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Reasonable generator serial restoration sequence is a key issue to the system restoration following blackouts. This paper proposed an optimization method for the decision making of generator serial restoration sequence based on Monte Carlo tree search algorithm. First, the generator serial restoration sequence mechanism during the restoration process is analyzed. Considering the maximization of the total power generation capacity as the objective function, this paper also consider generator’s hot start. Second, the Monte Carlo tree search algorithm (MCTS) is applied to decide the generator serial restoration sequence. In the simulation stage of MCTS, the Dijkstra’s algorithm is utilized to determine the shortest path between the selected generator and the recovered power system. Finally, the IEEE 39 bus system and Hebei power grid system are used to validate the proposed algorithm. Simulation results show that the proposed method is efficiency and it can provide an reasonable generator serial restoration sequence to maximizing power generation during the restoration process.
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1 INTRODUCTION
With the continuous growth of power demand, the scale of the power system continues to expand (Lindenmeyer et al., 2001). Once a large-scale power system is affected by internal and external factors, it is easy to lead to the occurrence of blackouts, causing serious losses to the society and economy (ANDERSSON et al., 2005). For example, on 14 February 2021, due to the influence of cold weather in Texas, the generated States, a large blackout occurred, resulting in a load cut of about 20,000 MW in Texas, affecting a population of about 4 million (Zhang et al., 2022); Argentina On 16 June 2019, a large-scale blackout occurred in the power grid. The accident caused blackouts in Argentina and Uruguay, and also affected parts of Brazil, Paraguay and Chile, affecting about 48 million people (Sharma et al., 2021). After a major blackout, lack of a reasonable generator restoration plan may prolong the blackout time of the system, or even expand the blackout range (ADIBI et al., 1987): For example, on 9 January 2021 in Pakistan, the failure of the Gudu power plant caused a chain reaction of the national power system, triggering the largest blackout accident in Pakistan since the founding of the country, causing all major cities in Pakistan to fall into darkness (Desai, 2021). Therefore, the decision of the generator restoration sequence after a blackout is an important research topic in power system restoration.
After a blackout, the restoration of the generator is mainly completed in the black start stage (Leng et al., 2022) and the network reconstruction stage (Chu et al., 1993). The decision-making problem of generator restoration sequence is usually formulated as a multi-stage, nonlinear, constrained optimization model problem (Riou et al., 2021), and the factors to be considered in the decision-making process are detailed in reference (ADIBI et al., 1992). Reference (KETABI et al., 2001) realizes the decision of the generator restoration sequence by establishing a mathematical model. However, only the goal of maximizing power generation is considered, and the influence of various factors of the system on the entire restoration process is ignored. Reference (ZENG et al., 2012) comprehensively considers the relationship between load location, node location, line restoration success rate and generator rated power generation, and proposes a decision-making method based on fuzzy set theory (FST) to optimize the restoration process of the power system. However, it is difficult to obtain clustering conclusions when the FST deals with the huge and mutually influencing generator restoration data.
In this paper, the Monte Carlo tree search (MCTS) algorithm and the Dijkstra’s algorithm (DA) are utilized to propose a decision-making method for the serial restoration sequence of the generator. MCTS is a tree search algorithm which obtains results based on the simulations on different possible processes of events and it has proven effective in domains of high complexity (Browne et al., 2012). DA can find shortest paths to all nodes from a single source node in a network (Johnson, 1973). Combined with DA, MCTS can better simulate the restoration process of the power system and make decisions on the serial restoration sequence of the generator faster. The proposed method takes maximizing the total power generation capacity of the system as the objective function, and comprehensively considers the hot start time limit and the power restoration path time of the generator to establish an optimization model for the decision-making of the generator serial restoration sequence. The effectiveness and accuracy of the proposed method were verified in the IEEE 39 bus system and the actual local power grid in Hebei.
The main Contributions and innovations are the following:
(1) Generator’s hot start is considered to speed up the process of power system restoration and reduce social and economic losses.
