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The information monitoring of distribution networks usually relies on multiple measurement systems, and the placement and number of measurement configurations are also restricted by objective factors. It is highly likely that insufficient measurements will affect the parameter estimation of distribution lines. To deal with the aforementioned issue, this paper establishes the measurement equations for static parameters of distribution lines and proposes a method of parameter estimation based on the elitist searching approach. Aiming at different measurement conditions, the testability analysis method is introduced to distinguish clear parameters and uncertain parameters of distribution lines. For the constructed line parameter samples, the estimated values of line parameters are calculated with the consideration of multi-source effective measurement data at different time points. Moreover, the indices of relative errors between the sample values and the estimated values are used to judge the testability of static parameters of distribution lines. The case study on IEEE 33 bus distribution system analyzes the application scenarios with and without measurement errors. The simulation results show that the testability analysis method can effectively identify whether the parameters to be estimated are clear or not, and then the estimated values of clear parameters and the bounds of some disturbing uncertain parameters can be estimated accurately to provide certain decision support for engineering applications.
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1 INTRODUCTION
In recent years, the operation of distribution networks has turned into a more complex process. The integration of distributed power generations and controllable loads, like electric vehicles, into distribution networks has transformed traditional passive distribution networks into active networks (Lefebvre et al., 2014; Ma et al., 2022), which presents new challenges to the safety and reliability for the operation of distribution networks. The transition puts forward higher requirements for the advanced measurement system in distribution networks and advanced applications of the distribution management system such as state estimation (Deshmukh et al., 2014).
The accuracy of line parameters in a distribution network is the foundation of various analyses and calculations in the distribution management system (Deshmukh et al., 2014; Xue et al., 2019). However, reasons such as line aging or faults lead to a certain difference between the static parameters of distribution lines and the values of design parameters, which affects the credibility of online or offline calculations in the system. Therefore, it is necessary to estimate the line parameters of distribution networks according to the available measurement information. It is worth noting that although there are some relatively mature methods to obtain the parameters of high-voltage lines in transmission networks, including theoretical calculation, traditional live line measurement and online parameter estimation (Du and Liao, 2012; Rezaei et al., 2022). However, there exist few relevant research studies on the parameter identification of distribution lines because the real-time monitoring devices in distribution networks are less than those in transmission networks. As a result, the information monitoring system in distribution networks has gradually received considerable attention.
At present, various types of measurement devices have supplied key data information for the operation and control of the distribution network. The traditional method of information collection is to obtain measurement data using the supervisory control and data acquisition (SCADA) system (Gómez-Expósito et al., 2015). With the widespread application of the wide-area measurement system (WAMS), the data collection system, which takes synchronous phasor measurement units (PMUs) as the primary measurement units, can provide measurement data with accurate time scales and phase angles (Von Meier et al., 2017). However, a relatively small number of PMUs are configured in practical engineering applications because of multiple factors. Therefore, line monitoring and identification based on measurement information from the SCADA system and PMUs have become the mainstream of current research studies and applications. A number of achievements have been made in the accurate identification of lines under different measurement conditions (Pegoraro et al., 2019; Xue et al., 2019; Li et al., 2022), line aging assessment based on parameter estimation (Wu et al., 2022), and parameter estimation of three-phase imbalance lines (Das, 2011; Dutta et al., 2021). Xue et al. (2019) presented a three-phase π-type equivalent model based on the phase component description to identify impedance and admittance parameters of non-symmetrical operation lines by the voltage phasor and current phasor at both sides of distribution lines, and a median estimation-based robust method is selected to achieve robust identification of the lines. A weighted least square method considering the system measurement error was introduced in Pegoraro et al. (2019), which utilizes PMU measurement information to estimate multiple impedance parameters of multiple branches in the distribution network. In the absence of the measurement data of T-connection nodes, Li et al. (2022) made use of differential evolution algorithm to realize the accurate identification of distribution lines according to the measurement data from the SCADA system and micro-PMU (μPMU). Wu et al. (2022) achieved the topology verification and parameter estimation of the distribution system on account of the measured information of power and voltage amplitude and analyzed the deviation between the calculated line parameters and the theoretical values to quantify the severity of line aging. Without considering the phasor measurement information, an approach for identifying the resistance and reactance parameters of unbalanced three-phase feeder lines based on the measured data of node voltage and power was proposed in Das (2011). Dutta et al. (2021) improved the non-linear least squares method for parameter estimation of three-phase untransposed distribution lines under the condition that only voltage amplitude and power data were available from the remote terminal units (RTUs) which are connected to substations.
