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Abstract: The access of unified power flow controllers (UPFC) has changed the structure and operation mode of power grids all across the world, and it has brought severe challenges to the traditional real-time calculation of security correction based on traditional models. Considering the limitation of computational efficiency regarding complex, physical models, a data-driven power system security correction method with UPFC is, in this paper, proposed. Based on the complex mapping relationship between the operation state data and the security correction strategy, a two-stage deep neural network (DNN) learning framework is proposed, which divides the offline training task of security correction into two stages: in the first stage, the stacked auto-encoder (SAE) classification model is established, and the node correction state (0/1) output based on the fault information; in the second stage, the DNN learning model is established, and the correction amount of each action node is obtained based on the action nodes output in the previous stage. In this paper, the UPFC demonstration project of Nanjing West Ring Network is taken as a case study to validate the proposed method. The results show that the proposed method can fully meet the real-time security correction time requirements of power grids, and avoid the inherent defects of the traditional model method without an iterative solution and can also provide reasonable security correction strategies for N-1 and N-2 faults.
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1  Introduction

The safe operation of power system has always been the focus of power system engineers, for obvious reasons. Accordingly, the security correction control of power system has become one of the important means of ensuring the safe and stable operation of a power system [1–4]. In recent years, with the development and application of the unified power flow controller (UPFC), the system flexibility and safety have been greatly improved [5–6] whereas increase in the operation mode complexity have also brought about challenges to the safety control of power grids.

Specific to the line overload condition after a system fault, the security correction control can improve power flow and eliminate line overload by adjusting the generator output and load shedding accordingly and appropriately. Among them, similar to the flexible AC transmission device [7] that has also been put into operation and has the most comprehensive functions and effects, UPFC can quickly adjust the power flow during security correction, so as to eliminate the line overload and balance the power flow [8–10]. Because of the current sensitivity method [11,12] with the relatively high computational efficiency which ignores the effect of reactive power, the obtained system correction adjustment scheme with UPFC may cause a secondary overload of the bus voltage when eliminating line overload and hence, bring new safety risks to the system, which is are, to be sure, not practically useful. Therefore, the current security correction problem of system with UPFC still needs to adopt the model-based optimization method [13–15], that is, to use the mathematical analysis method to solve the optimization model and obtain corresponding adjustment measures. It has been established in [16] that a security correction model with the minimum adjustment amount and uses the distributed robust optimization method to handle the power system security correction control problem with the uncertainty of wind power output; It has also been revealed in [17] that an optimization model considering the series compensator with the minimum load removal as the objective function. But when applied to the actual large power grid, the increase of optimization variables will significantly decrease the optimization efficiency. To that effect, Zhao et al. [18] proposed a security correction strategy with the least economic cost; A more comprehensive multi-objective optimization model with minimum adjustment cost, minimum social impact and minimum load removal to minimize the economic loss caused by fault was established in [19]. But in actual engineering, decision-makers tend to consider system security quite deeply, and seek to eliminate any system overload at the fastest speed, so as not to cause a chain reaction and endanger the safe operation of the greater system. To this end, Zhu et al. [20] proposed a security correction model for system with UPFC with the minimum adjusting equipment and minimum equipment correction, but some branches fail to optimize the overload due to the complex model solution, which is still not applicable to any fault condition. In summary, the traditional model-based security correction method cannot meet the actual engineering requirements, because: (1) for different line overload conditions, the calculation fluctuation is large with poor timeliness; (2) for some line overload conditions there may be no solution with inherent defects; (3) to ensure the system safety, there are many load shedding actions with poor economic repercussions. Therefore, when considering UPFC integrated systems, it is urgent to develop a security correction method with stable calculations and few if any potential safety hazards, to maximize the power flow regulation capability of UPFC.

Recently, data-driven artificial intelligence methods [21–23] have provided new ideas for solving complex grid problems due to their powerful exploratory learning capabilities. For instance, Liu et al. [24] proposed a data-driven way of thinking about power grid operation, and that literature further analyzes the trend and multitude of challenges in the realm of data-driven, power grid development. In case of [25], a deep learning to security correction was proposed together with a data-model hybrid-driven security correction calculation method; that is to say, a DNN identification model is established to judge the node correction status, and then the model method is used to optimize and calculate the correction amount. The correction efficiency is improved to a certain degree, but a large number of label samples are needed to train the model, and the iterative calculation based up on the model still poses a safety hazard for security correction; furthermore, the calculation time varies significantly with the differences of system scales.

