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Abstract: This article presents the recent developments in the field of evaluation of the breakdown
performance and remaining lifetime of XLPE insulation and analyzes the accuracy of existing lifetime
prediction models through experiments. The effects of the crystalline morphology, cable thickness and
sampling location of XLPE insulation on the evaluation of short-term breakdown performance are
reviewed in the context of the experiments. The study reviews the application of the Ramu, Simoni,
and Ramu multi-stress lifetime prediction models and explores the other remaining lifetime prediction
models under the combined electrothermal stresses which are applicable to XLPE insulation. Finally,
this paper recommends the most effective engineering evaluation methods and provides suggestions
for improving the electrical performance of XLPE insulation for high-voltage cables.

Keywords: XLPE; power cable; breakdown strength; crystalline morphology; lifetime prediction
model; combined electrothermal stress

1. Introduction

Insulated high-voltage cables are widely used in urban power systems and play an
important role in power transmission and distribution [1,2]. The reliability of cable in-
sulation is vital to the stability of urban power systems and directly impacts the lives
of users and the social economy. In the case of an insulation breakdown, cable lines are
completely depowered. For instance, New York experienced widespread outages affecting
up to 70,000 people in 2019 due to insulation deterioration of a 13 kV cable [3]. Similarly,
Shanghai suffered a large power outage in the central city and hundreds of millions of
dollars in economic losses in 2013 due to a 500 kV high-voltage cable insulation failure [4].
Some cables in the power system have been in operation for more than 30 years [5]. There-
fore, power companies urgently need to evaluate and analyze the reliability of these cables.
It is essential to effectively estimate the reliability of cables by assessing the breakdown
performance and predicting the lifetime of XLPE cable insulation.

Short-term breakdown tests are widely used in the assessment of the insulation perfor-
mance of cross-linked polyethylene (XLPE) cables [6]. However, the results obtained from
the short-term breakdown test are significantly affected by the XLPE insulation’s crystalline
morphology, thickness and radial position from the center axis of the cable [7]. A water
tree was found to grow faster in insulation with larger spherical crystals, indicating that
the size of spherical crystals affects the formation process of water trees [3]. A study of the
preparation process of XLPE materials showed that cooling rate is a key factor affecting
crystallization morphology [9]. The breakdown strength and space charge distribution of
low-density polyethylene (LDPE) specimens with thicknesses of 0.1 and 0.18 mm were
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found to be significantly different, indicating that insulation thickness significantly affects
breakdown strength [10]. Analysis of XLPE cable insulation in different radial positions
shows that the content of cross-linked byproducts varies with the radial position of the
insulation and thus directly affects the electrical properties of the material [11]. Therefore,
the crystalline morphology, thickness and radial position of the insulation layer are vital to
the insulation performance evaluation of XLPE insulation for high-voltage cables.

Insulation failure of High-Voltage Alternating Current (HVAC) cables results from
combined electrothermal factors acting over a long period of time [12,13]. Previous studies
have shown that short-term breakdown tests, which reflect the insulation performance
of materials, do not accurately predict the length of their lifetime under prolonged stress.
Moreover, there are many types of remaining lifetime prediction models for materials under
combined electrothermal fields, but there are no unanimously approved lifetime prediction
models suitable for XLPE insulation. The researchers conducted a comparative study
between XLPE and SiO, nanocomposite XLPE and found that the voltage withstand index
of nano-XLPE, which has a higher short-term breakdown strength, is only 10.76, compared
to 13.58 for XLPE, which results in the nano-XLPE being the first to break down at lower
electrical field strengths [14]. The long-term breakdown characteristics of cross-linked
polyethylene cables must therefore be taken into account when evaluating their insulation
performance. Predicting the remaining lifetime of insulation materials under electrical
stress has been widely studied [15]. The voltage endurance coefficient (VEC) is usually
used to express the resistance of XLPE insulation under electrical stress [16]. The insulation
lifetime of XLPE cables under electrical stress was investigated and it was shown that the
electrical field strength-lifetime relationship (E-t) for XLPE insulation could be divided
into three zones, each satisfying the inverse power model (IPM) [17]. The VEC of XLPE
is usually determined from the E-t characteristics of the insulation. The prediction of the
remaining lifetime of XLPE insulation under a single source of thermal stress is typically
based on the Arrhenius equation [18]. Some studies have carried out thermal aging tests
on XLPE insulation at 90 °C and 105 °C and predicted the lifetime of the two materials
based on the Arrhenius formula with elongation at break [19]. The insulation aging process
is influenced by both electrical and thermal fields, thus affecting the insulation failure
time. Other studies have investigated the prediction of insulation lifetime under combined
electrothermal stresses and have proposed multifactor aging lifetime prediction models
such as the Simoni, Fallou and Ramu models [18,20,21]. However, there is no available
lifetime prediction model that is applicable to XLPE under electrothermal stress. The
E—-t characteristics and remaining lifetime prediction models for XLPE insulation under
combined electrothermal stresses remain in need of investigation.

