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The transient voltage security region (TVSR) is an essential part of the dynamic safety region of a power system, which represents the safe operating region of the transient voltage where there is no loss in stability. The power system load significantly affects the transient voltage stability. However, the load model in the existing power systems, which considers the security region of the dynamic process, is too simple to comprehensively characterize the load characteristics of the dynamic process. Furthermore, it neglects the influence of the load model parameters on the dynamic process security region. In this study, a composite load model with distributed photovoltaic power is used as the research object. The main load parameters affecting the voltage stability and the generator nodes that are sensitive to the load parameters are calculated using the trajectory sensitivity method. The TVSR of the system is constructed based on the load and generator’s active powers. The correlations between different load-leading parameter combination scenarios and TVSR boundary points are mined using the CatBoost learning framework. Thus, the TVSR boundary can be promptly corrected online based on the changes in the load parameters, and the system security boundary can be described more accurately. The proposed method is verified using the IEEE39 and IEEE118 node systems. It is observed that the proposed method can correct the TVSR boundary online with high precision corresponding to real-time changes in the load model parameters. This provides a more accurate TVSR boundary for the power system operation scheduler, which helps in guiding it to control the system more accurately.
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1 INTRODUCTION
The power load is the core of power consumption and significantly affects the design, analysis, and control of power systems (Arif et al., 2018). The complexity, time variability, and randomness of power system loads are constantly increasing with the development of the social economy, and the load exhibits more diverse dynamic characteristics. Therefore, it is essential to establish a load model that is as close as possible to the actual load characteristics for simulation calculation and to perform a more accurate simulation analysis of a power system. In load modeling at high-voltage levels, the load models are primarily divided into two categories: static and dynamic load models. The static load model includes the constant impedance, constant current, and constant power load models (IEEE Standards Association, 2020). The dynamic load model includes an induction motor (Arif et al., 2018). In recent years, an increasing number of distributed power sources have been connected to the grid, owing to the development of emerging smart grid technologies, such as distributed generators. Access to distributed power significantly affects the load characteristics (Song and Blaabjerg, 2017). Mather (2012) established a distributed photovoltaic cell model with grid-connected inverters to simulate the characteristics of distributed photovoltaics similar to a constant power load. Soliman et al. (1997) proposed an AND dynamic equivalent model, which considers static load, dynamic load, and distributed generation. In this paper, we comprehensively analyze the applicability of a load model and adopt the composite load model with distributed photovoltaic power as the research object. Following the selection of the appropriate load model, the parameters of the load model must be determined according to the actual regional load operation characteristics. Two main types of load model parameter identification methods are commonly used: component-based modeling (Gaikwad et al., 2016; Zhu et al., 2012) and measurement-based modeling (Hu et al., 2016; Visconti et al., 2014). The component-based modeling method has limitations due to the requirement of acquiring massive amounts of data. Therefore, modeling methods based on measurement data are preferable and widely implemented. Consequently, extensive research has been conducted on the application of modeling methods based on measurement data. In Han et al. (2009), Rodríguez-García et al. (2020), and Avila et al. (2020), an equivalent load model was established based on the measured data on the load under a large disturbance of the system, and the model parameters were identified. In Wang et al. (2022), the load model parameters online were identified based on the measurement data on the load during routine operation.
The power system security region is an area that ensures the safe and stable operation of the power system. Any operating point within the security region of the power system is considered safe. Conversely, any operating point outside the security region of a power system is considered unsafe (Yixin et al., 2020). The power system security region includes the power flow, static, small disturbances, and dynamic security region (Yixin et al., 2020). Here, the dynamic security region is the region in the power injection space before an expected accident, which ensures the transient stability of the system after the accident, and its boundary can be fitted by using one or more hyperplanes (Yixin et al., 2020). This region primarily focuses on the generator power angle and bus voltage during the dynamic process of the power system. The dynamic security theory of a power system overcomes the limitations to the running state of the system. It corresponds only to the system network structure and parameters before and after an expected accident (Yuan and Yu, 2002). The dynamic security theory has been implemented in several fields of power systems. In the study by Zeng et al. (2006), the effective application of the dynamic security theory in power systems is described. Zhang et al. (2017) presented a practical solution for dynamic security regions based on the coupling correlation of the system power flow. Maihemuti et al. (2021) solved the problem of a dynamic security region of an integrated energy system with natural gas access through high renewable energy permeability. In the study by Zhou et al. (2018), the transient stability of the access nodes on wind farms was analyzed by constructing a dynamic security region. Finally, Xiran et al. (2013) proposed a power system emergency control strategy based on a dynamic security region.
