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Abstract

To address the limitations of low detection efficiency and poor spatial resolution of tra-
ditional cable insulation diagnosis methods, a novel cable insulation diagnosis method
based on impedance spectroscopy has been proposed. An impedance spectroscopy analysis
model of the frequency response of high-voltage single-core cables under different aging
conditions has been established. The initial classification of insulation condition is achieved
based on the impedance phase deviation between the test cable and the reference cable.
Under localized aging conditions, the impedance phase spectroscopy is more than twice as
sensitive to dielectric changes as the amplitude spectroscopy. Leveraging this advantage, a
multi-parameter diagnostic framework is developed that integrates key spectral features
such as the first phase angle zero-crossing frequency, initial phase, and resonance peak
amplitude. The proposed method enables quantitative estimation of aging severity, spatial
extent, and location. This technique offers a non-invasive, high-resolution solution for
advanced cable health diagnostics and provides a foundation for practical deployment of
power system asset management.

Keywords: high-voltage single-core cables; condition assessment; aging diagnosis;
impedance spectroscopy; localized aging detection

1. Introduction
High-voltage (HV) cables are critical infrastructure in modern power transmission

networks, functioning as conduits for the efficient delivery of electrical energy between
generation facilities and load centers [1–3]. However, long-term operating stress inevitably
leads to gradual aging of insulation, which affects the reliability of the entire system [4–6].
Such degradation processes are usually manifested as a decrease in dielectric properties,
which, if not detected in time, may lead to serious or even catastrophic operational fail-
ures [7]. This highlights the urgent need to develop advanced diagnostic techniques that
can accurately assess insulation aging and detect early indicators of potential failures.

Conventional methods for cable aging assessment often encounter a trade-off between
diagnostic sensitivity and spatial resolution. Insulation resistance testing is a basic tech-
nique that assesses the overall condition of insulation by measuring direct current (DC)
resistance [8]. While it can provide a general indication of overall insulation integrity, its
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spatial averaging makes it inadequate for detecting localized aging or degradation. In
addition, changes in ambient humidity can significantly affect the repeatability of measure-
ments, especially under field conditions, limiting the reliability of this method in practical
applications. Partial discharge (PD) monitoring has become a widely adopted insulation
defect detection technique that exploits the characteristic electromagnetic radiation during
micro-discharge events [9–11]. Advanced implementations employ multi-physics sensing
methods, including high-frequency current transducers (HFCTs) for pulse current detec-
tion [12] and ultra-high frequency (UHF) sensors for electromagnetic wave capture [13].
However, implementing PD diagnostics in complex power grid environments remains
challenging. Random electromagnetic interference and signal attenuation along the cable
extension path often leads to false alarms or missed events. Infrared thermography is
another non-invasive diagnostic technique that detects abnormal Joule heating at weak
insulation sites by capturing thermal radiation patterns [14,15]. While this technique is ef-
fective in identifying surface temperature gradients caused by contact resistance or leakage
current, it has inherent limitations in assessing the condition of underground insulation.
Furthermore, ambient thermal noise may obscure subtle thermal signatures indicative
early-stage insulation degradation.

Several specific localization methods further illustrate the challenges encountered in
practical applications. Traveling wave fault location techniques can rapidly identify faults
in long cable systems [16], however, the accuracy is highly susceptible to variations in wave
propagation velocity, which is influenced by ambient temperature, insulation material
properties and cable topology, often resulting in significant location errors. Single-ended
traveling wave methods employing polarity sequence analysis [17] improve robustness
in complex environments by eliminating the need for direct wave velocity measurement.
Nevertheless, these approaches are dependent on reliable satellite signal coverage, which
may be compromised in mountainous regions or areas with strong electromagnetic in-
terference. Moreover, they typically require complex communication infrastructure to
support data synchronization. Capacitive sensor arrays [18] offer high-resolution fault
localization, achieving centimeter-level accuracy for partial discharge events based on
signal amplitude differences. However, the practical deployment is constrained by the
geometric and structural complexity of the cable systems.

Impedance spectroscopy, based on electrochemical principles, has emerged as a
promising insulation diagnostic tool. When a cable insulation is subjected to an alter-
nating current (AC) electric field within a certain frequency range, its electrical properties
change with frequency. The resulting cable impedance spectroscopy contains a wealth of in-
formation about the internal structure and condition of the cable insulation [19], providing
valuable insights into its integrity and potential degradation. The linear resonance analysis
(LIRA) [20] method facilitates comprehensive acquisition of impedance spectroscopy and
insulation condition assessment in the frequency range of 0.1–100 MHz. However, its
underlying algorithms and parameter optimization procedures have not been fully dis-
closed, limiting its widespread application in engineering practice. Subsequent studies
have introduced an inverse fast Fourier transform (IFFT)-based approach to reconstruct
spatial insulation parameters from frequency-domain impedance data [21]. Despite the
theoretical potential of this approach, its practical application is severely limited by its
upper frequency limit. More recently, a method combining an integral transform frame-
work with defect-sensitive diagnostic functions has been developed to spatially localize
insulation anomalies [22]. When this method is applied to different cable systems, the
model parameters must be recalibrated to ensure its applicability and accuracy.

The preceding review highlights various HV cable insulation aging diagnostic tech-
niques, each exhibiting distinct capabilities and inherent limitations. To systematically
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summarize their key characteristics, the principal constraints of these methods are pre-
sented in Table 1. This highlights the ongoing challenge of achieving high sensitivity
and practical robustness in insulation condition assessment, especially in localized aging
assessment.

Table 1. Summary of diagnostic methods for HV cable insulation aging.

Diagnostic Method Major Limitations

Insulation Resistance Low sensitivity to localized defects; highly sensitive to
environmental conditions

PD Susceptible to EMI; signal attenuation
Infrared Thermography Limited to surface

Traveling Wave Environmentally influenced wave velocity
Capacitive Sensor Array Limited by cable structure complexity

LIRA Undisclosed algorithms
IFFT Constrained by practical high-frequency limitations

Integral Transform Requires model recalibration

This study explores the effect of insulation aging on the impedance spectroscopy
characteristics of HV single-core cables by analyzing the equivalent distributed parameter
circuit model of transmission lines. The main focus is on establishing an aging degradation
assessment and diagnosis framework based on impedance spectroscopy feature extraction
to effectively assess the insulation condition of the cable. For localized aging conditions,
quantitative analysis is performed by identifying the first zero-crossing frequency of the
impedance phase, which has a strong correlation with the spatial location, size, and severity
of insulation degradation. In addition, a multi-parameter joint diagnosis procedure is
developed to facilitate the accurate assessment of localized aging conditions.