Based on the above considerations, this paper proposes a data-driven security correction method, which can effectively get rid of the dependence upon the current security correction calculations on the model, and solve the difficult problems of extracting features and the excessively long computing time. The security correction method proposed in this paper divides the offline training task into two stages: the SAE binary classification model; which is used to determine the correction state of the system and train the network with the power flow data at the fault time and each node action state in the security correction results, aiming to quickly select the device nodes participating in the action and determine the action node-set. And in the second stage, the DNN learning model of the computing system security correction strategy is established based on the adjustment set. The training is completed by combining each action device classification information and the corresponding correction amount data in the first stage, and the system security correction results are quickly obtained. During the online application, the corresponding security correction strategy is obtained by inputting the system fault information into the established fast security correction model. The Nanjing West ring network UPFC demonstration Project was used as a case study. And the results obtained reveal that the proposed method in this paper greatly improves the security correction computational efficiency, which can effectively solve problems beyond existing methods and can even provide a better correction strategy as well.

2  Methodology

2.1 UPFC Model

In practical engineering, the series and parallel sides of UPFC may be connected to different buses. Therefore, we propose a new topology of UPFC, whose structure is shown in Fig. 1. The new UPFC is connected to the line by equivalent power injection. And its equivalent circuit is shown in Fig. 2.
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Figure 1: Structure of new UPFC
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Figure 2: Equivalent circuit diagram of new UPFC

It can be seen from Fig. 2 that the equivalent voltage source voltage at the series and parallel sides of UPFC is U˙B and U˙E. When the virtual node s is introduced into the line on the series side, the original line power is transferred between the virtual node and the line end node. At this time, the voltage of the virtual node, the line head, end node and the parallel side node on the series side are expressed as U˙s, U˙m, U˙n and U˙r, respectively; The impedance of the line where the UPFC is located and the impedance of the transformer at the series and parallel sides are Zl, ZB and ZE, respectively. Bl is the ground admittance; Px+jQx is the complex power of the corresponding branch, and x represents the corresponding branch number.

The equivalent power of UPFC is often injected into the model. This model is shown in Fig. 3, which can equate the role of UPFC as the nodal injection power at both ends. The derivation of equivalent injection power is shown in Appendix A.
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Figure 3: Equivalent power injection model of UPFC

Wherein, the node-terminal voltages of the branch series side where the UPFC is located are U˙m and U˙n; U˙s represents the virtual node voltage introduced on the series side of UPFC; U˙r represents the voltage on the parallel side of UPFC; Px+jQx represents the complex power of the corresponding branch x; and B1 represents the line-to-ground admittance.

2.2 System Security Correction Model with UPFC

(1) Objective function

The appeal of the power system security correction problem is to calculate the correction amount of the required action nodes based on the determined minimum number of action nodes. Therefore, the security correction physical model is a mixed integer nonlinear programming (MINLP) model with its objective function expressed as:

minf=W∑i=1nbK1iTi+∑i=1nbK2i2(Pi2+Qi2)(1)

In Eq. (1), nb represents the number of nodes in the system; Ti is the integer variable 0–1, representing whether node i participates in adjustment or not; Pi and Qi represent the active and reactive correction of node i, respectively; the weight coefficient W is introduced in the objective function to improve the priority of the node correction state calculation and meet the demand of the security correction; meanwhile, to ensure the priority adjustment of generator nodes during correction and avoid load node action, the node correction state weight K1i and correction amount weight K2i are introduced in the objective function, and the average weight value of generator nodes should be smaller than the load nodes.

(2) Constraint conditions

{PB=Re(U˙B(U˙m+U˙B−U˙s)∗(gB−jbB))PE=Re(U˙E(U˙r−U˙E)∗(gE−jbE))PB=PE(2)

{PGi0−PDi0+TiPi=Ui∑j=1,j≠inbUj(Gijcos⁡θij+Bijsin⁡θij)QGi0−QDi0+TiQi=Ui∑j=1,j≠inbUj(Gijsin⁡θij−Bijcos⁡θij)(3)

where, “*” represents conjugate; gB, bB, gE and bE represent the conductance and susceptance at the series and parallel sides of the line where gB UPFC is located; PGi0, QGi0, PDi0 and QDi0 represent the initial values of the node generator and load, respectively; Gij and Bij represent the real and imaginary parts of the position i-j element in the admittance matrix, respectively; and θij represents the phase angle difference between nodes i and j.

