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The health state of hydroelectric power generation units is of great significance to ensure the stability and economy of safe operation of the power grid. In order to address the challenges in existing assessment methods of the insufficient reliability of the evaluation of multi-complex systems and the inability to reflect anomalies of a single index. A state evaluation model based on combination weighting and improved fuzzy comprehensive evaluation method is accordingly proposed. First, a hierarchical analysis system is constructed based on actual monitoring indicator data from the hydropower unit. Optimal comprehensive and indicator weights are subsequently obtained for each indicator level using a combination of the improved hierarchical analysis and CRICIT method through game theory. Next, the industry guidelines and regulations are difficult to effectively determine the limit values of each index of the unit, and they do not fully take into account the actual situation of the unit itself and the huge amount of accumulated historical health data. To address this issue. The Gaussian threshold method was proposed to determine the limit values of the monitoring data for each indicator, which more accurately determines the indicator thresholds as well as their standard values. The degradation degree of the hydroelectric unit can be calculated by comparing the real-time monitoring data with these limits. Finally, the combined weights of dynamic change and the fuzzy evaluation matrix are used to obtain the state evaluation matrix reflecting the condition of the turbine. The proposed approach is validated using the actual monitoring data and operating conditions for case study hydroelectric station, The results show that the improved evaluation method has an optimal evaluation effect.
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1 INTRODUCTION
Hydroelectric power generation is the most common renewable energy source and a critical means to reduce CO2 emission (Awan et al., 2023). With the adjustment of China’s energy structure, hydropower generation has become an indispensable method for generating power, due to its excellent stability. Therefore, it is critical to fully utilize the power generation functionality of hydraulic turbine sets to ensure the safe and stable operation of the power grid. This requires highly reliable hydroelectric generator sets, which can be ensured by evaluating the health state of hydropower units through monitoring and analyzing their parameters to assess whether there is any anomaly or potential risk of unit failure. This allows unit faults to be discovered in a timely manner and appropriate repair and maintenance procedures to be implemented, improving dependability and stability while extending service life. Thus, the steady operation of the power system and the quality of the power supply can be ensured (Zeng et al., 2023).
The main elements of the comprehensive condition assessment of hydropower units combine the structural system of the equipment with the distribution of measurement points, Extracting and constructing correlation indicators that reflect the operational health state, and integrating the performance indicators to make a holistic and global evaluation of the system health state. In recent years, as the concept of condition maintenance continues to advance, The power industry has successively established comprehensive condition detection systems, A wealth of measurement point information provides data support for the overall evaluation of the health state of the equipment, Condition assessment theory and techniques have also developed considerably, Commonly used condition evaluation methods include hierarchical analysis (Ge et al., 2020), cluster analysis (Hu et al., 2019), fuzzy comprehensive evaluation (Fang et al., 2016), grey system theory (Huang et al., 2022), etc.
In terms of calculating the weights, hierarchical analysis, as a classic system analysis method, is widely used in risk assessment, resource allocation, equipment evaluation and other fields due to its clear structure, hierarchical nature and adaptability to complex systems (Zhang H. et al., 2020; Liu et al., 2022; Cai et al., 2023; Zhu et al., 2023). Yucesan and Kahraman (2019) use hierarchical analysis for risk assessment of hydropower plants to help ensure grid security and prevent economic losses. Zeng et al. (2023) used hierarchical analysis and fuzzy integrated evaluation method to assess water resources pollution and proposed risk level evaluation, A hierarchical analysis is a traditional analysis method comprising a simple hierarchical structure (Ma et al., 2020). However, this method has several drawbacks: 1) It is extremely difficult to test the consistency of judgement matrices 2) the assignment of indicators relies too much on the experience of experts and is not objective enough. The fuzzy hierarchical analysis method (Doz et al., 2023) used in this paper not only retains the advantages of hierarchical analysis, but also adds a fuzzy consistency matrix, which ensures the consistency of the judgement matrix and solves the problem of the difficulty of checking whether the judgement matrix is consistent. Also, due to its lack of objectivity, this paper applies the CRITIC method (Krishnan et al., 2021; Wen et al., 2022) to calculate its objective weights through historical health samples. However, subjective weights or objective weights cannot fully represent the weights of the indicator, in order to allocate the rationality of the weights, the method of game theory (Li H. et al., 2022; Li et al., 2023) is introduced to calculate the optimal weights, so as to make its weight allocation more reasonable.
