‘ energies

Article

Research on 10 kV Cable Insulation Detection Method Based on
Ground Current Phase Variation

Gang Liu !, Yuanming Zhang 1, Tonghui Ye 2, Dongdong Zhang ?*(, Peigen Cao ! and Yulan Che !

check for
updates

Academic Editor: Claus Leth Bak

Received: 27 May 2025
Revised: 22 June 2025
Accepted: 2 July 2025
Published: 7 July 2025

Citation: Liu, G.;Zhang, Y.; Ye, T.;
Zhang, D.; Cao, P.; Che, Y. Research on
10 kV Cable Insulation Detection
Method Based on Ground Current

Phase Variation. Energies 2025, 18, 3586.

https:/ /doi.org/10.3390/
en18133586

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

State Grid Suqian Power Supply Company, Suqian 223800, China; masonlf586@gmail.com (G.L.);
04121607love@gmail.com (Y.Z.); jsidiwne@gmail.com (P.C.); sunnycoal709@gmail.com (Y.C.)
School of Electric Power Engineering, Nanjing Institute of Technology, Nanjing 211167, China;
y00450230642@njit.edu.cn

*  Correspondence: zhangdd@njit.edu.cn

Abstract

In view of the limitations of traditional offline detection and external excitation online detection
of 10 kV cables, this paper proposes a method to evaluate the insulation aging condition
of power cables by online measuring of the phase angle of the cable’s ground current, and
explores the impact of load fluctuations on cable insulation. By setting the relative permittivity
of the cable to characterize the phase variation of the ground current under different aging
degrees, and analyzing the phase variation of the cable’s ground current under different load
changes at the same aging degree, a load correction-based dynamic dielectric loss evaluation
method for cables is proposed. Through the construction of cable simulation models and the
processing of field data, the following conclusions have been reached: Under a 1 MW load,
the phase angle of the sheath grounding current in the aged phase increases as the dielectric
constant of the insulation increases. At the same aging degree, with an increase in load, the
phase differences of the aging phase sheath ground current and the steel armor ground current
both show a decreasing trend. To eliminate the impact of load, a dynamic dielectric loss load
correction method is proposed, and combined with field data analysis, the dynamic dielectric
loss of cables under different loads is corrected to a 1 MW load. Specifically: Under 0.3 MW,
the correction coefficients k for the sheath and steel armor are 0.609 and 0.778, respectively.
Under 3.5 MW, the correction coefficients k for the sheath and steel armor are 1.435 and 1.089,
respectively. This study provides a theoretical basis and experimental verification for online
cable monitoring methods.

Keywords: cable aging; online detection; grounding current phase; load; dynamic
dielectric loss

1. Introduction

Due to the rapid development of urbanization, underground cables play an increas-
ingly vital role in urban power supply and are widely used [1]. However, power cables
have inherent drawbacks, such as unstable insulation performance during manufacturing,
potential insulation damage due to collisions during installation, and long-term exposure
to humid underground environments that can lead to water tree aging [2,3], as shown
in Figure 1. Statistics show that 32% of urban distribution cables in China have been in
operation for over 15 years, and insulation aging accounts for more than 47% of total cable
failures. These issues cause insulation degradation, significantly reducing performance and
leading to insulation breakdown accidents [4]. It can be seen that the aging of cables has a
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non-negligible impact on the normal operation of the power grid. Effective fault detection
of cables should be carried out as soon as possible to prevent serious losses.

e =

Figure 1. Insulation damage caused by overheating and moisture.