The load is the most variable component of the power system; it has the most significant effect on the safety and stability of the system and largely determines the process of voltage collapse (Li et al., 2006; Meng et al., 2014; Monteiro Pereira et al., 2008). However, several accidents have occurred in recent years involving power system stability problems caused by changes in load characteristics. For example, the power-grid voltage collapse incident in Tokyo, Japan (July 1987), was caused by the dynamic characteristics of a sudden and substantial increase in temperature control loads. Therefore, an accurate load model is crucial for analyzing power system security and stability (Taylor, 1994). With the development of load modeling technology, particularly online load identification technology, it has become possible to analyze load characteristics in real-time. Changes in the power system network parameters caused by variations in the load model or load parameters lead to a change in the dynamic security region of the power system. Therefore, it is necessary to closely monitor changes in the dynamic security region under the load model, load parameters, and load power changes. It is complicated and computationally expensive to analyze the safety and stability of each running state using the point-by-point method for load power that fluctuates frequently. However, using the security region to describe the safe operating boundary of the load significantly reduces the number of calculations and presents considerable potential for engineering applications. Therefore, the influence of real-time load changes on the dynamic security-region boundary must be comprehensively analyzed. Furthermore, the dynamic security-region boundary can be modified in real time to more accurately represent the dynamic security-region changes of the system and provide a valuable reference for power system schedulers.
In previous studies, a constant power load model was used in the calculation for the construction and analysis of the dynamic security region of a power system, with the dynamic characteristics of the load ignored. Therefore, we have considered a composite load model with distributed photovoltaic power as the research object in this study to overcome the existing issues. The load-dominant parameters that significantly affect the system voltage in the load model were calculated through sensitivity analysis. The key generator nodes were sensitive to the load parameters, with the load power changes calculated through a trajectory sensitivity analysis. The transient voltage security region (TVSR) was constructed using the active generator and load powers, and the TVSR boundary characteristics under different load–voltage-dominant parameters were analyzed. A fast TVSR boundary correction method under load-parameter changes was proposed based on the CatBoost learning framework. The online modification of the TVSR boundary can be realized based on changes in the load parameters through offline training of the TVSR boundary points in the scenario of multiple load parameters. The proposed method was verified using the IEEE39 and IEEE118 node systems.
Based on the increasing proportion of distributed power supply units in power systems, the proposed TVSR online correction method can realize real-time correction of the TVSR boundary due to changes in the load model parameters containing the distributed power supply. This provides a more accurate TVSR boundary for the operation scheduler to guide the operation scheduler in conducting more precise system operation regulations.
2 TRANSIENT VOLTAGE SECURITY REGION OF POWER SYSTEMS
2.1 Correlation between the transient voltage stability and injected power of system nodes
Transient voltage instability is primarily attributed to the transient failure or misoperation of the system, which causes a voltage drop in the system node and leads to a voltage collapse of the entire system. When a transient fault occurs in the system, the voltage at the short-circuit point is zero, and the other nodes in the system exhibit corresponding voltage drops based on the strength of the connection to the short-circuit point. A part of the electromagnetic power is lost due to the transient failure of the system, and the mechanical power of the prime mover surpasses the electromagnetic power. Thus, the prime mover continues to accelerate, leading to a further decline in the system voltage, causing transient voltage instability.
The node injection active power and reactive power significantly affect the transient process of the power system (Yu et al., 2006). The active power injected into the nodes mutates due to the occurrence of transient faults, leading to a system power imbalance and fluctuations in the dynamic components of the system, which further results in transient fluctuations in the system voltage and frequency. Conversely, the reactive power injected by the nodes causes the voltage of the power system to fluctuate temporarily when a transient fault occurs. The nodes with reactive power support ability adjust their reactive power to stabilize the node voltage to suppress these voltage fluctuations. For example, a generator excitation system adjusts the excitation current to stabilize the generator node voltage when it experiences a transient fault.
