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Abstract

Cable joints represent critical points in medium-voltage power lines, where localized impedance discontinuities may lead
to faults or performance degradation. This paper proposes a multi-criteria peak detection methodology for the analysis of Line
Resonance Analysis (LIRA) signatures. The approach is based on a baseline-residual decomposition, where a smooth baseline is
estimated via a sparsified median-driven spline, and candidate peaks are identified using prominence and statistical significance
criteria. The method is validated on measurements from a 37.95 MW wind power plant, analyzing underground cables over
two campaigns (2024-2025). The algorithm detects approximately 6-10 peaks per phase in 2024 and 5-9 in 2025, with spatial
repeatability within 100-200 m and amplitude variations below 5-8 dB for most events. These results indicate that the majority
of detected peaks correspond to stable structural features, while only a limited subset may be associated with evolving conditions.

Index Terms

Cable diagnostics, Line Resonance Analysis, peak detection, reflectometry, fault detection, cable joints, impedance discon-
tinuities, condition monitoring, wind power plants.

I. INTRODUCTION

The increasing penetration of renewable energy sources [1] has imposed strict requirements on the availability and reliability
of power generation systems. In this context, their availability is not only determined by the intermittency of the primary
energy resource (e.g., wind [2] or solar irradiance [3]), but also by the operational continuity of the electrical infrastructure
composing the plant [4]. Indeed, even in the case of favorable environmental conditions, failures in electrical components
can lead to significant energy losses and reduced system performance [5].

Among the elements of power generation plants, medium- and high-voltage cable systems are fundamental in ensuring
the electricity transmission from the production systems to the grid connection points. Their reliability directly affects the
overall plant availability, in particular in the newest installations, in which underground cable networks are widely adopted
in both wind and photovoltaic applications [6], [7]. In this framework, availability can be interpreted as a combined function
of both resource availability and component reliability, with particular emphasis on electrical interconnections.

Despite the key role of cable systems, the existing literature mainly focuses on general fault detection techniques and
reflectometry-based methods, such as Time Domain Reflectometry (TDR) [8], [9] and Frequency Domain Reflectometry
(FDR) [10], [11]. However, limited attention has been devoted to the specific role of cable joints and their impact on system-
level availability. This gap is fundamental considering that joints represent intrinsic discontinuities in the cable structure,
where electrical, thermal, and mechanical properties may vary significantly from those of the bulk cable [12].

Cable joints introduce localized impedance variations that can evolve over time due to factors like dielectric inhomogeneity,
mechanical stress, moisture, or assembly issues [13]. These variations may lead to partial reflections, increased losses,
and eventually localized defects or failures, whose detection is, generally, difficult in their early stages using conventional
diagnostic techniques. Specifically, experimental studies show that often impedance discontinuities and anomalous reflections
are related to joint locations, confirming their critical role within cables [14]. In particular, recent measurement campaigns
have demonstrated that the most significant anomalies in cable signatures are often concentrated at joint positions, where
maintenance actions or external stresses tend to modify significantly the electrical response of the line [15].

Furthermore, field observations indicate that incorrect maintenance activities and external mechanical interventions can
damage the structure of the cables by introducing new defects even in previously healthy sections, with a consequent variation
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of the electrical behavior of the joints. This highlights not only the vulnerability of these components but also the need for
advanced diagnostic tools capable of detecting variations in their electrical characteristics over time.

This work aims to address this gap by proposing focusing on the diagnosis and characterization of cable joint behavior
through advanced reflectometric techniques, with the objective of improving fault detection capabilities and supporting
predictive maintenance strategies in modern power generation plants. Specifically, this paper investigates measurements
performed using the Line Resonance Analysis (LIRA) [16]-[19] system in a 37.95 MW wind power plant installed in
Southern Italy. The pipelines installed between the HV/MV substation and the MV/LV substation (Iength of about 16 km)
are analyzed, addressing the most important faults in the joints of the cable system.

The paper is organized as follows: Section II introduces the LIRA system in comparison with conventional TDR and FDR
techniques. Section III presents the power generation plant and the cable system under analysis, while Section IV offers the
results of the analysis. Finally, Section V contains the conclusions of the work.

