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Abstract

:

Insulation resistance (IR) is an essential metric indicating insulation conditions of extruded power cables. To deliver reliable IR simulation as a reference for practical cable inspection, in this paper, four IR degradation models for cross-linked polyethylene-insulated cables under thermal ageing are presented. In addition, the influences of methodologies and temperature profiles on IR simulation are evaluated. Cable cylindrical insulation is first divided into sufficiently small segments whose temperatures are simulated by jointly using a finite volume method and an artificial neural network to model the thermal ageing experiment conditions. The thermal degradation of IR is then simulated by dichotomy models that randomly sample fully degraded segments based on an overall insulation (layer) ageing condition estimation and discretization models that estimate the gradual degradation of individual segments, respectively. Furthermore, uniform and non-uniform temperature profiles are incorporated into dichotomy and discretization models, respectively, for a comparison. The IR simulation results are not only compared between different models, but also discussed around the sensitivity of IR simulation to segment sizes and degradation rates. This provides cable assessment engineers with insights into model behaviour as a reference for their selection of appropriate IR degradation models.
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1. Introduction


The ageing of extruded power cables refers to the gradual deterioration and alteration of their physical, chemical and electrical properties over time subject to environmental, thermal, mechanical and electrical stresses. The ageing process can result in a gradual reduction in the cable performance, including its insulation integrity, mechanical strength and overall reliability. Factors such as temperature variations, exposure to moisture, chemical interactions, mechanical stresses and electrical loading contribute to the cable ageing process, potentially diminishing cable insulation effectiveness and increasing the risk of operational failures or breakdowns [1,2].



Thermal stress is considered one of the primary stresses accelerating the ageing of extruded power cables [3]. The principal source of thermal stresses arises from the resistive heat of the heavily loaded cable core conductor. The resistive heat generated in the core conductor propagates throughout the cable insulation and might increase the insulation temperature beyond its designed limit. Furthermore, excessively high ambient temperature conditions can also contribute to the thermal ageing of cable insulation. In addition to the cable temperature itself, the thermal degradation of extruded power cables is closely related to their polymer structure and the effectiveness of antioxidants [4].



The estimation of a good electrical cable insulation condition is inherently associated with a heightened resistance to electric current flow. Insulation resistance (IR) testing is a widely acknowledged condition monitoring technique, demonstrating an ability to directly infer the current state of cables [5]. Most research related to power cable ageing has placed a notable emphasis on the increase in electrical conductivity or the decrease in electrical resistivity for the insulation materials throughout the ageing processes [6,7,8,9,10,11]. Mecheri et al. delved into the impacts of prolonged thermal ageing on dielectric and mechanical properties of cross-linked polyethylene (XLPE) insulation of high voltage (HV) cables [7]. To ascertain the degree of the XLPE material deterioration resulting from thermal ageing and prevent potential failures, an extensive examination was conducted by encompassing volumetric resistivity assessments and additional condition monitoring evaluations on dumb-bell- and circular-shaped XLPE probes over a duration of 5000 h. The findings revealed a significant reduction in resistivity, amounting to several hundredfold, caused by the concurrent decrease in polymer viscosity which was considered to increase the mobility of charge carriers within XLPE. Nedjar [8] examined the influences of thermal ageing on the electrical characteristics of XLPE employed in HV cables, demonstrating that thermal ageing induced notable modifications in the electrical properties of the polymer. In particular, elevating the thermal ageing temperature leads to a faster reduction in resistivity, aligning with the principle outlined by the Arrhenius law. With the thermal ageing process going further, molecular bonds exhibited weakening, resulting in an augmentation of free volume. This phenomenon subsequently heightened the mobility of charge carriers, accompanied by a decline of volumetric resistivity. Mecheri et al. performed a comprehensive investigation into the impacts of thermal ageing conditions on the performance of XLPE for medium voltage (MV) 18/30 kV cables [9]. XLPE specimens of the same material were subjected to thermal stresses under a controlled environment facilitated by a forced air-circulating oven. The assessments on XLPE thermal degradation were carried out through the volumetric resistivity testing under a direct current (DC) voltage of 500 V at a measurement temperature of 85 °C. After 1350 h of thermal ageing at 90 °C, XLPE resistivity was observed to significantly decrease from around 700 TΩ·cm to 2.5 TΩ·cm. Discernible resistivity reductions were further pronounced at higher ageing temperatures of 135 °C and 150 °C, where the volumetric resistivity values declined to 0.46 TΩ·cm and 0.2 TΩ·cm, respectively, after 1350 h of thermal ageing.



Zhang et al. investigated the impacts of thermal ageing temperatures and durations on the DC electrical conductivity of XLPE insulation materials for HVDC cables by using Fourier transform infrared (FTIR) spectra [10]. The experimental findings and subsequent analysis revealed a sequential pattern in the DC electrical conductivity of thermally aged XLPE insulation, which initially declined below the level observed on unaged XLPE insulation and then exhibited a gradual increase over the entire ageing period due to the combined effects of thermal decomposition, post-crosslinking and the diffusion of low molecular weight substances. In addition, it was observed that higher thermal ageing temperatures induced more pronounced changes in the electrical conductivity of XLPE insulation. When subjected to the same ageing duration of 700 h, the variations of the DC electrical conductivity of XLPE insulation with ageing temperatures complied well with the Arrhenius equation. Kang and Kim performed a comprehensive assessment on IR properties of low voltage cables, subjecting them to external flame exposure, over-current conditions and accelerated degradation trials [11]. The results revealed a notable IR reduction from a peak of 7.5 TΩ to 0.008 TΩ during direct flame contact. However, it demonstrated a complete recovery to its initial state when cooling down to room temperature. In accelerated degradation experiments simulating 10 to 30 years of cable operation, no notable IR decline was observed at room temperature. Nevertheless, upon reaching an induced ageing equivalent to 40 years, a rapid IR reduction was observed at room temperature.