2. Methods
2.1. Circuit Model of a HV Cable

According to transmission line theory [23,24], a HV cable can be regarded as a
distributed-parameter network consisting of series resistance-inductance (R–L) and parallel
conductance-capacitance (G–C) elements along its longitudinal direction, as depicted in
Figure 1.

C dx

R dx L dx

U(x) G dx U(x+dx)

I(x) I(x+dx)

Figure 1. Transmission line equivalent distribution model.

In Figure 1, R represents resistance per unit length, L represents inductance per unit
length, G represents conductance per unit length, C represents capacitance per unit length,
dx represents an infinitesimal segment of the transmission line; U(x) and I(x) represent
the voltage and current at position x on the transmission line, respectively; U(x + dx) and
I(x + dx) represent the voltage and current at position x + dx, respectively.
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Applying Kirchhoff’s laws, the governing partial differential equations describing
the voltage and current distributions on the cable as a function of position x can be
derived systematically.

U(x) = V+e−γx + V−e−γx

I(x) = V+e−γx−V−e−γx

Z0

(1)

In Equation (1), V+ and V− represent the incident and reflected components of
the electromagnetic wave, respectively. γ represents the propagation coefficient of
the transmission line, and Z0 represents the characteristic impedance, as defined in
Equations (2) and (3).

γ =
√
(R + jωL)(G + jωC) = α + jβ (2)

Z0 =

√
R + jωL
G + jωC

(3)

In Equation (2), α is the attenuation constant and β is the phase constant, which are
expressed as (4).

β =
ω

v
=

2π f
v

(4)

In Equation (4), f is the frequency and v is the wave velocity of electromagnetic waves
in the cable.

2.2. Distributed Parameters of HV Cables

HV cables are the main research object of this study. Typical HV cables adopt a
single-core structure, as illustrated in Figure 2. Single-core cables are composed of a central
conductor, an insulating layer, and a metal sheath, and the structure is relatively simple.

Conductor

Semi-conducting layer

Conductor shield

Insulation:XLPE

Insulation shield

Aquiclude

Aluminum sheath

Outer jacket

Semi-conducting layer
 

Figure 2. Structure diagram of typical HV single-core cables (Example: YJLW03-110kV-1*630 cable).

The distributed resistance is mainly determined by the conductivity of the core con-
ductor and metal sheath, as expressed in Equation (5). The distributed inductance includes
the self-inductance and mutual inductance of the core conductor and the metal sheath, as
shown in Equation (6).

R = Rc + Rs =
ρc

πr2
1
+

ρs

π(r2
3 − r2

2)
(5)

L = Lc + Ls + Mcs =
µ0

8π
+

µ0

2π

((
r2

3 − 3r2
2
)

4(r2
3 − r2

2)
+

r4
2

(r2
3 − r2

2)
· ln
(

r3

r2

)
+ ln

(
r3

r2

))
(6)

In Equation (5), Rc is the resistance of the core conductor, and Rs is the resistance
of the metal sheath. ρc and ρs are the resistivities of the core conductor and the metal
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sheath, respectively. r1 is the radius of the core conductor, r2 is the outer radius of the main
insulation, and r3 is the outer radius of the metal sheath. In Equation (6), Lc represents the
self-inductance of the core conductor, Ls represents the self-inductance of the metal sheath,
and Mcs represents the mutual inductance between the core conductor and metal sheath.

In traditional cable modeling, the distributed admittance component usually assumes
that the insulating medium is an ideal lossless dielectric, as shown in Equation (7). However,
in practical applications, insulation aging can cause significant changes in the polariza-
tion and conductivity properties of the material. Particularly in cross-linked polyethylene
(XLPE) insulation, thermal aging can cause microstructural changes, including chain scis-
sion and an increase in polar groups, leading to frequency-dependent dielectric dispersion.
To accurately capture this phenomenon, the Cole-Cole model is used to describe the com-
plex dielectric constant of aging XLPE, as shown in Equation (8). In polymer dielectric
spectroscopy, XLPE, as a typical semi-crystalline polymer, exhibits obvious frequency-
dependent dielectric relaxation behavior [25]: the low-frequency region is dominated by
α relaxation (originating from the main chain segment motion) and low-frequency con-
ductivity (mainly originating from ionic conduction and interface polarization), while the
high-frequency region exhibits symmetrically broadened β relaxation (originating from the
side group rotation). The symmetric broadening factor α in the Cole-Cole model directly
characterizes the relaxation time distribution width of β relaxation [26,27]. This feature is
consistent with the inherent heterogeneous polarization characteristics of XLPE due to its
cross-linked structure.

G + jωC = jω
2πε

ln( r2
r1
)

(7)

ε =
Aε0

1 + B(jω)P (8)

In Equation (8), ε represents the dielectric constant of the cable insulation, ε0 represents
the permittivity of vacuum, A and B are fitting constants, P corresponds to a parameter
within the range of 0 to 1.

2.3. Correlation Between Dielectric Loss Tangent and Aging Condition

In the assessment of cable aging, the dielectric loss tangent (tanδ) is a key indicator
for quantifying insulation degradation. Defined as the ratio of the imaginary to real parts
of the complex dielectric constant, tanδ quantifies the energy dissipation characteristics
of the insulating medium under the action of an alternating electric field. It essentially
represents the ratio of the effective (active power) to reactive (energy storage) components
of the leakage current, thus helping to understand insulation integrity and aging severity.

tan δ =
The energy lost by the medium

The energy stored in the medium
(9)

In cable insulation materials, aging mechanisms typically involve molecular chain
breakage, the formation of polar groups, and the development of microstructural de-
fects. These physicochemical changes can lead to significant changes in the dielectric loss
properties of the material. Empirical studies have shown that thermal aging, oxidative
degradation, and partial discharge damage can lead to significant increases in dielectric loss
values. Moreover, the extent of this increase is closely related to the severity of insulation
aging [28–30], especially in XLPE and other polymer-insulated cables.
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2.4. Input Impedance at the Source End of the Localized Aging Cable

As derived in Equation (1), the input impedance of the cable at position x adheres to
the analytical expression presented in Equation (10).