II. METHODS FOR FAULT DETECTION USING TIME-DOMAIN AND FREQUENCY-DOMAIN APPROACHES

A. Theoretical Background

The Line Resonance Analysis (LIRA) method operates in the frequency domain and is based on the evaluation of the
complex input impedance spectrum of a cable over a wide frequency band. The goal is the determination of the spatial
distribution of impedance discontinuities (e.g., joints, defects) from the measured frequency response [20].
B. Input Impedance Determination

The LIRA injects in the cable a voltage signal with N values of variable frequency fx depending on the length of the cable
[21]. For each frequency, the input voltage (Vi,(fk)) and current (I;,( fx)) are measured and the corresponding input frequency
Zin(fx) is computed with Ohm’s Law [22] and the impedance spectrum Z;,(f) containing the complete propagation and
reflection behaviour of the cable is achieved [23]:

Zin(f) = Zin(fr)oey = | Zin(f)|e?*D) 0
C. Mathematical Modeling of Transmission Line Propagation

The general transmission-line solution is the superposition of a forward-propagating wave and a reflected wave [24].
Therefore, the voltage and current phasors are defined as:

d*V (2)

= = (R+ jwL)(G + jwC)V (z) 2)
d*1(z . .
% = (R+ jwL)(G + jwC)I(z) 3)
The solution of the equations is the following:
Viz)=Vte ™ 4V -et® 4
I(z) =ITe " 4 [-et® )

where VT and [T are the voltage and current amplitudes of the forward wave, while V'~ and I~ are the amplitudes of
the reflected wave. The complex propagation constant y consists of the the attenuation constant « and the phase constant £,
which is the derivative of the phase ¢ with respect to position z, as follows:

y=a+jB (6)
D. Mathematical Analysis of Propagation Delay and Phase Variation

When a propagating waveform meets a defect in the cable at the position z;, the signal flows back to the input of the
cable and the distance is 2x;.
The contribution of a discontinuity at a position x; can be expressed as follows:

e~ 27Nz — p=2a(f)i o —52B(f)z: @)

The amplitude term e—2()%: accounts for attenuation and depends on multiple factors, including propagation losses,
reflection magnitude, and measurement conditions. On the contrary, the phase term e~72%(/)%: encodes the propagation delay
and provides a direct estimation for the position of the discontinuity. Indeed, the phase constant 5 is a function of the
frequency as:

®)

where v, is the phase velocity.



Substituting into the phase term:

e I8 — e_j2(%)m = e_jh”ij;xi )
Defining the round-trip delay: )
— (10)
Up
the phase term becomes:
e*jQB(f)Ii = e*jzﬂ'fﬂ (11)

The expression e~727/7 corresponds to a pure time delay in the frequency domain. Therefore, each discontinuity located
at x; introduces a delayed component characterized by 7;.

This establishes a direct relationship between the position and the frequency-dependent phase variation.

In the presence of multiple reflections, the measured signal can be approximated as:

I'(f)~ Z A;(f)e7?mI (12)

where A;(f) includes both reflection coefficients and attenuation effects.

E. Spatial Estimation and Signature Computation

The spatial information is retrieved by transforming the signal into the delay domain using the inverse Fourier transform:

I(r) = F'I(f) (13)

Each term e™727/7 produces a peak at 7;, allowing the estimation of the position x;. The phase velocity vp is estimated
using a proprietary algorithm by LIRA.

UpTi
T = "2 (14)
Finally, the LIRA provides a graphical representation of the signature, which is computed in the following way:
S(x) = 201og;o I'(x)] (15)

To assess whether a peak is significant, the signal is analyzed locally with an algorithm different from that implemented
in LIRA.
F. Peak Selection Methodology

Peak detection in signatures is performed through a baseline-residual decomposition followed by a statistically and
physically constrained selection criterion.

Let y(x) denote the measured signature as a function of distance x. A smooth baseline b(x) is estimated using a
sparsified cubic spline interpolation of locally computed median values, in order to suppress narrow peaks and high-frequency
oscillations. The residual signal is then defined as:

r(z) = y(x) — b(x) (16)

Candidate peaks are identified on r(x) using a prominence-based criterion. A point x; is considered a peak if its prominence
P; satisfies the following condition:

P; > max (- 0, Puin) ("

where o, is a robust estimate of the residual noise level computed via the Median Absolute Deviation (MAD),

o, = 1.4826 - median (|r(z) — median(r(z))|) (18)

« is a scaling factor, and P,,;, is a minimum absolute prominence threshold. Additionally, a minimum spatial separation
Az, between peaks is enforced to avoid multiple detections of the same physical feature.
For each detected peak at position x;, a local background region ; is defined as:

