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To address the challenge of identifying hidden faults in high-voltage power cables, this study proposes a fuzzy comprehensive evaluation method. The method aims to provide a comprehensive and effective means of fault identification for operation and maintenance personnel. The fuzzy comprehensive evaluation method involves several key steps. Firstly, relevant indices are selected from operation monitoring data of high-voltage cables to form a comprehensive evaluation factor set. This set is then matched with an evaluation set established according to corresponding operation guidelines. Secondly, membership functions are established using the triangular distribution function to calculate the cable fault evaluation set. Thirdly, the weights of the evaluation factors are quantified using the analytical hierarchy process. To demonstrate the effectiveness of the proposed method, a fault analysis of a city’s 220 kV double-circuit cable system is conducted. The results show that the fuzzy comprehensive evaluation method can accurately identify faults in the cable system. The proposed fuzzy comprehensive evaluation method provides a valuable reference for operation and maintenance personnel in identifying hidden faults in high-voltage power cables.
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1 INTRODUCTION
With the continuous development of China’s economy, urbanization is accelerating which leading to an increasing demand for electricity consumption. Consequently, the scale of urban power cables, especially high-voltage power ones, is growing constantly. Because the cable tunnels occupy small area and are less affected by bad weather and other natural conditions, the high-voltage cables are gradually replacing overhead transmission lines and becoming the primary mode of urban power transmission. Ensuring the safe and stable operation of high-voltage cables has always been the most important work of the power grid (Song et al., 2022).
If the high-voltage cables are not replaced in time for long-term operation, it will cause hidden dangers. Some factors, such as insulation, operating temperature, tunnel temperature, and humidity, can impact the safety and stable operation of the power cables in tunnels. Currently, most of the operation and maintenance of cables and tunnels mainly rely on manual work, which has limitations both in terms of maintenance costs and the stable operation of power cables. For the stable and safe operation of cables and tunnels, real-time monitoring and analysis of working conditions must be carried out in order to discover and eliminate hidden dangers in time (Czapp and Dobrzynski, 2020; Huang et al., 2022; Zhang et al., 2022; Zhao et al., 2022; Nougain et al., 2023).
Various faults may occur during the operation of cables, including short-circuit faults, ground faults, disconnection faults, and faults such as cable fires and cable breaks due to cable aging, which may even lead to serious accidents (Akbal, 2020; Zhang et al., 2021; Duda, 2023). To assess the cable condition, Bindi et al. (2023) introduced and analyzed several methods to evaluate the cable insulation condition from both online and offline aspects. Su et al. (2019) and Chen et al. (2021) proposed a distribution network cable fault online monitoring and locating system, which could monitor the insulation status of cables online. Jahromi et al. (2020) and Lee et al. (2021) proposed a frequency domain dielectric spectrum (FDS) test method to evaluate the cable insulation condition. Meng et al. (2022) proposed a new cable assessment method based on the weight space Markov chain and Monte Carlo method (Markov chains Monte Carlo, MCMC), based on the analysis of the limitations of the cable operating condition assessment methods. Huang et al. (2021) proposed a multi-level fuzzy risk assessment method for cable lines based on fuzzy mathematics. Although all the above methods can assess the cable condition to some extent, they relied on a single data source. If multiple factors are considered comprehensively, more accurate results can be obtained.
In this paper, we address the challenges in identifying hidden cable faults by proposing an analytical approach based on various operating conditions of the tunnel high-voltage cables. An evaluation index set and evaluation framework have been built, which uses a fuzzy comprehensive evaluation method to analyze the likelihood of faults occurring during cable operation. By our proposed method, potential faults can be found in time and cable faults can be eliminated at the very early stage.
2 INTRODUCTION TO THE FUZZY COMPREHENSIVE EVALUATION METHOD
The fuzzy comprehensive evaluation method is a comprehensive bid evaluation approach grounded in the principles of fuzzy mathematics. It transforms qualitative evaluation into quantitative evaluation according to the affiliation theory of fuzzy mathematics. The fuzzy mathematics is used to make a comprehensive evaluation of things or objects constrained by multiple factors, hence it has the characteristics of clear results and strong systematicity, and it can better address fuzzy and hard-to-quantify problems (Huan et al., 2010; Hua et al., 2013), the flow chart is shown as Figure 1. The steps of the fuzzy comprehensive judgment method can be summarized as follows:
Step 1. Determine the set of evaluation factors
[image: Figure 1]FIGURE 1 | Flow chart of fuzzy comprehensive evaluation method.
The factor set is a collection of factors that affect the object of the judgment as a collection of elements, it is denoted as U, as shown in Equation 1:
[image: image]
where n represents the number of indicator elements. Each element signifies a diverse factor that influences the object’s attributes or performance and reflects its comprehensive state collectively. Evaluation of the object is based on these factors.
