal injection method [50]. By taking the reference phase as the sum of the
voltage phasors at both cable ends, the dielectric loss measurement error was reduced. The
method was simulated using MATLAB, where a water tree aging model was developed.
Unsurprisingly, the loss angle increased with the water tree length, with the loss angle not
being affected by grid harmonics. No experimental tests were performed.

A new method to calculate the dielectric constant for a three-core power cable was
proposed for insulation health monitoring [58]. Using a distributed frequency model of a
10 kV cable, the zero-sequence voltage at both ends of the cable was obtained. The cable’s
dielectric constant was then determined with a least-squares parameter identification
method. Simulated models were generated using PSCAD/EMTDC for validation; however,
they were not tested experimentally. A modeling method for reflectometry response was
proposed that used FEM to simulate electromagnetic field responses from different aged
cable sections [59]. Experimental data were used to verify the model.

A method to monitor cable insulation degradation was proposed [60]. A transfer
function (TF) was used to identify the degree of insulation degradation, which took mon-
itored, transient-voltage, characteristic inputs from both ends of the cable. Simulations
were performed using PSCAD to replicate aging characteristics by changing the insulation
thickness and relative permittivity of the cable. Correlation coefficients were derived be-
tween different thicknesses and permittivities, and the method was then validated through
experimental tests with aged cables.

An on-line cable insulation monitoring method was proposed by estimating cable
permittivity from naturally generated signals [61]. The natural signals were generated from
disturbances such as capacitor switching, fault currents, short-circuit transients, etc. A
110 kV cable was used in the simulation, with monitors placed at different cable terminal
positions. The cable parameter change was monitored over a period to estimate the
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degree of cable degradation. Performance increased with the degradation degree; however,
disturbances with high-frequency components still resulted in false assessments.

An on-line fault diagnosis method combining time-reversal reflectometry and time–
frequency-domain reflectometry (TFDR) was proposed [62]. Faults were characterized
either as low-impedance aging or high-impedance damage faults. Fault-diagnosis sim-
ulations were performed using impedance parameters calculated using FEM for a cable
model containing defects. On-line testing was not conducted, but experimental verification
showed performance superior to that of normal TFDR. A novel detection and location
method for aged cable segments using wide-frequency-range TF measurement and deep
learning was proposed [63]. By combing a sparse autoencoder (SAE) and a convolutional
neural network (CNN), the aged cable segments could be estimated using data from the TF
measurement. Simulations in PSCAD were conducted for two CNN models of cables with
varying degrees of aging showed high detection and location accuracy for both models,
with estimations errors. However, all the models were trained using hyperparameters
which were selected manually and determined by a grid search.

An on-line cable insulation degradation technique based on the harmonic monitoring
of MV cables was proposed for moisture-affected cables [64]. Simulations were performed
using COMSOL software to simulate pores and water tree defects in the insulation layer
from which the 2nd and 11th harmonics were obtained. A LASSO regression-based eval-
uation method was then developed to predict cable aging time, which then used the
results in a defect recognition algorithm. The results successfully distinguished between
water-immersed and normal cable states.

4.3.3. Measured Parameters

An on-line cable insulation monitoring method using measured harmonics was pro-
posed [65]. By minimizing the difference between the theoretical and measured harmonic
amplification factor (HAF), a function was derived relating the HAF to the cable insulation
state. The method was validated using data from 110 kV wind farm cables, with harmonic
data obtained from both cable ends.

An on-line short-circuit cable fault diagnosis method was proposed by monitoring
the magnetic pattern of three-core power cables [66]. Single-axis tunneling magneto-
resistive (TMR) sensors on the outside surface of the cables were used to detect faults,
with characterization performed by observing the cables’ magnetic field pattern. Short-
circuit faults were identified using a cumulative sum-based method and were validated
through experiments and FEM simulations. Although this method could achieve on-line
cable monitoring, it was only tested for short-circuit faults and was unable determine
fault location.

An on-line cable degradation method was proposed using pulse-width modulation
(PWM) switching oscillations generated from inverter-fed machine systems [67]. An
external coil-based HF oscillation sensor was developed to measure differential-mode
switching currents. The relationship between the characteristic mode frequency of the
switching oscillations and cable capacitance was used to classify degree of cable aging.
Theoretical and experimental tests validated the on-line monitoring method and showed
high sensitivity for different cable lengths.

A new open-loop digital magnetic modulator was proposed for a DC current sensor
used for cable insulation monitoring [68]. The novelty comes from the digital demodulation
technique compared to common analog demodulation methods. The design can minimize
measurement errors in the zero offset and variation in the excitation source. The results
showed a sensor range of 5–1000 µA, with 0.5 µA absolute error.



Energies 2025, 18, 2333 19 of 26

A coupling equation was derived between the sheath and core–conductor currents
of cross-bonded HV cables to achieve time synchronization and estimate the time delay
without external reference [69]. Using measured current sensor values in an iterative
equation, the time delay could be determined by taking the residual value of the comparison
between the expected and measured values, which could then be input into a recursive least-
squares algorithm for complete time delay estimation. Experimental tests were conducted
and successfully verified both the time synchronization and delay estimation.

A non-intrusive PD monitoring technique using Rogowski coils was developed, along
with a sensor installation scheme to detect and locate PDs within an MV feeder cable [70].
Optimal coil design considerations were discussed, and recommendations were detailed
following the experimental testing of the Rogowski coil.