Although fuzzy theory has made many advances in equipment condition evaluation, there are still some limitations in its research and application in the field of hydropower units: 1) It is difficult to determine the indicator limit value, and when using the affiliation function, it is necessary to calculate the indicator degradation degree according to the indicator limit value. 2) It fails to consider the influence of the unit’s own operating conditions well. Hydropower units in different operating conditions, some state parameters such as pendulum, temperature, etc., there will be a big difference, the general use of uniform regulations to calculate the state of deterioration degree lack of reasonableness: 3) indicators of deterioration degree of different intervals and affiliation function of the mapping of the different evaluation state of the relationship between the lack of effective explanation. Geng and Liang (2022) proposed the degradation degree of hydropower units and applied the principle of maximum affiliation to determine the condition of the units, providing scientific guidance for the evaluation of the health of hydropower generators. Li C. et al. (2022) constructed a hierarchical index system for transmission lines and combined it with the triangular-semi-trapezoidal affiliation function in fuzzy theory, Second, the mapping relationship between the different degradation degree intervals and evaluation states of the affiliation function lacks effective and reasonable explanation. Therefore, to evaluate the unit health state more accurately, the Gaussian threshold method (Zhang et al., 2022; Paialung et al., 2023) can be used to determine the indicator limit value. This study accordingly proposed an improved adaptive fuzzy comprehensive evaluation model for hydropower units that combines the Gaussian threshold method with the fuzzy comprehensive evaluation method to achieve a more effective and reliable evaluation of unit status.
To address to the shortcomings of current hydropower unit evaluation research, an adaptive fuzzy evaluation model that integrates the game theory-based combination of assignment with an improved fuzzy comprehensive evaluation is proposed in this paper. Based on the structure of the research object and the distribution of measurement points, the fuzzy hierarchical analysis method is used to construct the unit hierarchy system (Tian et al., 2020; Xia et al., 2020) and calculate the subjective weights for indicator parameters. The objective weights of each indicator are calculated by the CRITIC method based on historical monitoring data, and the corresponding optimal objective and subjective weights are subsequently calculated using game theory. Then, the state affiliation of each indicator is determined according to the improved comprehensive evaluation model to determine the unit state. In the final results, it is found that in the hydropower unit indicator evaluation system, the influence of the weight of the bottom indicator on the overall evaluation results is weakened with the increase of the number of transmission layers, which is similar to the phenomenon of the disappearance of the gradient of the neural network. Therefore, this paper proposes a variable weighting algorithm (Fu et al., 2017) with a penalty factor that can adaptively adjust the weight of the indicator according to the operating state of the indicator, and applies it through the case study and verifies its optimal evaluation effect by comparing the improved method with other methods without improvement.
2 SAFETY EVALUATION SYSTEM FOR HYDROPOWER UNITS
Due to the complex structure of hydropower units, the need to monitor many parts, the need to monitor many parts, and the differences in the types of measurement points between different power plants and unit models, a hydropower unit evaluation system can be constructed using division by components or division according to monitoring signals. The latter approach was applied in this study. The monitoring signals for a hydraulic turbine system can be divided into pendulum, vibration type, pressure pulsation, and temperature type signals. In order to reflect the real operation of the unit and determine the reliability of the evaluation method, this study constructed a hierarchical analysis system according to the type of monitoring signals (Zhang et al., 2023), taking Unit 4 of a power plant as an example. This hydropower unit was divided into the three layers shown in Figure 1.
[image: Figure 1]FIGURE 1 | Hydraulic turbine system hierarchy system.
A goal layer, project layer, and indicator layer. The project layer consists of the four monitoring signal types: pendulum, vibration, pressure pulsation, and temperature. The indicator layer comprises the different measurement points under each of the four signals, comprehensively reflecting the operation status of the hydropower unit.