{0≤|U˙B(U˙m+U˙B−U˙s)∗(gB−jbB)|≤SBmax0≤|U˙B(U˙E−U˙r)∗(gE−jbE)|≤SEmax(4)

{TiPimin+(1−Ti)Pi0≤Pi0+Pi≤TiPimax+(1−Ti)Pi0TiQimin+(1−Ti)Qi0≤Qi0+Qi≤TiQimax+(1−Ti)Qi0Ti∈{0,1}(5)

Pij,min≤Pij≤Pij,max(6)

In Eq. (4) through Eq. (6), SBmax and SEmax represent the upper limit of UPFC’s capacity at the series and parallel side, respectively; Pi0=PGi0−PDi0; Qi0=QGi0−QDi0; Pimax, Pimin, Qimax and Qimin represent the upper and lower limits of the adjustable active power and reactive power of node i, respectively; Pij represents the active power of line i-j with the upper and lower limit Pij,max and Pij,min. The upper and lower limits of the voltage and phase angle amplitudes of other UPFC and nodes are not described here.

2.3 A Two-Stage Deep Learning Framework

2.3.1 Data-Driven Security Correction Model

The security correction constructed by Eq. (1) through Eq. (6) of a system with UPFC contain the physical information of the power system, including the grid structure topology, branch parameters and corresponding physical laws, etc. However, due to the model’s nonlinearity and non-convexity, the security correction calculation requires multiple iterations, which is all very time-consuming for large-scale systems, and can also cause iteration failures to some branches as the system scale expands. From the data-driven perspective, the security correction computational process can be regarded as a nonlinear projection: the system power flow information at the failure time is used as the input, and the security correction results, such as generator output adjustment and load reduction, are used as the output. The mapping relationship between input and output can be learned offline through historical data or simulated data.

Training deep learning model requires a large number of sample sets. To simulate the calculation of the safety correction strategy under the most out of limit conditions of the system and build a sample set that can reflect the relevant characteristics of the input and output data, this paper randomly adjusts the load on different power flow sections of the Test Bed, sets N-1, N-2 and other fault conditions causing the system to be overloaded. Record the effective out of limit data of each branch (the out of limit meets 1%–30% of the line’s own stability limit) and the power flow data at the time of fault as the input of the deep learning model. Use the method based on physical model described in Chapter 2.2 to optimize and solve various line out of limit conditions, and obtain the correction status and correction amount of each node under corresponding fault as the output of the deep learning model.

Because of the complex mapping relationship between system fault data and security correction strategy data, it is difficult to directly learn the input and output. To relieve the learning pressure of the node correction amount prediction model and improve the learning accuracy, this paper establishes a data-driven fast security correction model, divides the offline training task of security correction into two stages, and designs a two-level input and output layer to separate learning objectives to improve the learning ability of deep learning models at various stages. The model framework is shown in Fig. 4.
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Figure 4: The two-stage deep learning framework

2.3.2 Node Correction State by SAE

The classification model judges the node adjustment status based on deep learning (the output result of the model is “0” for the node not participating in the adjustment, and “1” for the node participating in the adjustment). The power flow information at system overload time is taken as input data X, and the adjustment state of each device at the security correction is used as output data Y to train the classification model based on SAE.

Autoencoder (AE) is an unsupervised learning neural network. Its input and output are unlabeled samples [26] and its purpose is to complete the feature extraction of data. Its structure is divided into an encoder and a decoder. The encoder converts the high-dimensional input sample X into the low-dimensional hidden layer expression H to realize the sample dimensionality reduction. The decoder converts the hidden layer expression into the original samples X^ to complete the sample restoration.

The nodes of AE are fully connected, and its encoding and decoding processes are shown in.

H=f(WX+b)(7)

X^=g(W~H+b~)(8)

where: W and W~ are the weight matrices of the coding and decoding layer, respectively; b and b∼ are the bias vector of the encoder and decoder, respectively; f and g are the activation function; and the Sigmoid function is adopted in this paper.