With the development of intelligent distribution networks, advanced metering infrastructure (AMI) has gradually become an important source of measurement data for distribution networks (Luan et al., 2015). AMI is an information network system that utilizes smart meters distributed in the distribution network to collect voltage, current, power, and other data from users. By measuring, summarizing, storing, calculating, and mining the power consumption information on the consumer’s side, the real-time or quasi real-time analysis of electricity demand characteristics can be achieved, and the demand-side management can be carried out. Xiong et al. (2022) established an impedance model of three-phase four-wire low-voltage distribution lines and calculated the impedance parameters of lines on the basis of the given topology and the finite scalar data, which are provided by smart meters of AMI. In view of the limited measurement data of smart meters, (Zhang et al. 2020) and (Liu et al. 2023) highlighted the method that can effectively identify network topology and line parameters when the measurement errors are taken into account. Srinivas and Wu (2022) obtained the measured data from smart meters and μPMU and proposed a novel approach to identify the network topology and line parameters using the unscented Kalman filter method and Newton–Raphson method. Moreover, the influence of measurement noise was analyzed to quantify the acceptable measurement errors.
Considering the technical and economic conditions in the actual operation of the distribution network, the type, quantity, and location of measurement devices are limited, and the obtained measurement information in the distribution network often comes from multiple measurement systems. It is highly likely that the measurement information of the distribution network will be insufficient due to objective reasons, which will result in the inability to uniquely determine all static parameters based on the obtained measurement data. Therefore, it is necessary to evaluate the testability of static parameters of distribution lines under given measurement conditions to effectively identify which line parameters can be uniquely determined and those cannot be (Liu et al., 2022a).
In view of the aforementioned discussion, this paper conducts a study on the static parameter estimation of distribution lines and its testability analysis based on multi-source measurement information. According to the voltage, current, and power data collected by distribution automation terminals in the SCADA system and the voltage phasor and current phasor collected by μPMUs configured at key nodes at different time points, the measurement equations of distribution lines are established, and the elitist searching approach is adopted to solve the value of line parameters. Considering the insufficient measurement information due to the lack of measurement devices in practical engineering applications, the testability analysis method based on Monte Carlo simulation is improved to achieve the automatic discrimination for clear and uncertain parameters of distribution lines. The values of clear parameters can be estimated as the foundation of advanced applications in the distribution management system. In addition, some line parameters are identified as uncertain parameters because of the measurement errors rather than measurement configuration, and thus the confidence interval of these disturbing uncertain parameters can be obtained, which is also meaningful in applications. The effectiveness of the proposed principle and method is demonstrated based on the IEEE 33 bus system, and the mean value and standard deviation of relative errors can be calculated and are used to identify clear line parameters. The distribution line parameters are solved accurately based on the elitist searching approach. Meanwhile, the bounds of some uncertain parameters are determined according to the calculation of the uncertainty degree.
The remainder of this paper is organized as follows: Section 2 analyzes the measurement equations for distribution lines, and then the elitist searching approach is adopted to solve the parameter estimation model to obtain the parameter values of distribution lines. In Section 3, the process of testability analysis of line parameters based on Monte Carlo simulation is described in detail to effectively identify whether the parameters to be estimated can be uniquely determined. The simulation results of the IEEE 33 bus system are presented and discussed in Section 4. Section 5 concludes the paper.
2 ESTIMATION METHOD FOR DISTRIBUTION LINE PARAMETERS
2.1 The establishment of measurement equations for distribution lines
For the conventional parameter estimation of electric power lines, the resistance R, reactance X, and susceptance to ground B are usually considered independent parameter variables to be estimated. Furthermore, the traditional π-type equivalent model is used to establish measurement equations. The overhead lines in the medium-voltage distribution network, which are concerned in this paper, are usually short in length. In addition, the voltage level of distribution lines is much lower than that of transmission lines. The value of susceptance to ground of overhead lines is much lower than the value of impedance; that is, the impact of susceptance to ground can be ignored in actual engineering calculations. Therefore, the π-type model can be simplified as a straight equivalent model to reflect the impedance parameters of distribution lines, which is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Equivalent model of distribution lines.