A significant challenge of comprehending the dielectric insulation condition lies in developing a quantitative approach to assessing insulation degradation over time. A dichotomy model was originally proposed by Chang et al. [12] to predict the IR of rectangular (unit cube) insulation bulk. It regards an entire insulation specimen cube as a combination of multiple small sub-cubes and divides them into degraded and non-degraded sub-cubes which possess disparate resistivity. The volume ratio of the two parts is estimated from thermal ageing temperature and duration, based on which the positions of degraded sub-cubes within the specimen are randomly sampled to evaluate the overall IR. According to the original dichotomy model, the electrical resistance degradation trend of the XLPE material under thermal ageing can be classified into three phases, as shown in Figure 1 [12]:




	
Phase 1: IR gradually decreases from an initial resistance R0 since thermal ageing conditions are applied on insulation till a time ts;



	
Transition phase: IR significantly decreases within a short period from ts to tf due to the percolation phenomenon occurring in the insulation bulk;



	
Phase 2: After tf, IR gradually approaches toward a completely degraded resistance constant Rd.








Even though the original dichotomy model is able to describe the long-term decline of IR over thermal ageing time, it assumes that the insulation is uniform in ageing temperature and chooses the degraded sub-cubes in a random way. The contributions of this paper are to enhance the dichotomy model by simulating different degradation degrees between insulation layers under radial temperature gradients and additionally propose a discretization model that simulates the thermal degradation of individual insulation segments separately given a non-uniform temperature distribution. Furthermore, the developed IR degradation models adapt the original unit cube insulation model to a cylindrical insulation model in order to reflect the geometry of a practical cable insulation. In addition, the finite volume method (FVM) and artificial neural network (ANN) models are jointly employed to simulate the temperature distribution of cable insulation, which is then incorporated into the enhanced dichotomy model or the novel discretization model to evaluate IR degradation during Phase 1 in Figure 1. In order to perform a comparison not only between the dichotomy and discretization models but also between the uses of different temperature profiles, four IR degradation models are developed in this work:




	
a dichotomy model with uniform temperature distribution;



	
a dichotomy model with radial temperature gradients;



	
a discretization model with uniform temperature distribution;



	
a discretization model with non-uniform temperature distribution.








These models help investigate the influences of model methodologies and temperature profiles on the IR degradation simulation of power cables under thermal ageing. In addition, different segment sizes and degradation rates are applied to examine their effects on the IR degradation simulation.



The paper is structured as follows: Section 2 describes the IR degradation model development; Section 3 presents the application of the four IR degradation models with the temperature profile simulated under thermal ageing conditions; Section 4 discusses the effects of segment sizes and degradation rates on IR simulation results; and Section 5 presents conclusions and recommendations for further work.




2. IR Degradation Models


Based on the discretization methodology [13], a sample of extruded power cable insulation can be conceptualized as a cylindrical volume made up of a substantial number of small segments, as illustrated in Figure 2a, where the inner radius, outer radius and length of the cable insulation model are denoted by  x ,  X  and  L , respectively, all in meters. The position of the center of each segment is represented in a cylindrical coordinate system in the form of      x i  ,  φ j  ,  l k     , as shown in Figure 2b, where    x i    (m),    φ j    (arc degree) or    l k    (m) denotes the position of a segment along the radial, angular or longitudinal dimension, respectively.



Denoting radial, angular and longitudinal sizes of each segment by   Δ x  ,   Δ φ   and   Δ l ,   respectively, the resulting numbers of segments along radial, angular and longitudinal dimensions are equal to   M =   X − x   / Δ x  ,   N = 360 ° / Δ φ   and   P = L / Δ l ,   respectively. The total number of segments in the cable insulation model then equals    N t  = M × N × P  .



The volume of a segment in the cable insulation model is dependent on its position along the radial axis. The segments located at outer insulation layers have larger volumes than those at inner insulation layers. The electrical resistance of any insulation material not only depends on its material resistivity (ρ in Ω-m) but also on shape and volume [14]. The integral formula of electrical resistance (R in Ω) for variable cross-section resistors with parallel curved terminals can be formulated by (1) [15]:


  R =  1  A    l 1        ∫    l 1     l 2      ρ  l      1 +  κ ↑    l −  l 1        1 +  κ →    l −  l 1         



(1)




where    l 1    or    l 2    is the arc-length parameter of each terminal measured through its normal surface (   l 2  >  l 1   ),   A    l 1      represents the cross-section area located at    l 1    and   ρ  l    is the resistivity of the segment. The specific signed principal curvature values of    κ ↑    and    κ →    for the cylindrical segment terminals are equal to 1 and 0, respectively.