AE minimizes the loss function by adjusting the network parameters to obtain the optimal abstract representation of input features. In AE, the loss function usually takes the squared error function. For input samples and reconstructed output samples, the squared error loss function is expressed as formula(9):

J(X,X^)=12∑i=1n‖x^i−xi‖22(9)

Multiple AEs are cascaded to build stacked autoencoders (SAE). Greedy layer training is used to take the hidden layer output of the upper level as the input of the next level AE for the hierarchical feature extraction.

SAE is a deep learning algorithm with strong feature extraction capabilities. As shown in Fig. 5, when used for classification or regression problems, the decoder is generally discarded, and the features output by the last-layer encoder are used for classification or regression calculation.
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Figure 5: Structure of stacked autoencoder

The node correction state is judged based on the classification ability of the classification model based on SAE and the node without an action state is selected and excluded to determine the action node-set. The power flow information at system overload time is taken as input data, and the adjustment state of each device at the security correction is used as output data to train the classification model based on SAE offline.

2.3.3 Node Correction Amount by DNN

In this paper, DNN regression models are established for each node, that is, the DNN model calculates the correction amount of its corresponding node.

Deep learning (DL) is a new technology in machine learning (ML) algorithm research [27,28]. It aims to establish a deep neural network that simulates the human brain for analysis and learning and extracts effective information from the massive training samples through the network model. DL adopts a feedforward neural network composed of a large number of neurons. Its structure includes an input layer, a hidden layer and an output layer. DL training updates internal parameters and activates functions based on forward propagation and back propagation (BP) [29,30] to explore the complex structure and mapping relationship in the big data set. In the forward propagation stage of the hidden layer, the output of the previous layer is the input of the latter layer, and the computational process is expressed as follows:

xkL=f(ykL)(10)

ykL=∑i=0nmikL⋅xiL−1+nkL(11)

where, f represents the activation function; ykL represents the output before activation of the k neuron in the DNN L layer; xkL represents the output after activation of the k neuron in the DNN L layer; mikL represents the transfer coefficient from xiL−1 to ykL. mkL represents the deviation constant of the forward propagation function. The transfer coefficient and deviation constant are determined by DNN back propagation iterative optimization.

Based on the reduced action node-set in the previous stage, the DNN regression model is trained offline with the output results of the first stage SAE binary model, the node power flow information as input data X, while the correction amount of each device at the security correction time is used as the output data Y. Specific to nodes requiring action, the learning ability of the DNN model is used to determine the correction amount. The two-stage deep learning model not only reduces the learning complexity, but also helps to improve learning biases and enhances the DNN regression model computational efficiency and accuracy.

3  Modelling and Simulations

3.1 Algorithm for the Realization of the Two-Stage DL Model

Similar to other machine learning algorithms, this method also includes offline training and online application. The two-stage deep learning model was trained and saved offline. The online application is data-driven. Once there is line overload in the system, the data-driven model receives the fault information for calculation and provides a security correction strategy. The specific process of this method is shown in Fig. 6.
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Figure 6: Flow chart of the proposed method

3.2 Simulations

In this section of the paper, the Nanjing 220 kV West Ring Network UPFC Demonstration Project is taken as a Test Bed. To facilitate the analysis, this paper selects the 95 nodes equivalent system of Nanjing West Ring Network UPFC Demonstration Project for the analysis. The Nanjing West Ring Network is mainly powered by two 500 kV substations from the north and south ends, and the power plant units in the area are 1300 MW in total. The system consists of 15 generator nodes, 151 branches (including double circuits), 29 transformers and 11 groups of reactive power compensation devices. The series side of UPFC is connected to the 220 kV Xiaozhuang-Tiebei double circuit, and the parallel side is connected to the 35 kV side of Yanziji substation. The capacity of the three inverters is 60 MVA. The upper and lower limits of UB are 0.4 and 0.0 p.u., respectively, and the upper and lower limits of UE are 1.0 and 0.0 p.u., respectively. When calculating the security correction of power system with UPFC, the weight W is taken as 1000. At the same time, since the number of nodes involved in the adjustment is generally less than 10, this paper selects the generator and the node to adjust the state weight as 1 and 100, respectively; Similarly, the weights of generator and load adjustment are 0.1 and 10, respectively.

The SAE and DNN models are programmed by Python and built by Keras module using a PC with an Inter Core i5-3470 3.20 GHz CPU processor and 8 GB memory.