In the dispatching operation of an actual power system, the operation controller controls the output of the active power of the generator and the power consumption of the active power of the load. Essentially, the operation controller controls the active power injected by the node. Therefore, we focus primarily on the active power injection of the system nodes for power system operation and dispatching controllers. Furthermore, in high-voltage power networks, it is assumed that the reactive power of the nodes can be balanced locally. Therefore, in this study, we analyzed the effect of node active power injection on the transient process of the system, particularly on the transient voltage. In future studies, a sufficient reactive power reserve will be provided for the generator nodes of the system, and an analysis will be conducted on the correlation between the active power injection of the nodes and the transient voltage stability.
When the system load increases and more power is required from the generator, the node injection power increases along with the output of the generator excitation system. Accordingly, the dynamic response ability of the system decreases, which leads to the weakening of the voltage maintenance ability of the system when the transient fault occurs. Thus, increasing the node-injected power decreases the transient voltage stability of the system, making it essential to analyze the stability of the transient voltage of a power system based on the node-injection power.
2.2 Definition of the transient voltage security region
The power system security region of the dynamic process was defined in the node power injection space before the accident. This is the set of all the operating points that can maintain the transient stability after experiencing a large disturbance. For a specific accident, the structure of the power system goes through three stages, that is, before, during, and after the accident, and the corresponding equation of state is given as follows:
[image: image]
where [image: image] denotes the state variable of the system and [image: image] denotes the duration of the accident. [image: image], [image: image], and [image: image] represent the equations of the state of the system before, during, and after an accident, respectively.
The dynamic security region in the injection space can be expressed as follows:
[image: image]
where [image: image] denotes the node power injection vector of the system, [image: image] denotes the state of the system at the time of accident clearing, and [image: image] denotes the stable region of the stable equilibrium point in the state space of the system after failure, which is determined by the injection, [image: image]. The boundary of the dynamic security domain can be represented by [image: image].
In the studies conducted on security regions, the node power injection space that the power system can actively control is often used to construct and analyze security regions. The common node-controlled injection space typically includes the active and reactive powers of the system nodes. However, from the perspective of the physical characteristics of a high-voltage AC system, the reactive power can be assumed to be in local balance, with only the active power injected by the nodes considered for constructing a security region. When the hyperplane approximation is used to describe the boundary of the dynamic security region, the expression of the dynamic security region in the active power-injection space is given as follows:
[image: image]
where [image: image] denotes the total number of buses in the system excluding the equilibrium bus, [image: image] denotes the active power injection vector of the node, and [image: image] denotes the active power injection at the [image: image] node. [image: image] and [image: image] represent the lower and upper limits of the active power injection at the node, respectively, [image: image] denotes the hyperplane coefficient corresponding to node [image: image], and [image: image] denotes the [image: image]-dimensional real number space.
In the security region of the power system dynamic process, system security problems primarily comprise generator power angle stability, voltage stability, and small disturbance stability. In previous studies, the generator power angle stability in the transient process was the primary concern in the dynamic security region of the power system. However, the effect of load characteristics on the safety and stability of the power system was primarily reflected in the transient voltage stability. Therefore, this study focuses on the occurrence of voltage instability during the transient process. The security region of the power system, considering the transient process voltage stability, is the TVSR, which is the main research objective of this study.
2.3 Solution method
The solution methods of the security region can generally be divided into the fitting and analytical methods: 1) the fitting method requires a large number of numerical simulations to obtain multiple critical points. The security region boundary obtained exhibits high accuracy but requires a large amount of calculation. 2) Conversely, the analytical method generally requires less computation but can exhibit lower accuracy in some cases. For security regions having unknown boundary characteristics, the fitting method is typically used to search the boundaries point-by-point.
3 LOAD MODEL
The load parameter is one of the most random and time-varying components of a power system and considerably affects the voltage stability of the power system. Furthermore, the load characteristics significantly affect the transient process of the power system, and different load models and load model parameters exhibit different load characteristics. Therefore, the selection of the load model is a critical process. There are a large number of model parameters in the load model; however, not all of them significantly affect the dynamic characteristics of the load voltage. As a result, it is essential to screen the load model parameters and select those that considerably affect the dynamic voltage response of the system for subsequent research.
3.1 Structure of the load model
In this study, we employed a composite load model with distributed photovoltaic power. It comprises a distribution network model, static load model, dynamic load model, and distributed photovoltaic power generation model. Figure 1 shows the structure of the model.