In Figure 1, subscripts 1 and 2 denote the node numbers at both sides of the line; P and Q denote the active power and reactive power, respectively; [image: image] and [image: image] denote the voltage phasor and current phasor, respectively; and g and b denote the conductance and susceptance of the distribution line, respectively (the relationship between the admittance parameters and the impedance parameters of the line to be estimated can be expressed as g + jb = (R + jX)−1).
During the actual operation of the distribution network, the SCADA system can collect the effective values of voltage and current as well as the active and reactive power data at the nodes of the substation’s medium-voltage outgoing switches, feeder section switches, and tie switches from different types of RTUs configured in the distribution network. The distribution transformer terminal units (TTUs) are also used to collect these data at the load nodes. μPMUs are generally installed at the root node of the 10 kV bus in the distribution network, tie switches, and some important nodes to collect the amplitude and phase angle of node voltage and current. The sampling frequency of μPMU is given in milliseconds, and the sampling interval of SCADA data is generally given in seconds. Then, the timestamp feature of μPMU can be utilized to add timestamps for SCADA data in the distribution network, and the measurement data from μPMUs and SCADA are integrated to establish measurement equations for the distribution lines.
For the distribution line shown in Figure 1, considering the measurement parameters at both sides of the line, supposing the phase angle of voltage at the end node is 0 and the phase angle of voltage at the start node is δ, so the phase angle difference of voltage at both sides of the line is δ, that is:
[image: image]
where U1 and U2 denote the voltage amplitude at both sides of the line.
The phase angle difference between the voltage and current phasors at both sides of the line can be calculated from the measured power data, which is shown in Eq. 2. Then, the current phasors can be expressed as shown in Eq. 3:
[image: image]
[image: image]
where θ1 and θ2 denote the phase angle difference between the voltage and current phasors and I1 and I2 denote the current amplitude.
Therefore, according to Kirchhoff’s law, the voltage and current at both sides of the line should obey the following equation:
[image: image]
Substituting Eqs 1–3 into Eq. 4, Eq. 5 can be calculated by separating the real and imaginary parts on both sides of the equal sign in the equation:
[image: image]
According to Eq. 1 and Eq. 5, the active and reactive power at the end node of the line can be calculated as shown in Eq. 6:
[image: image]
Thus, by combining Eq. 5 and Eq. 6, the measurement equations can be established as Eq. 7 using the measurement data at t time from μPMU and SCADA configured at Nodes 1 and 2, respectively:
[image: image]
where the state variables containing the subscript t denote the measured data at t time.
For the estimated static parameters based on the parameter estimation method, that is, the parameters g and b, the form of admittance can be converted into resistance and reactance for practical applications, which is expressed in Eq. 8:
[image: image]
where R and X denote the resistance and reactance parameters of the line, respectively.
2.2 Estimation model of static parameters for distribution lines
Taking the aforementioned discussion on the measurement equations for distribution lines into account, the measurement equations for parameter estimation based on multi-source data fusion can be expressed as:
[image: image]
where z denotes the measurement information obtained by μPMU and SCADA; x∈RN×1 denotes the line parameters to be estimated; h(x) denotes the measurement function that reflects the relationship between the line parameters and measurement values; and v denotes the measurement errors. Therefore, an implicit residual function (f (x) = z-h(x)) can be established between the measurement information and the parameters to be estimated.
Considering the frequent interaction between supply and demand in the distribution network, the increase in redundancy of independent measurement equations can be achieved by collecting different measurement data at multiple time points for parameter estimation calculation. Moreover, the possible changes in line parameters can also be corrected when the operation state of the distribution network has changed. It can improve the testability of static parameters and fault tolerance for measurement errors. When the number of parameters to be estimated is constant, the unique solutions can be obtained for the parameters to be estimated by increasing the number of independent equations.