It is assumed that the electric current flows through individual insulation segments along the radial axis with a uniform density (i.e., radially from the core conductor to any surrounding outer ground sheath), as indicated by the red arrow in Figure 2b. In addition, the material resistivity is assumed to be uniform within an individual insulation segment given its sufficiently small volume. For the insulation segment located at      x i  ,  φ j  ,  l k      with resistivity   ρ    x i  ,  φ j  ,  l k     ,     i = 1 ,   2 ,   … ,   M ;   j = 1 ,   2 ,   … ,   N ;   k = 1 ,   2 ,   … ,   P   ,   based on (1), its resistance    R e     x i  ,  φ j  ,  l k      can be formulated by (2):


   R e     x i  ,    φ j  ,    l k    =   ρ    x i  ,    φ j  ,    l k      Δ φ Δ l   ln      x i  +   Δ x  2     x i  −   Δ x  2       



(2)







The resistances of all the insulation segments are converted into the total resistance of the power cable insulation based on the equivalent resistance model for a DC circuit. The series resistance of all the segments along an individual radial column at fixed angular and longitudinal locations is first estimated, making the insulation model have resistances of   N × P   columns. Then, the parallel resistance of all the columns within each individual plane at every fixed longitudinal location is calculated. Finally, the total resistance    R t    of cable insulation is derived from the parallel connection of all the plane resistances. In other words, all the radial columns within the insulation are parallel connected. The total IR,    R t  ,   is formulated by:


   R t  =  1   ∑  k = 1  P   ∑  j = 1  N     1   ∑  i = 1  M   R e     x i  ,  φ j  ,  l k           



(3)







The estimation of resistivity ρ for individual insulation segments by the four different IR models is detailed in the following subsections, respectively.



2.1. Dichotomy Model with Uniform Temperature Distribution


The dichotomy models categorize insulation segments into two types, virtually non-degraded and degraded segments, which are assumed to have resistivity values of    ρ 0    and    ρ d   , respectively. The value of    ρ 0    is considered to be much greater than    ρ d   . According to (2), the resistances of non-degraded and degraded segments (denoted by    R 0    and    R d   ) are formulated by (4) and (5), respectively:


   R 0     x i  ,    φ j  ,    l k    =    ρ 0    Δ φ Δ l   ln      x i  +   Δ x  2     x i  −   Δ x  2      ,          x i  ,    φ j  ,    l k    ≠    x l  ,    φ m  ,    l n     



(4)






   R d     x l  ,    φ m  ,    l n    =    ρ d    Δ φ Δ l   ln      x l  +   Δ x  2     x l  −   Δ x  2      ,          x i  ,    φ j  ,    l k    ≠    x l  ,    φ m  ,    l n     



(5)







When the ageing temperature distribution is uniform within the cable insulation and also within individual segments, the number    N d    of degraded segments to be randomly sampled within the insulation model depends on the total number    N t    of segments and the degradation volume ratio    V d   , i.e.,    N d  =  N t  ×  V d   . Assuming that the degradation rate does not change with ageing time  t , the value of    V d    can be determined based on the cumulative distribution function (CDF) of an exponential distribution in terms of  t  [16]:


   V d   t  = 1 −  e  − λ  T  · t    



(6)




where the degradation rate   λ  T    (in 1/h) of insulation material is a function of the ageing temperature  T  (in K) depending on material properties and generally obtained from the IR decay tendency rather than the measurement of chemical reaction. Considering in this work, and for this model, that the degradation of cable insulation is thermally activated,   λ  T    is presumed to follow the Arrhenius model [16] as formulated by (7):


  λ  T  =  λ 0  ·  e      −  E a     k B  · T        



(7)




where    λ 0    is a constant (  1 / h  ) obtained from experimental data,    k B    is the Boltzmann constant of 1.38 × 10−23 J/K and    E a    is the IR thermal degradation activation energy (J) of insulation material. Then, the degradation volume ratio and the number of degraded segments within the insulation can be calculated by (8) and (9), respectively:


   V d    t , T   = 1 −  e  −    λ 0  · exp     −  E a     k B  · T       · t    



(8)






   N d    t , T   =  N T  ·  V d    t , T    



(9)







Since this model assumes a uniform temperature distribution for cable insulation, the locations of the degraded segments accompanying their resistivity    ρ d    are randomly and uniformly sampled within the insulation. A flowchart showing the IR estimation by the dichotomy model with uniform temperature is presented in Figure 3.




2.2. Dichotomy Model with Radial Temperature Gradients


When considering the temperature gradients along the cable radius created by the propagation of resistive heat from the core conductors through insulation layers, outer insulation layers closer to the ambient environment and further away from the core conductors have lower temperatures than inner insulation layers, as shown in Figure 4. The introduction of insulation temperature gradients into the dichotomy model will produce more reliable IR results when power cables are carrying currents.



According to the Arrhenius model [17], the radial temperature gradients will result in inner insulation layers having higher degradation volume ratios than outer insulation layers. Given that the temperature of the ith insulation layer along the radial axis is fixed at    T i   , its degradation volume ratio    V  d  i      and the number    N  d  i      of degraded segments at ageing time  t  can be calculated by (10) and (11), respectively:


   V  d  i    = 1 −  e  −    λ 0  · exp     −  E a     k B  ·  T i        · t    



(10)






   N  d  i    =  N  t  i    ·  V  d  i     



(11)




where    N  t  i      is the total number of segments in the    i  t h     layer equalling     N × P    . Since the model assumes a constant temperature for each individual layer, the locations of the    N  d  i      virtually degraded segments accompanying their resistivity    ρ d    within each layer are randomly and uniformly selected for that layer. The IR estimation process of the dichotomy model with radial temperature gradients is shown in Figure 5.