[image: Figure 1]FIGURE 1 | The composite load model with distributed photovoltaic power.
The distribution network model was composed of the distribution network impedance, the static load model was a constant impedance model, the dynamic load model was a third-order induction motor model, and the distributed photovoltaic power generation module was a double-loop controlled photovoltaic inverter model. Nomenclature presents the model parameters and a description of the composite load model with distributed photovoltaic power.
3.2 Main parameter set of the load model
In this study, multiple load model parameters were considered. When selecting the load parameters, the parameters that significantly impact the output response of the load were generally selected, while typical values were used for the remaining parameters. This concept is also used to analyze the effect of load parameters on dynamic security-region boundaries. The parameter changes that have a greater impact on the load output also have a greater influence on the transient stability of the system. Conversely, parameters having a smaller impact on the load output also have a smaller impact on the transient stability of the system. Based on the analysis of the TVSR, the transient voltage response of the load bus was selected as the reference basis to determine the effect of the load parameters on the output.
The trajectory sensitivity method was used to calculate the sensitivity of the load parameters and to determine the parameter set that significantly affects the load voltage response. The calculation formula for the trajectory sensitivity is as follows:
[image: image]
Here, [image: image] denotes the [image: image] parameter, [image: image] and [image: image] represent the initial value and variation in the parameter [image: image], respectively, and [image: image] denotes the trajectory of the [image: image] output variable, which represents the bus voltage response of the transient process load. In this paper, the variable [image: image] of the parameter is set to be 10%. The load model described in this study was built into the simulation software application, and a transient fault was set up for the transient simulation. First, the initial value of the load model was set as a typical value, and each parameter in the load was then increased by 10%, corresponding to the initial value. The voltage-response data on the load bus within 3 s of the occurrence of a transient fault were selected as valid data for the calculation. Figure 2 presents the calculation results for the trajectory sensitivity for each load parameter.
[image: Figure 2]FIGURE 2 | Calculation of trajectory sensitivity of load parameters.
The analysis in Figure 2 shows that the sensitivity of the four parameters, [image: image], [image: image], [image: image], and [image: image], is high, whereas the sensitivity of the other parameters was low. The low-sensitivity parameters do not significantly affect the system stability; therefore, they were not analyzed in this study. The load parameters set for this study were as follows:
[image: image]
where [image: image] denotes the ratio of the active power of the dynamic load to the active power of the total load, [image: image] denotes the ratio of the active power of the distributed photovoltaic generation to the active power of the total load, [image: image] denotes the stator resistance of the dynamic load, and [image: image] denotes the initial slip of the dynamic load.
4 THE CONCEPT OF THE ONLINE TVSR BOUNDARY CORRECTION
4.1 Building the TVSR
The controllable variables of key nodes are often selected when constructing a power system security region. In selecting the critical nodes, different types of power system security regions are considered with different priorities. In this paper, we analyzed the construction of the TVSR; therefore, we focused more on the transient stability of the system, particularly the system voltage stability caused by load power fluctuation.
A composite load model with distributed photovoltaic power was built at BUS18 of the IEEE39 node system. Figure 3 presents a diagram of the system structure. Depending on the load used in this study, the active power of the load is considered one of the node injection quantities for constructing the TVSR. For practical engineering applications, based on the node voltage sensitivity under the change of load parameters, we determine the generator node with the greatest influence from the change of load parameters and use the active power of the generator node as another injection amount for constructing the TVSR.
[image: Figure 3]FIGURE 3 | Wiring diagram of the IEEE39 node system.
The sensitivity of the transient voltage response of the generator node is calculated using the trajectory sensitivity method. Eq. 4 presents the calculation formula for trajectory sensitivity. The calculation process and method are approximately identical to those in the analysis of the sensitivity of the load parameters in Section 2.2. The trace sensitivity values of the four parameters in the load parameter set are defined as [image: image], [image: image], [image: image], and [image: image]. The locus sensitivity of the transient voltage response of the system bus corresponding to the load active power is defined as [image: image]. The total track sensitivity, [image: image], of the [image: image] bus in the system is expressed as follows:
[image: image]
Figure 4 presents the calculation results for the load power and node voltage sensitivity of the four load parameters.
[image: Figure 4]FIGURE 4 | Transient voltage trace sensitivity of generator nodes in the IEEE39 node system.