Short-term breakdown characteristics and remaining lifetime prediction models are
widely used to evaluate the insulation characteristics of cables. The influences of the selec-
tion of cable insulation specimens and the method of analyzing the results of insulation
performance evaluation still require further investigation. This paper consists of two main
parts: the first part mainly focuses on the multiple factors affecting the short-term break-
down strength of XLPE, and the second part analyzes the long-term lifetime prediction
models applicable to XLPE in conjunction with experiments. This paper investigates the
following factors affecting the evaluation of XLPE insulation performance: crystalliza-
tion morphology at different cooling rates, insulation thickness, and insulation at radial
positions of different distances from the cable axis. Secondly, the remaining lifetime pre-
diction models for XLPE insulation under electrical and combined electrothermal stresses
are analyzed and the reliability of the existing lifetime prediction models is investigated.
Finally, based on the results of the study, this paper proposes the influencing factors and
related methods in the evaluation process of XLPE insulation performance, and provides
engineering guidance ideas for the improvement of XLPE cable insulation performance.

Section 2 describes the specimen preparation and test methods. Section 3 describes the
short-term breakdown characteristics in terms of XLPE crystalline morphology, insulation
thickness and radial position of the cable, respectively. In Section 4, the remaining lifetime



Energies 2024, 17, 1337

30f15

models of combined electrical and electrothermal stresses are investigated. Section 5
provides guidance on engineering evaluation methods for XLPE insulation characteristics
based on the studies that have been conducted. Section 6 then discusses the limitations of
the research in this paper.

2. Methods
2.1. Sample Preparation

In this investigation, XLPE manufactured by Borealis (Vienna, Austria) was used as
the research subject. The composite insulation material was subjected to pre-pressing in a
plate vulcanizing press at 125 °C and 15 MPa. The cross-linking reaction was then carried
out at 180 °C and 20 MPa. Finally, different cooling methods were adopted to cool the
samples completed with cross-linking, in order to obtain XLPE samples with different
cooling times. The XLPE crystallization process was achieved using the following four
cooling methods: ice water cooling (IC), air convection cooling (AC), natural cooling (NC),
and oil cooling (OC), with cooling rates of 32, 10, 4 and 1 °C/min, respectively.

2.2. Physiochemical Properties Test Methods

This part of the test consists of scanning electron microscopy (SEM) observations,
differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR)
studies. Before the SEM test, the amorphous area of the surface needs to be etched first,
and then the surface of the sample needs to be cleaned in order to observe the crystalline
morphology properly. The DSC test provides information on the crystallinity of the material.
Nitrogen was used as a protective gas during the experiment, the temperature range was
40-150 °C, and the lift temperature rate was 20 °C/min. In order to eliminate the thermal
history and residual stress, each specimen was subjected to two lift temperature cycle tests.
FTIR testing can characterize the functional chemical groups of the material and obtain
the patterns of chemical bonding and functional group changes in XLPE insulation. The
absorbance wavelength range was set from 400 cm ™! to 4000 cm .