Step 2. Determine the evaluation set
The judgment set is a set consisting of the various total possible judgment results on the object of judgment, and the evaluation set is denoted as V, as shown in Equation 2:
[image: image]
where m is the number of evaluation levels.
Step 3. Determine the weights of the influencing factors
Analyzes the indicators accordingly and determines the weights of the indicators, which are composed as follows:
[image: image]
where n is the number of indicator items and the weights satisfy the normalization condition, i.e., [image: image].
Step 4. Establishment of evaluation membership function and fuzzy relationship matrix
According to fuzzy set theory, elements no longer simply belong or do not belong to a set. Instead, their relationship is described by the degree of membership which is typically represented by a membership function. When an element belongs to a fuzzy set, the higher the value of the membership function, the greater the degree to which it belongs to the set, with the degree values ranging from 0 to 1. The degree of membership reflects how well an element fits into the set according to human knowledge, which is influenced by subjective experiences. So, it is very crucial to achieve consistency between subjective assessment and objective reality when we are determining the degree of membership. It needs to be adjusted constantly in practice to ensure that the assessment remains consistent with objective conditions.
The commonly used methods for determining the membership degree of an element to a fuzzy set include the boundary method, fuzzy statistical method, and fuzzy distribution method. The fuzzy distribution method relies on employing specific functions that can best represent the fuzzy set in question through reference comparisons. Generally, these functions include trapezoidal, parabolic, and normal distributions are categorized into biased small, biased large, and intermediate types according to their shapes and characteristics. The fuzzy distribution method facilitates a nuanced representation of membership degrees within fuzzy sets based on the chosen distribution function’s appropriateness to the context. Through the membership function, the fuzzy relation matrix R can be determined as Equation 4:
[image: image]
where [image: image] is the degree of affiliation of the influence factor [image: image] to the evaluation set [image: image], and [image: image]. n is the number of indicator sets; m is the number of evaluation sets.
Step 5. fuzzy comprehensive evaluation
The comprehensive evaluation set B can be found using the fuzzy relationship matrix R and weights.
[image: image]
where “o” denotes the fuzzy operator to be chosen according to the actual problem. W is the weight vector of the influencing factors defined in Equation 3; R is the membership matrix of the evaluation index; [image: image] is the degree of affiliation of the evaluation object to the evaluation set [image: image].
3 FUZZY COMPREHENSIVE EVALUATION FOR HIGH VOLTAGE CABLE FAULT HAZARDS
3.1 Evaluation indicators
The high-voltage power cable performance indicators serve as quantitative representations of cable performance, guiding monitoring, analysis, and control efforts. In this study, based on field research of a local cable, five indicators including body temperature, load current, maximum-to-minimum ratio of single-phase grounding current, ambient temperature, and ambient humidity, are selected to form the evaluation factor set U. The cable body temperature refers to the temperature of the cable core, while the ambient temperature and humidity refer to those within the cable tunnel. These indicators are crucial for assessing and ensuring the operational efficiency and safety of high-voltage power cables. The content shown in Figure 2 analyses and evaluates the status of the cable (Tan et al., 2017; Hu et al., 2017; Shao and Bowler, 2019; Ding et al., 2022; Lee et al., 2023).
3.2 Establish fuzzy evaluation sets
The condition of the cable should be classified according to the condition of the high-voltage cable condition testing technology specification to achieve its specific performance. Accordingly, this paper classifies three conditions of the cable: normal, attention, and defective. The normal condition refers to when the cable tunnel operates normally. The attention condition indicates that it requires strengthened monitoring. The defective condition signifies that a defect is likely to occur with high probability, and thus requires close monitoring. Therefore, the evaluation set is composed, as shown in Equation 6:
[image: image]
3.3 Determination of evaluation factor weights
According to fuzzy judgment, the weight distribution of each factor significantly influences the judgment result; Therefore, determining a reasonable weight set becomes one of the key points and difficulties in fuzzy judgment.
We conduct empirical studies by utilizing expert opinions to assess the importance of each factor within its corresponding set, the importance values are rated on a scale from 1 to 9, and form a judgment matrix. Hierarchical analysis is then employed for pairwise comparisons of factors with different levels, ensuring test consistency. The weighting of factors in the preceding layer is reflected by the largest eigenvalue associated with the corresponding eigenvectors, following the methodologies discussed by Azadeh and Abdolhossein Zadeh (2016), Fang et al. (2018), and Sokolović et al. (2021).