Bi={a|le— il < LI\ J{e | lr — 2] < L}, (19)
J

where L. is the context half-width and L, is the guard interval around each detected peak. This range ensures that the
background estimation is not contaminated by neighbouring peaks.
Within B;, the local background statistics are computed as:

w; = mean (y(z)), o; =std(y(x)), (20)



and analogously for the residual signal:
pr; = mean (r(z)), op; =std(r(z)). 20

The peak significance is then quantified through both raw and residual contrasts:

Ci =y(wi) — pi, Cri=r(8) = pori (22)
and corresponding normalized scores: o o
Zi=—, Zpi=—" (23)
g; Ori

)

A peak is classified as a potential fault if it satisfies the following combined criteria:

Pi Z Pmina
Lyi > Zyn,
ry Z 4th (24)
C’i Z Cth7
y(xz) 2 Yth,
where Ziy,, Cip, and yyy, are predefined thresholds on residual significance, local contrast, and absolute signal level, respec-

tively.

This multi-criteria selection framework enables the rejection of spurious local maxima caused by structural oscillations or
measurement noise, while preserving peaks that are both statistically significant and physically consistent with fault-induced
reflections along the cable.

G. Comparison with TDR and FDR Techniques

The LIRA method can be included in the frame of reflectometry-based diagnosis techniques, specifically the Time Domain
Reflectometry (TDR) and the Frequency Domain Reflectometry (FDR). These classes of methods rely on the analysis of
reflected signals generated by impedance discontinuities; however, factors like the excitation strategy, the signal processing,
the sensitivity, and the diagnostic capabilities might differ significantly [23].

1) Time Domain Reflectometry (TDR): TDR operates by injecting a fast voltage pulse into the cable and observing
the reflected waveform in the time domain [25]. The time delay between the incident and reflected signals is directly
proportional to the distance of the impedance discontinuity, allowing direct fault localization. However, TDR presents the
following limitations:

o Limited sensitivity with low changes of distributed parameters.

o Constrained spatial resolution by hardware and signal attenuation.

o Strong attenuation effects in long or lossy cables.

o Poor performance with gradual or global aging phenomena.

2) Frequency Domain Reflectometry (FDR): FDR injects sinusoidal signals over a frequency sweep and analyzes the
reflected signal as a function of frequency [26]. Similarly to LIRA, the localization of defects is obtained through an inverse
transformation. With respect to TDR, the FDR approach offers a higher resolution due to a fine control of the bandwith, and
improved noise robustness thanks to the application of averaging and filtering techniques.

However, conventional FDR techniques rely on the analysis of the reflection coefficient magnitude, neglecting part of the
phase information. This results in:

o Reduced sensitivity to small dielectric variations,

o Limited capability to detect early-stage degradation,

o Weaker discrimination between local and global effects.

The LIRA method extends the FDR concept by exploiting the full complex impedance spectrum, including both magnitude
and phase information, and by leveraging resonance phenomena as a sensitivity enhancement mechanism. In particular, LIRA
can be considered an advanced evolution of FDR, combining spectral analysis, resonance amplification, and complex signal
processing to overcome the intrinsic limitations of conventional reflectometry techniques [27].

III. CASE STUDY

This paper proposes an innovative procedure for the early detection of faults and degradation in cable joints within power
generation plants. Specifically, the Line Resonance Analysis (LIRA) method was applied to the MV/HV substation of the
Monteverde wind power plant (Avellino, Italy). Two different experimental campaigns were conducted, in 2024 and 2025.
The first campaign identified many joints with critical states of health along the lines connecting the wind turbine generators
to the secondary substation, which were subsequently replaced. Then, follow-up measurements were carried out in 2025 to
monitor the remaining assets and validate the long-term integrity and criticality threshold of the cable joints. Nevertheless,
the state of health of replaced joints in 2024 were investigated by Centro Elettrotecnico Sperimentale Italiano (CESI), which
confirmed the results obtained by the LIRA proprietary algorithm.
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Fig. 1: Single line diagram of the Monteverde Wind Farm (37.95 MW).

A. Wind power plant description

The wind farm consists of 11 wind turbines with rated power of 3.45 MW each, specifically three Vestas V112 units and
eight Vestas V117 units. The total installed capacity of the plant is 37.95 MW, with an estimated average yearly energy
production of about 73 GWh. The plant was installed in 2018 in Monteverde due to its favourable wind conditions, and it
is currently managed by the CVA S.p.A. group.

The electrical structure of the plant is the following (scheme in Fig. 1):

o Each wind turbine is connected to a synchronous generator and a transformer, increasing the voltage from 0.75 kV to

30 kV. Then, underground pipelines connect the generators with the switching substation.