(2) Incorporate DA into the simulation stage of MCTS to reflect the power system restoration simulation process more realistically.
(3) A MCTS-based method for decision making of generator serial restoration sequence is proposed, which can provide the restoration scheme with the maximum power generation capacity during the restoration process.
The remainder of this paper is organized as follows. The modeling process for the decision making of generator restoration sequence are presented in Section 2. Method for decision making of generator serial restoration sequence are introduced in Section 3. Case studies on the IEEE 39-bus system and the Hebei power system are provided in Section 4. The conclusions are given in Section 5.
2 MODEL FOR THE DECISION MAKING OF GENERATOR RESTORATION SEQUENCE
The decision-making problem of the generator serial restoration sequence not only determines the generator restoration sequence, but also lays the foundation for the later load restoration (LIU et al., 2016).
2.1 Restoration model for generators
There are two types of generators in the power system, black-start (BS) generators and non-black-start (NBS) generators (Alassi et al., 2021). BS generators mainly refer to generators with self-starting capability after a large blackout, while NBS generators are generators that require external starting power to start.
The generator model used in this paper mainly considers factors such as the capacity, starting power, ramp rate and hot start time limit of the generator to be started. As shown in Figure 1. Among them, the maximum active power [image: image] represents the power input to the system of the generator without considering the power consumption of the plant. According to Figure 1, the output electric energy of the non-black-start generator in the time interval [0,T] can be obtained as:
[image: Figure 1]FIGURE 1 | Power generation curve of generator.
While the real time [image: image], the generator is in the standby state (D1), and the generator in this stage neither absorbs power nor outputs power to the system.
While [image: image], the generator is in the start-up stage (D2), and the generator in this stage absorbs electric energy from the system. The expression of the electric energy value in this stage is as follows:
[image: image]
In the formula, [image: image] represents the starting power required by the non-black-start generator, [image: image] represents the start-up time of the non-black-start generator, [image: image] represents the moment when the generator starts to climb. According to the above figure, the electric energy absorbed by the non-black-start generator into the system during the time interval [[image: image]] can be obtained.
While [image: image], the generator is in the climbing stage (D3), and the generator in this stage outputs power to the outside. The calculation formula of the electric energy value in this stage is:
[image: image]
While [image: image], the generator is in the stable operation state (D4), [image: image] represents that the power of the generator reaches at the moment of maximum power. The output power of the generator reaches the rated power value at this stage. The calculation formula of the electric energy value at this stage is:
[image: image]
In order to show the modeling process more clearly, its flow chart can be seen in Figure 2.
[image: Figure 2]FIGURE 2 | Flow chart of the restoration model for generator.
According to the above analysis, assuming that [image: image] is the output power of the i-th started generator, its detailed power curve expression is as follows:
[image: image]
[image: image]
In the formula, t represents the real-time time in the power system restoration process, [image: image] represents the start time of the i-th generator to be started, [image: image] represents the moment when the generator to be started starts to climb, and [image: image] represents that the power of the i-th generator to be started reaches at the moment of maximum power, [image: image] represents the power required for the generator to start, [image: image] represents the maximum output power of the generator, and [image: image] represents the ramp rate of the generator. If t is within the time interval [[image: image], [image: image]), it means that the generator is in the process of starting, and the generator in the starting process needs to obtain the starting power [image: image] from the power system. If t is within the time interval [[image: image], [image: image]), it means that the generator is in the process of climbing, and the output power of the generator in the process of climbing will gradually increase to offset the required starting power, and will continue to increase to its maximum output power ([image: image]). The time when the power of the generator climbs to the rated power value is [image: image].
2.2 The objective function
The main goal of this paper is to hot start as many non-black start generators as possible, so that each generator can run with load as soon as possible to achieve the goal of maximizing power generation during the restoration process. Based on the above analysis, the power generation of the system can be simplified as the following formula.