According to the analysis in Figure 4, the generator nodes had the highest trajectory sensitivity, except for the equilibrium nodes BUS31, BUS32, and BUS34. Therefore, the two-dimensional (2D) and three-dimensional (3D) TVSR were constructed using the three-node controllable injection quantities of the active generator power of the BUS32 and BUS34 nodes and the active load power of the BUS18 nodes. For the construction of a 2D TVSR, a combination of the active power and load active power of any generator was selected. Conversely, the construction of a 3D TVSR involved selecting a combination of the active power and load active power of the two generators. The fluctuation range of the load power during the operation of the transmission network was approximately 40%. Therefore, the TVSR was constructed in the range of 80%–120% of the initial active power of the load. A point-by-point method was used to explore the TVSR boundary to determine the unknown TVSR boundary characteristics.
The three-phase short circuit was set at 50% of the line between buses BUS18 and BUS17 of the system load, with the short-circuit time set to 0.1 s. The voltage stability of the system bus was considered the criterion. In other words, when the transient process causes the voltage of the system bus to be lower than 0.7 p.u. for more than 1 s, the voltage instability of the system is determined. The critical instability points of the TVSR boundary were identified point-by-point using the fitting method.
4.2 Analysis of boundary characteristics
The changes in the TVSR boundary characteristics caused by the changes in the four parameters in the load parameter set [image: image] were analyzed. According to the recommended IEEE parameters and the load model structure built in this study, the range of the load parameter changes is as follows: 1) [image: image] is 0%–100%, 2) [image: image] is 0–1, 3) [image: image] is 0.01 p.u. to 0.1 p.u., and 4) [image: image] is 0.1 p.u. to 0.8 p.u. Considering generators No. 32 and 34 (with the highest trajectory sensitivity) as examples, this study analyzed the characteristics of two 2D DSR boundaries comprising the active load power and active power of two generators, respectively, when the load parameters at BUS18 changed. Figure 5 shows the 2D TVSR boundaries under the changes in the four load parameters.
[image: Figure 5]FIGURE 5 | Two-dimensional TVSR boundary of IEEE39 node system influenced by load parameters.
When a single load parameter is represented by each subgraph in Figure 5, the other load parameters adopt typical values. Notably, the variation in the load parameters significantly affects the TVSR boundary in the figure, which was linearly fitted. The sum of squared errors (SSE), R2, and the root mean squared error (RMSE) were calculated as 4.4366E-8, 0.9990, and 4.1959E-5, respectively. Through verification, it was determined that the 2D TVSR boundary analyzed in this study presented good linear characteristics within the scope of the engineering applications and that the linear fitting error was minimal.
The 3D TVSR boundary, comprising the generator at BUS32 and BUS34, and the load at BUS18 can be represented by multiple sets of 2D linear TVSR boundaries. Figure 6 shows the 3D TVSR boundary when typical load parameters are adopted.
[image: Figure 6]FIGURE 6 | IEEE39 node system 3D TVSR boundary.
4.3 Online correction of the TVSR boundary
Based on the analysis of the TVSR boundary characteristics in the previous section, it can be observed that the 2D TVSR boundary exhibited good linear characteristics. The TVSR boundary in a 2D plane can be represented by the set [image: image], which is given as follows:
[image: image]
where [image: image] represents the [image: image] scenario under different load parameter combinations, [image: image] represents the generator node number, [image: image] represents the load node number, [image: image] represents the active power of the generator under the critical instability state of TVSR, [image: image] represents the active power of the load under the critical instability state of TVSR, [image: image] and [image: image] represent the linear characteristics of the TVSR boundary, and [image: image] and [image: image] represent the maximum and minimum values of active power when the [image: image] load runs, respectively.
To determine the 2D TVSR boundary in scenario [image: image] comprising any combination of load parameters, the values of coefficients [image: image] and [image: image] must be determined. Therefore, two equations must be constructed and solved. This requires the knowledge of two critical points on the TVSR boundary in each scenario. Eq. 7 requires two equations to be constructed by obtaining two pairs of values of [image: image] and [image: image] in scenario [image: image]. However, there are infinite permutations and combinations of the four load parameter values. Therefore, two running points on the new TVSR boundary must be calculated each time a new load parameter combination scenario appears. Nonetheless, using the point-by-point method to identify the boundary points is very time-consuming and cannot adapt to the rapidly changing load parameters.