3 COMBINATORIAL EMPOWERMENT VIA GAME THEORY
How to scientifically and reasonably determine the weights of indicators for the evaluation of hydropower units has a significant impact on the evaluation structure. Currently, the commonly used evaluation methods include subjective and fuzzy methods. If the calculation process is complicated and inaccurate, no traditional evaluation method will lead to acceptable solution. In such cases, need for improvement of the capacity of the single assessment methodology to address practical problems. Therefore, this study combined a game theory weight determination method with the subjective weights of the fuzzy hierarchical analysis method and the objective weights of the CRITIC method to obtain the two optimal weight vectors through game aggregation.
3.1 Fuzzy hierarchical analysis method
The fuzzy hierarchical analysis method has been widely used as a basis for quantifying evaluation indicators and selecting an optimal solution. It combines a fuzzy consistency matrix with a hierarchical analysis, retaining the advantages of the latter while overcoming its fuzziness in the judgment matrix to ensure consistency and functionality more to imitate the human decision-making.
The fuzzy complementary matrix of hydropower unit evaluation indicators can be established by comparing the evaluation indicators [image: image] and [image: image] to determine and quantitatively express the importance of one factor over the other. The fuzzy relationship affiliation degree between these two indicators, [image: image], is quantitatively described on a scale of 0.1–0.9, with the meaning of each interval in this range expressed in Table 1. Thus, the fuzzy complementary judgment matrix of the evaluation indicators for hydropower units is expressed as A = [image: image] which satisfies 0 [image: image] [image: image] 1 and [image: image] = 1, where:
[image: image]
[image: image]
TABLE 1 | Meaning of affiliation values used to compare indicators on a scale of 0.1–0.9.
[image: Table 1]As shown in Table 1, [image: image] = 0.5 indicates that each factor is equally important; [image: image] ∈[0.1,0.5) indicates that factor [image: image] is more important than [image: image]; and [image: image] ∈ [0.5,0.9] indicates that factor [image: image] is more important than [image: image]. For the last case, the fuzzy consistency matrix performs a summation operation for each row of the fuzzy judgment matrix as follows:
[image: image]
The matrix transformation conducted according to Eq. 1 yields the fuzzy judgment matrix E = [image: image], which is consistent, as follows.
[image: image]
where [image: image] is the consistency-processed value of [image: image] in the [image: image] th row and [image: image] th column of matrix E and [image: image] is the value from the fuzzy complementary matrix A = [image: image]. The value of the row-by-row summation of the weight of each indicator [image: image] =([image: image]) is subsequently obtained from the matrix E = [image: image] as follows:
[image: image]
3.2 CRITIC method
The CRITIC method is an objective weighting method that uses the quantity of information for each indicator to calculate the value of its weight. This represents a superior method compared to entropy weighting or the coefficient of variation when the information describing each indicator to be evaluated is provided by varying intensities and conflicts with that describing other indicators. Indeed, the CRITIC method determines the weights not only by taking the variability of the indicator information as a premise, but also by combining the correlation between indicators, thereby preventing subjective factors from having an outsized effect and causing the results to deviate from objective reality.
Indicator dissimilarity is generally expressed as a standard value that represents the volatility of the indicator; the greater the volatility, the greater the indicator dissimilarity. Conflict between two different indicators is expressed in terms of correlation; the greater the conflict, the smaller the correlation.
Generally, CRITIC method modeling is conducted using the following steps.
(1) Dimensionless processing
Considering the inconsistency in the scale of the data for each indicator, dimensionless processing is first conducted on each indicator to remove the influence of such inconsistency on the evaluation results. When there are many objects to be evaluated, standardization can be used for this task as follows:
[image: image]
where [image: image] is the sample mean for each indicator, [image: image] is the actual variable value, and [image: image] is the standard value.
(2) Calculate indicator dissimilarity
The CRITIC method uses the standard deviation to express the variability between indicators as follows:
[image: image]
where [image: image] is the mean value of each indicator. The larger the standard deviation, the greater the difference between the indicator values, the more information is provided among them, and the greater their assessment strength, suggesting that they should be given higher weights.