2.3. Electrical Performance Test Methods

The electrical performance test in this paper includes an alternating current (AC)
breakdown test and long-term withstand voltage test. A “ball-plate” electrode configuration
is employed for the AC breakdown testing. The AC voltage is progressively increased at
a ramp rate of 500 V/s. To ensure statistical reliability, 15 breakdown events are induced
for each insulation sample and the characteristic breakdown strength is subsequently
quantified using a Weibull distribution. The long-term voltage withstand test is carried out
based on the E-t characteristics of the XLPE insulation. A constant voltage is applied to the
XLPE insulation to obtain the insulation failure time at a specified temperature. To ensure
the reliability of the experimental results, no less than ten remaining lifetime experimental
results were obtained for each group of tests.

3. Short-Term Breakdown Performance Evaluation
3.1. Effect of Crystalline Morphology

As a material with a semicrystalline structure, the crystalline morphology of XLPE
is a key factor in its breakdown strength. In this section, XLPE samples prepared by the
four cooling methods were analyzed and studied. Figure 1(al-a4) shows scanning electron
microscopy (SEM) results of XLPE samples with different cooling rates. The cooling rate
strongly influences the spherical crystal size of XLPE. Ice-water cooling produces the
smallest XLPE spheres, with an average diameter of approximately eight pm, and a large
spherical size dispersion. The diameter of the spherical crystals in the XLPE increases
with decreasing cooling rate to 8,9, 12 and 16 um, and the arrangement of crystal regions
becomes more regular. In addition, shattered crystals are distributed around the spherical
crystals of the ice-cooled XLPE specimens, possibly due to insufficient growth of the crystal
zones resulting from the rapid crystallization rate.
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Figure 1. Experimental results of XLPE crystallization: (al-a4) SEM images of XLPE with different
cooling rates; and (b) DSC results of XLPE with different cooling rates.

XLPE specimens with different cooling rates were measured using differential scanning
calorimetry (DSC) to quantify the crystallinity of XLPE. Figure 1b shows the DSC results
for XLPE with different cooling rates. It shows that XLPE has only one melt peak at
100 to 110 °C. The melt peak gradually shifts to the right as the cooling rate decreases.
The crystallinity of XLPE decreases with decreasing cooling rate, reaching 35.6% for the
oil-cooled samples compared to the 28.3% crystallinity for the ice-cooled samples. This
occurs due to the slow cooling rate, which allows the XLPE to crystallize more fully,
resulting in an increase in both the size and crystallinity of the spherical crystals. The
increase in crystallinity and the regular arrangement of the molecules leads to increases in
intermolecular forces and melting temperature.

The AC breakdown experiments were carried out on XLPE samples with different
crystalline morphologies, and 15 experiments were conducted for each type of sample.
Figure 2 shows the relationship between the AC breakdown strength and the spherical
crystal sizes of XLPE specimens with different crystalline morphologies at 30, 50, 70 and
90 °C. The upper and lower boundaries of the boxes in the figure correspond to the
upper and lower quartiles of the breakdown strength, while the horizontal lines indicate
the maximum and minimum values of the experimental results and the white circles
in the middle correspond to the characteristic breakdown strength with a breakdown
probability of 63.2%. The longer length of the box corresponds to the greater dispersion of
the experimental data. The crystalline morphology of the XLPE directly impacts the AC
breakdown strength, which decreases as the size of the spherical crystals decreases. As
the temperature increases, the breakdown strength decreases more significantly for XLPE
specimens with small spherical crystal sizes such that the material is more likely to break
down under the same temperature.

The AC breakdown results are attributed to the differences in the crystalline mor-
phology of XLPE. The breakdown process of XLPE occurs mainly in the amorphous zones
between the crystalline zones. The crystallization time of XLPE increases at low cooling
rates. The increase in crystallization time leads to larger spherical crystals and a more
regular arrangement of crystal zones, reducing the proportion of amorphous zones between
them. The neatly arranged crystal zones raise the charge threshold for injection into XLPE’s
internal space, such that XLPE with a slower cooling rate has a lower internal charge injec-
tion at similar field strengths. Conversely, smaller spherical crystal sizes and crystallinity
suggest larger amorphous regions. Electrons show a larger average free path in very dense
amorphous regions, leading to significant charge movement at lower voltages and the
formation of electron avalanches and breakdowns. Regularly arranged crystalline regions
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mitigate electrical field distortion within dielectrics and improve the electrical properties
of insulating materials. Therefore, controlling cooling rates is necessary to prepare XLPE
specimens with similar crystalline morphologies for the evaluation of XLPE insulation
breakdown characteristics.
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Figure 2. AC breakdown strength of XLPE with different spherical crystal sizes.
3.2. Effect of Sample Thickness