To verify the outstanding power flow control ability of UPFC in the system, check the correctness and effectiveness of the proposed data-driven safety correction method, and test its application performance, the proposed method is compared with the current three safety correction methods. Each method is coded as follows:

Method 1: Model-based security correction optimization method of power system without UPFC;

Method 2: Model-based security correction optimization method of power system with UPFC;

Method 3: Fast security correction method of power system with UPFC based on data-model hybrid-driven [25] (the data driven model determines the node adjustment range, and the model driven conducts correction amount optimization calculation based on the range);

Method 4: Method proposed in this paper.

4  Simulation Results and Discussions

4.1 Computational Efficiency Analysis

Since the system overload failure is inevitable, it is of great practical significance to quickly eliminate the overload in the system and maintain stable operations. The percentage of the overload amount αij of line i–j was calculated by Eq. (12).

αij=Pij−Pij,maxPij,max×100%(12)

The practicability of the fast security correction strategy proposed in this paper is analyzed in the following different conditions.

In Table 1, working conditions 1–5 are the situations when an overload occurs to a single branch; working conditions 6 and 7 are the situations when an overload of varying degrees occurs to multiple branches. Wherein, when an overload occurs to the branch where working conditions 4 and 5 are located, the traditional model-based optimization calculation method cannot work out the correction result.
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In this paper, a data-driven fast security correction model is constructed to solve the problem that current model-based security correction methods have; they have high computational complexity and also easily come across unsolvable problems. Fig. 6 shows the calculation time of different security correction calculation methods under various working conditions.

As can be seen from Fig. 7, the calculation time of the model-based security correction method is relatively long, and increases significantly with the increase of the branch overload degree; comparing the calculation efficiency of M1 and M2 under different working conditions, the stronger control ability of UPFC can improve the system security correction efficiency to a certain extent, but the effect is not very obvious. By introducing the DNN model, the calculation time of M3 is greatly reduced compared with traditional model-based methods. Since its device correction amount calculation still depends on the optimization model, the calculation time still fluctuates under different working conditions. In contrast, the test results of our method show that the M4 curve in Fig. 6 is relatively stable. The difference of fault conditions and even the increase of the system scale mainly affect the network offline training time, and have little effect on the online computing times, which, in its entirety, reflects an advantage in the correction efficiency of the method in this paper. In addition, comparing the results of working conditions 4 and 5, it can be seen that although the traditional model-based method fails to solve them, the deep learning models in M3 and M4 can quickly judge the correction amount of a node under a no-solution working condition through their learning ability. Decision makers can quickly formulate a correction strategy based on this result to make up for the defect of the model no solution; meanwhile, the calculation time of M4 is 5–6 times higher than that of M3, and its computational efficiency is significantly improved compared with current security correction methods.

[image: images]

Figure 7: Calculation time of security correction under different algorithms

4.2 Accuracy Test of Node Classification Model

(1) Classification Model Accuracy Evaluation Metrics

In the classification model, the test set accuracy, precision, recall and F1 value are often used to measure the classification model effect. Various evaluation indicators can be calculated by the elements in the confusion matrix shown in Table 2.

[image: images]

accuracy=TP+TNTP+FN+FP+TN(13)

precision=TPTP+FP(14)

recall=TPTP+TN(15)

F1=2×P×RP+R(16)

Wherein, TP means the number of samples whose real label is action and prediction label is action; FN means the number of samples whose real label is inaction and prediction label is action; FP means the number of samples whose real label is inaction and prediction label is action; TN means the number of samples whose real label is inaction and prediction label is inaction; accuracy represents the proportion of correctly classified samples to all samples; precision represents the proportion of samples recognized as actions to samples that are actually actions; recall represents the proportion of samples predicted to be actions to samples that are actually actions. P and R represent precision and recall, respectively, and F1 is the harmonic mean of precision and recall. In this paper, accuracy and F1 are used to evaluate the model with the indicator value ranges both as [0–1]. The closer the value is to 1, the better the classification effect of the model is.

(2) SAE classification model performance evaluation

This paper evaluates the SAE-based node action classification model and compares it with the DNN classification model [25]. DNN has 6 layers and sets 4 hidden layers with the number of hidden layer neurons 1024, 512, 512 and 512, respectively. Except the output layer activation function adopts the Sigmoid function, the other layer activation functions use the non-saturated and nonlinear ReLU function. The number of neurons in the SAE hidden layer is 256, 128, 64, 128, and 256; the activation function selects the Sigmoid function and the top-level classifier uses the Softmax regression layer for node adjustment state classification.