(3) Calculate indicator conflict
Indicator conflict is expressed in terms of the correlation coefficient as follows:
[image: image]
where [image: image] denotes the Pearson correlation coefficient (Edelmann et al., 2021) between indicators [image: image] and [image: image]
(4) Calculate quantity of information
The quantity of information is determined by:
[image: image]
(5) Calculate the objective weights
The objective weight of the [image: image] indicator [image: image] is given by
[image: image]
and [image: image] is the indicator objective weight vector.
3.3 Portfolio empowerment based on game theory
Game theory provide a mathematical method for investigating how to make decisions and maximize benefits when there are multiple struggling or competing individuals in a group. When used in subjective–objective combination weight calculations, game theory can apply weighting to the combinations between indictors and determine weights that deviate the least from each basic value, thereby ensuring that the calculated values match the actual situation. This “portfolio empowerment” method is conducted as follows.
(1) Employ the game theory concept of outlier minimization to find the optimal weights [image: image] as follows:
[image: image]
where [image: image] represents the number of approaches (thus, the number of weights obtained) and [image: image] is the matrix of the weights obtained for each approach.
(2) Normalize the obtained [image: image] to derive [image: image] as follows:
[image: image]
[image: image]
(3) Assign a combination of weights to obtain the combined weight of the evaluation indicators as [image: image]:
[image: image]
and the combined weight vector is [image: image]
4 IMPROVED FUZZY COMPREHENSIVE EVALUATION METHOD
The indicator monitoring volume limits determined using regulation guidelines are not clear and do not consider the actual operating conditions of the hydropower unit. However, the indicator thresholds obtained from historical indicator monitoring data can accurately reflect the unit status. Therefore, to evaluate the health state of the hydropower unit more accurately, the indicator limits are determined from these data using the Gaussian threshold method.
4.1 Determination of the indicator limits using Gaussian thresholds
The indicator data from a hydropower unit include random measurement errors and exhibit obvious normal distribution characteristics (Zheng et al., 2017; Zhang S. et al., 2020), as shown in Figure 2. For normally distributed unit monitoring indicators [image: image] = {[image: image], the probability that an indicator value falls in the range [image: image]], where [image: image] is the optimal value of the indicator, is 99.74% and the probability it falls outside this range is 0.26%. Thus, the interval [image: image] ] can be considered the normal operation limit of an indicator and the interval [image: image] ] can be considered its overall, where:
[image: image]
[image: image]
[image: Figure 2]FIGURE 2 | Normal distribution chart.
4.2 Determination of degradation
The degradation degree when using indicators for which larger values are better is expressed as:
[image: image]
where [image: image] is the degradation degree, [image: image] is the measured value of the indicator, [image: image] is the optimal value of the indicator, [image: image] is the lower limit of the indicator, and [image: image].
The degradation degree when using indicators for which smaller values are better is given by:
[image: image]
where [image: image].
4.3 Improved fuzzy comprehensive evaluation method
When establishing the safety evaluation model for a hydropower unit in use, most of the risk evaluation indicators have randomness, fuzziness, and other uncertainties. The fuzzy comprehensive evaluation method has unique advantages for solving such problems. Fuzzy comprehensive evaluation is based on fuzzy mathematics and uses fuzzy relationship synthesis to quantify factors with unknown boundaries that are not easy to quantify, then comprehensively evaluate the system considering multiple factors. This approach is based on correlation theory, which converts a qualitative evaluation into a quantitative evaluation. This study accordingly adopted the fuzzy comprehensive evaluation method to evaluate and analyze the state of hydropower units.
The triangular/semi-trapezoidal membership function has been widely used in fuzzy comprehensive assessments due to its simple distribution, and it provides results comparable to other more complex membership functions used in risk assessments and equipment evaluations. However, as the degradation values used in the traditional triangular/semi-trapezoidal affiliation function for equipment evaluation depend on expert experience, and the correspondence among different levels lacks explanation. To explain the rationality of the relationships corresponding to different evaluation levels, an improved triangular/semi-trapezoidal affiliation function was proposed for use in this study as shown in the diagram in Figure 3.
[image: Figure 3]FIGURE 3 | Improved triangle-semi-trapezoid affiliation function graph.