3.3.1 Form a pairwise comparison matrix
According to experts’ judgment, we assign importance scores to each indicator within the respective criteria by adopting a 1–9 proportional scale to quantify their relative significance. It will yield a square matrix characterized by unity values along its diagonal, and reciprocals of each other for elements that are symmetric about this diagonal. This matrix is represented as Equation 7:
[image: image]
where n denotes the total number of indicators, aij ranges between 1 and 9, and indices i and j iterate from 1 to n.
To quantify the relationship accurately between the ith and jth evaluation indicators within a set of n indicators, we employ matrix A to construct a corresponding pairwise comparison matrix B, both matrices being of dimension n-by-n. The formula for determining the element bij in matrix B is provided as Equation 8:
[image: image]
where [image: image] and [image: image] signify the arithmetic mean of the sums of the elements residing in the ith and jth rows of matrix A respectively.
3.3.2 Calculate the weights of the indicators
We employ the eigenvalue method as the primary approach to compute the weight vector of influencing factors. The specific steps are outlined as Equations 9–13:
1) Calculate the nth root of the product of all elements within the ith row
[image: image]
where Mi represents the nth root of the product of all elements in the ith row.
2) Calculate the weights
[image: image]
where Wi denotes the value of the ith element in the weight vector.
3) Calculate the largest eigenvalue of the pairwise comparison matrix
[image: image]
where λmax is the largest eigenvalue of matrix B.
4) Perform a consistency check on the results:
Firstly, the consistency index (CI) is computed, and the appropriate random index (RI) value is selected followingly, which is contingent upon the order of the pairwise comparison matrix B. Here Table 1 is as a reference. Finally, the consistency ratio (CR) is obtained by Equation 13. If the CR falls below 0.1, the pairwise comparison matrix is considered to have passed the consistency test. Conversely, the judgment matrix must be revised and the entire process reiterated until the consistency test is successfully passed.
[image: image]
[image: image]
TABLE 1 | Corresponding table of matrix order (n) and random index (RI).
[image: Table 1]3.4 Degree of deterioration of evaluation indicators
The performance state of a high-voltage cable can be represented by a set of state characteristic parameters such as [image: image], which can be written as [image: image]. To quantitatively assess the change in cable performance from the normal state to a fault state, a measure value of deterioration is used which is denoted as [image: image]. This measure value represents the degree of deviation of the equipment from its normal state and takes values in [0, 1]. In the context of positive deterioration, the state quantity is characterized by an increment of its value. Specifically, a degree of deterioration of 1 means that the ith performance state of the cable is poor, whereas a degree of 0 indicates that the ith performance state of the cable is in satisfactory condition (Hua et al., 2013; Seguchi et al., 2015). Conversely, in the case of negative deterioration, the state quantity is represented by a decrement in its value, which reflects an inverse relationship with the degree of degradation.
The condition parameters used to assess the state of the cable include various indicators. The cable operating parameters are shown in Figure 2, where the first four indicators typically indicate positive degradation—increasing values correlate with degradation. Conversely, ambient humidity is a negative degradation indicator, lower values contribute more to faults.
[image: image]
where [image: image] is the threshold value of the indicator state parameter; [image: image] is the actual measured value of the indicator.
[image: Figure 2]FIGURE 2 | Indicators for evaluating high voltage power cable potential faults.
Considering the significant impact of air humidity on fire occurrence and the technical regulations for cable detection, the degradation of indicators such as conductor temperature, load current, ratios of maximum value and minimum value of single-phase ground current, ambient temperature, and humidity are calculated using Equations 15–19: they are borrowed from Equation 14. Some parameters in the following formulas can be obtained by querying relevant standards.
[image: image]
where [image: image] is the actual measured value of conductor temperature
[image: image]
where [image: image] is the rated current carrying capacity of the cable line and [image: image] is the actual measured value of the indicator.
[image: image]
where [image: image] is the ratio of the maximum value and minimum value of the measured single-phase grounding current. k is a parameter whose value is determined as follows: If [image: image], about the A, B, and C phases, if the maximum value of single-phase current measurement belongs to a phase, its parameter k is 1; the k value of the phase to which the intermediate value belongs is 0.8; the parameter k of the phase to which the minimum value belongs is 0.6. If [image: image], the corresponding three values of k are 1, 0.7, and 0.5.
[image: image]
where, [image: image] is the measured value of ambient temperature.
The occurrence of fire is closely related to air humidity. Fire is less likely to occur when air humidity is more than 60%. In the range of 50%–60% humidity, fire can burn slowly but does not spread easily. With 40%–50% humidity, combustion can produce smoke but does not spread extensively. When humidity drops to 30%–40%, fire ignites more readily and can spread further. Humidity below 25% will significantly increase the risk of fire. The degree of air humidity contribution to cable failure can be expressed as:
[image: image]
where [image: image] is the measured value of ambient humidity.