The breakdown strength of XLPE specimens also varies with sample thickness [22].
In past studies, scholars may have overlooked the differences in the thicknesses of the
insulation samples used when comparing and analyzing the AC or direct current (DC)
breakdown properties of high-voltage cable insulation materials, including XLPE and
PP. In order to illustrate the influence of insulation thickness on the breakdown strength
of insulation material, samples with different spherical crystal sizes and thicknesses of
30, 50, 100, 200, 300, 500 and 800 um were prepared in this section using the cooling
method described in the previous section. Specimens of XLPE with different crystalline
morphologies and thicknesses of 30, 50, 100, 200, 300, 500 and 800 um were obtained
by controlling the cooling rate. Figure 3 shows the AC breakdown strength of XLPE at
different thicknesses for different spherical crystal sizes based on the Weibull distribution.
The breakdown strength decreases sharply with increasing material thickness at XLPE
thicknesses less than 500 um, while the change in breakdown strength with thickness
tends to stabilize as the material becomes thicker. The maximum insulation breakdown
strength of 212.2 kV/mm was achieved when the thickness was 30 um for a spherical crystal
diameter of 12 um. However, when using the same method to obtain a specimen with a
thickness of 800 um, its breakdown strength was reduced by almost 80% to 44.71 kV/mm.

The effect of insulation thickness on breakdown strength becomes less significant when
the thickness of the insulation material is greater than 500 um. It has been shown that the
relationship between breakdown strength and insulation material thickness approximately
satisfies the inverse power model [23]

E=kd™, 1)

where E is the breakdown strength, d is the insulation thickness, and k and n are the
two constants related to material properties. Figure 4 shows the relationship between
thickness and breakdown strength obtained by model fitting based on the AC breakdown
results. As can be seen, the IPM model effectively reflects, through model fitting, the
relationship between the AC breakdown strength and the thickness of XLPE.
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Figure 3. Relationship between AC breakdown strength and thickness for three crystalline morpholo-
gies of XLPE.
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Figure 4. (a) Electrical field distribution in XLPE of different thicknesses. (b) Relationship between
the maximum value of the electrical field strength magnitude and the insulation thickness.

The production of XLPE inevitably introduces defects such as air gaps and byproducts
into the interior of the material. Air gaps have a lower dielectric strength compared to
the rest of the XLPE insulation, leading to a distortion of the electrical field strength in
the material [24]. There are two main factors that contribute to the thickness effect of the
breakdown strength of insulating materials: one is the change in the distortion electrical
field strength in the vicinity of the defects with the thickness, and the other is the increase in
the number of defects in conjunction the increase in thickness and the increased probability
of the occurrence of large-sized defects [25]. In this study, insulation containing different
thicknesses was modeled using Comsol VI simulation software, and air gap impurities
were added to the model. The air gap was set as an ellipse with an average diameter
of 25 um, and the insulation thicknesses were set to 50, 100, 300, 500 and 800 um [26].
The relative dielectric constant of the air gap was set to 1 and that of the insulation zone
was set to 2.55. The simulation was performed by applying longitudinal voltages with
an average electrical field strength magnitude of 100 kV/mm to the insulation models
at different thicknesses. Figure 4a shows the results of the electrical field simulation for
different thicknesses of insulation.
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The electrical field is significantly stronger in the vicinity of the defect. Figure 4b
shows that the maximum value of the electrical field strength magnitude increases for
thicker materials between insulation thicknesses of 50 and 800 um, while the electrical field
distribution becomes less dependent on thickness at thicknesses greater than 500 pm. At
the same time, the increase in insulation thickness also causes an increase in the number of
defects within the insulation, which further exacerbates the electrical field distortion in the
vicinity of the defects, resulting in a decrease in the breakdown field strength. The large
electrical field strength increases electron mobility within the insulation material, which
may cause free electrons to bombard intact XLPE insulation, resulting in the breakage of
the C-H and C-C bonds in XLPE insulation, increasing the likelihood of insulation failure
in areas of high field strength. The simulation results effectively explain the AC breakdown
test results for XLPE with thicknesses of 30-800 um. It is recommended to use XLPE
insulation with a thickness over 500 um to conduct engineering tests, which can effectively
reduce the deviations in experimental results caused by inconsistent thickness.