[image: image]
In the formula, [image: image] is the total power generation of all generators in the time interval [image: image], [image: image] is the preset power system restoration time interval, and its value is greater than the time for the system to fully restore. [image: image] is the total number of generators in the system.
2.3 Constraints
2.3.1 Startup power constraint
The starting power determines the success of the NBS generator’s start-up, and is the most critical factor that affects the start-up of the generator. The starting power sources provided in the system are mainly divided into two parts, one is the output power of the BS restoration in the power system in the initial stage after the blackout, and the other is the output power of the NBS generators that are restarted during the restoration process. The starting power constraint means that the starting power of the generator to be started cannot be greater than the power that the system can provide to it at any time. Its expression is:
[image: image]
in the formula, [image: image] represents the total number of generators in the system, including black-start generators.
2.3.2 Startup time limit
The start-up time limit is the maximum start-up time limit and the minimum start-up time limit of the generator. The maximum start-up time limit is the time limit that the generator can be hot started. If the time limit is exceeded, the generator will not be hot start. The minimum start time is the time the generator must wait to start after cooling down after missing a warm start. The constraint expression is as follows:
[image: image]
In the formula, [image: image] represents the maximum start-up time limit of the i-th generator to be started, and [image: image] represents the minimum start-up time of the i-th generator to be started. This paper considers as many hot-start non-black-start generators as possible to achieve the purpose of increasing the power generation of the system during the restoration process, therefore, the maximum start-up time limit will be given priority.
2.3.3 Node voltage constraints
The main research content of this paper is the decision-making of the restoration sequence of the generator set, rather than the dynamic balance of the system during the restoration process (Mahmoud et al., 2021). Therefore, the node voltage constraints representing the steady-state characteristics are selected:
[image: image]
In the formula, [image: image] represents the minimum voltage constraint of the node [image: image] in the power system, [image: image] represents the maximum voltage constraint of the node [image: image] in the power system, and [image: image] represents the voltage value of the node [image: image] in the power system.
3 RESEARCH ON THE DECISION-MAKING METHOD OF SERIAL RESTORATION SEQUENCE OF GENERATORS BASED ON MONTE CARLO TREE SEARCH ALGORITHM
The restoration of generators after a major power blackout requires not only the decision on the sequence of generator restoration and startup, but also the determination of the path for each generator to restore power supply. The restoration of the power system is gradually completed by restoring each generator through the power supply path in a reasonable and orderly manner.
3.1 Decision on the serial restoration sequence of generators
3.1.1 Introduction to Monte Carlo tree search algorithm
Game theory gradually becomes a powerful tool and methodology to solve complex decision-making issues, which is applied to smart energy and electric power systems (Cheng and Yu, 2019; Cheng et al., 2021). The Monte Carlo tree search algorithm is a heuristic search algorithm based on tree data structure, which is effective even when the search space is huge. Details can be found in (CAMERON et al., 2012).
As showed in Figure 3, a brief introduction to the process of Monte Carlo tree search algorithm named Monte Carlo tree search algorithm can be divided into 4 stages: selection, expansion, simulation and back propagation.
[image: Figure 3]FIGURE 3 | Introduction to the Monte Carlo tree search algorithm.
In the selection stage of the Monte Carlo tree search algorithm, starting from the root node, a decision is made by comparing the values of the nodes to be selected, and the child node with the greatest value is selected.
In the expansion stage of the Monte Carlo tree search algorithm, according to the value of its child nodes (Upper Confidence Bound Apply to Tree, UCT), after expanding the current node, a new node will be created in the decision tree as a new child node of the node.
In the simulation stage of the Monte Carlo tree search algorithm, the current node move selection is simulated to the end according to a random strategy. The result of the simulation can be any value, denoted as Q(v).
The value in the backpropagation stage of the Monte Carlo tree search algorithm is propagated in the reverse direction along the decision tree to the root node in turn, and the state of the node that started the Monte Carlo simulation changes to Visited.