From the generated samples, 8000 samples are randomly selected as training set labeled samples, 4000 as test set samples, and 10,000 as unlabeled samples. The classification model training results of some nodes are extracted for verification with the results shown in Table 3.
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As can be seen from Table 3, the classification results of SAE model are more accurate than the DNN model with a small number of label samples. SAE model is pre-trained through unsupervised training and fine-tuned through supervised training in the second stage. Therefore, the SAE model can automatically extract features to realize data dimension reduction under certain label samples, and solve the problems of difficulty in obtaining labeled samples and smaller numbers of samples in real examples.

4.3 Single Branch Overload Correction Analysis

(1) Analysis of calculation accuracy

Working conditions 1–3 are situations which an overload of varying degrees appear at random branches. The calculation performance of the method proposed in this paper is tested under different conditions and compared with the three other methods. As can be seen from Table 4, when an overload occurs to a certain line, the action node number of M2 is significantly lower than that of M1, indicating that the participation of the UPFC in regulation can greatly reduce the number of control devices involved and the required correction amount in the correction process; meanwhile, the calculation result of M4 is the same as that of M2 and M3 under this working condition, which further reflects the better accuracy of the data-driven model in this paper.

[image: images]

Tables B1 and B2 show the comparison of the security correction results under other working conditions: in Table B2, for the correction strategy offered by M4, the active power correction amount of the generator is slightly different from other methods. By solving the objective function again, 4632.01, the objective function result of M4, is slightly larger than M2’s 4628.98. It shows that although the strategy obtained by M4 is not entirely optimal, it is very close to the optimal solution; comparing the load shedding of different methods at this time, it is not difficult to see that the correction strategy given by M4 only needs to adjust the generator output and effectively avoid the occurrence of load shedding, which is also more in line with the requirement of prioritizing the generator adjustment for security correction and avoiding load shedding; all of this improves the system economic benefits too.

In Table B3, although the calculation result of M4 is slightly different from that of M2, its objective function result of 5422.95 is slightly smaller than that of M2, 5423.61. It can be seen that the action node and correction amount obtained theoretically by the optimization calculation method based on the traditional model cannot guarantee to be the optimal solution as it pertains to certain non-optimal problems. In contrast, the DNN model obtained after a large number of training experiments relies on its outstanding learning ability. The determined node correction amount is even better than the model method.

(2) Analysis of unsolvable problems

Tables 5 and B3 show the correction results of working conditions 4 and 5, respectively. When there is a branch overload in working conditions 4 and 5, the mixed integer programming model established by M1 and M2 cannot offer solutions due to the complex iterative calculation or guarantee the safe and stable operation of the system either. In contrast to the calculation results of M3 and M4, the generator output and load node output can be adjusted accordingly to complete the security correction. It further verifies that in the absence of relevant training samples, the deep learning model can learn many adjustment strategies of similar working conditions when training the data of solved working conditions. The deep learning model can judge the unsolved branch overload of similar working conditions and quickly give the correction strategy by learning massive overload data. Although the correction results of M4 and M3 are the same as explained in Chapter 4.1, the calculation speed and stability of M4 are better than that of M3. Based on the above analysis, the method in this paper can not only make up for the unsolved problem inadequacy of traditional model methods, but also greatly improve the solution efficiency of this type of branch, ensure the system safety to a greater extent, and improve the application ability to this type of practical engineering problems.
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4.4 Analysis of Multiple Branch Overload Correction