2.3. Discretization Model with Uniform Temperature Distribution


Compared with the dichotomy models which differentiate the segment resistivity between non-degraded    ρ 0    and fully degraded    ρ d    only, the discretization models proposed here simulate the gradual resistivity degradation of individual segments separately by a function of thermal ageing time  t  and ageing temperature  T . Assuming that insulation segments have consistent temperature, their resistivity is modelled to exponentially decline with  t  at the same degradation rate   λ  T   :


  ρ   t , T   =  ρ 0  ·  e  − λ  T  · t    



(12)




where   λ  T    complies with the Arrhenius model as formulated by (7). The resistance of each segment is then calculated by (13) based on its location along the radial axis, segment sizes and   ρ   t , T    . The process of IR estimation by the discretization model with uniform temperature is described in Figure 6.


   R e     x i  ,    φ j  ,    l k  , t   =   ρ   t , T     Δ φ Δ l   ln      x i  +   Δ x  2     x i  −   Δ x  2       



(13)








2.4. Discretization Model with Non-Uniform Temperature Distribution


As it was noted in Section 2.2, the temperature distribution of cable insulation is generally non-uniform along its radial axis. The cable temperature will also vary longitudinally along the cable especially when it spans a long distance with various ambient environment such as solar irradiation, wind velocity and soil moisture content [18]. The non-uniform temperature along multiple dimensions will cause degradation rates to vary with the positions within cable insulation. Given the temperature   T ′   of a particular insulation segment locating at      r i  ,  φ j  ,  l k     , its resistivity and resulting resistance at  t  can be calculated by (14) and (15), respectively. A flowchart describing the IR estimation by the discretization model with a non-uniform temperature distribution is shown in Figure 7.


  ρ    x i  ,  φ j  ,  l k  , t ,  T ′    =  ρ 0  ·  e  − λ    x i  ,  φ j  ,  l k  ,  T ′    · t    



(14)






   R e     r i  ,  φ j  ,  l k  , t ,  T ′    =   ρ    x i  ,  φ j  ,  l k  , t ,  T ′      Δ φ Δ l   ln      x i  +   Δ x  2     x i  −   Δ x  2       



(15)







It is noted that the flow charts in Figure 3, Figure 5, Figure 6 and Figure 7 are applied at each ageing time step to estimate the IR value after a particular thermal ageing period. For dichotomy models, the number of degraded segments is first determined at each individual ageing time step. Then, the locations of the degraded segments selected in the previous time step are kept, while new degraded segments are uniformly and randomly sampled from the locations of the remaining non-degraded segments. For discretization models, the resistivity of insulation segments is updated at every ageing time step.





3. Application of IR Degradation Models


3.1. Degradation Model Parameters Estimation


The parameters of the four IR degradation models are estimated based on the experimental data of XLPE insulation referenced from the research of Mecheri et al. [7] where XLPE insulation samples were thermally aged at four different temperature levels of 80 °C, 100 °C, 120 °C and 140 °C (i.e., 353.15 K, 373.15 K, 393.15 K and 413.15 K, respectively). The XLPE sample resistivity was measured through a megohmmeter by applying a DC voltage of 500 V for a duration of 10 min. Figure 8 shows the XLPE resistivity measurements under different thermal ageing temperatures, which generally declined with the thermal ageing time, with the pattern being affected by the ageing temperature.



To explore the dependency of the IR degradation model parameters on temperature, the values of  λ ,    ρ 0    and    ρ d    for each temperature level are first determined from the corresponding XLPE resistivity measurements in Figure 8. The software Origin 2022 is used here to estimate  λ ,    ρ 0    and    ρ d    in (12) by fitting the decay of XLPE resistivity over Phase 1 of the thermal ageing process prior to the occurrence of a percolation phenomenon in the transition phase. The results of  λ ,    ρ 0    and    ρ d    estimated for the four ageing temperature levels are listed in Table 1. Taking the natural logarithm of the Arrhenius model which links  λ  to  T  via the IR thermal ageing activation energy    E a   , as formulated by (16), the parameters    λ 0    and    E a    are computed by fitting (16) to the degradation rate estimates in Table 1, as shown in Figure 9a, which equal 1.82 × 106 (1/h) and 64 kJ, respectively. Figure 9b,c show the linear fitting of    ρ 0    and    ρ d    against temperatures, which is used here to approximately describe the dependencies of    ρ 0    and    ρ d    on  T , as formulated by (17) and (18), respectively. The statistics of the linear fitting of   ln  λ   ,    ρ 0    and    ρ d    against  T  are listed in Table 2. While the linear fitting of   ln  λ    and    ρ 0    achieves an R-squared of about 0.9, the R-squared for the linear fitting of    ρ d    is 0.54 only. The fitting could be improved by using a function with a higher degree of freedom, though this might cause an over-fitting problem. The data obtained from more XLPE samples and more temperature levels can be considered for a better fitting of the temperature-dependent variables.


  ln  λ  =   −    E a     k B       1 T  + ln    λ 0     



(16)






   ρ 0  =   − 3.0475 × T + 1255.52   ×   10   10    



(17)