3.3. Effect of Radial Position

The above study shows that XLPE insulation with greater crystallinity has better
breakdown characteristics, and it has been shown that the presence of byproducts reduces
the breakdown strength by causing electrical distortions and partial discharges within
the insulation [27]. Due to the inconsistent preparation conditions of the inner and outer
insulation during cable preparation, there are differences in the breakdown properties of
the insulation along the radial position [28]. Insulation slices with a thickness of 500 pm
were prepared from the inner (IN), middle (MI) and outer (OU) layers of a newly processed
XLPE extruded cable insulation, according to the radial position of the cable. There were
15 AC breakdown tests performed at each temperature and each radial position, and the
experimental data were processed using the Weibull distribution. Figure 5 shows how AC
breakdown strength varies along with radial position in XLPE cable insulation at different
temperatures. The AC breakdown strength in the XLPE cable insulation layer varies along
its radial position. The middle layer insulation of XLPE extruded cables shows a strong
AC breakdown strength at a temperature of 30 °C, while the breakdown strength of the
outer XLPE insulation layer decreases significantly when the temperature is higher than
50 °C and is less than that of the middle layer insulation. In contrast, the AC breakdown
strength of the inner insulation layer is consistently worse. The AC breakdown strength
of all XLPE specimens decreases as the temperature increases. Compared to the outer
insulation layer of XLPE cables, the AC breakdown strength of the inner insulation of
XLPE specimens decreases more slowly with increasing temperature, and eventually the
breakdown performance of each insulation layer is approximately 90 °C.
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Figure 5. Relationship between AC breakdown strength and radial positions for XLPE extruded cables.
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FTIR and DSC tests were conducted to analyze differences in insulation structure at
different radial positions and investigate the reasons for differences in the radial positions
of breakdown strength in XLPE extruded cable insulation. Figure 6a shows absorption
peaks at 2916 cm~!, 2848 cm !, 1463 cm ! and 719 cm~! that minimally vary with radial
position due to vibration of the characteristic -CH2- group within XLPE. Additives such as
diammonium peroxide (DCP) initiators and antioxidants were added during the production
of XLPE to complete the cross-linking process based on peroxide cross-linking DCP. Other
additives produce byproducts such as benzyl alcohol with -OH groups (3370 cm~!), ether
bonds with C-O-C groups (1097 cm 1) and aromatic rings (1263 cm ') during the XLPE
preparation process [29]. Characteristics of wave number absorption in the ranges 900 to
1400 cm~! and 3300 to 3500 cm~! were selected for observation to analyze differences in
byproduct content at each radial position of the insulation layer. XLPE extruded cables
contained fewer byproducts closer to the outside and more byproducts on the inside. This
may be due to the ease of precipitation for impurities on the outside of the cable insulation.
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Figure 6. (a) FTIR results of XLPE cable slices with different radial positions. (b) DSC curves of XLPE
cable slices with different radial positions.

Figure 6b shows the results of the DSC tests on XLPE cable insulation at different
radial positions. The crystallinity of the extruded XLPE insulation cable is influenced by
the radial position. As the inner insulation of the XLPE extruded cable moves closer to the
copper conductor, which has a high thermal conductivity, the outer insulation is pushed
closer to the outer side of the cable, resulting in a higher cooling rate of the XLPE insulation.
The XLPE crystalline morphology is influenced by the cooling rate. The crystallinity of
the inner and outer insulation layers close to the conductor is lower, at 37.3% and 37.23%,
respectively. In contrast, the lower cooling rate of the middle layer insulation leads to a
higher crystallinity of 37.43%.