Extensive research has been conducted on cable insulation aging detection [5-8]. For
example, reference [9] studied water tree and thermal aging in cable insulation, simulating
aging experiments on power cable samples and determining aging levels by comparing tané-
@ curves under different aging conditions. In reference [10], tensile, breakdown strength,
infrared spectroscopy, and dielectric spectroscopy tests were performed on XLPE cables,
establishing relationships between aging time and parameters such as tensile strength,
breakdown strength, hydroxyl index, and dielectric loss factor. Reference [11] proposed an
oscillating wave partial discharge detection method for high-voltage XLPE cables using
LSTM algorithms, which locates defects by analyzing the time differences between the
original and reflected waves. Reference [12] provides a detailed introduction to partial
discharge detection methods, including the offline detection of AC test, VLF test, and DAC
test, as well as online detection methods such as HFCT, VHF, AE, etc., and introduces their
principles and applicability. Although these studies achieved results, most of the offline
detection methods are destructive, and have the disadvantages of large test equipment
and high operation requirements. Moreover, the online detection methods are affected by
serious electromagnetic interference and signal attenuation [13-15]. Research on reliable
online detection without external excitation remains scarce [16—18]. Based on this, this
paper aims to propose an online detection method for the variation of the grounding current
phase angle of power cables with aging. This method does not require external excitation
and compares the phase angle relationships of cable grounding currents under different
degrees of simulated aging through simulations and experiments, in order to determine
the aging status of the cable.

However, in practical engineering applications, changes in the load side of cable lines
can have a certain degree of impact on cable insulation. When the load side equipment
runs for a long time, a large amount of heat will be generated and conducted to the
cable, causing a sharp increase in cable temperature. High temperature conditions can
accelerate the thermal aging process of cable insulation materials, reducing their tensile and
bending strength and making them more susceptible to mechanical damage and insulation
breakdown [19-21]. And when the load size changes, it will directly cause a change in the
current size of the cable, thereby causing a change in the phase angle of the cable’s ground
current. Therefore, this article establishes aging models for power cables under different
loads, analyzes the influence of load on the phase angle of the ground current with aging,
and proposes a method for dynamic dielectric loss load correction. By combining field data
collection with analysis, the dielectric loss measurements under different load conditions
are normalized to a 1 MW reference, thereby mitigating the influence of load variations
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on detection accuracy. The results can provide a reference for online detection of aging in
power cables.

2. Phase Analysis Model for 10 kV Three-Core Pipe-Type Cables

This section builds a 10 kV three-phase cable model based on simulation software,
and simulates cable aging by changing the relative dielectric constant of its insulation layer.

2.1. Cable Simulation Model

The 10 kV cable simulation model, shown in Figure 2, consists of a power supply
side, input side, and load side. The power supply uses a 110 kV three-phase ideal source,
stepped down to a 10 kV equivalent source. The output connects to a 1 MW load to simulate
actual usage, while the input side includes current transformers to capture shielding layer
and armor grounding currents.

Encompassing
S Pipe
0.0 » - Wip

10.0 [MVA]

Ph 110 kv)/ 10.5Tkv] | 1 [MVA]

10.5 [kV]/ 0.4 [kV]
0.01 [ohm]
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0.01 [ohm]

0.01 [ohm]

(a) (b)

Figure 2. Simulation model of 10 kV distribution network power cable: (a) power supply side;
(b) load side.

2.2. Cable Structure and Aging Simulation

The three-phase cable arrangement and single-cable structure are depicted in Figure 3. A sin-
gle cable comprises a conductor, inner semiconductor layer, insulation layer, outer semiconductor
layer, metal shielding layer, filler layer, inner sheath, armor layer, and outer sheath.

Pipe Outer Insulator
Pipe
Pipe Inner Insulation

——Inner Coax Cable

0.06 [m]!
0.065 [m]*
0.068 [m]{

Figure 3. Structure of 10 kV three-core pipe-type cable.