The establishment of measurement equations for measurement data at multiple time points from different measurement sources can be expressed as shown in Eq. 10:
[image: image]
where M denotes the number of measurement equations, and the selection of the value should meet the requirement M > N.
Thus, the objective function to minimize the residual sum of squares can be expressed as:
[image: image]
Given the physical significance of estimation values for the line parameters, the effectiveness constraints of the variables to be estimated should be considered as expressed in Eq. 12:
[image: image]
2.3 The solution method of the estimation model for line parameters
The traditional Newton–Raphson iteration-based least square method is easily affected by the initial value of the algorithm for parameter estimation. The iteration process is highly dependent on the Jacobian matrix of measurement equations, which leads to the unstable values of parameter estimation (Bian et al., 2008). For most parameter estimation problems, when the objective function reaches the minimum value, the corresponding parameter values are the estimated values of the parameters to be estimated. The process is exactly the solution procedure of an optimization problem. That is, the optimal solution of the objective function should be determined within the given constraint range of the control variables (Abo-Hammour et al., 2014). Considering that parameter estimation can be regarded as an optimization process of searching for the “best solution” to minimize the value of the objective function, a number of intelligent search algorithms are adopted in the calculation of parameter estimation. At present, the genetic algorithm (Abu Arqub and Abo-Hammour, 2014) and particle swarm optimization (Bian et al., 2008) have been widely used in many fields owing to their advantage of fast convergence speed, global optimization technique, and so on. Currently, some scholars also try to utilize these algorithms to solve the problem of parameter estimation. However, many algorithm parameters are artificially set in most popular intelligent algorithms. Furthermore, the algorithm process is too cumbersome to be conducive to practical engineering applications.
The elitist searching approach (Liu et al., 2022b), which is suitable for solving technical problems in engineering applications, is adopted to obtain the “elite solutions” of parameter estimation in this paper. A simple and effective process is used to calculate the values of static parameters for distribution lines.
The control variables of the parameter estimation problem are the values of static parameters to be estimated for distribution lines, which are the continuous variables within the constraint range based on Eq. 12. It means that the control variables are consistent with the requirement of infinite solutions in the elitist searching approach. The solution space for parameter estimation is composed of combinations of different parameter values, where the individuals are uniformly distributed. The flowchart of parameter estimation for distribution lines based on the elitist searching approach is shown in Figure 2. To calculate the values of line parameters, the main steps are as follows:
(1) First, the satisfaction 1-p% and the credibility 1-q% of the parameter estimation are set up, and the sampling number is initialized to 1 (n = 1). Then, the minimum sampling number Nmin, which is required by the algorithm, can be calculated according to Eq. 13:
[image: image]
where int( ) is the calculation of integer rounding.(2) The line parameters to be estimated are randomly selected within their constraints to obtain a solution in the solution space. If the solution is the same as the existing solution should be judged, the solution should be deleted and the line parameters are reselected to generate a new solution which is different from the existing solution.
(3) The generated solution is substituted into the measurement equations which are established by the measurement data collected at different time points, and then the value of the objective function shown in Eq. 11 can be calculated.
(4) Sampling operation and the aforementioned two steps are constantly repeated until the sampling number n reaches Nmin. Comparing the values of the objective function for all sampled solutions, the corresponding solution with the minimum value of objective function can be regarded as the elite solution.
[image: Figure 2]FIGURE 2 | Flowchart of parameter estimation for distribution lines based on the elitist searching approach.
In order to ensure the accuracy of the algorithm in solving the parameters of distribution lines, multiple computations should be carried out and the computed results can be analyzed to determine whether the adequacy requirement of sampling is met. Specifically, with the increase in the sampling number, the parameter p% in the satisfaction value of the algorithm can be formed into an equally spaced sequence of parameters (p1%, p2%,…,pk%) according to Eq. 14, and pk% is the current value p% set in Step (1).
[image: image]
For a parameter pi% in the sequence, it is feasible to compute the values of the objective function for the first Nmin,i solutions which correspond to parameter pi%. The optimal value of the objective function (f1,i) and the value ranked hth (fh,i) are selected to calculate the change rate which reflects the change in the value of the objective function as pi% decreases. It can be expressed as shown in Eq. 15:
[image: image]
where d1,i and dh,i denote the change rate of the objective function value according to the decrease in the value of pi%.