To verify that the method of this paper is also applicable to multiple branch overload situations, this paper sets different load levels (randomly adjust the load to raise the system branch overload), N-1 faults and N-2 faults on the basis of multiple current flow sections, and obtains multiple branch overload samples. Specific to multiple branch overload in working conditions 6 and 7, the calculation results of different correction methods are given in Tables 6 and B4. Comparing the load removal results of M1 and M2 shows that the M2 system can effectively alleviate and even avoid load removal, and improve the system stability and economic benefits because of the addition of UPFC.
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Meanwhile, comparing the objective function of the methods in Table 6, it can be seen that the objective function values of M3 and M4 are the same and lower than M1 and M2. It, furthermore, shows that the method in this paper is more in line with the safety correction requirements than traditional model-based optimization methods, and that the provided correction strategy is also better. In addition, although the correction strategy calculation results of M4 and M3 are the same, as can be seen from the calculation time of working conditions 6 and 7 in Fig. 7, the calculation efficiency of M4 is 3 times higher than M3, and the online application time of M4 almost does not fluctuate with the increase of system faults or system size at all. Therefore, compared with existing safety correction calculation methods, this method not only has accuracy and applicability, which can accurately solve different overload working conditions, but it also has high calculation efficiency. The data-driven fast safety correction method proposed in this paper has great advantages in practical engineering to ensure the stability of large systems.

5  Conclusions

In this paper, a data-driven security correction method for power systems with a UPFC is proposed, and simulation tests and analysis are carried out based on a practical Test Bed. By comparing with results of current common security correction methods, the correctness and rapidity of the data-driven model are verified. The main conclusions are as follows:

1)    From a data-driven perspective, the new method solves the potential safety hazard of model-based methods without an iterative solution. The online calculation of data-driven models is not affected by system scale and fault types, which expands the applicability and practicability of security correction calculations. It has true engineering application value in the process of fault corrections in large system.

2)    In view of the complex mapping relationship of sample data, a two-stage deep learning framework is proposed, and a two-level input and output layer is designed to separate the learning objectives, which effectively relieves the learning pressure of the DNN regression model and improves its learning accuracy. The test results show that the data-driven model has high accuracy, stability, and much less calculation time than other previous methods, which meets the system security correction’s requirements for accuracy and rapidity, helps decision makers to quickly formulate correction strategies, and improves system stability.

3)    Specific to the remarkably high input feature dimensions of the node adjustment state classification model, a node adjustment state classification model based on SAE is proposed. The test results show that the SAE classification model has better performance under certain label samples. Compared with the DNN model, this model has a powerful automatic feature extraction function, which does not require manual feature extraction and is purely data-driven.

The methods in this paper effectively guarantee the safe and stable operations of systems with UPFC. Therefore, the complexity of the system operation mode, the complexity regarding the migration of data-driven models and deep learning model construction methods to the energy system access to renewable energy, as well as other complex systems under flexible AC transmission devices, should be the aim of subsequent research.
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Appendix A. Safety correction results of different conditions

The formula derivation of the equivalent injection power model of the new UPFC is shown in formulas (A1)–(A8)

Pms=gBUm(Um+UBcos⁡θmB−Uscos⁡θms)+bBUm(UBsin⁡θmB−Ussin⁡θms)(A1)

Qms=−bBUm(Um+UBcos⁡θmB−Uscos⁡θms)+gBUm(UBsin⁡θmB−Ussin⁡θms)(A2)

Psm=gBUs(Us−Umcos⁡θsm−UBcos⁡θsB)−bBUs(Umsin⁡θsm+UBsin⁡θsB)(A3)

Qsm=−bBUs(Us−Umcos⁡θsm−UBcos⁡θsB)−gBUs(Umsin⁡θsm+UBsin⁡θsB)(A4)

PrE=gEUr2−gEUrUEcos⁡θrE−bEUrUEsin⁡θrE(A5)

QrE=−bEUr2−gEUrUEsin⁡θrE+bEUrUEcos⁡θrE(A6)

PB=gBUB(UB+Umcos⁡θBm−Uscos⁡θBs)+bBUB(Umsin⁡θBm−Ussin⁡θBs)(A7)

PE=gEUE(UE−Urcos⁡θEr)−bEUEUrsin⁡θEr(A8)

Appendix B. Safety correction results of different conditions
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Table 1: Analysis of different overload conditions

Branch serial no.