The simulation focuses on phase angle changes in grounding currents after aging,
considering non-uniform single-phase aging. Aging is simulated by adjusting the relative
permittivity of the insulation layer: the non-aged phases are set to 2.0, while the aged phase
is set to 2.0, 2.4, 2.8, 3.2, and 5.0 to observe phase angle variations in the shielding and
armor grounding currents [15].
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3. Analysis of Grounding Current Phase Angle Under Cable Aging

In the study of the cable to ground current phase angle, by analyzing the changes in
the angle’s amplitude, the aging condition and specific aging phase of cable insulation
can be determined. Therefore, in this section, which covers research on the impact of load
side on cable insulation, we choose to compare and analyze the changes in the cable to
ground current phase angle under single-phase non-uniform aging conditions to verify the
sensitivity of the grounding current phase angle to cable insulation aging characteristics
and the accuracy of determining the cable insulation’s aging phase.

3.1. Phase Angle Analysis Under 1 MW Load

In simulations using a 1 MW load, the phase angle data for the sheath grounding
current of the aged phase (A-phase) is extracted, as shown in Figure 4.
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Figure 4. Grounding current phase angles for aged A-phase: (a) sheath grounding current phase
angle; (b) armor grounding current phase angle.

By observing the phase angle changes in the above figure, it can be seen that as the
dielectric constant gradually increases from 2 to 5, the phase angle of the aging A-phase
sheath to ground current increases from —51.9° to —51.69°, while the phase angle of the
steel armor to ground current increases from —54.21° to —54.13°. The amplitude changes
of the phase angles of the two currents are 0.21° and 0.09°, respectively, and the phase
angle of the sheath current shows a gradually increasing trend. Through comparative
analysis, it can be clearly observed that the amplitude change of the phase angle of the
sheath to ground current is greater. To further investigate the current phase angle changes
of the cable, a phase angle graph of the ground current for phase B of the unaged cable was
drawn, as shown in Figure 5.

From the above figure, it can be seen that as the dielectric constant increases, the phase
angle of the unaged B-phase sheath to ground current increases from —171.9° to —171.85°,
while the phase angle of the steel armor to ground current increases from —174.217°
to —174.211°. The amplitude changes of the current phase angles of the two are
0.05° and 0.006°, respectively. It can be seen that the amplitude changes of the phase
angle of the unaged B-phase are relatively small, and the trends of the phase angle changes
of the sheath and steel armor currents are inconsistent.
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Figure 5. Grounding current phase angles for non-aged B-phase: (a) sheath grounding current phase
angle; (b) armor grounding current phase angle.
3.2. Phase Angle Analysis Under 2 MW Load
Analogous to the above analysis method, the parameters on the load side are simulated
to be 2 MW. By simulating the uneven aging state of the cable, the current phase angle
characteristics of cable aging phase A are analyzed, as shown in Figure 6.
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Figure 6. Grounding current phase angles for aged A-phase: (a) sheath grounding current phase
angle; (b) armor grounding current phase angle.

After comparing the above subfigures, it can be seen that as the dielectric con-
stant increases, the phase angle of the cable sheath to ground current increases from
—54.83° to —54.72°, while the phase angle of the steel armor to ground current increases
from —57.07° to —57.04°. The increases in the phase angle amplitude of the two are
0.11° and 0.03°, respectively. By analyzing the trend of the current phase angle changes in
aging phase A, it can be seen that the sheath to ground current phase angle shows a gradu-
ally increasing trend, while the changes in the steel armor to ground current phase angle
are relatively irregular, and the two trends do not reflect consistency. In order to compare
the phase angle variation characteristics of the aged and unaged phases of cables more
specifically, a current phase angle variation diagram of the unaged phase B was drawn, as
shown in Figure 7.
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Figure 7. Grounding current phase angles for aged A-phase: (a) sheath grounding current phase
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angle; (b) armor grounding current phase angle.

By observing the amplitude changes of the current phase angle during the cable’s B
phase, it can be seen that as the dielectric constant increases, the phase angle of the sheath
to ground current increases from —174.83° to —174.80°, while the phase angle of the steel
armor to ground current decreases from —177.07° to —177.08°. The amplitude changes of
the two phase angles are 0.03° and —0.01°, respectively. From the data in the above figure,
it can be seen that the phase angle change during the unaged B-phase is relatively small,
and there is no correlation between the phase angle change characteristics of the sheath
and steel armor currents.