3.5 Establishment of a fuzzy relationship matrix
The fuzzy evaluation matrix represents the relationship between the factor set and the evaluation set. It utilizes cable indicators to gauge the degree of deterioration, which determines the degree of different states within the state space. The triangular distribution function categorizes objective entities into large, medium, and small groups. Evaluating sets across normal, attention-worthy, and defective classifications aligns perfectly with the triangular distribution function’s description, depicted in Figure 3. Therefore, we employ the indicator’s deterioration degree combined with the triangular distribution function to determine the membership function’s degree.
[image: Figure 3]FIGURE 3 | Distribution of the triangular membership function.
Based on the parameter ranges of each evaluation index of the cable, the degree of deterioration for each system factor can be calculated by Equations 20–22. By calculation, we can obtain these degrees of membership relative to the evaluation set, thereby we can construct R.
[image: image]
[image: image]
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3.6 Fuzzy comprehensive evaluation
In fuzzy comprehensive evaluation, the “o” operator is applied in various ways, with the principle of maximum affiliation being the most commonly used method in practice. However, in certain cases, using only this method can lead to significant information loss and even produce unreasonable evaluation outcomes. In this paper, we propose a method that considers the weights of each evaluation factor of the cable system. It utilizes the fuzzy relationship matrix, which is formed based on the degree of affiliation of each factor. The approach involves using a weighted average as the fuzzy comprehensive evaluation operator which is expressed as follows:
[image: image]
The model takes into account the effects of all factors and retains all the information from the single-factor assessment, which makes it well-suited to engineering assessment.
3.7 Example analyses of a fuzzy comprehensive evaluation
This paper analyses a 220 kV double-circuit cable system in a city as an example. The cable length is 9.422 km, and the type of cable is YJLW03-220-1*1000. Both cable and its accessories were produced by one company. The double-circuit line was put into operation on 30 June 2008, it was equipped with 16 sets of intermediate connectors, one set of GIS terminals for the cable, and one set of outdoor terminals. Before the cable failure occurred in Joint No. 3, the cable was working normally. On 19 December 2019, the cable operation and inspection department conducted routine tests on this joint, including temperature measurement, circulating current measurement, partial discharge detection, etc. All the test results were normal. Table 2 shows the operating and environmental parameter measurements of Joint No. 3.
TABLE 2 | Inspection data of Joint No. 3 (Dec19, 2019).
[image: Table 2]The analytical hierarchy process method was used to calculate the weight of each factor. Using the fuzzy comprehensive evaluation method, the corresponding deterioration degree was calculated based on the measured value, and the parameters and calculation results are shown in Table 3.
TABLE 3 | List of indicator parameter weights, degree of degradation, and degree of affiliation.
[image: Table 3]A comprehensive evaluation is conducted based on Equations 5, 23, the results of the comprehensive evaluation of the three phases A, B, and C were calculated as Equations 24–26:
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[image: image]
According to the principle of maximum affiliation, the A and B phases should be categorized under the state of attention, while the C phase is in the state of defective. Theoretically, if our proposed method was applied it can suggest that monitoring efforts should be intensified for the A and B phases, whereas the C phase should be further inspection and investigation into the cause of its state. However, the test data on 19 December 2019 indicated that the cable was in normal condition; therefore, no further inspection has been done in accordance with the technical specifications. At 23:46 on 11 July 2020, a fault occurred in Joint No. 3 of the C phase of the 220 kV double-circuit cables, which led to severe rupture and burning of the joint, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Joint #3 breakdown condition.
The cable fault assessment method proposed in this paper demonstrates its ability to provide a very early warning, which is almost 6 months before the fault occurs. The assessment results can serve as valuable references for inspection and maintenance personnel.
4 CONCLUSION
Many current high-voltage cable fault assessment methods only consider a single factor. We proposed to use the analytic hierarchy process and fuzzy comprehensive evaluation method for evaluating potential faults in high-voltage power cables, with many specific factors taken into account. It constructs evaluation indices and degradation functions for cable fault diagnosis based on cable operational parameters. It uses the triangular distribution function to construct membership functions for calculating the cable fault evaluation set. The fuzzy comprehensive evaluation method is applied to identify potential cable faults. The example in the article demonstrates that the suggestions proposed by our method can serve as a valuable reference for inspection and maintenance. However, relying solely on one set of instances to validate the proposed method is insufficient, and subsequent verification using multiple sets of data is required. The proposed method integrates qualitative and quantitative approaches and can provide a very early warning before a fault occurs.
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