The above four steps are one iteration of Monte Carlo search. After repeated iterations, the Monte Carlo tree search is ended after the number of simulation budgets is reached, and the final decision is made.
3.1.2 Application of Monte Carlo tree search algorithm
The flow chart of the Monte Carlo tree search algorithm for the decision-making of the serial restoration sequence of the generator is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Flow chart of generator startup sequence decision-making.
In the figure, the steps in the dotted square are the Monte Carlo simulation part, and all the extended sub-node actions are performed randomly. Start the generator non-black and get all the relevant information about the restoration plan in this sequence.
The detailed steps are as follows:
Step 1: Initialize:
Step 1.1: Set the current node as the root node.
Step 1.2: Enter the budget number of Monte Carlo simulations.
Step 2: Tree Policy:
Step 2.1: Starting from the current node, search for the best child node according to the tree strategy principle of the Monte Carlo tree search algorithm.
Step 2.2: Check whether the selected best child node is an extensible node, if the node is an extensible node, the loop process goes to step 3.1. If it is not an expandable node, loop back to step 2.1 and start from the parent node of the selected node instead of the root node.
Step 3: Preset Policy:
Step 3.1: Randomly select a node from the list of optional nodes and expand it as a child node.
Step 3.2: Select the power supply path through Dijkstra’s algorithm, and then verify the constraints.
Step 3.3: Check if the optional node list is empty. If the optional list is empty, go to step 4. If there are still options in the list, go back to step 3.1.
Step 4: Backpropagation.
Step 5: Check whether the number of Monte Carlo simulations reaches the preset value If it reaches the preset value, go to step 6. If not, return to step 2 to continue the next expansion and simulation.
Step 6: Make a decision on the program.
3.2 Decision of restoration path
3.2.1 Introduction to Dijkstra’s algorithm
Dijkstra’s algorithm is a classic algorithm for solving the shortest path, which uses the greedy idea to search for the shortest distance between target nodes (Su et al., 2021). The decision-making process of the shortest path is shown in Figure 5 below, a brief description of Dijkstra’s algorithm:
[image: Figure 5]FIGURE 5 | Flow chart of Dijkstra’s algorithm.
The basic flow of the algorithm is briefly described as follows: Assuming that the set of nodes in the system is [image: image], the source point is [image: image], the end point is [image: image], and the set of shortest paths from the source point to the end point has been obtained as [image: image]. Then the shortest distance from the source point to the end point may be an arc [image: image], or it may be that the source point passes through some nodes (in [image: image]) to reach the end point [image: image], such as [image: image]. At the beginning of the shortest path search, an undirected graph G, [image: image] is established. D [x] represents from the known path distance from the source point [image: image] to the end point [image: image], then D [v] = 0, and the rest are infinity, which is the distance [image: image] from a node [image: image] connected to the source point to a certain node [image: image]. From the source point [image: image], run the breadth-first algorithm to find its adjacent points, until the end [image: image]. During this process, the set [image: image] and D [x] are updated step by step.
3.2.2 Application of Dijkstra’s algorithm
When the non-black-start generator to be started is determined, the corresponding power supply path is obtained through the Dijkstra’s algorithm, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of the decision making of restoration path.
The detailed steps are as follows:
Step 1: According to the actual power system, upload line information to form an adjacency matrix.
Step 2: Set the start and end nodes.
Step 3: Apply Dijkstra’s algorithm to search the shortest path to obtain the shortest path from the start node to the end node.
Step 4: Judge the constraints. If the constraints are satisfied, go to step 5. Otherwise, delete this startup node and return to step 2.
Step 5: Recording of information.
Step 6: Check if all optional nodes are selected as startup nodes. Yes, go to step 7. Otherwise, go back to step 2.
Step 7: According to the recorded information, get the final shortest path from the optional node to the end node.
3.3 Decision-making for serial restoration of generators
The complete decision-making process of generators restoration is shown in Figure 7 below:
[image: Figure 7]FIGURE 7 | Flow chart of the offline decision making of the power system restoration.