Z(x) =
U(x)
I(x)

= Z0
1 + Γe−2γx

1 − Γe−2γx (10)

In Equation (10), Γ represents the reflection coefficient of the cable, defined as
Equation (11), where ZL is the load impedance of the cable.

Γ =
ZL − Z0

ZL + Z0
(11)

To examine the effects of localized aging, a three-segment cable model is constructed,
as shown in Figure 3. Although the aging segments share the same dimensions as the
healthy ones, the degradation of dielectric properties leads to distinct electromagnetic
behavior. Aging alters the molecular structure and polarization characteristics of the
insulating material, thereby affecting its ability to store electric field energy, and aging
increases the loss of converting electrical energy into heat energy under an alternating
electric field. These changes result in variations in the dielectric constant and dielectric
loss factor, causing the aging segment to exhibit different propagation constants and
characteristic impedances compared to the adjacent healthy segment. The model includes a
healthy segment at the source end, an aging segment in the middle, and a healthy segment
at the end. The boundaries of the aging segment defined by spatial coordinates la and lb. A
layer-by-layer recursive algorithm based on transmission line theory is used to calculate
the impedance of the source end through inverse analysis.

Core conductor

Main insulation
Metal sheath

Localized aging

LZ

0x  ax l  bx l x l

Figure 3. Schematic diagram of localized aging cables.

Under the open-circuit boundary condition where the terminal load impedance is
infinite, that is, the reflection coefficient is equal to 1, the input impedance Zb of the healthy
segment at the boundary lb can be obtained by Equation (12). This impedance is used as the
terminal load of the adjacent aging segment, and the modified reflection coefficient formula
in Equation (13) is used to derive the analytical expression of the input impedance Za at the
boundary la. Subsequently, using Za as the terminal load of the first healthy segment and
applying the reflection coefficient defined in Equation (14), the theoretical impedance of
the cable source end can be determined, as shown in Equation (15).

Zb = Z0h
1 + e2γb(lb−l)

1 − e2γb(lb−l)
(12)
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Γd =
Zb − Z0d
Zb + Z0d

(13)

Γh =
Za − Z0h
Za + Z0h

(14)

Zin = Z0h
1 + Γhe−2γh la

1 − Γhe−2γh la
(15)

The relevant propagation, reflection, and characteristic impedance parameters are
defined as follows: γh and γd represent the propagation coefficients of the healthy and aging
segments, respectively; Γh and Γd represent the reflection coefficients at the boundaries of
the healthy segment and the aging segment, respectively; while Z0h and Z0d represent the
characteristic impedances of the healthy and aging segments, respectively.

3. Simulation and Analysis
3.1. Background of Simulation

In this study, the YJLW03-110kV-1*630 XLPE insulated power cable was selected as the
specific research object. As illustrated in Figure 2, the cable features a multi-layer coaxial
structure, including copper conductor, XLPE insulation, metal sheath, and polyethylene
jacket. The geometric structure and material properties of the cable are summarized in
Table 2, and Table 3 lists the key parameters used to derive the impedance spectroscopy
in detail.

Table 2. Basic structural and material parameters of the object cable.

Structure Radius/Thickness (mm)

Conductor 14.9
Semi-conducting layer 2

Insulation 16.5
Aquiclude 2

Aluminum sheath 2
Outer jacket 4

Table 3. Geometric parameters for YJLW03-110kV-1*630 type cable.

Parameters Related to Impedance Spectroscopy Value

r1 14.9 mm
r2 35.4 mm
r3 41.4 mm
ρc 1.68 × 10−8 (Ω·m)
ρs 2.83 × 10−8 (Ω·m)

3.2. Simulation and Results
3.2.1. Impedance Spectroscopy of Cables Under Different Conditions

The impedance spectroscopy characteristics of a 500-m HV single-core cable under
different aging conditions under open circuit conditions were simulated. The scanning
frequency range is 100 kHz to 3.5 MHz. The complex dielectric constant fitting coefficients
are: A = 2.68, B = 0.14, P = 0.02 for the original healthy cable; A = 4.26, B = 0.22, P = 0.05 for
the aging cables [31]. To compare the differences in cable impedance spectroscopy under
different conditions, three representative conditions (healthy insulation, overall aging, and
localized aging) were simulated, as shown in Figure 4.
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(a)  (b) 

Figure 4. Comparison diagram of impedance spectroscopy under different health condition: healthy,
overall aging, and localized aging: (a). Comparison of impedance amplitude; (b). Comparison of
impedance phase angle.

As shown in Figure 4, the impedance amplitude spectroscopy of a healthy cable
presents a periodic pulse shape, while the corresponding phase spectroscopy presents
a periodic oscillation. Under overall aging, the basic characteristics of the impedance
spectroscopy remain unchanged, but both the amplitude spectroscopy and the phase
spectroscopy will systematically shift to the low-frequency region. In contrast, the overall
change of the impedance spectroscopy caused by localized aging is relatively small. The
slight change in the amplitude spectroscopy occurs at the resonance peak. In the phase
spectroscopy, localized aging mainly causes slight deviations at the zero-crossing frequency.
These localized changes will be further analyzed in the next section.

Based on the aging model established in this paper, the complex dielectric constant ε

in Equation (7) is replaced by the general formula shown in Equation (16).

ε = ε′ − jε′′ (16)

In Equation (16), ε′ is the real part of the complex permittivity, representing the material’s
ability to store electric field energy, while ε′′ is the imaginary part of the complex permittiv-
ity, which reflects the material’s energy dissipation under an electric field. Substitution of
Equation (16) into Equation (7) yields the expressions for G and C as Equation (17).

G = ω 2πε′′
ln(r2/r1)

C = ω 2πε′

ln(r2/r1)

(17)

Therefore, in the aging condition simulated in Figure 4, as the real part of the complex
permittivity increases, the distributed capacitance value also increases. Since the resonance
frequency in the impedance amplitude spectroscopy is mainly determined by the wave ve-
locity [32], and the wave velocity in the cable is approximately Equation (18), the resonance
frequency can be calculated by Equation (19).

v =
1√
LC

(18)

f =
nv
2l

(n = 1, 2, 3, . . .) (19)

In Equation (19), v is the wave velocity, l is the cable length, and n is the harmonic order.
Due to aging, the distributed capacitance increases, leading to a decrease in the

resonance frequencies. Under overall aging condition, the entire impedance amplitude
spectroscopy moves toward the low frequency direction; under localized aging conditions,
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the resonance peak frequency in the impedance amplitude spectroscopy decreases. Mean-
while, the amplitude of the impedance resonance peaks is mainly affected by loss, including
conductor loss (R) and dielectric loss (G). Near the resonance frequency, under low-loss
conditions, the impedance amplitude can be approximated by Equation (20), where α is
approximated as √RG.

|Zin| ≈
Z0

αl
(20)

Thus, when G increases, the attenuation constant α increases, leading to a decrease in
the amplitude of the impedance.