3.3. Phase Angle Analysis Under Different Loads

As can be seen from the previous text, when the cable ages, the phase angle of the
grounding current of the cable shows a regular change as the degree of aging increases.
Different cable loads can have a certain impact on this pattern, such as changes in the
phase angle difference. In order to explore the influence of different loads on the online
monitoring of the aging status of the grounding current phase angle of the cable, this
section sets four different load side parameters of 0.5 MW, 1 MW, 1.5 MW, and 2 MW for
cables under four different working conditions, and compares the phase angle change
patterns of the cables under aging compared to normal conditions.

We simulated single-phase aging conditions under four different loads, with a di-
electric constant of 2.8 for the aging cable. The phase difference between the grounding
currents under normal conditions is shown in Figure 8.
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Figure 8. Grounding current phase differences
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As the load increases, the phase difference for the aged phase decreases: the sheath
phase difference is reduced from —0.145° to —0.039°, and the armor phase difference
decreases from —0.044° to 0.007°. For the non-aged phase, the sheath phase difference
decreases from —0.035° to —0.011°, while the armor phase difference increases from 0.007°
to 0.02°. The sheath phase difference is most affected by load changes, indicating that load
variations can influence the accuracy of online aging detection.

4. Dynamic Dielectric Loss Correction Method Under Different Loads

To mitigate load interference, a dynamic dielectric loss correction method is proposed.

4.1. Dynamic Dielectric Loss Calculation

A vector diagram of three-phase cable currents is shown in Figure 9.

Figure 9. Cable current phase vector diagram.

Here, 14, I, and I¢ are the main currents, while I54, Isp, and I;c are the grounding
currents. The dynamic dielectric loss angle ¢ is defined as the complement of the angle
between the grounding current and the main current:

5A%900—4(15A, IA). (1)

Under normal cable conditions, distributed capacitance is formed between the con-
ductor of the cable and the insulation and shielding layers. When the insulation is fine,
the resistive component of the leakage current is extremely small, while the capacitive
component dominates. Therefore, the phase difference between the grounding current and
the main current is about 90°. When the cable ages, the insulation resistance decreases,
the resistive component of the leakage (grounding) current increases, and the grounding
current changes from being mainly capacitive to exhibiting a mixture of resistance and
capacitance, resulting in a decrease in the phase difference between the grounding current
and the main current, that is, an increase in the dynamic dielectric loss angle 64 and an
increase in the dynamic dielectric loss fand,. When the cable load increases, the main
current increases and the cable heats up, causing changes in insulation resistance and also
causing changes in é 4. Therefore, this section studies the method of dynamic dielectric loss
discrimination for insulation aging based on load correction, and summarizes its variation
pattern through analysis of field data.

4.2. Cable Current Signal Collection and Analysis

The signal of the grounding current of the cable box during the operation of a branch
line is collected by using clamp-type transformers and oscilloscopes. A diagram of the
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current field collection model and a photo of it in the field are shown in Figure 10. The
10 kV branch coaxial cable is transmitted through underground cables, and each phase
cable is stripped and led out to the ring-shaped main unit. The model used is ZR-YJV22-
8.7/15-3X400. By using current transformers to collect the main current of the cable, the

grounding current of the steel cable and the grounding current of the external shield can be
used to obtain the current signals.

Inflow
End

Steel Armor
Grounding

Outflow ()L‘IICI' Shield
Grounding

(a) (b)
Figure 10. Underground cable model and field photo: (a) current collection model; (b) field collection.

The test cable parameters are shown in Table 1. The experiment used three cables
with the same operating years under the same branch line. According to the on-site
introduction, the F70 cable was used for residential electricity, the F71 cable distributed
energy to commercial stores, and the F72 cable was used to supply power to roadside
lighting lamps. Due to the on-site time period and relevant personnel, the approximate
load situation was understood, and the copper shielding (sheath) grounding current and
armor grounding current signals were collected separately.