First, upload the data of the power system to the decision-making program, including the number of generators, rated capacity, starting power and hot start time limit, and the connection relationship of the transmission lines. Then, the Monte Carlo tree search algorithm is applied to make the decision of the first generator to be started. After the restoration target is determined, the Dijkstra’s algorithm is applied to select the path from the recovered network to the target. It should be noted that the verification of constraints is carried out in the process of generator and path selection. Then, it is judged whether the generator is fully started. If so, the generator is restored. If not, the state of each component of the system is updated and the cycle is entered to determine the next generator to be started and its power restoration path. Finally, cycle until all generators are restarted successfully.
4 EXAMPLE ANALYSIS
The IEEE 39 bus system is used to conduct simulation experiments to verify the effectiveness of the serial restoration sequence decision method proposed in this paper. The simulation experiment environment is a desktop computer with 3.7 GHz CPU and 16 GB RAM.
4.1 Simulation of the IEEE 39 bus system
The structure of the IEEE 39 bus system is shown in Figure 8 below, with a total of 10 generators, and the relevant parameters of each generator are listed in Table 1. Among them, G33 is a black-start generator, so there is no need to consider its starting power, starting time and hot-starting time limit. G39 is regarded as an external equivalent power supply, so its restoration is not considered. The hot start time limit of G30 and G34 is relatively small, 25 and 15 min respectively, and it should be considered to start them within the hot start time limit in the restoration sequence decision of the generator. The G31 has the maximum power rating and start-up time of 1,145.55 MW and 65 min, respectively.
[image: Figure 8]FIGURE 8 | Backbone network of the IEEE 39 bus system.
TABLE 1 | Related parameters of the generators.
[image: Table 1]The above test system has a total of 46 transmission lines, and the restoration time of each transmission line is shown in Table 2. The restoration time between different transmission lines is not much different, the maximum restoration time is 4 min, and the minimum restoration time is 1 min.
TABLE 2 | The restoration time of transmission lines.
[image: Table 2]In this scenario, the initial conditions and related parameter settings of the power system are the same as in the literature (SUN et al., 2018): the generator located at the No. 33 bus is set as a black-start generator. Transmission lines, G33 and G34, represented by the dashed lines in Figures 4–10, have been restored. There are 7 non-black start generators left in this test system waiting to start. If a generator cannot be warm-started, it will be the last generator to be started by default. In order to improve the brevity of the article, the two generators G33 and G34 that have been started by default will not appear in the subsequent generator restoration sequence (the same below). The parameters are set as follows: Q(v) is defined as the power generation value of the scheme, c is 200000, T is 300 (minutes), the Monte Carlo simulation preset number is set to 10000, and the time required for each transmission line to be put into operation same as its expected value.
The decision-making process for the generator restoration sequence is as follows:
Step 1: Upload various parameters of the current power system to the decision-making system, and set the initial state of the power system after the blackout as the root node, which is also the current node.
Step 2: Decision:
Step 2.1: Determine a non-black-start generator to be started and its power supply path. During the first Monte Carlo tree search cycle, all non-black-started generators have not been searched, at which point they have the same UCT value, an infinite positive value. Therefore, a generator is selected as the best option by random selection and expanded as a child node of the current node, and the first Monte Carlo simulation is started with this child node as the starting point, and relevant parameters are obtained by simulating the entire restoration process and assign to this node. Through the seven Monte Carlo tree search cycles described above, all non-black-started generators each represent a child node of the root node and have the associated parameter assignments. Therefore, in the eighth cycle, in the expansion stage of the Monte Carlo tree search algorithm, all child nodes will be compared, and the child node with the largest UCT value will be found to expand the decision tree. Through the cyclic expansion decision tree of the above steps, it provides effective guidance for subsequent generator restoration decisions.