3.2.2. Influence of Overall Aging on Impedance Spectroscopy

The overall aging cable impedance spectroscopy under different aging severity levels
were simulated, as shown in Figure 5. The selected tanδ range is 0.0094–0.0873, which
systematically covers the complete aging spectroscopy of XLPE insulation, from incipient
degradation to critical failure state [33].

 
 

(a)  (b) 

Figure 5. Comparison of impedance spectroscopy at different aging severity during overall aging:
(a). Comparison of impedance amplitude; (b). Comparison of impedance phase angle.

As shown in Figure 5, with the aging intensifies, the resonance peak in the amplitude
spectroscopy and the oscillation peak in the phase spectroscopy both show a significant
downward trend, and the entire impedance spectroscopy moves toward the low frequency
direction. It is worth noting that in Figure 5b, the peak value of the first oscillation peak
of the phase spectroscopy gradually decreases with the increase of aging degree, and this
trend is further reflected in Figure 6. Therefore, this characteristic parameter can be used as
an effective quantitative indicator to assess the overall aging severity of HV cables.

Figure 6. The relationship between the first oscillation peak value of phase spectroscopy and aging
severity under overall aging.
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3.2.3. Influence of Localized Aging on the Impedance Spectroscopy

To specifically investigate the influence of localized aging on impedance spectroscopy
characteristics, the relative variation rates of impedance amplitude and phase under two
different localized aging conditions were calculated by Equation (21), with reference to the
baseline parameters of healthy cables.

∆|Z|rel =
|Zaging(f)|−|Zbase(f)|

|Zbase(f)|
× 100%

∆θrel =
θaging(f)−θbase(f)

θbase(f)
× 100%

(21)

In Equation (21), |Zbase(f )| and θbase (f ) represents the impedance amplitude and phase
of the healthy reference cable respectively, while |Zaging(f )| and θaging (f ) denotes those of
the aging cables, ∆|Z|rel and ∆θrel represent the impedance amplitude and phase change
rates of the aging cables relative to the healthy reference cable. It should be emphasized that
both aging conditions maintained identical aging severity and spatial location, differing
solely in the size of localized aging region—Condition 2 (Size: 50 m) encompassing a larger
aging size than Condition 1 (Size: 1 m), the comparison are illustrated in Figure 7.

 
(a)  (b) 

Figure 7. Comparison of impedance spectroscopy the variation rates between two localized aging
sizes and a healthy cable: (a). Comparison of impedance amplitude change rate; (b). Comparison of
impedance phase angle change rate.

As shown in Figure 7a, the resonance peaks in the amplitude spectroscopy show
obvious changes caused by aging. Specifically, the relative amplitude variation rates
(∆|Z|rel) near these resonance peaks exceed 0.3% under Condition 1 and exceed
13% under Condition 2. Similarly, the phase spectroscopy analysis shows that the sensitiv-
ity to insulation degradation is enhanced near the phase angle zero crossing in Figure 7b,
where the phase variation rates (∆θrel) exceed 0.6% and 27% under Conditions 1 and 2,
respectively. Quantitative analysis confirms that phase spectroscopy parameters are more
responsive to localized aging than amplitude-based metrics. Under the same localized ag-
ing conditions, the sensitivity of the phase spectroscopy to the frequency domain response
of localized aging is more than twice that of the amplitude spectroscopy. These results
emphasize the feature recognition ability of the phase spectroscopy in diagnosing the insu-
lation condition of cables and lay the foundation for the development of a phase-frequency
characteristic-based diagnostic method for cable insulation aging assessment.

Building on these findings, the diagnostic indicators for cable insulation conditions are
investigated through three critical parameters: aging severity, aging location, and aging size.
First, the influence of different aging sizes on the impedance spectroscopy was evaluated
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through simulation. The aging location was fixed at 100 m from the cable source end, and
the aging size range was 1 to 50 m, as shown in Figure 8.

   
(a)  (b) 

 
(c)  (d) 

Figure 8. Comparison of the impedance spectroscopy at an aging location of 500 m for aging
sizes 1−50 m: (a). Comparison of impedance amplitude; (b). Comparison of impedance angle;
(c). Comparison of impedance amplitude resonance peak; (d). Comparison of impedance phase angle
oscillation peak.

As shown in Figure 8, when the aging size is relatively small, the impedance spec-
troscopy largely adheres to the spectral evolution pattern observed in healthy cables,
primarily characterized by the attenuation of resonance peak amplitudes and frequency
shifts in the phase response. However, as the aging size increases, abrupt variations emerge
in the resonance peak amplitudes within the impedance amplitude spectroscopy. Accord-
ingly, localized aging conditions exhibiting abrupt jumps in the resonance peak amplitudes
of the impedance amplitude spectroscopy are categorized as large-size aging condition,
whereas those without such discontinuities are classified as small-size aging condition.

To further explore the diagnostic potential of the phase spectroscopy, taking large-
size aging as a representative. Different aging sizes, spatial locations and severity were
simulated to investigate the relationship between the aging condition and the first zero-
crossing frequency of the phase, as shown in Figure 9.
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(a)  (b) 

 

(c) 

Figure 9. The relationship between the first phase angle zero-crossing frequency and different aging
conditions: (a). The relationship between the first phase angle zero-crossing frequency and aging
size; (b). The relationship between the first phase angle zero-crossing frequency and aging location;
(c). The relationship between the first phase angle zero-crossing frequency and aging severity.

As shown in Figure 9a,b, there is a significant monotonic correlation between the
zero-crossing frequency value and the aging size and spatial location of localized aging.
Further analysis shows that the evolution of this feature at different aging levels shows
a biphasic (non-monotonic) trend, as shown in Figure 9c: as aging progresses, the zero-
crossing frequency first decreases (moves to low frequency) and then increases (transitions
to high frequency). In order to verify the diagnostic utility of this diagnostic parameter for
localized aging, its universality is further explored by evaluating its response to changes in
aging position.