A partial discharge location detection method was developed using distributed optical
fibre vibration sensors [71]. The sensor was based on a Sagnac interferometer to detect
and locate PDs, which could monitor the entire length of the cable with a single sensing
system and was less complex than traditional distributed acoustic sensing systems. Ex-
perimental testing found that the sensitivity was dependent on mechanical stability of
the interferometer, with stronger signals being generated when better vibration insulation
was used.

4.4. Surface Wave-Based Reflectometry

The majority of cable NDE research has focused on the direct-contact reflectometry
method to detect and locate various types of faults or damages. In terms of direct-contact
NDE cable insulation damage detection, Fantoni et al. [72] presented an FDR-based line
resonance technique that could detect cuts or gouges on the jacket and insulation at a 24 m
distance on two and three conductor wires. Ohki et al. [73] applied a direct-contact FDR-
based technique to detect removed insulation and polymer sheathing over a length of 10 cm
at a 10 m distance in a duplex cable with 2 mm2 cross-section conductors, 0.8 mm-thick
insulation, and a 1.5 mm-thick jacket. S. Arman, W. Glass et al. [74] presented a non-
conductor-contact surface wave-based reflectometry technique to detect and locate missing
or damaged insulation and/or jacketing for electrical cables. Surface-wave launchers
transfer electromagnetic energy in the form of ‘surface waves’ in the GHz range into a
non-shielded cable, as depicted in Figure 14.

Figure 14. Surface wave-based technique to identify mechanical damage in non-shielded cable
insulation [74].

In the case of the non-conductor-contact cable NDE technique, the magnitude of
the reflection coefficient would be small and would largely depend on the damage size,
damage location, cable insulation type, insulation thickness, and cable type. S. Arman,
W. Glass et al. [74] proposed both a 1 GHz and a 7 GHz cable that could be used to detect
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insulation damage in a thick and a thin cable, respectively. They demonstrated that higher
frequencies allowed for the detection of damage with smaller resolution, while lower
frequencies allowed detection over longer distances, especially for large-diameter cables.
The instrumentation utilized a non-conductor-contact surface-wave launcher consisting of
a cylindrical monopole, and a ground plane was connected to a vector network analyzer
(VNA). A sinusoidal swept frequency broadband signal with an appropriate frequency
range was excited between the monopole and the ground plane, which caused the gener-
ation of surface waves that propagated along the length of the cable. The surface waves,
upon reaching the location of the damaged or missing insulation, were reflected and then
subsequently picked up by the SWL technique, as shown in Figure 15.

Figure 15. Surface wave-based technique using vector network analyzer [74].

The results were measured by the VNA as complex S11 as function of frequency. After
applying a specific window (Kaiser window) on the complex S11, the inverse Fast Fourier
Transform (IFFT) was performed to determine the location of the insulation damage. The
simulation results showed that the magnitude of the peak of the IFFT response that was ob-
tained by postprocessing the complex reflection coefficient vs. the frequency characteristics
measured by the launcher could identify the location of damage. This method is adaptable
to thin, moderately thick, and thick cables. The launcher and its operating frequency need
to be designed accordingly, e.g., for thin wires shorter launcher and higher frequency vs.
for thick cables longer launcher and lower frequency will be needed. [74].

4.5. Performance Metrics of On-Line Testing Technologies

The performance metrics of the main on-line cable testing and condition assessment
technologies (e.g., primary use, accuracy, scope of application, development status) are
shown in Figure 16.
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Figure 16. Performance metrics of main on-line cable testing and condition assessment technologies.

5. Discussion/Conclusions
The reviewed literature highlights substantial advancements in both on-line and

off-line cable monitoring techniques. Current plant inspection techniques involve the
physical inspection of plant cables, as shown in Figure 17, related to different off-
line cable assessment/testing techniques that are performed prior to and during NPP
refurbishment activities.

Figure 17. Off-line cable testing methods chart.

A summary of current on-line cable testing and aging assessment techniques is shown
in Figure 18. Some of these techniques may be applicable to LV cables only, some are for
MV cables only, and some are for both.
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Figure 18. On-line cable testing methods chart.

Cable degradation rates vary across plant layouts due to diverse environmental expo-
sures along routing paths. As a result, location-specific monitoring strategies are essential
for comprehensive condition assessment. Because some cable segments are not readily
accessible, on-line monitoring is generally more advantageous than off-line methods, as
it eliminates the need to disconnect cables from service. However, the findings reveal
that despite significant advancements, several limitations remain, particularly concerning
non-intrusive monitoring in nuclear power plant environments.

Advanced on-line techniques (such as spread spectrum time-domain reflectometry
and continuous dielectric loss monitoring) enable the real-time surveillance of cable condi-
tion during normal operation. This continuous monitoring provides a level of oversight
not achievable with periodic off-line tests, allowing the earlier detection of degradation.
More research is required to improve the accuracy and adaptability of these monitoring
techniques to various types of cables and operating conditions. Furthermore, advances in
AI-driven diagnostics offer promising paths for automating anomaly detection and improv-
ing long-term cable health predictions. Finally, fostering collaboration between industry
and academia remains critical to driving innovation in cable condition monitoring and en-
suring the development of robust, scalable, and more efficient cable monitoring solutions.
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