The diagram shows that the hydropower unit can be classified into four states: [image: image], representing good, qualified, attention, and abnormal conditions, respectively, corresponding to degradation degrees of 0.25, 0.50, 0.75, and 1, respectively. These four conditions can intuitively express hydropower unit health as defined in Table 2.
TABLE 2 | Hydroelectric unit condition evaluation table.
[image: Table 2]Since the hydropower unit indicators exhibit normal distribution characteristics, as shown in Figure 2, the hydropower unit states in Table 2 were defined using the four indicator value intervals shown in Table 3. These intervals are defined as [image: image], and [image: image], where [image: image], [image: image], [[image: image], [image: image] and [image: image] are zone boundary values corresponding to degradation degrees of 0, 0.25, 0.5, 0.75, 0.1, respectively, [image: image] denotes the standard limits, and [image: image] denotes the overall limits.
TABLE 3 | Correspondence between indicator boundary values and unit states.
[image: Table 3]According to the intervals defined in Table 3 and based on the triangular/semi-trapezoidal affiliation function in Figure 3, the expressions for the affiliation function were constructed as follows:
[image: image]
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5 CASE STUDY EXAMPLE
5.1 Hydropower unit health assessment process
The following sequence was used to conduct the hydropower unit case study in this example (a flow chart of this process is provided in Figure 4).
1) According to the actual situation of the case study hydropower plant unit structure and the arrangement of measurement points, a hierarchical analysis system was constructed by dividing the unit into a target layer, project layer, and indicator layer. Historical health data describing the oscillation, vibration, pressure, and temperature indicators—included in the project layer—were obtained under the same working conditions used in the example calculation.
2) Next, a fuzzy hierarchical analysis was employed to determine the subjective weights of the items in the project and indicator layers. The historical health data were inserted into the CRITIC method to determine the objective weights for the items in the indicator layer, and the optimal comprehensive weights were determined based on game theory principle by combining the subjective and objective weights.
3) The upper limit, lower limit, and benchmark value for each indicator were obtained using the Gaussian threshold method and the corresponding historical data based on the indicator operating limits and real-time monitoring values.
4) Using the improved adaptive fuzzy comprehensive evaluation method as the health evaluation model, the indicators were divided into four intervals corresponding to good, qualified, attention, and abnormal states. The degradation degree for each indicator was substituted into Eqs 17–20 to obtain the state affiliation for each indicator corresponding to the oscillation, vibration, pressure, and temperature, thereby obtaining the indicator layer fuzzy evaluation matrix.
5) The variable weight theory was subsequently applied to adjust the weight for each indicator, and the fuzzy evaluation matrix was weighted and calculated to obtain the fuzzy evaluation matrix for the project level of the hierarchy structure.
6) The fuzzy evaluation matrix for the entire hydropower unit system was derived using variable weight theory, and the final hydropower unit evaluation result was obtained according to the principle of maximum subordination.
[image: Figure 4]FIGURE 4 | Flowchart of the health model algorithm for hydropower units.
5.2 Calculation of portfolio weights
The subjective project level weights included vibration, oscillation, pressure pulsation, and temperature indicators. The hierarchical analysis method was used to determine the weight of each indicator type. As the vibration, oscillation, and pressure pulsation indicators changed faster and were more sensitive to the state of the unit, the indictor importance was defined as vibration fault = oscillation fault > pressure pulsation fault > temperature fault. According to the 0.1–0.9 scale, the fuzzy judgment matrix for the project level was determined as follows:
[image: image]
And the fuzzy consistency matrix was obtained as
[image: image]
and subjective weights at the project level were (0.3, 0.3, 0.233, 0.167).
The objective and subjective weights at the indicator level and the combination weights were subsequently obtained as shown in Table 4.
TABLE 4 | Project layer weighting table.
[image: Table 4]5.3 Determination of indicator limits
According to the case study unit model and its parameters, including operating head and rated speed, and other parameters, the oscillation, vibration, pressure pulsation, and temperature indicator limits were obtained by consulting international industry regulations, as well as power station regulations and guidelines. Then, the historical health indicator data and Gaussian threshold method has been applied to obtain the final weights of the oscillation, vibration, and pressure pulsation, and temperature indicators as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Combined weight assignment diagram.