To further evaluate the applicability and sensitivity of the first zero-crossing frequency
as a diagnostic indicator, the study investigates its dependence on aging location under
different aging sizes. Specifically, the relationship between the first phase angle zero-
crossing frequency in impedance spectroscopy and the spatial location under different
aging sizes is examined. By simulating frequency responses at aging sizes ranging from
0.1 m to 1.0 m (small-size aging) and 10 m to 70 m (large-size aging), the variations in
this characteristic frequency parameter were systematically analyzed, as illustrated in
Figure 10.
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(a)  (b) 

Figure 10. Relationship between the first phase angle zero-crossing frequency and aging sizes under
different aging locations: (a). Aging Size: 0.1–1.0 m at aging location: 10–400 m; (b). Aging Size:
10–70 m at aging location: 10–400 m.

As shown in Figure 10a,b, regardless of whether the localized aging size is large
or small, as the aging position approaches the cable terminal, the first phase angle zero-
crossing frequency continues to move toward the low frequency direction. In addition,
when the aging location is constant, as the aging size increases, the zero-crossing frequency
further decreases, while the monotonic relationship between the aging location and the
zero-crossing frequency remains unchanged. These results verify the diagnostic capability
of the first phase angle zero-crossing frequency, demonstrating that this parameter is a
reliable basis for comprehensively evaluating localized aging condition of HV cables.

Next, in order to investigate the relationship between the first phase angle zero-
crossing frequency and the aging severity under different aging conditions, the cable
insulation with tanδ ranging from 0.0094 to 0.0873 was numerically simulated, and the
first phase angle zero-crossing frequency values with aging sizes of 0.1 m and 50 m were
evaluated, as shown in Figure 11.

 
(a)  (b) 

Figure 11. Relationship between the first phase angle zero-crossing frequency and aging location
under different aging severity: (a). Aging location: 10–400 m at aging severity: 0.0094–0.0873 (Aging
size: 0.1 m); (b). Aging location: 10–400 m at aging severity: 0.0094–0.0873 (Aging size: 50 m).

As illustrated in Figure 11, the first phase angle zero-crossing frequency parameter
exhibits limited resolution in the investigated aging range regardless of the aging location.
The limited sensitivity of this parameter to variations in aging severity underscores its in-
adequacy for quantitative assessment of degradation extent. These findings emphasize the
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necessity of introducing complementary diagnostic indicators to enable accurate evaluation
of localized insulation aging in HV cables.

It is worth noting that variations in localized aging severity result in pronounced
changes in the amplitude of the first resonance peak in the impedance amplitude spec-
troscopy. In order to clarify the correlation between this peak feature and the aging severity,
the relationship between the two at different aging severity was studied. Specifically, the
cable insulation with a tanδ range of 0.0094–0.0873 was simulated, and the changes in peak
parameters when the aging size range was 0.1–1.0 m (small-size) and 10–50 m (large-size)
were analyzed, as shown in Figure 12. At the same time, a parameter study was conducted
to characterize the evolution of the peak parameters at the aging location of 10–170 m in
the same dielectric loss range (0.0094–0.0873), and the corresponding results are shown in
Figure 13.

(a)  (b) 

Figure 12. Relationship between the first resonance peak of the impedance amplitude spectroscopy
and aging size under different aging severity: (a). Aging size: 0.1–1.0 m under aging severity:
0.0094–0.0873; (b). Aging size: 10–50 m under aging severity: 0.0094–0.0873.

 
(a)  (b) 

Figure 13. Relationship between the first resonance peak of the impedance amplitude spectroscopy
and aging location under different aging severity: (a). Aging location: 10–170 m under aging severity:
0.0094–0.0873 (Small-size aging); (b). Aging location: 10–170 m under aging severity: 0.0094–0.0873
(Large-size aging).

As shown in Figure 12, when the aging size is constant, the peak parameter gradually
decreases with increasing aging severity. Similarly, as shown in Figure 13, when the aging
location is constant, the peak parameter shows a consistent decreasing trend with the
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increase of aging severity. These results confirm that the amplitude of the first resonance
peak in the impedance amplitude spectroscopy can be used as a key supplementary
indicator to characterize the localized aging process of cable insulation. This parameter
effectively solves the diagnostic limitations of single-frequency indicators and improves
the overall sensitivity and reliability of aging assessment.

Next, in order to establish a more comprehensive evaluation standard for the localized
aging condition of cable insulation, a new supplementary indicator, the initial phase of
cable impedance, is introduced. The changes in the initial phase at different aging positions
(ranging from 10 m to 400 m) and the changes in the localized aging dielectric loss value of
0.0094–0.0873 were simulated, as shown in Figure 14.

   
(a)  (b) 

 
(c)  (d) 

Figure 14. Relationship between the initial phase and aging sizes under different aging conditions:
(a). Aging size:0.1 m–1.0 m under aging location:10 m–400 m; (b). Aging size:0.1 m–1.0 m under
aging severity:0.0094–0.0873; (c). Aging size:10 m–70 m under aging location:10 m–400 m; (d). Aging
size: 10 m–70 m under aging severity:0.0094–0.0873.

As shown in Figure 14a,b, under small-size aging conditions (0.1–1.0 m), the ini-
tial phase gradually increases with the increase of the aging size; in addition, when the
localized aging location is determined, the change in aging severity does not change
the monotonic relationship between the initial phase and the aging size. Similarly, in
Figure 14a,b, this relationship remains unchanged under large-size aging conditions
(10–70 m). These results confirm the universality of the initial phase parameter and support
its use as a supplementary indicator for quantitatively assessing the localized aging size of
cable insulation.
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3.2.4. Impedance Spectroscopy-Based Diagnostic Framework for Assessing the Insulation
Condition of HV Single-Core Cables

Building upon the previous analysis of impedance spectroscopy characteristics at the
source end of cable under various aging conditions, a diagnostic method for assessing the
insulation aging conditions of HV single-core cables is proposed, as shown in Figure 15.

Begin

Calculate the impedance spectroscopy of the cable in  healthy condition.

Measure the impedance spectroscopy of the cable under test at the first 
end.

Step 1: Whether the phase spectroscopy has changed.

Step 2: If the magnitude of the resonance peak in the 
magnitude spectroscopy monotonically decrease.

The cable is in large size-aging 
condition.