If the calculated values of change rate for i = k-3∼k are within the predetermined threshold range, that is, Eq. 16 can be satisfied, then the parameter estimation based on the elitist searching approach with parameter pk% meets the adequacy requirement.
[image: image]
where εd denotes a previously set threshold value.
3 TESTABILITY ANALYSIS OF STATIC PARAMETERS FOR DISTRIBUTION LINES
The relevant concepts of engineering testability for parameter estimation are given in Liu et al. (2022a). Measuring testability analysis reflects the influence of measurement schemes on parameter estimation without the regard to measurement errors. Based on measuring testability analysis, disturbing testability analysis is used to reflect the actual testable degree for parameters in engineering applications, in which the measurement errors should be fully taken into consideration.
In view of different measurement conditions, this paper adopts the analysis approach of parameter testability based on Monte Carlo simulation proposed in Liu et al. (2022a) to explicitly judge whether the static parameters of the distribution lines to be estimated are clear or uncertain. Moreover, the identification method is improved for clear and uncertain parameters, which is aimed at the threshold setting problem in the judgment standard. The process of parameter testability analysis is shown in Figure 3. The main steps are as follows: 
(1) Initially, the sample mark is set at λ = 1, and the maximum number of samples is λmax. The initial values of the absolute value of average relative errors (μ<λ>) and the standard deviation of relative errors (σ<λ>) are all equal to 0. Two judgment thresholds are selected in advance: Λ1 is set as a smaller value and Λ2 is set as a larger value.
(2) For a given distribution network, within the reasonable range of the static parameters for each line, a set of values containing all the line impedance parameters to be estimated are randomly generated as a sample, which can be converted into the form of admittance [image: image]. At the same time, according to the principle of rationality, multiple groups of the load power data at different time points are randomly constructed, and then the voltage and current data at measurable nodes, such as switch nodes and load nodes, are obtained based on power flow calculation. These data are combined to form the measurement data of parameter estimation according to the actual configuration of measurement devices. The Euclidean distance between two groups of measurement data should be calculated to remove the measurement data with shorter distance, and then new measurement data should be supplemented to form effective measurement data samples [image: image], that is, the measurement data without considering the measurement errors for measuring testability analysis. For disturbing testability analysis, considering that the precision of measurement devices is ±φ, the measurement uncertainty can be expressed as shown in Eq. 17, which takes the indication relative error as an example, and then the value ranges of parameters can be calculated according to Eq. 18. Therefore, the measurement data [image: image] with the measurement errors can be obtained by taking random values in the ranges shown in Eq. 18.
[image: image]
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where xi denotes the value of the ith measurement parameter in MT, [image: image] denotes the measurement uncertainty of the ith measurement parameter, K is a constant with a certain confidence level, that is, usually 1.93, and Xi denotes the value of measurement parameter considering the measurement errors in MD.
(3) For different types of testability analysis, the measurement equations are established based on the corresponding measurement data, and the elitist searching approach is used to estimate the line parameters. The estimated results are expressed as [image: image], and the values of μ<λ> and σ<λ> of each parameter to be estimated can be calculated by [image: image] and [image: image]. For the ith parameter, the calculation method is shown in Eq. 19 and Eq. 20:
[image: image]
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where [image: image] and [image: image], respectively, denote the preset value and estimated value of ith parameter in the jth sample.
(4) Eq. 21 is used as a criterion, if the formula holds, then μ = μ<λ> and σ = σ<λ> to take the next step. Otherwise, making λ = λ+1 and returning to Step (2), a new sample of static parameters to be estimated is generated for calculation.
[image: image]
where [image: image] denotes the Euclidean norm of x and ε is a given value of convergence precision.
(5) It should be judged by the criterion of whether the maximum number of samples is reached. If λ<λmax, the action of making λ = λ+1 and returning to Step (2) is implemented. When the maximum number of samples is reached, the values of μ and σ of the parameters to be estimated can be regarded as horizontal or vertical coordinates, respectively, to generate a group of vertices on the two-dimensional plane.