Table 1. Test cable parameters.

Test Cable Cable Switch Approximate Load
F70 3.5 MW
10 kV branch line F71 1 MW
F72 0.3 MW

The phase and dynamic dielectric loss angles of the current signal collected and
processed by the oscilloscope are shown in Table 2.

Table 2. Collected phase and dielectric loss angles.

Dynamic Dielectric

Sheath Armor Main Loss Angle J; of Dynamic Dielectric Loss
Cable . Angle 6, of Armor to
. Phase Phase Phase Current Sheath to Main ;
Switch Main Current Phase
Angle Angle Angle Current Phase .
. Difference
Difference
F70 A 24.6° 23.7° —63.5° 1.9° 2.8°
F71 A —80.3° —81.6° —169° 1.3° 2.6°

F72 A 51.4° 50.2° —37.8° —0.8° 2°
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Based on the above dielectric loss angle calculation method, the dynamic dielectric
loss under different loads is normalized and corrected according to a 1 MW load. The
correction coefficient k is as follows:

o tand @)

- tandy”

In the formula, § represents the dynamic dielectric loss angle under different loads,
and ¢y represents the dynamic dielectric loss angle under a load of 1 MW. The dynamic
dielectric loss and the correction factor are obtained as shown in Table 3.

Table 3. Dynamic dielectric loss and correction coefficients.

Correction Correction
Load tand, tand Coefficient ky  Coefficient k,
3.5 MW 0.033 0.049 1.435 1.089
1 MW 0.023 0.045 1 1
0.3 MW 0.014 0.035 0.609 0.778

In summary, by correcting the dynamic dielectric loss under different loads, normal-
ized dynamic dielectric loss values can be obtained to evaluate cable aging and eliminate
the influence of load on signal acquisition.

5. Conclusions

This paper investigates the phase angle changes of grounding currents in 10 kV
three-core cables under aging and varying loads, analyzes the impact of load on aging
assessment, and proposes a dynamic dielectric loss correction method. The key conclusions
are as follows:

1. For single non-uniform aging, the phase of the grounding current of the aging phase
sheath shows an increasing trend with increases in the dielectric constant, and the
change amplitude is significantly greater than that of the non-aging phase, which can
indicate a change in the phase of the aging state.

2. Observing the simulation of cable aging under 1 MW and 2 MW loads, the phase
angle of the grounding current of the steel cable first decreases and then increases
with the deepening of cable aging, and there is no overall regularity. However, the
amplitude of the phase angle change of the grounding current during the aging phase
of the steel cable is greater than that of the non-aging phase, which can be used to
distinguish aged cables.

3. When the degree of cable aging is the same, the phase angle changes of the cable
grounding current are different under different loads. As the cable load increases,
the phase difference of the aging phase grounding current shows a gradually de-
creasing trend. The phase difference of the sheath grounding current decreases from
—0.145° to —0.039°, the phase difference of the armor grounding current decreases
from —0.044° to 0.007°, the phase difference of the non-aging phase sheath grounding
current decreases from —0.035° to —0.011°, and the phase difference of the armor
grounding current increases from 0.007° to 0.02°. Therefore, it can be seen that the
load size of the cable will, to some extent, affect the accuracy of online monitoring of
cable aging based on the phase difference of the grounding current.

4. By defining the dynamic dielectric loss angle J, a correction coefficient k based on load
normalization is proposed. Experimental data shows that under different loads, the
dynamic dielectric loss tand; needs to be normalized to a 1 MW benchmark through
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the correction coefficient k to eliminate load interference and improve the accuracy of
aging assessment under different load conditions.

The phase change of the grounding current can, to some extent, characterize cable
aging, of which the phase difference of the sheath current is a key indicator, but it needs to
be corrected based on actual load conditions to improve accuracy. This research provides a
theoretical basis and experimental verification for online cable detection methods.
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