5.4 Determination of degradation degree
As shown in Table 5, the axial vibration class indicators exhibited the largest variation. Therefore, the axial vibration class degradation graph was obtained as shown in Figure 6, which identifies five moments representing the degradation trend over time. Note that all monitoring indicators considered in this example were minimum optimal (smaller is better) type indicators.
TABLE 5 | Indicator limits and monitoring values at considered moments.
[image: Table 5][image: Figure 6]FIGURE 6 | Trend of deterioration in axial vibration indicator.
5.5 Unit condition assessment
During the evaluation of hydropower units, the serious deviation of a certain indicator or indicator type from its normal value often means that the feature of this indicator is abnormal and must be paid careful attention, or the system should be shut down for maintenance (Xu et al., 2016; Lin et al., 2020). However, as the weight value of a problematic indicator could be quite small in practice, the state of the response may not be reflected in the results for the entire hydropower unit. Therefore, an adaptive penalty factor algorithm was introduced to adjust the weight of each indicator according to its operating state as follows:
[image: image]
where [image: image] = {1,2,3,4} is the penalty, defined according to the principle of maximum affiliation and the dynamics of the indicator state assessment results. In state 1, [image: image] = 1, in state [image: image], etc. The project layer fuzzy evaluation matrix was constructed according to the variable weight theory and combined with the subjective weights of the project layer to obtain the overall fuzzy evaluation matrix.
The values of the indicators in Table 5 were substituted into Eq. 16 to obtain the deterioration degree for each indicator. These deterioration degrees were substituted into Eqs 17–20 to obtain the fuzzy evaluation matrix for each item level indicator as follows:
[image: image]
As shown above, the weight of each indicator was reallocated using the variable weight theory. According to the principle of maximum subordination, the top vibrations in the X- and Y-directions are in state 1 (corresponding to penalty factor [image: image]), the top vibration in the Z-direction is in state 2 (corresponding to penalty factor [image: image]), and the axial vibrations A, B, and C are in state 3 (corresponding to penalty factor [image: image]). The vibration class indicator weights were combined into [image: image] and substituted into Eq. 4 to obtain the new vibration class weight vector as follows:
[image: image]
The vibration class fuzzy evaluation matrix was subsequently obtained based on the new vibration indicator weight vector as follows:
[image: image]
The fuzzy evaluation matrices for the other indicator types have been obtained similarly, then the project level fuzzy evaluation matrix has been determined as follows:
[image: image]
The new project layer weight vector has been obtained after the subjective weights of the project layer were weighted as [image: image] =(0.316.0.474,0.123,0.087), and the final fuzzy evaluation matrix was given by [image: image] =(0.190,0.266,0.331,0.213).
According to the calculated fuzzy evaluation matrix, the weights of each indicator were reallocated using variable weight theory, giving the results shown in Table 6.
TABLE 6 | Fuzzy evaluation matrix of hydropower station system at each moment.
[image: Table 6]Furthermore, the comprehensive deterioration degree of the hydropower unit is plotted in Figure 7, which shows that the deterioration of the hydroelectric unit increased obviously from August 26, with abnormalities at C, D, and E. At the end of August, the vibration of the case study unit was reported to have been quite violent. After an accident probe of the site personnel, it was determined that the runner chamber steel plate fell off during this time period, leading to a hydraulic imbalance that would obviously change the vibration pendulum signal. Thus, the calculated deterioration degree is consistent with the reported reality.
[image: Figure 7]FIGURE 7 | Comprehensive deterioration trend for the case study hydropower unit.
6 COMPARISON OF METHODS
In order to further validate the advantages of the proposed method for the health assessment of hydropower units, two sets of controlled experiments are designed in this section: fuzzy assessment based on traditional monitoring quantities and regulatory guidelines, fuzzy assessment based on constant-weighted Gaussian thresholds (You et al., 2022).
6.1 Comparison with traditional guideline protocol-fuzzy evaluation methods
This method is compared with the fuzzy evaluation method for hydropower units, which is based on traditional monitoring quantities and regulations. According to the unit type, working head, rated speed and other parameters, the upper and lower limit values of each measurement point of the hydraulic turbine system under steady state operation are determined by consulting the national standards and regulations and the guidelines of power plant regulations, as shown in Table 7.