   ρ d  =   0.0126 × T − 3.4677   ×   10   10    



(18)








3.2. Experiment Design and Temperature Simulation


The model parameters estimated in Section 3.1 are applied here to simulate the IR of an XLPE insulation sample with inner radius x of 0.0075 m, and outer radius X of 0.0115 m (i.e., a 0.004 m insulation thickness). Long term laboratory experiments have been undertaken on the surface temperature measurements along a number of 3.2 m LSXHIOE 1 × 185/35, 6.35/11 kV XLPE-insulated power cable samples in a temperature ageing enclosure running increased currents to produce cable surface temperatures of approximately 100 °C [19]. The surface temperature distribution across the length of the cables was measured using five type T temperature sensors as depicted in Figure 10. An FVM simulation model was also implemented to replicate the measurements to a reasonable degree of accuracy, as shown in Figure 11. The details are too extensive to reproduce here, but as an example an outer temperature of 100 °C was simulated in order to produce an understanding of the inner temperature distribution across the cable insulation. The example is displayed in Figure 12 which shows the temperature profile at one cross section of the cable with natural convection air flow in the ageing chamber. The purpose of this is to demonstrate the power of the FVM model in being able to provide data that can be fed to an ANN model to estimate the temperature at any position within the insulation. Different FVM simulations can be applied for different physical geometries and scenarios and this is simply one scenario to demonstrate the principles of the methodology. For the details of FVM simulation and the coefficients of cable layer and air properties, the reader is referred to [20] and [21,22,23,24], respectively.



In order for the resolution of the FVM-based temperature simulation to meet the sizes of insulation segments, the FVM-based temperature simulation results were used to train the ANN model [25] which then interpolated the temperature for all the segments. The MATLAB neural network toolbox [26] was employed to construct the ANN model which was trained based on 70% of the temperature data obtained from the FVM simulation. An amount of 15% of the temperature data was designated for validation, and the remaining 15% was used for testing. The ANN models underwent training for a total of 1000 iterations, with a Pearson correlation coefficient of over 0.99 indicating an excellent performance of the ANN model. The temperature distributions estimated by the ANN model for the entire cable insulation and a selected 1 m insulation section starting from the middle of the cable sample are shown in Figure 13a and Figure 13b, respectively. Higher temperatures generally occur at the segments closer to core conductors and/or the centre of the ageing chamber.



It is noted that the insulation temperature simulation performed by the FVM depicts the temperature profiles across insulation in the thermal ageing experiment and does not reflect the local temperature elevation in partial discharge events or a highly non-uniform temperature profile in the case of a complex ambient environment. While the FVM-based simulation shows its capability of replicating the temperature profiles in the experimental environment, the FVM can be enhanced to cope with the heat exchange of cables with the surrounding environment and reflect the effects of partial discharges on local temperature under practical operation, providing reliable insulation temperature profiles for thermal degradation assessment in practice. In addition, the existence of local temperature variations means that the dichotomy models which assume a uniform temperature distribution across the entire insulation (layer) are not applicable. In such cases, the discretization models can be employed to simulate the thermal degradation of individual insulation segments under a highly non-uniform temperature distribution.




3.3. IR Degradation Simulation Results


The 1 m cable insulation sample with constant diameters across its length, as shown in Figure 13b, is employed here to compare the performance of the four IR degradation models and simplify the conditions for IR simulation. Given the four IR degradation models considering temperature information in different ways, the hotspot temperature of 377.26 K within the entire insulation is applied to the dichotomy or discretization model with uniform temperature, and the discretization model with non-uniform temperature uses the exact insulation temperature profile. The dichotomy model with radial temperature gradients divides the insulation sample into 10 layers along the radial dimension. Table 3 lists the hotspot temperature adopted for each layer and related degradation rate which decreases from the innermost layer #1 to the outermost layers #10. As it was noted in Section 2.1 and Section 2.2, the degraded insulation segments are selected by the dichotomy models in a random way. To that end, the IR simulation of the dichotomy models is performed 50 times to ensure reliability. The 50 potential IR estimates at each thermal ageing time step are found to have a negligible standard deviation which is smaller than 0.1%. Therefore, the one-time IR calculation results of the dichotomy models will be presented in this work.



3.3.1. Initial Resistance Distributions


The initial resistances of insulation segments estimated by the four IR degradation models are shown in Figure 14, respectively. In the main, the segments at inner insulation layers which have relatively smaller volumes show higher resistances than those at outer layers. Since the (non-degraded) segment resistivity at the start of the thermal ageing process depends on segment temperature only, the dichotomy and discretization models which assume uniform temperature produce the same initial resistance distributions (see Figure 14a,c) which lead to a total IR of 94.6 GΩ. When the radial temperature gradients are introduced into the dichotomy model, the segments of outer layers with lower temperature will have higher resistivity than those that are assumed to be subjected to the hotspot temperature of the entire insulation. Therefore, the dichotomy model with radial temperature gradients produces relatively higher initial resistances for segments at outer layers than the model with uniform temperature (see Figure 14a,b). This results in a higher total IR equalling around 97.18 GΩ. When the full insulation temperature profile is introduced into the discretization model, the segment resistance variations with the position-dependent temperatures are simulated along longitudinal and radial dimensions (see Figure 14d). The total IR estimated by the discretization model at the start of the thermal ageing process is around 101.32 GΩ.