« A switching substation collects the electricity generated by the wind turbines of the plant (rated voltage of 30 kV).
This substation includes the cable terminations form the turbines, and the related protection devices (switches, fuses
and disconnectors) for each underground power line.

« A MV/HV substation permits the connection to the electricity grid (rated voltage of 150 kV), including a three-phase
transformer with rated power of 40 MVA. The switching substation is connected to the primary substation through three
underground pipelines with a length of 16.83 km each.

B. Measurement method and connections

The electrical connection of the LIRA device to the power lines under test is the following. The LIRA device includes a red
and a black terminal, which are connected to the phase terminal of the single-core cables (red terminal) and to a single-core
grounding cable, which aggregates the shield grounds of the three phases (black terminal). The measurement consists of two
stages, the first performed in the primary substation and the second performed in the switching substation. Prior to the device
connection, the grounding of the surge protection devices was disconnected to prevent current paths during the measurement.
Moreover, the High Voltage (HV) transformer was disconnected to avoid background noise.

IV. RESULTS AND DISCUSSION

This section details the experimental results of the analysis. The proposed peak detection methodology was applied to
multiple LIRA signatures acquired in two consecutive measurement campaigns (2024 and 2025). Representative results for
the three phases of a line are shown from Fig. 2 to Fig. 4, where the raw signatures (blue and green curves for 2024 and
2025 data, respectively) are compared with the corresponding spline-based baselines (orange and red curves for 2024 and
2025 data, respectively) and the detected peak locations.

The baseline estimation, based on a sparsified median-driven cubic spline, effectively captures the large-scale attenuation
trend of the cable while suppressing high-frequency oscillations. The adopted smoothing configuration ensures that the baseline
follows variations occurring over distances larger than approximately 500-800 m, thus preserving localized discontinuities
in the residual signal.

Peak detection was performed using a combined criterion based on prominence, residual-based statistical significance,
and local contrast. In particular, peaks were required to satisfy a minimum prominence P,,;, in the range of 20dB and
a residual z-score threshold Zy, > 3.5. A minimum spatial separation Ax,;, of approximately 300-500 m was enforced
to avoid multiple detections of the same physical feature. From a quantitative standpoint, the algorithm detected between
Nop24 =~ 6-10 peaks per phase in the 2024 dataset and Noge5 =~ 5—9 peaks per phase in the 2025 dataset. The majority of
these peaks exhibit a spatial alignment between the two campaigns within a tolerance of approximately 100-200 m, indicating
that they correspond to persistent structural features of the cable, such as joints or known impedance discontinuities.

The difference in peak amplitude between the two campaigns is generally limited, with variations typically below 5-8 dB
for aligned peaks. This further supports the interpretation that most detected events are stable over time. A limited number



of peaks exhibit larger amplitude deviations or appear only in one of the two datasets. These cases, characterized by either
a significant change in prominence or the absence of spatial correspondence, may indicate potential evolving conditions or
measurement variability. However, their occurrence remains sparse compared to the total number of detected peaks.

Overall, the results confirm that the proposed methodology is effective in identifying a consistent set of dominant reflections,
with good repeatability across measurement campaigns. At the same time, the quantitative analysis highlights that most
detected peaks are associated with persistent cable features rather than transient faults. This observation underscores a
fundamental limitation of single-acquisition analysis and motivates the integration of multi-temporal comparison strategies
to enhance fault discrimination capability.

V. CONCLUSIONS

A multi-criteria peak detection methodology for LIRA signature analysis has been presented and validated on real
measurements from a 37.95 MW wind power plant. The proposed approach combines spline-based baseline estimation with
residual analysis and statistical peak selection. The method demonstrated stable performance across different measurement
campaigns, detecting approximately 6-10 peaks per phase in 2024 and 5-9 in 2025. A spatial repeatability within 100—200 m
was observed for most peaks, while amplitude variations remained below 5—8 dB, confirming the robustness of the detection
process. Dominant peaks exhibited contrasts typically above 20 dB, whereas secondary detections were characterized by lower
amplitudes and reduced significance. The results indicate that most detected peaks are associated with persistent structural
features, such as cable joints, while only a limited number of events show significant variations between campaigns. This
confirms the effectiveness of the proposed method in isolating physically meaningful reflections, while also highlighting
the intrinsic limitation of single-acquisition analysis in distinguishing faults from stable discontinuities. Future developments
will focus on integrating multi-temporal comparison and topology-aware criteria to improve fault discrimination and support
predictive maintenance strategies.
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