Therefore, this study uses a combination of load parameters as the input and the critical point of the TVSR as the output. A machine learning algorithm was then used to explore the correlation between different load parameter combinations and the critical instability point of the TVSR boundary. Thus, the online calculation of the TVSR boundary under different load parameter combinations can be realized. In this study, we use the CatBoost algorithm as a framework for machine learning.
During the calculation and analysis of the leading parameters of the load model, the extracted leading parameters were essentially identical when calculating the trajectory sensitivity of the leading parameters since the same models were used. When selecting key generator nodes for power systems with different structures, the key nodes of different systems vary due to the considerable differences in the system structure and parameters. Therefore, when TVSR boundary correction is performed, the key generator nodes must be rescreened based on the different systems and faults. Figure 7 shows the overall process of the rapid boundary correction of 2D TVSR.
[image: Figure 7]FIGURE 7 | Overall process of TVSR boundary online correction.
The 3D TVSR boundary surface is obtained by fitting the linear boundaries of multiple 2D TVSR. The 3D TVSR boundary can be represented by the set [image: image], which is given as follows:
[image: image]
where [image: image] represents the node number of the second generator that constitutes the 3D TVSR plane. The other parameters in the formula have the same meanings, as those in Eq. 7. Therefore, after establishing the CatBoost training models under different [image: image], a 3D TVSR plane can be fitted by calculating multiple sets of TVSR boundaries. Similarly, a high-dimensional TVSR boundary comprising more node generator active powers and load active powers was calculated.
5 INTRODUCTION TO THE ALGORITHM
CatBoost is a gradient-boosting decision tree (GBDT) framework based on a symmetric decision tree that has fewer parameters, supports class-type variables, and exhibits high accuracy. The structure of a symmetric oblivious tree presents fewer super-parameters and faster training speed. CatBoost solves the problem of gradient bias and prediction shift by using the sorting promotion method to reduce the occurrence of overfitting and improve the accuracy and generalization ability of the algorithm. CatBoost displays superiority in processing missing values and noisy data and exhibits a certain tolerance for outliers and noise when compared to XGBoost and LightBoost, the two other mainstream algorithms of GBDT. Furthermore, the risk of overfitting can be reduced via the random arrangement and sampling of the training samples.
5.1 CatBoost iteration process
During model training, each iteration generates a weak learner and minimizes the loss function of the current iteration. Assuming that the loss function is [image: image], the objective function [image: image] of each iteration can be defined as follows:
[image: image]
where [image: image] denotes the tree selected from a series of [image: image] functions, [image: image] denotes the expected function, and [image: image] denotes the strong learner obtained in the last iteration.
The negative gradient, [image: image], of the loss function is the direction in which the error decreases the fastest. It is used to fit the loss approximation of each iteration, and the objective function [image: image] can be expressed as follows:
[image: image]
Subsequently, the strong learner of this iteration is obtained as follows:
[image: image]
where [image: image] denotes the learning rate of the model.
5.2 Sort promotion
In the iteration process, the GBDT algorithm uses the same training samples to calculate the iteration gradient in each round. Eq. 10 can then be expressed as follows:
[image: image]
where [image: image] denotes the number of training samples and [image: image] denotes the [image: image] training samples, where [image: image].
This leads to a deviation between the gradient distribution [image: image] obtained from the training sample and the real gradient distribution [image: image] o in the data space (Yu et al., 2006; Dorogush et al., 2018). The objective function determined using Eq. 12 deviates from the objective function in Eq. 9, which affects the accuracy and generalization ability of the model [image: image].
The CatBoost algorithm adopts the sorting and lifting method to perform the unbiased calculation of the gradient, which is based on the following principle. For each sample [image: image], the training set excluding [image: image] is used to train a model, [image: image], separately, and [image: image] is used to calculate the gradient on [image: image]. Dorogush et al. (2018) and Prokhorenkova et al. (2017) demonstrated the effectiveness of the sorting promotion method.
5.3 Algorithm hyperparameter settings
Owing to the ability of CatBoost to achieve high model quality without tuning parameters, most CatBoost hyperparameters were set to default values in this study. The main self-set parameters and their values were set as follows: iterations to 8,000, learning rate to 0.1, and depth to 3. The default values of the other parameters were retained.