(6) The Euclidean distance between two vertices can be calculated accordingly, and then the minimum spanning tree (MST) connecting all vertices is constructed on the basis of Prim algorithm. The Euclidean distance between each vertex and the origin of the two-dimensional plane formed by μ and σ should be calculated to identify the parameters. The parameters, which correspond to the vertices whose distance from the origin is less than the threshold Λ1, are identified as clear parameters. Meanwhile, the distance between some vertices and the origin is greater than the threshold Λ2, and the parameters corresponding to these vertices are identified as uncertain parameters.
(7) The two vertices that are the farthest from each other in the remaining part of MST are selected to calculate the Euclidean distance between the two vertices and the origin, and the smaller of the two values is regarded as Λ3. Therefore, the ith parameter to be estimated is identified as a clear parameter when its relevant parameters of relative errors meet Eq. 22; otherwise, it is an uncertain parameter. The ratio of the number of clear parameters to all parameters to be estimated is the testable degree of the entire distribution network lines.
[image: image]
[image: Figure 3]FIGURE 3 | Flowchart of the testability analysis method.
For the disturbing testability analysis, some measuring clear parameters may be changed into disturbing uncertain parameters because of the influence of measurement errors. For the ith disturbing uncertain parameter, if the parameter is identified as a disturbing clear parameter when the threshold in the testability analysis is gradually increased to [image: image], then the value range of the parameter can be calculated according to the method described in Liu et al. (2022a) to provide certain decision support for the applications of the parameter.
4 CASE STUDY
4.1 Case system and parameters
In order to verify the feasibility of the proposed parameter estimation and the testability analysis method for distribution lines, an IEEE 33 bus distribution network is used for simulation analysis. The topology structure of the case system is shown in Figure 4. The measurement data of the network root node (Node 1) can be obtained by the configured μPMU and RTU, the μPMUs configured at branch nodes and partial switch nodes could collect phasor data, and the RTUs configured at some load nodes could also acquire relevant measurement data. For the simulation system, in order to ensure the time synchronization of measurement data, the same sampling pulse should be used to collect the data of RTUs. It means that the measurement data at different nodes is collected at the same time when conducting data collection at a certain moment. The simulation takes the fusion of multi-source measurement data at the database of the distribution automation system into account, aiming at different sampling frequencies of μPMU and RTU, and the timestamps of SCADA data can be added according to the feature of μPMU. The fused data at different time points are used to establish measurement equations.
[image: Figure 4]FIGURE 4 | Test system of the IEEE 33 bus distribution network.
According to the measurement configuration of the case system, the branches within the red box are selected as the object of parameter estimation. The type selection of the lines shown in Figure 4 is the LJ-120-type overhead line, with the parameter of unit resistance r0 = 0.27 Ω/km and the parameter of unit reactance x0 = 0.327 Ω/km (Fang, 2004). The line length of each branch is shown in Table 1.
TABLE 1 | Length of distribution lines shown in Figure 4.
[image: Table 1]4.2 Testability analysis and estimation results of branch parameters
Two thresholds are determined with Λ1 = 0.05 and Λ2 = 0.2, respectively, and the parameters of the elitist searching approach can be set at p% = 0.5% and q% = 1% for solving the values of line parameters. From Eq. 13, the minimum sampling number can be obtained, that is, Nmin = 919. The solution space for parameter estimation is composed of different value combinations of line parameters to be estimated. An individual value is obtained by taking values of parameters to be estimated in the presence of constraints. Moreover, the individual values are considered uniformly distributed in the solution space.
The measuring testability analysis is carried out to explore the testable degree of line parameters under the current measurement conditions based on the method described in Section 3. Following that, the comprehensive precision of measurement devices in the distribution network is defined as ±φ = ±0.5% (indication relative error), and the disturbing testability analysis is conducted considering the influence of measurement errors. The testability analysis results of static parameters for distribution lines are shown in Table 2, which is obtained from different measurement scenarios.
TABLE 2 | Testability analysis of static parameters for the branches of the test system.