The cable is in overall aging 
condition.

The cable is in small-size aging 
condition.

The cable is in healthy 
condition.

Diagnostic aging severity.

Diagnostic aging severity.

End

N

Step 3: Check whether the oscillation magnitude of the 
impedance phase spectroscopy of the test cable decreases 

monotonically.

Y

Y

N

Y

Diagnostic aging size.

Diagnostic aging location. 

Step 4 Diagnostic aging severity.

Diagnostic aging size.

Diagnostic aging location. 

Step 4

N

 

Figure 15. Flowchart of the diagnosis process for the insulation condition of HV single-core cables
based on impedance spectroscopy.

Step 1: For a HV single-core cable with unknown insulation health condition, obtain
the reference impedance spectroscopy corresponding to the healthy condition according to
the cable design specifications. Compare the measured impedance spectroscopy of the test
cable with the reference to generate a change rate comparison plot. If no abrupt changes are
observed in this plot, the insulation is considered to be in a healthy condition. If variations
are detected, proceed to step 2.

Step 2: Inspect the amplitude spectroscopy of the test cable. If the amplitudes of the
resonance peak in the spectroscopy don’t monotonically decrease, this indicates a large-size
localized aging condition. In such cases, move to step 4 for localized aging diagnosis. If the
amplitudes of the resonance peak monotonically decrease, proceed to step 3.

Step 3: Analyze the phase spectroscopy of the test cable. The monotonically decreasing
oscillation peak of the phase spectroscopy indicates overall aging, and the severity of
insulation degradation can be quantified by the first oscillation peak in the impedance phase
spectroscopy. Specifically, the more severe the insulation aging, the lower the amplitude of
the first oscillation peak in the phase spectroscopy. Conversely, if the oscillation peak in the
phase spectroscopy is not monotonically decreasing, it implies small-size localized aging
condition. Then, proceed to Step 4 to diagnose the localized aging condition.

Step 4: Determine localized aging parameters: aging size, aging severity and aging
location. A systematic multi-parameter diagnostic method for localized aging character-
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ization is established in the study. The analysis in the previous section showed that the
first phase angle zero crossing has limited sensitivity to changes in the severity of localized
insulation aging. Therefore, this parameter can be used to determine the size and location
of localized aging without prior knowledge of the aging severity. In addition, it was found
that an increase in the aging size causes the first phase zero crossing to move monotonically
to low frequencies, while the initial phase increases with the increase in the aging size.
Therefore, the aging size can be accurately determined by combining the first phase angle
zero crossing and the initial phase in the impedance phase spectroscopy. Subsequently, the
amplitude of the first resonance peak in the impedance spectroscopy can be used as an ef-
fective indicator for evaluating the severity of aging, where the more obvious the insulation
degradation, the smaller the resonance peak amplitude. Finally, with the predetermined
aging size and severity as input, the precise location of localized aging can be achieved by
analyzing the first zero crossing frequency, which shows a decreasing trend as the aging
location moves away from the cable source end.

3.3. Analysis of Factors Influencing the Impedance Spectroscopy
3.3.1. Impact of Cable Length

Cable length is a critical parameter influencing impedance spectroscopy measurements.
According to Equation (19), cable length directly determines the spacing of the resonance
peaks in the amplitude spectroscopy and the oscillation period in the phase spectroscopy.
This theoretical relationship implies that variations in cable length fundamentally alter
the frequency response characteristics of the impedance spectroscopy. To validate this
principle, simulations were conducted to evaluate the variation in the first zero-crossing
frequency (as a characteristic point) across cable lengths ranging from 50 m to 500 m, as
illustrated in Figure 16.

Figure 16. Schematic of the first zero-crossing frequency of the impedance phase spectroscopy of
healthy cables for lengths from 50 m to 500 m.

As shown in Figure 16, as the cable length increases, the characteristic points in the
impedance spectroscopy shift toward the low frequency direction. This phenomenon
confirms that for cables with the same conditions, the characteristics in their impedance
spectroscopy (such as resonance peaks, zero crossings, etc.) will change with the length.
Consequently, cable length must be accounted for when comparing the impedance spectro-
scopic characteristics across different cable segments or installations.

3.3.2. Impact of Instantaneous Temperature

When evaluating the insulation condition of HV single-core cables, temperature,
as the primary source of thermal stress, affects insulation performance through both
long-term cumulative effects and short-term transient disturbances. Long-term exposure
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to high temperatures can cause irreversible changes in the chemical structure of XLPE
insulation through mechanisms such as thermal oxidation and cross-link bond breakage.
This gradual degradation process represents the inherent characteristics of insulation
degradation captured by the proposed method.

Over the timescale of a single impedance spectroscopy measurement, the microstruc-
tural changes caused by thermal aging can be regarded as a steady-state background. Under
these conditions, ambient temperature fluctuations mainly introduce interference through
transient thermal effects, which are mechanistically distinct from long-term thermal degra-
dation. As noted in Equation (22), rapid temperature fluctuations during measurement
predominantly affect the conductor resistance of the cable, constituting the most immediate
and pronounced source of disturbance.

ρ = ρ20 · (1 + α(T − 20)) (22)

In Equation (22), ρ represents the conductor resistivity, ρ20 represents the conductor re-
sistivity at 20 ◦C, α is the conductor’s temperature coefficient of resistance, and T represents
the ambient temperature.

Accordingly, the impedance spectroscopy of the cable source end of a healthy cable
was simulated under ambient temperatures ranging from 20 ◦C to 100 ◦C, as illustrated in
Figure 17.

 
 

(a)  (b) 

 

 

(c) 

Figure 17. Cable impedance spectroscopy at 20–100 ◦C: (a) impedance amplitude spectroscopy;
(b) impedance phase spectroscopy; (c) variation of first zero-crossing frequency in phase spectroscopy.
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As shown in Figure 17, the influence of temperature increase on the impedance
spectroscopy curve is almost negligible. Specifically, the effect on the first phase angle
zero-crossing frequency is limited to approximately 0.01 µHz. If higher accuracy is required
in actual applications, a correction term can be introduced to consider the effect of ambient
temperature on the conductor resistivity.

3.3.3. Impact of Load Rate

The load rate of a cable is defined as the ratio of its actual transmitted current to
its rated current carrying capacity. By adjusting the terminal load, the cable impedance
spectroscopy with load rate ranging from 20% to 100% was simulated, as illustrated in
Figure 18.