Branch name

Overload amount

Working condition 1 L28 46-19 6%
Working condition 2 L54 31-53 12%
Working condition 3 L70 24-64 24%
Working condition 4 Lo64 23-11 10%
Working condition 5 L80 70-41 16%
. . L44 38-49 3%
Working condition 6 L69 24 44 1%
. . L12 37-61 15%
Working condition 7 L106 ) 82 _—
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Table 3: Evaluation results of classification model

Node serial no. SAE DNN
A, F, A, F,

10 0.9671 0.9635 0.9539 0.9535
20 0.9843 0.9814 0.9428 0.9429
24 0.9754 0.9742 0.9554 0.9551
41 0.9838 0.9839 0.9623 0.9631
43 0.9781 0.9894 0.9579 0.9562
69 0.9867 0.9871 0.9437 0.9421
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Table B2: Safety correction results of condition 3 system under different algorithms

Active power correction amount/p.u. Objective Load
function removal
Node serial no. 1 8 9 29 30 32 amount/p.u.
. Ml —10.105 0.513 1.002 —4.574 1.027 1.009 931729 0
ZZ‘I’lrdkilt‘;fn M2  —8544 1.006 1460 0999 —— 542361 0
5 M3 —8.544 1.006 1.460 0.999 — — 5423.61 0O
M4 —8.543 1.003 1.460 1.001 — — 542295 0
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Table 6: System security correction results of working condition 6 under different algorithms

Active power correction amount/p.u. Objective Load removal
fi i .U
Node serial no. 2 7 8 9 10 14 unction amount/p.u
Working Ml —5.626 1.088 3.001 —1.032 12541.61 1.032
condition6 M2 —-5.067 —— 1.090 1.025 1.000 —0.516 8814.72 0.516
M3 -5.067 —— 0.996 1.019 0.783 —— 5672.81 O
M4 -5.067 —— 0.996 1.019 0.783 —— 5672.81 O

Note: “—” in the table means not involved in adjustment, no data results.
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Table 4: System security correction results of working condition 1 under different algorithms

Active power correction amount/p.u. Load
. removal
Node serial no. 1 2 27 28 29 30 32 amount/p.u.
Workipg Ml -9375 -=-2.077 0.789 0999 —— 1.027 1.009 0
conditionl M2 —6.632 —4.112 1.027 1.009 0
M3 —6.632 —4.112 1.027 1.009 0
M4  —6.632 —4.112 1.027 1.009 0
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Table B3: Safety correction results of condition 5 system under different algorithms

Active power correction amount/p.u.

Load removal

Node 1 2 7 8 10 17 27 29 30 42 43 45 59 63 amount/p.u.
serial no.

M1 Unsolvable -

M2 Unsolvable -

M3 —10.953 —2.254 1.027 1.004 0.036 —3.277 1.002 0.841 0.702 1.062 1.590 3.400 —0.254 —0.711 5.244

M4 —10.953 —2.254 1.027 1.004 0.036 —3.277 1.002 0.841 0.702 1.062 1.590 3.400 —0.254 —0.711 5.244
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Table B1: Safety correction results of condition 2 system under different algorithms

Active power correction amount/p.u. Objective Load removal
Node serial no. 1 2 8 9 30 31 32 4 function  amount/p.u.
M1 —-10496 —— 1.013 1.002 1.027 —0.485 —— —0.028 7013.52 0.513
Working M2 —-6362 —-2384 1302 — —— —0485 — —— 4628.98  0.485
condition2 M3 —-6.362 -2.384 1302 —— —— —0485 —— —— 4628.98  0.485

M4 6362 —2.384 1.302 1.097 — 4632.01 0
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Table 2: Confusion matrix

Prediction label Real label
Action Inaction
Action TP FN

Inaction FP TN
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Table B4: Safety correction results of condition 7 system under different algorithms

Active power correction amount/p.u.

Load removal

Node serial no. 1 2 7 8 10 12 15 27 29 42 amount/p.u.
. M1 —4.772 —0.287 1.007 1.582 0.559 —0.202 —1.526 1.500 1.031 0.985 1.728
xiﬁi?ogn M2 -3.737 —— 1403 1582 0171 — —— —=0976 1431 0.099 O
7 M3 -3.737 —— 1403 1582 0171 —— —— —=0976 1431 0.099 O
M4 3737 —— 1403 1582 0171 —— —— 0976 1431 0.099 0
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Table 5: System security correction results of working condition 4 under different algorithms

Active power correction amount/p.u. Load
. removal
Node serial no. 1 2 8 10 27 37 42 45 amount/p.u.
M1 Unsolvable Unsolvable
Working M2 Unsolvable Unsolvable
conditiond \r3 " 9102 1254 1.004 0036 1.002 —4.117 1.062 1.590 4.117
M4 —-9.102 1.254 1.004 0.036 1.002 —4.117 1.062 1.590 4.117
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