[image: Table 2]The area shown in the red box in Figure 4 contains a total of 18 branches, so there are 36 static parameters to be estimated. From Table 2, it can be seen that 22 clear parameters and 14 uncertain parameters are identified by the measuring testability analysis without measurement errors. Therefore, the testable degree is ET = 22/36 = 0.611 under the current measurement condition. By considering the measurement errors of 0.5%, the disturbing testability analysis identifies 20 disturbing uncertain parameters. With the exception of 14 measuring uncertain parameters, three clear branch parameters of the distribution network are transformed into uncertain parameters because of the influence of measurement errors. Therefore, the disturbing testable degree can be calculated as ED= (36–20)/36 = 0.444.
The elitist searching approach is employed three times to calculate the values of line parameters in the absence of measurement errors. To verify the adequacy of sampling, the relevant parameters in Section 2.3 are set at k = 10, i = 7∼10, h = 3, and εd = 0.1. Taking Branch L24 as an example, the sequences of d1,i and dh,i obtained by three calculations are shown in Table 3. Moreover, the calculation results are compared with the results according to the traditional non-linear least squares method, which are shown in Table 4.
TABLE 3 | Parameters of adequacy criteria for the elitist searching approach.
[image: Table 3]TABLE 4 | Estimation results of static parameters for L24.
[image: Table 4]It can be seen from Table 3 that the results of the three calculations are in accordance with the adequacy criterion shown in Eq. 16; that is, it is difficult to achieve a smaller value of the objective function by reducing the value of p%, indicating that the current sampling meets the adequacy requirement of the elitist searching approach. As shown in Table 4, the comparison among the three solutions and nominal values of the factory parameters for distribution lines indicates that the proposed method of parameter estimation can obtain elite solutions that meet the requirement of accuracy. Moreover, these elite solutions have relatively small differences compared to the results obtained by the least squares method. It reveals the superiority of the elitist searching approach, that is, the approach with simple optimizing principles does not require different parameter configurations for different problems and is not influenced by the initial values. As a consequence, the approach is appropriate for resolving engineering problems.
For the measuring clear parameters in Table 2, the average value of the relative errors shown in Eq. 19 is used as the performance evaluation criterion for the calculation of parameter estimation. The average relative errors obtained from multiple calculations are shown in Figure 5 on the basis of multiple groups of measurement data. The figure shows that the estimated values of measuring clear parameters, which are solved by using the elitist searching approach according to the measurement data from μPMU and SCADA at multiple time points, are all within the acceptable error scope. In addition, as can be seen from Figure 5, the estimation errors tend to be greater for distribution lines with smaller impedance.
[image: Figure 5]FIGURE 5 | Relative errors of parameter estimation.
Concerning the uncertain parameters that are derived from measuring clear parameters in the disturbing testability analysis considering measurement errors, the accuracy requirement for the estimation can be gradually relaxed by increasing the threshold Λ3 in Eq. 22 until the allowable accuracy that can transform the disturbing uncertain parameters into clear parameters can be obtained. Under this condition, the average value and standard deviation of the relative errors for line parameters are calculated in testability analysis so that the uncertainty degree and confidence interval of these parameters can be calculated as shown in Table 5 (taking the reactance parameters of branches as an example).
TABLE 5 | Estimation results of disturbing uncertain parameters.
[image: Table 5]According to the aforementioned calculation results, although a portion of line parameters are transformed into disturbing uncertain parameters due to the influence of measurement errors, the calculation of the value ranges of these parameters remains practically valuable in engineering applications.
5 CONCLUSION
To address the issue of the parameter estimation of distribution lines without sufficient measurement information, this paper proposes an approach for the static parameter estimation and testability analysis of distribution lines based on multi-source measurement data, considering the practical application of multiple measurement systems in distribution networks. The elitist searching approach is adopted to solve the values of the constructed line parameters, and then the relevant standards for relative errors are used to determine the testability of line parameters. The simulation results verify that the proposed testability analysis method can effectively distinguish clear line parameters from uncertain line parameters. The testability is related to the configuration of measurement devices and the accuracy of measurement data. It has an important reference value for the practical engineering applications of the distribution network to acquire the values of clear line parameters and the bounds of some uncertain line parameters.
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