6 CASE STUDY AND RESULT
6.1 Calculation and analysis of the IEEE39 node system
In this study, an IEEE39 node was used as an example to verify the proposed method. The composite load model with distributed photovoltaic power is built at BUS18. Based on the analysis in Section 3, the active power of the load being analyzed and that of the generator at BUS32 were selected as the injection quantities to construct the 2D TVSR. In total, 5,000 groups of parameter combinations were generated uniformly and randomly within the range of the load parameters listed in Table 1 to construct 5,000 different types of system operation scenarios. When the active power consumed by BUS18 load was 0.9 and 1.1 p.u., the fitting method was used to search the critical active power running points of BUS32 point-by-point, and 5,000 training samples were constructed.
TABLE 1 | IEEE39 node example of CatBoost learning framework verification indicators.
[image: Table 1]Two CatBoost learning frameworks were constructed and trained for two TVSR boundary points in each load–parameter combination scenario. The parameter combination in the constructed training sample was used as the input for the CatBoost learning framework, and the TVSR boundary point corresponding to the parameter combination was used as the output. To train and verify the model, we selected 80% of the data for the training set and 20% for the verification set.
The model training hyperparameters were automatically selected using CatBoost based on the number of training sets and their feature structure. The mean value of 100 iterations for the CatBoost-independent training and calculation results was used to calculate the regression validation indicators, such as the MSE, RMSE, the mean absolute error (MAE), and R2 of the validation sets, as shown in Table 1.
We selected an untrained load parameter combination scenario and fed the load parameter combination into the trained CatBoost framework as an input. The TVSR boundary expression is calculated based on the outputs of the two TVSR boundary points. The calculated TVSR boundary is compared with the actual TVSR boundary, as shown in Figure 8A.
[image: Figure 8]FIGURE 8 | Schematic diagram of 2D TVSR boundary fitting for IEEE39 node system and calculation error.
An error analysis of the 2D TVSR boundary calculated by CatBoost was then performed as follows. The TVSR boundary point was ascertained using the verification set based on Eq. 7. A total of 21 boundary points were uniformly identified on the P load axis of the 2D TVSR space, with the error between the 21 and the real boundary points of the system calculated. The error distribution between the TVSR boundary obtained using the proposed method and the actual TVSR boundary was also determined. Figure 8B shows the error bars and 95% confidence intervals of the errors.
According to the analysis in Table 1, the CatBoost calculation method presents better prediction performance for the TVSR boundary points in scenarios with different load parameters, and a small number of training sets can be used to obtain higher prediction accuracy. Based on the analysis shown in Figure 8, the fast TVSR boundary correction method based on load parameter changes in the IEEE39 standard example system presents a high boundary fitting accuracy, and the calculated results are relatively reliable.
6.2 Calculation and analysis of the IEEE118 node system
The proposed method was verified in the case of IEEE118 nodes. Load 59, with high power on BUS59, was selected as the research object, with its model changed to a composite load model with distributed photovoltaic power. The active and reactive power of the load remained unchanged, and the added distributed PV active power was 50 MW. Figure 9 shows the wiring diagram of the modified example. The load model parameters were set to typical values, and a three-phase short circuit was set at 50% of the transmission line between BUS59 and BUS61 with a short circuit time of 0.1 s. The trajectory sensitivity of the bus voltage of each generator was calculated corresponding to the load parameters and load active power under transient fault conditions.
[image: Figure 9]FIGURE 9 | Wiring diagram of the IEEE118 node system.
The transient voltage locus sensitivities of the BUS116 and BUS65 nodes were relatively high, as shown in Figure 10. Therefore, the active power of the Gen116 and Gen65 generators and the active power of Load 59 were selected as the node injection quantities to construct 2D and 3D TVSR. The effects of different load parameters on the TVSR boundary in two 2D spaces constructed using the load active power and the active power of the two generators were calculated, as shown in Figure 11. Figure 12 shows the TVSR boundary in 3D space with typical parameter values for the load.
[image: Figure 10]FIGURE 10 | Transient voltage trace sensitivity of generator nodes in the IEEE118 node system.
[image: Figure 11]FIGURE 11 | Two-dimensional TVSR boundary of IEEE118 node system influenced by load parameters.
[image: Figure 12]FIGURE 12 | IEEE118 node system 3D TVSR boundary.