TABLE 7 | Turbine system monitoring limits.
[image: Table 7]It can be seen that all the monitored quantities are of the smaller and better type, therefore the degree of deterioration is calculated according to Eq. 16, as shown in the traditional plot of the membership function in Figure 8:
[image: Figure 8]FIGURE 8 | Distribution of traditional affiliation functions.
Where g1,g2,g3,g4, correspond to (0.2, 0.4, 0.6, 0.8), respectively, as a comparison to evaluate the operating status of the turbine system A-E at each moment, corresponding to the actual monitoring values shown in Table 5, According to Table 5, the final state evaluation table under the traditional fuzzy evaluation method can be obtained as shown in Table 8:
TABLE 8 | Evaluation results of the state of each moment based on the traditional fuzzy evaluation method.
[image: Table 8]Table 8 shows that the turbine system status and vibration indexes at C, D, and E time are still assessed as qualified or attention, but at this time, through the comprehensive deterioration diagram of the unit, it is obvious to see that there are abnormalities in the unit, and the evaluation results obviously cannot reflect the real state of the unit, in contrast, the evaluation results based on the combination of the assignment and the Gaussian threshold method of the state of the unit are more in line with the actual situation, and can be more real and effective. Reflecting the actual operating status of the unit.
6.2 Comparison with unweighted methods
According to the real-time evaluation status of each component in the unit hierarchical analysis system, the penalty factor is introduced to dynamically adjust the original weights of each component, so as to propose an adaptive variable weighting method. Compare it with the evaluation method using fixed constant weights to verify the advantages of introducing the variable weight theory. When using constant weights, the penalty factors in Eq. 21 are all 1, and the results are shown in Table 9.
TABLE 9 | Evaluation results of the state of each moment under constant weights.
[image: Table 9]Under the constant weighting mode, the evaluation status of the turbine system of the unit is qualified at two moments B and C. At this time, as shown in Figure 5, the vibration deterioration increases significantly and the evaluation results of vibration indexes at the two moments in Table 7 are attention and abnormality, respectively. In the case of a single category of indicators abnormal, but still the overall evaluation of the system as a qualified obviously does not match the actual situation. Figure 9 shows the difference between the evaluation results of the two methods more intuitively, and it can be seen that, Compared with the fixed constant weights, and conventional weights can not objectively reflect the serious deviation of indicators from the normal situation, so the introduction of variable weights theory can be based on the actual state of the unit to dynamically change the ratio of each component, highlighting the hidden equipment, variable weights mode of the unit’s condition assessment results and the actual operating state of the unit is more in line with the actual operating state of the unit.
[image: Figure 9]FIGURE 9 | Comparison of the unit’s operational condition assessment using variable and fixed weights.
7 CONCLUSION
This study proposed a fuzzy comprehensive evaluation model using a combination of game theory assignment and the Gaussian threshold method to address difficulties associated with determining the indicator limits, the lack of reasonable correspondence between the degradation degree and the affiliation function, and the fact that indicator abnormality cannot be effectively reflected in the overall condition of the hydropower unit. The proposed model was confirmed to effectively and accurately reflect the operation of the case study example of unit 4 of a power station. The following conclusions were obtained by this study.
(1) The use of fuzzy comprehensive hierarchical analysis overcomes the lack of consistency in the traditional fuzzy hierarchical analysis by using historical health monitoring data to determine the objective weights via the CRITIC method. This results in more reasonable objective weights that can be analyzed using game theory to obtain the optimal values.
(2) Analysis of historical and real-time monitoring health indicator data can determine indicator limits using the Gaussian threshold method. When combined with the fuzzy comprehensive evaluation method, this results in a more accurate evaluation of the overall hydropower unit.
(3) Since the indicator weights for the bottom layer of the hierarchy will continue to decay in the overall evaluation results as the number of transmission layers increases, the serious deviation of a certain indicator from its normal value may go unnoticed as it accounts for a relatively small portion of the overall unit state. The use of a variable weight algorithm effectively solves the problem of individual indicator anomalies.
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