3.3.2. Resistance Distributions after 100 h and 300 h Thermal Ageing


Figure 15 and Figure 16 compare the segment resistance distributions of the insulation sample modelled by the four IR degradation models for thermal ageing durations of 100 h and 300 h. Compared with the dichotomy models which assign low resistivity    ρ d    to the random samples of fully degraded segments, the discretization models are shown to describe the gradual resistance degradation of individual insulation segments separately. Table 4 tabulates the degradation volume ratio and the resulting number of degraded segments that are randomly sampled for each insulation layer by the dichotomy model with radial temperature gradients. The degradation volume ratio determined from the temperature-based degradation rate not only increases with layer temperature but also with the thermal ageing duration, which is reflected in the increasing number of degraded segment samples (see Figure 15b and Figure 16b). Since the dichotomy model with uniform temperature uses the hotspot temperature of the entire insulation, the number of degraded segment samples at the outermost layer in Figure 15a is greater than in Figure 15b which is simulated with the radial temperature gradients. In addition, the inclusion of the full insulation temperature profile allows the discretization model to describe the dependency of individual segment degradation on local temperatures which vary along both radial and longitudinal dimensions, as shown in Figure 15d and Figure 16d.




3.3.3. IR Degradation Curves in Short Term of Thermal Ageing


To examine the impacts of model assumptions on IR degradation simulation, the IR degradation curves generated by the four models over the initial short term (0–300 h) of thermal ageing are compared in Figure 17. Compared with the dichotomy model which uses the hotspot temperature of the entire insulation, the adoption of hotspot temperature for each of the 10 insulation layers under radial temperature gradients reduces the degradation rates and numbers of degraded segments at outer layers. This not only produces relatively greater IR simulation results but also slightly reduces the speed of the simulated IR degradation. In addition, different IR simulation results between dichotomy and discretization models which use the same uniform temperature reveal the inherent differences between the two models. The discretization model simulates the gradual IR degradation of individual segments separately, while the dichotomy model assesses the overall degradation condition of the insulation sample through a degradation volume ratio based on which the fully degraded segments are randomly located within the insulation sample. With the degradation volume ratio increasing over the thermal ageing process, the radial column consisting of series connected segments along the radial dimension becomes more likely to have multiple degraded segments, which largely reduces the column resistance and causes more degradation in the total IR. Therefore, the random selection of degraded segments by the dichotomy model leads to lower IR values than the discretization model, as shown in Figure 17. Furthermore, the discretization model with non-uniform temperature distribution is shown to generate the highest IR estimates throughout the duration of interest due to the use of a detailed insulation temperature profile instead of the hotspot temperature(s) of cable insulation.






4. Sensitivity Analysis


4.1. Influence of Segment Size


To examine the influence of the segment size adopted for the IR degradation simulation, the IR simulation results of the four IR models are simulated based on four different segments sizes, respectively, as listed in Table 5 where the size #2 is different from the size #1, #3 or #4 along the radial, longitudinal or angular dimension, respectively. The material properties and related parameters are the same as those that were employed in Section 3. To explore the IR degradation trend over a longer thermal ageing period, the IR results are simulated at every 50 h during 2000 h of thermal ageing, as shown in Figure 18.



Figure 18a,b show that the adoption of sizes #2, #3 and #4 in the dichotomy models almost produces the same IR results, meaning that the segment size change along the angular or longitudinal dimension examined in this work has negligible impacts on the IR simulation. When the size #1 is used by the dichotomy models, a degraded segment with a radial size ∆x = 0.2 mm can be regarded as two degraded segments of ∆x = 0.1 mm that are series connected in a column along the radial dimension. This increases the probability of a single radial column having more degraded parts and thus reducing the total IR. Therefore, compared with the sizes #2, #3 and #4 of ∆x = 0.1 mm, the size #1 of ∆x = 0.2 mm results in the dichotomy models producing slightly lower IR values, especially during 200–1200 h of thermal ageing. When the thermal ageing process approaches 2000 h, the effect of   Δ x   on IR simulation becomes negligible due to a sufficient degradation volume ratio which makes the two different   Δ x   values result in similar degradation parts of single radial columns. For the discretization models which simulate the individual segment degradation rather than rely on the random selection of fully degraded segments, the use of the four different segment sizes produces very similar IR results, as shown in Figure 18c,d. This illustrates that the segment size variations assessed in this work have little impact on the IR simulation of discretization models.




4.2. Influence of Degradation Rate


The degradation rates employed in the simulation above are determined through the Arrhenius fitting of experimental data sourced from Mecheri et al. [7]. Considering the possible inherent uncertainties, a percentage error of ±10% is introduced in the degradation rate, denoted by 0.9λ and 1.1λ. With other model parameters remaining fixed, the IR degradation trends simulated by the four models using the smaller segment size #3 combined with the three degradation rates are compared in Figure 19a–d, respectively.