The experimental study of the radial position of the cable is in high agreement with
existing studies [30]. Moreover, this study also tested the cross-linking degree of the inner,
middle and outer layers of the cable insulation, and the experimental results are 82.63%,
83.03% and 83.47%, respectively. It is speculated that this may be due to the fact that the
outer insulation layer may be heated at a higher temperature for a longer period of time
than the inner insulation layer during the cable vulcanization process, thus completely
decomposing the DCP and cross-linking the polyethylene. The differences in polymer
insulation breakdown characteristics are the result of a combination of factors. The middle
layer has a significantly higher breakdown strength than the insulation in the other radial
position due to its higher crystallinity and fewer byproducts. The outer layers also have
good breakdown strengths at low temperatures, probably because the cross-linking degree
has a more pronounced effect at low temperatures. Since the byproducts and crystallinity
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of the inner and outer insulation layers are greatly affected by the degassing and cooling
processes, it is recommended that the breakdown characteristics test be carried out using the
middle layer of the cable insulation, thus minimizing the influence of the manufacturer’s
production process on the experimental results.

4. Long-Term Breakdown Characteristics and Lifetime Prediction for
Performance Evaluation

4.1. “E—t” Characteristics of XLPE

The study of the remaining life of XLPE insulation under electrical stress focuses on the
VEC, which is an important parameter for the evaluation of the insulation’s electrical aging
performance and is usually expressed as a value of n. Figure 7 shows the E-t characteristics
of XLPE insulation. The curve is divided into three stages, each with a constant value
of n. t; is usually less than 1000 s at high electrical field strengths and has a small value
of n;. XLPE materials are considered to have a uniform life index from t; to t;, with t,
usually considered to be ten years or more. To ensure the accuracy and ease of residual life
prediction, experimental data with failure times between t; and t; are used. It is possible to
complete the insulation design with a certain safety margin.

A

InE

m <<mn<<ns

; ; _

t1 t2 Int

Figure 7. E-t characteristics of XLPE.

The E-t characteristics of XLPE were measured at 30, 50 and 70 °C using the constant
voltage method, and failure times longer than 1000 s were obtained. Insulation slices with
a thickness of 500 um were used as experimental materials from the same radial position
of a high voltage cable. Tests on the E-t characteristics of XLPE at 30, 50 and 70 °C were
conducted based on the constant voltage method. The insulation patterns were subjected
to an AC voltage to determine conditions that led to failure times in excess of 1000 s. There
were 15 tests carried out at each temperature and electrical field and no fewer than ten sets
of experimental data were obtained. Based on the experimental results, Figure 8 shows box
plots of the breakdown time of the XLPE insulation for different temperatures. In the figure,
the blue boxes correspond to the upper and lower quartiles of the data. The black lines
correspond to the upper and lower edges of the data. The blue diagonal line is the lifetime
curve obtained by fitting. The E-t curves for XLPE insulation at different temperatures
were obtained by fitting the results of the average values of the breakdown time to the IPM.

t=aE™ (2)

where E is the electrical field strength magnitude, ¢ is the insulation failure time under this
electrical field, and n is the voltage endurance coefficient (VEC).
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Figure 8. E-t characteristics at different temperatures for XLPE insulation. (a) 30 °C, (b) 50 °C,
(c) 70 °C.

There is a correlation between the time to failure and the voltage applied to the XLPE
insulation. Both the time to failure and its dispersion increase significantly as the voltage
decreases. And it can be seen that the temperature directly affects the E-t characteristics of
XLPE insulation and that VEC decreases significantly with increasing temperature. The
breakdown of the insulating materials is mainly caused by the impingement of electrons
on molecular chains under electrical fields and the breakage of molecular chains under
thermal oxidative aging. The increase in temperature leads to an increase in the thermal
movement of the molecules, which increases the rate at which the electrons hit the molecular
chains. Furthermore, the temperature accelerates the thermal oxidative aging process of
insulating materials and accelerates the degradation of their electrical properties. Therefore,
an increase in temperature accelerates the process of molecular chain breakage, resulting
in insulation failure, explaining the experimental phenomenon of a decrease in VEC with
increasing temperature at the microscopic level.