  
(a) (b) 

Figure 18. Impedance spectroscopy of healthy cables under different load rates: (a). impedance
amplitude; (b) impedance phase angle.

As shown in Figure 18, as the cable load rate increases, the impedance amplitude and
phase decrease, and the steepness of the amplitude spectroscopy decreases significantly.
This characteristic can be used as a key indicator to assess the current load level of the
cable. Accordingly, during the cable impedance spectroscopy test and condition assess-
ment, the actual load rate must be considered and recorded. Variations in the resonance
peaks in the impedance spectroscopy (including trends and values) can be used to deter-
mine and calibrate the load level, thereby reducing the impact of load fluctuations on the
diagnostic results.

3.4. Sensitivity Analysis of the Proposed Method to Random Noise

In order to verify the robustness of the proposed method under noisy conditions, this
section evaluates the impact of random noise on the detection of the impedance phase
angle zero-crossing frequency through sensitivity analysis. The noise sensitivity analysis
is conducted within a Monte Carlo simulation framework [34]. The noise model is con-
structed by superimposing complex Gaussian white noise onto the simulated impedance
spectroscopy [35,36], as described in Equation (23).

Znoisy = Ztrue +Nreal + jNimag (23)

In Equation (23), Znoisy represents the noise-contaminated impedance at the source
end of cable, Ztrue represents the original impedance of the cable, and the real-part noise
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Nreal and imaginary-part noise Nimag are independently Gaussian-distributed, as expressed
in Equation (24).

N ∼ N
(

0, σ2
)

, σ =
|Ztrue|

10SNR/20 (24)

In Equation (24), σ represents the noise standard deviation, proportional to the
impedance amplitude; SNR represents the signal-to-noise ratio, indicating the signal quality.
The SNR follows the standard engineering practice, as defined in Equation (25).

SNR = 20 log10

(
|Ztrue|

σ

)
(25)

Three SNR levels—40 dB, 60 dB, and 80 dB—are used here to cover typical measure-
ment environments in industrial settings [37]. The statistical distribution of the first phase
angle zero-crossing frequency under these SNR conditions was simulated, as shown in
Figure 19.

 
(a) (b) 

Figure 19. Distribution comparison of the first phased angle zero-crossing frequency values under
different SNR levels: (a) healthy cable; (b) localized aging cable (aging size: 1 m).

In Figure 19a, the zero-crossing frequency characteristics of the healthy cable exhibits
strong resistance to noise. In a low-noise environment (80 dB), the height of the box is
significantly reduced, and the center line almost coincides with the original value. Under
typical industrial noise conditions (60 dB), although the height of the box increases slightly,
it remains compact (interquartile range, IQR < 0.000 001 MHz), the offset of the center line
relative to the original value is less than 0.000 001 MHz, and the proportion of outliers
is less than 0.6%, all within a reasonable range. In a high-noise environment (40 dB),
the box size increases significantly, but the frequency distribution range is still between
0.137 46 MHz and 0.137 465 MHz. Similarly, as shown in Figure 19b, the localized
aging cable a demonstrates comparable noise resilience under both 80 dB and 60 dB
SNR conditions.

In conclusion, under typical industrial noise levels (60 dB SNR), the first zero-crossing
frequency in the phase spectroscopy demonstrates robust resistance to noise interference.

4. Discussion
4.1. The Cause of the Dual-Frequency Offset Phenomenon

As mentioned in Section 3, within the aging range considered in this study, the first
phase angle zero-crossing frequency of the localized aging cable exhibits a characteristic
dual-frequency migration pattern (first moving to low frequency and then to high fre-
quency), as shown in Figure 9c. In order to explore the underlying mechanism of this
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phenomenon, the correlation between the zero-crossing frequency and the aging severity
under different aging sizes and locations is systematically investigated, taking large-size
localized aging as a representative, as shown in Figure 20.

(a)  (b) 

Figure 20. Relationship between the first phase angle zero-crossing point and aging severity:
(a). Aging severity: 0.0094–0.0873 under aging size: 10–50 m; (b). Aging severity: 0.0094–0.0873
under aging location: 10–190 m.

As shown in Figure 20, bidirectional frequency migration is prevalent within the
defined aging severity range. In the proposed cable aging model, the admittance com-
ponent in the distributed transmission line parameters is mainly affected by insulation
degradation. The impedance spectroscopy is a mathematical representation of the inherent
wave propagation characteristics, where the theoretical expression of the first phase angle
zero-crossing frequency is derived from Equation (19) as shown in Equation (26), where l is
the cable length, L is the cable inductance per unit length, and C is the cable capacitance
per unit length.

f ≈ 1
4l
√

LC
(26)

In Equation (26), the first phase angle zero-crossing frequency is inversely proportional
to the change in the insulation capacitance value. According to the aging model used in the
study, the insulation capacitance first increases and then decreases within the studied aging
severity. Therefore, as the aging severity intensifies, the frequency first moves toward the
low frequency direction and then moves toward the high frequency direction.

4.2. Comparison

In this section, the proposed method is compared with conventional insulation con-
dition assessment methods, with the comparison results presented in Table 4. Taking
insulation resistance testing as an example, traditional electrical testing methods [38] are
somewhat invasive and cannot distinguish between overall aging and localized aging,
nor can they provide information to quantify the severity of overall aging. Although the
equipment required for these methods is relatively common and cost-effective, the testing
process is highly susceptible to environmental conditions. The test system of partial dis-
charge (PD) detection technology is relatively complex [39], including multiple components
such as sensors, acquisition units, and positioning systems. This complexity leads to high
testing costs, poor testing convenience, and susceptibility to electromagnetic interference
during on-site measurements [40]. In contrast, the impedance spectroscopy analysis diag-
nostic method used in this study mainly relies on the phase information of the impedance
spectroscopy without damaging the cable or applying excessive voltage. The test process
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based on the impedance analyzer is safer than standard electrical testing [41]. This method
shows higher robustness to common interference factors such as environmental noise and
contact resistance. In addition, a single impedance test can provide amplitude and phase
information, laying the foundation for subsequent multi-parameter analysis. Furthermore,
the required equipment (impedance analyzer) is more portable, easier to operate and more
popular than partial discharge detection systems, more suitable for on-site inspections, and
has significantly lower acquisition and maintenance costs [42].

Table 4. Comparison of insulation condition diagnostic methods.