Even though the uncertainties of degradation rates do not affect the IR degradation pattern, it is estimated that the IR percentage errors are less sensitive to the λ error of +10% and vary with thermal ageing time in different ways between the dichotomy and discretization models. The IR percentage error amplitudes of dichotomy models increase to a maximum of about 22% for 0.9λ or 16% for 1.1λ at around 900–1000 h and then relatively slowly drop with the ageing time going further. This might be because the dichotomy models randomly assign a constant fully degraded resistivity to insulation segments based on the number of degraded segments jointly determined by the degradation rate and ageing time. The variation in the number of degraded segments induced by the λ error of ±10% increases at the beginning of the thermal ageing process and then decreases at a certain ageing time when the number of degraded segments approaches the total number of insulation segments. In an extreme case where all the segments are fully degraded after a sufficiently long thermal ageing process under any degradation rate, the dichotomy models will always give the same IR results independent of degradation rates. For the discretization models which simulate the gradual degradation of individual segments, the IR percentage error amplitudes increase with the ageing time throughout the thermal ageing process and approximately reach 60% for 0.9λ or 40% for 1.1λ at the end of 2000 h. However, the corresponding IR absolute errors at the end of 2000 h are insignificant due to the fact that the IR results become very small after a long thermal ageing time compared with initial IR levels. Since the uncertainty propagating from degradation rates to IR values can be magnified especially when using the discretization models, further exploration should reflect the confidence bounds for IR degradation estimation subject to various sources of uncertainty.





5. Conclusions and Future Work


The insulation of heavily loaded power cables is subjected to varying extents of thermal ageing that causes the degradation of electrical dielectric properties including insulation resistance (IR). To identify an appropriate approach for the IR degradation simulation under thermal ageing, this paper has developed four IR degradation models for cross-linked polyethylene-insulated power cables and compared the IR simulations between different methodologies and also between the uses of uniform and non-uniform temperature profiles. A cylindrical cable insulation sample has been modelled in this work and divided into multiple sufficiently small segments, enabling the random selection of fully degraded segments by dichotomy models and the estimation of individual segment degradation processes by discretization models. The insulation temperature profile has been estimated by modelling the thermal ageing experiment via a finite volume method (FVM) and then refined by an artificial neural network (ANN) to match profile resolutions with the insulation segment sizes.



When assuming a uniform insulation temperature equal to the hotspot temperature of the entire insulation, the dichotomy model has generated lower IR values than the discretization model, especially for a longer thermal ageing duration due to an increased probability of assigning the fully degraded insulation resistivity to multiple segments that are series connected in the same radial column. Although the incorporation of radial temperature gradients into the dichotomy model has mitigated the overestimation of IR degradation, the resulting IR levels are lower than those that are produced by the discretization model with the exact temperature profile. This is because the discretization model has additionally considered the temperature variation along the longitudinal dimension and simulated the gradual degradation of individual segments separately rather than randomly sampling fully degraded segments from the insulation (layers). In addition, the IR degradation simulation has been performed based on different segment sizes and degradation rates for a sensitivity analysis, suggesting that IR results are more sensitive to the segment size along the radial dimension and to the underestimation of degradation rates. Furthermore, the degree of sensitivity not only varies with the thermal ageing time but also depends on the IR degradation model adopted.



It is noted that the IR degradation models developed here consider thermal ageing effects only. Based on the present work, the proposed discretization model with the full temperature profile should be enhanced to simulate the joint effects of thermal ageing and annealing by additionally considering the diffusion of chemical components from semicon shields which may increase trap density and promote hopping conduction within cable insulation [27]. The cumulation and exhaustion of the chemical components could result in the IR trend exhibiting a U-shape variation at the initial stage of the heating process [28]. Furthermore, the enhanced discretization model will be fitted to laboratory IR measurements to understand the conduction mechanisms in insulation with the presence of semicon layers over the heating process. Moreover, different sources of uncertainty will be translated into the confidence bounds of an IR estimate by simulating their propagation through IR degradation models. In addition, the FVM will be further developed to simulate highly non-uniform insulation temperature profiles which may be induced by local partial discharges and/or complex ambient environments, providing reliable temperature profiles to discretization models for resistivity degradation estimation. The low-resistance current path generated during partial discharges will also be considered in future model development. In the case of overhead cables that are exposed to air, the insulation degradation accelerated by solar radiation should also be explored.
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Figure 1. Temperature-dependent IR degradation of XLPE materials under thermal ageing [12]. 
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Figure 2. (a) Model of cable insulation divided into multiple segments; and (b) shape and position of a segment in the cable insulation model, with a red arrow representing the direction of the current flowing through insulation. 
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Figure 3. IR estimation process of a dichotomy model with uniform temperature. 
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Figure 4. Schematic of insulation temperature gradients along cable radius. 
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Figure 5. IR estimation process of a dichotomy model with radial temperature gradients. 
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Figure 6. IR estimation process of a discretization model with uniform temperature. 
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Figure 7. IR estimation process of a discretization model with non-uniform temperature. 
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Figure 8. Volume resistivity (Ω·m) of XLPE insulation varying with ageing time and temperature [7]. 
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Figure 9. (a) The Arrhenius plot of the natural logarithm of degradation rate against the inverse of absolute temperature; and the linear fitting of (b) non-degraded resistivity and (c) degraded resistivity against absolute temperature for XLPE insulation samples. 
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Figure 10. Positions of type T thermocouples placed along the cable sample surface. 
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Figure 11. Measurements and simulation of cable surface temperatures (°C) at the sensor positions. 
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Figure 12. Example temperature profile simulation (°C) across one cross section of the cable sample. 
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Figure 13. Example temperature profiles (K) of (a) the entire cable insulation and (b) the selected 1 m insulation section in cylindrical coordinate system. 
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Figure 14. The segment resistances (Ω) of cable insulation at 0 h estimated by (a) dichotomy model with uniform temperature; (b) dichotomy model with radial temperature gradients; (c) discretization model with uniform temperature; and (d) discretization model with non-uniform temperature. 
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Figure 15. The segment resistances (Ω) of cable insulation at 100 h of thermal ageing estimated by (a) Dichotomy model with uniform temperature; (b) dichotomy model with radial temperature gradients; (c) discretization model with uniform temperature; and (d) discretization model with non-uniform temperature. 
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Figure 16. The segment resistances (Ω) of cable insulation at 300 h of thermal ageing estimated by (a) Dichotomy model with uniform temperature; (b) dichotomy model with radial temperature gradients; (c) discretization model with uniform temperature; and (d) discretization model with non-uniform temperature. 
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Figure 17. IR degradation curves (GΩ) estimated by different models within 300 h of thermal ageing. 
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Figure 18. IR degradation trends (Ω) over 2000 h of thermal ageing simulated based on different segment sizes by (a) dichotomy model with uniform temperature; (b) dichotomy model with radial temperature gradients; (c) discretization model with uniform temperature; and (d) discretization model with non-uniform temperature. 
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Figure 19. IR degradation trends (Ω) with percentage errors over 2000 h of thermal ageing simulated under uncertain degradation rates by (a) dichotomy model with uniform temperature; (b) dichotomy model with radial temperature gradients; (c) discretization model with uniform temperature; and (d) discretization model with non-uniform temperature. 
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Table 1. Degradation rates, non-degraded and degraded resistivity values obtained from resistivity measurements of XLPE insulation samples at different thermal ageing temperatures.
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	Temperature (K)
	Degradation Rate λ (1/h)
	ρ0 (Ω-m)
	ρd (Ω-m)