Previous studies have shown that the VEC of insulating materials can be obtained by
various experimental methods, except for constant voltage tests. The relationship between
the tree initiation time and the aging life curve of polyethylene has been investigated
and shows a very similar variation pattern [31]. Other studies have found that VEC was
stable in the range of 10 to 14 at room temperature by studying the tree-starting time of
XLPE insulation of 110 kV AC cables at different voltages [32]. A convenient method for
calculating the VEC of XLPE insulation has been proposed based on the equivalence of
the damage curve trajectory and the step-up voltage test [33]. The above studies of the E-t
characteristics of XLPE insulation all show similar experimental results, demonstrating that
using VEC to characterize the voltage endurance of XLPE under a single electrical stress is
a correct method.

4.2. XLPE Lifetime Assessment

With the development of the power system, the cable load continues to increase
and the insulation is subjected to higher temperatures, so it is necessary to consider the
combined electrothermal aging life and thus more accurately evaluate the life of the cable
insulation material. The insulation properties and remaining lifetime of cables are mainly
affected by electrical fields and temperature. Therefore, the method of predicting the
remaining lifetime under a single electrical stress is not applicable for XLPE cables under
complex operating conditions. In this section, the Ramu, Fallou and Simoni models are
analyzed as the most widely used phenomenological models [34].

The Ramu model is obtained by multiplying the one-factor aging models and treating
the constants in the IPM of a single electrical aging model as temperature-dependent
quantities, as shown in the following equation:
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’ )

where L is the lifetime of the insulation material; E is the electrical field strength magnitude;
T is the absolute temperature of the test; and B, K, Ky, n; and n; are the constants
determined by the test.

The Fallou model is a combined electrothermal aging model based on a summary of
the electrical aging exponential function model, as shown in the following equation:

B, — BoE

L:exp(Al — APE + T

)E>0 @
where Aj, Ay, By and B; are constants and relate to the specific insulation material as well
as the test environment.

The Simoni model considers the aging of insulating materials as the result of accumu-
lated electrothermal effects. The electrical field strength is the most fundamental parameter
of the Simoni model and is expressed as follows:

N-+1 N
ES _ U
() =1-1&(&) exp®-DT)
N=n—b-DT , ()
1 1

where ES is the electrical field strength at a pre-applied voltage time of t, ESy is the initial
electric field strength of the insulating medium, Uy is the threshold voltage, T is the room
temperature and Ly is the lifetime of the insulating material when the voltage is Uy and the
temperature is Ty. The following equation is obtained when ES =0 and t = L:

—-N
L =Ly xexp(—B-DT) x (é{)) (6)

These three models were fitted with parameters based on the experimental results
of the XLPE E—t characteristics. The critical temperature T is 20 °C, and the critical field
strength E is chosen as 10 kV/mm, so the aging of the insulation is negligible at this
temperature and the electrical field strength is below this value. Figure 9(al-a3) shows that
the model fits for the remaining lifetime of the XLPE insulation under electrothermal stress.
The vertical coordinate uses a logarithmic coordinate system to represent the remaining
time. The pattern of variation in the remaining lifetime calculated by the three models
is similar, with all decreasing with increasing temperature and electrical field strength.
The remaining lifetime is low and varies more gently at lower temperatures and electrical
field strengths.

The fit results for the Ramu model are similar to those of the Simoni model, as shown
in Figure 9(al-a3). The remaining lifetime calculated by the Fallou model is shorter than
the results of the other models, and the difference is particularly significant at low electrical
fields. In order to analyze the accuracy of the prediction results of the electrothermal
model, the IPM model at different temperatures is used for comparative analysis, as it
is the reference electrical lifetime model for XLPE cables in international standards [35].
Figure 9(b1-b3) shows the lifetime prediction curves of the IPM at 30, 50 and 70 °C, which
obtain prediction models similar to the lifetime prediction model results under a single
stress. The remaining lifetime predictions calculated by the Simoni and Ramu models are
similar to the results obtained by the IPM. In contrast, the remaining lifetime prediction
results obtained by the Fallou model deviate significantly from the IPM, and the deviation
further increases as the electrical field decreases.
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Figure 9. (al-a3) Remaining lifetime fitting results for the Ramu, Fallou and Simoni models.

(b1-b3) Comparison of remaining lifetime results for the different models at 30, 50 and 70 °C.