Dimension

Method
The Proposed Method Traditional Electrical Test Partial Discharge (PD)

Detection principle Impedance spectroscopy Insulation resistance Partial discharge signal
Non-destructiveness Excellent Moderate Good

Condition discrimination Excellent
(Healthy/Overall/Localized) Poor Excellent

Sensitivity to localized aging Excellent Poor Excellent
Quantification of overall aging Good - -

Robustness Excellent Moderate Moderate
Convenience Excellent Moderate Poor

Cost-effectiveness Good Moderate Poor

Furthermore, other impedance spectroscopy-based insulation condition assessment
methods are compared with the proposed method. The comparative results are presented
in Table 5. Both methods of analyzing impedance spectroscopy using IFFT technology
and constructing integrated diagnostic functions to analyze impedance spectroscopy are
essentially integrating frequency domain data [43]. However, this integration process may
lead to the loss of high-sensitivity features in the data [44]. In addition, both methods
can only output a single indicator when diagnosing the insulation status, and additional
modeling is required to distinguish different aging conditions. The method proposed
in this paper directly analyzes the fine structure of the impedance spectroscopy in the
frequency domain and establishes a distinction standard for different aging condition. In
addition, compared with the other two methods, the method proposed in this paper has
lower computational complexity and is suitable for integration into portable devices.

Table 5. Comparison of multiple insulation condition assessment methods based on Impedance
spectroscopy.

Dimension

Method
The Proposed Method IFFT Localization Method Integral Diagnostic Function

Method

Key feature extraction
Fine structure of phase

spectroscopy and multiple
characteristic points

Time-domain reflected
waveform Integrated value

Condition discrimination Healthy/Overall/Localized Defect location Single health index
Computational Complexity Low High Medium

4.3. Future Work Prospects: Hardware-Software System Design for Engineering Applications

This study employs system simulations to investigate the theoretical feasibility of
assessing the insulation condition of HV single-core cables based on impedance phase angle
zero-crossing frequency analysis. However, transitioning this method from simulation
to practical engineering applications requires the development of a reliable and accurate
hardware-software (MATLAB 2022) collaborative measurement and diagnosis system,
which presents several challenges. This section outlines the prospective directions, core
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challenges and potential solutions associated with the future design of such a hardware-
software (MATLAB 2022) system.

4.3.1. Selection of High-Precision Impedance Sensing Probes

In terms of impedance sensing probe design, the four-wire Kelvin connection
method [45] serves as the foundational architecture. This approach physically isolates
the current injection channel from the voltage detection channel, thereby eliminating
measurement errors caused by contact resistance and cable impedance, and ensuring high-
accuracy phase angle detection. In view of the strong electromagnetic environment of
high-voltage substations, the probe needs to adopt a composite shielding solution: the
inner equipotential shielding layer suppresses electric field coupling, the high magnetic
permeability alloy shell attenuates magnetic field interference, and active drive technology
is combined to compensate for the distributed capacitance effect.

4.3.2. Hardware-Software Integrated System Architecture

The hardware architecture will adopt a modular design. The core measurement unit
can be constructed using either a commercial precision impedance analyzer or a dedi-
cated integrated circuit (such as an analog front-end chip that supports multi-frequency
sweeping). This unit synchronously acquires voltage and current signals from the ca-
ble’s terminal, and transmits the raw data to the main control unit via Gigabit Ethernet
or optical fiber communication. The main control unit integrates three functional layers:
(1) the control module manages the configuration of sweep parameters and initiates the
measurement; (2) the analysis module executes the adaptive sweep algorithm and extracts
features such as the first phase angle zero-crossing frequency; (3) the diagnosis module
generates evaluation conclusion based on the pre-established diagnosis framework. In
order to enhance environmental adaptability, the system needs to integrate a tempera-
ture sensor to monitor the cable skin temperature in real time to support the subsequent
compensation algorithm.

4.3.3. Measurement Strategy and Data Reliability Assurance

To ensure the reliability of the measurement data and maintaining operational effi-
ciency, a carefully designed measurement strategy is essential. An adaptive high-resolution
frequency sweep strategy is proposed: the system first performs a wideband sparse pre-scan
to quickly locate the approximate range of the zero-crossing frequency; then automati-
cally switches to a high-density measurement mode in the frequency band adjacent to the
characteristic frequency to accurately capture the phase zero-crossing behavior; and in
non-critical frequency bands, the number of measurement points is reduced to optimize
efficiency. To ensure the credibility of the data, several safeguards are required: (1) dynamic
signal averaging technology adaptively adjusts the number of superpositions according
to environmental noise; (2) open-circuit-short-load calibration is performed before mea-
surement to eliminate system errors [46]; (3) repeatability is evaluated by calculating the
standard deviation of the data through repeated frequency sweeps; (4) a real-time self-
diagnostic routine continuously monitors the probe contact impedance and signal integrity,
automatically filtering out anomalous data.

5. Conclusions
This study presents a diagnostic framework for evaluating the insulation condition of

HV cables based on impedance spectroscopy analysis. Insulation degradation is classified
into three distinct conditions: healthy, overall aging, and localized aging. Building upon
the initial condition identification, a novel multi-parameter spectral diagnostic approach
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was proposed, specifically designed for the detection and quantification of localized aging.
The main conclusions are as follows:

(1) The impedance phase deviation curve between the test cable and a healthy reference
cable provides a robust diagnostic indicator for distinguishing insulation health states and
aging modes, enabling non-destructive assessment.

(2) Under conditions of overall aging, the peak amplitude of the impedance phase
oscillation exhibits a monotonic relationship with the severity of insulation degradation,
validating its effectiveness as a quantitative indicator for aging severity.

(3) In localized aging scenarios, the sensitivity of the impedance phase spectroscopy in
the frequency domain is more than twice that of the amplitude spectroscopy, demonstrating
the superior responsiveness of phase information in detecting localized degradation.

(4) A novel multi-parameter diagnostic method is proposed by correlating the first
phase angle zero-crossing frequency with localized aging parameters. This approach inte-
grates the first phase angle zero-crossing frequency, the initial phase, and the first resonance
peak of the amplitude spectroscopy to enable accurate, quantitative characterization of
localized aging features.

(5) Under typical industrial noise conditions (SNR ≥ 60 dB), the first phase angle
zero-crossing frequency demonstrates strong resistance to interference, highlighting the
robustness of this parameter for practical applications.
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