	353.15
	8.5 × 10−4
	2.0 × 1012
	1.0 × 1010



	373.15
	1.0 × 10−3
	1.0 × 1012
	1.0 × 1010



	393.15
	9.0 × 10−3
	3.2 × 1011
	1.9 × 1010



	413.15
	1.4 × 10−2
	1.95 × 1011
	1.54 × 1010










 





Table 2. The statistics of linear fitting of the natural logarithm of degradation rate, non-degraded and degraded resistivity against absolute temperature for XLPE insulation samples.
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Fitting Statistics

	
ln(λ)

	
ρ0

	
ρd






	
Intercept

	
Value

	
14.4153

	
1255.5200 × 1010

	
−3.4677 × 1010




	
Std. Err.

	
5.3673

	
267.4020 × 1010

	
3.1279 × 1010




	
t-Value

	
2.6858

	
4.6953

	
−1.1086




	
Slope

	
Value

	
−7.6959

	
−3.0475 × 1010

	
0.0126 × 1010




	
Std. Err.

	
2.0460

	
0.6967 × 1010

	
0.0081 × 1010




	
t-Value

	
−3.7615

	
−4.3741

	
1.5460




	
Residual Sum of Squares

	
0.7874

	
1941.6750 × 1020

	
0.2657 × 1020




	
R-squared

	
0.8762

	
0.9054

	
0.5444











 





Table 3. Hotspot temperatures and associated degradation rates of 10 insulation layers in the dichotomy model with radial temperature gradients.
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	Layer No.
	Absolute Temperature (K)
	Degradation Rate (1/h)





	1
	377.26
	0.002505



	2
	376.96
	0.002464



	3
	376.66
	0.002424



	4
	376.36
	0.002385



	5
	376.07
	0.002348



	6
	375.86
	0.002321



	7
	375.59
	0.002287



	8
	375.33
	0.002256



	9
	375.10
	0.002227



	10
	374.82
	0.002192










 





Table 4. Degradation volume ratios and numbers of degraded segments estimated for 10 insulation layers by the dichotomy model with radial temperature gradients after 100 h and 300 h of thermal ageing.
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Layer

	
Thermal Ageing for 100 h

	
Thermal Ageing for 300 h




	
Degradation Ratio

	
Number of Degraded Segments

	
Degradation Volume Ratio

	
Number of Degraded Segments






	
1

	
22.158%

	
1994

	
52.833%

	
4755




	
2

	
21.836%

	
1965

	
52.245%

	
4702




	
3

	
21.526%

	
1937

	
51.674%

	
4651




	
4

	
21.220%

	
1910

	
51.106%

	
4600




	
5

	
20.927%

	
1883

	
50.559%

	
4550




	
6

	
20.715%

	
1864

	
50.161%

	
4514




	
7

	
20.443%

	
1840

	
49.645%

	
4468




	
8

	
20.194%

	
1817

	
49.171%

	
4425




	
9

	
19.964%

	
1797

	
48.731%

	
4386




	
10

	
19.687%

	
1772

	
48.197%

	
4338











 





Table 5. Insulation segment sizes and resulting numbers of segments for comparison.
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	Size Index
	Δx (m)
	Δφ (°)
	Δl (m)
	M
	N
	P
	Nt





	1
	2 × 10−4
	2
	0.02
	20
	180
	50
	1.8 × 105



	2
	1 × 10−4
	2
	0.02
	40
	180
	50
	3.6 × 105



	3
	1 × 10−4
	2
	0.01
	40
	180
	100
	7.2 × 105



	4
	1 × 10−4
	1
	0.02
	40
	360
	50
	7.2 × 105
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