The Ramu and Simoni remaining lifetime prediction models are compared and ana-
lyzed to investigate the factors leading to the similar results. The results show that after
normalization of the model parameters the two equations have a similar structure, as both
are obtained by adding the temperature parameter to the inverse power function of the
electrical stress. On the other hand, the Fallou model is a two-factor remaining lifetime
prediction model derived from an exponential function of electrical aging. Therein, the
electric field is located at the exponential position and the coefficient is negative. In contrast,
in the IPM model the residual lifetime calculated by the exponential function model is
affected less at low electric fields. Therefore, in the lifetime assessment of XLPE cable
insulation, when there are large fluctuations in the cable insulation temperature the use of
IPM will make the prediction results have large deviations, while the Simoni and Ramu
models for lifetime prediction have better accuracies.

5. Engineering Evaluation Methods

This paper puts suggests optimal engineering evaluation methods and ways of im-
proving the electrical performance of XLPE insulation for high voltage cables based on the
results of the short-term and long-term breakdown tests of XLPE insulation.

1. Itis necessary to control the cooling rate when evaluating and comparing the break-
down characteristics of XLPE to ensure that the results are not influenced by the
morphology of the crystalline wires, since the cooling rate during XLPE preparation
has a significant effect on the crystalline morphology.

2. The electrical performance of XLPE insulation below 500pum is strongly influenced by
cable thickness, and it is recommended that XLPE above 500 um be selected to conduct
the breakdown characteristics test to reduce the deviation of the results caused by the
thickness effect.
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3. For the insulation performance test of XLPE cables, it is recommended to choose the
middle layer slices to carry out the experiment, which can reduce the influence of the
differences in crystallinity and byproducts caused by the different degassing times
that may be adopted by different manufacturers.

4. The short-term breakdown test does not adequately reflect the voltage withstand
characteristics of XLPE insulation, while the voltage withstand characteristic test can
indicate the long-term operating characteristics of XLPE insulation.

5. In consideration of the gradual increase in the cable loading rate and the fact that
the insulation temperature is not constant, it is suggested that a lifetime prediction
model under combined electrothermal fields, such as Ramu or Simoni, be used for the
analysis of the remaining lifetime characteristics of the XLPE insulation.

6. Shortcomings and Outlook

Although this paper investigates the breakdown characteristics and remaining lifetime
of XLPE insulation and obtains relevant conclusions, the current study still has limitations
and can be further improved. This paper mainly focuses on mechanistic experimental
research and only provides guiding opinions on the actual engineering applications, which
are not verified. The remaining lifetime of the film samples is not representative of the
insulation lifetime of the cable, and the relationship between the insulation lifetime of the
film and that of the whole cable still requires further investigation. Secondly, cables are not
subject to only two kinds of stresses (electrical fields and temperature) during operation,
and the stresses are not constant. The remaining lifetime prediction methods for variable
stresses still require further research.

7. Conclusions

This paper presents recent developments in evaluating the breakdown performance
and predicting the remaining lifetime of XLPE. The effects of the crystalline morphology,
thickness and radial cable position on the short-term breakdown characteristics of XLPE
cable insulation were analyzed. Lifetime prediction models applicable to XLPE insulation
have been investigated. The XLPE insulation selection and lifetime prediction models are
profiled by evaluating the breakdown characteristics.

1. During XLPE preparation, insulation samples with fast cooling rates tend to have
poor electrical properties due to insufficient crystallization. Examining XLPE speci-
mens obtained by the same preparation method effectively improves the assessment
accuracy of breakdown performance.

2. Increasing the thickness of XLPE insulation leads to lower breakdown strength due to
a larger distortional electrical field near internal defects. The breakdown strength of
XLPE insulation with a thickness of 500 pm or more is less affected by thickness varia-
tions and can be used in the evaluation of cable insulation breakdown characteristics.

3. The crystallinity and byproduct content are influenced by the radial position of the
extruded XLPE insulation, resulting in differences in the breakdown characteristics
of the specimens taken from the XLPE cable insulation. The sampling of XLPE cable
insulation from the same radial position can effectively improve the accuracy of the
electrical performance evaluation.

4.  Failure time can effectively reflect the operational reliability of XLPE cables under
electrothermal composite stress. The Raum and Simoni models have prediction results
similar to the IPM model, which can be employed as the lifetime prediction model of
XLPE insulation under combined electrothermal stress.
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