The TVSR boundary shown in the figure was linearly fitted. The SSE, R2, and RMSE values were calculated as 5.2956E-6, 0.9997, and 5.3940E-4, respectively.
The range of the load parameter changes is as follows: 1) [image: image] is 0%–100%, 2) [image: image] is 0–0.18, 3) [image: image] is 0.01–0.1 p.u., and 4) [image: image] is 0.1–0.8 p.u. A total of 5,000 groups of parameter combinations were generated uniformly and randomly within the range of the load parameters to construct 5,000 system operation scenarios. When the unit value of active power consumed by the BUS59 load is 2.4 and 3.1 p.u. respectively, the fitting method is used to search for the critical active power running point of BUS116 point-by-point, and 5,000 training samples are constructed.
Similar to the calculation of the IEEE39 nodes, two CatBoost learning frameworks were constructed and trained, respectively. Furthermore, 80% of the data were selected as the training set and 20% as the verification set. Table 2 lists the averaged verification results of 100 independent CatBoost training sessions.
TABLE 2 | IEEE118 node example of CatBoost learning framework verification indicators.
[image: Table 2]Any group of the calculated TVSR boundaries was selected and compared with the real TVSR boundaries, as shown in Figure 13A.
[image: Figure 13]FIGURE 13 | Schematic diagram of 2D TVSR boundary fitting for IEEE118 node system and calculation error.
The error distribution between the TVSR boundary obtained using the proposed method and the actual TVSR boundary was calculated. Figure 13B shows the error bars and 95% confidence intervals of the errors.
The data in Table 2 show CatBoost exhibits high calculation accuracy and produces reliable results in the calculation examples of the IEEE118 nodes. The analysis presented in Figure 13 highlights that the TVSR boundary calculated using the proposed method exhibits a good fitting effect with high fitting accuracy. The load parameter change of the IEEE39 node system exerts a lesser effect on the TVSR boundary than that of the IEEE118 node system, and the range of the boundary change is smaller. This results in the variance in the error distribution of the IEEE118 node system from that of the IEEE39 node system. Therefore, the TVSR boundary fitting error of the IEEE118 nodes was smaller than that of the IEEE39 nodes, and the error distribution was more compact.
The proposed TVSR online correction method trains the CatBoost network offline, inputs the CatBoost network online based on the change in the load parameters, and outputs the TVSR boundary online without delay. Therefore, it only requires time to train the model and does not perform complex calculations in online applications. The results are directly output by the model, which satisfies the demand for fast online applications.
Based on the calculation and verification of the IEEE39 and IEEE118 node systems, the proposed method can complete the training of the CatBoost network in the offline state to realize fast correction of the TVSR boundary of the power system online and satisfy the demands of the rapidly changing load. This capability addresses the requirements of dynamically changing loads, which is crucial for network regulation and security of power systems.
7 CONCLUSION
In this study, we used a composite load model with distributed photovoltaic power as the research object to comprehensively analyze the influence of the load model parameters on the TVSR of a smart grid. The trajectory sensitivity method was employed to determine the main voltage stability parameters of the load model that significantly affect the transient response of the node voltage. Furthermore, the trajectory sensitivity method was employed to determine the main generator node sensitive to the load parameters and load power changes. The main generator node and node active power of the load are used as the injection amounts to construct the TVSR in this project. Considering the 2D and 3D TVSR space as an example, it was observed that the boundary characteristics of the TVSR present a good linear effect within the range of the normal variation in the load active power, which helps in deriving the TVSR boundary expression. We proposed a fast TVSR boundary correction method based on the CatBoost learning framework. The various combination scenarios of the dominant parameter set of voltage stability under different loads were constructed offline, and the parameter combinations were considered inputs, while the TVSR boundary points were considered outputs to train the CatBoost model offline. Based on the trained CatBoost model and the TVSR expression, the TVSR boundary can be modified online, corresponding to the real-time changes in the load parameters. The proposed TVSR boundary correction method was verified based on the IEEE39 and IEEE118 node systems. The calculated results exhibited a high degree of fitness to the TVSR boundary along with good engineering practicability. The proposed TVSR boundary online correction method can correct the TVSR boundary online with high precision based on real-time changes in the load model parameters. This can provide a more accurate TVSR boundary, aiding the power system operation scheduler in controlling the system more accurately.
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