Step 2.2: Make a decision on the generator to be started. G32 and its corresponding power supply path (19-16-15-14-13-10-32) are the output results of the first decision. This decision is determined according to the objective function, and G32 is determined as the first generator to be started, which means that in the restoration sequence of all generators that have been detected, starting the generator first can generate the maximum power generation for the entire restoration process.
Step 2.3: Check whether the generator is fully started. The purpose of this step is to confirm whether all non-black-started generators have been restored successfully, if so, go to step 3, if not, go to step 2.1. Through the cycle of step 2, the sequence of the subsequent generators to be started is determined in turn: 31-36-35-38-37-30.
Step 3: The decision is made. It can be seen that the restoration scheme can generate 6,106.7 MW h of power generation for the whole restoration process.
Considering the influence of active power capacity, ramp rate, required starting power, required starting time, critical maximum interval, etc., G32 was decided to be the first generator to be started (the hot start time limit of G32 is 16 min). It can not only ensure that more generators can be hot-started in the future, but also bring the maximum power generation to the whole restoration process. The decision-making of subsequent generators is similar. In particular, because the hot start time limit of G30 is 9 min, and the hot start time limit of the remaining non-black start generators is more than 50 min, the hot start time limit has less binding force on the decision-making of the generators. The decision of subsequent generators mainly considers the power generation provided by each generator for the whole restoration process. Therefore, G31 with a maximum rated power of 1,145.55MW was decided as the second generator to be started. The power supply path is 10-11-6-31, and it takes 5 min to restore the path. Similarly, the restoration sequence of the remaining 6 non-black start generator sets is 36-35-38-37-30.
Because the power outage time of G30 is too long, the power outage is 11 min, and the maximum start-up time is less than 25 min, so the hot start of the generator cannot be realized even if it is used as the first generator to be started. The shortest path from the restored system to the G30 is 19-16-17-27-26-25-2-30, it takes 17 min to restore the path, and the startup power cannot be transferred to the G30 within the hot start time limit. Therefore, this generator was decided to be the last non-black start generator to be started.
In order to make the reader intuitively observe the result of the decision-making of the generator’s restoration sequence, the result of the decision-making of the whole generator’s restoration sequence is shown in Figure 9. The numbers in the transmission lines represent the order in which the lines are charged during the actual restoration process, while the red circles The numbers indicate the restoration sequence for non-black-started generators. For example, the number in G32 of the generator connected to No. 32 bus is 1, which means it is the first generator to be started (G33 and G34 are not counted). According to the number in the transmission line, it can be known that the power generator path is 19-16-15-14-13 -10-32.
[image: Figure 9]FIGURE 9 | Brief diagram of the result of offline decision making.
The simulation results are shown in Table 3. It can be seen from the experimental results that the combination of the Monte Carlo tree search algorithm and the Dijkstra’s algorithm can realize the decision of the generator restoration sequence.
TABLE 3 | The restoration scheme.
[image: Table 3]4.1.1 Comparison with some published works
To validate the effectiveness and accuracy of the proposed method, the results obtained by the proposed method are compared with those obtained by two methods in (Liu and Gu, 2007; SUN et al., 2018), as shown in Table 4. Method proposed by (SUN et al., 2018) is an online method which obtains a generator restoration sequence by searching the next transmission line to be restored based on real-time situation. Method proposed by (Liu and Gu, 2007) obtains a skeleton network based on the topological characteristics of power network. In the same initial situation as described in Figure 9, those two methods are also used to output a generator restoration sequence. The results of all methods are showed in Table 4: The total generation capability and the total restoration time of power system.
TABLE 4 | Results provide by different methods.
[image: Table 4]In Table 4, [image: image] is the difference between the waiting time and the critical maximum interval of generator and [image: image] is the total restoration time to restart all the generators.
The difference between the wait time and hot-start time of generator and total generation capability are shown in Table 4. The wait time of generator refers to the duration form the time when the generator is outage to the time when the generator is connected to the recovered power system.
The restoration scheme provided by the proposed method has the maximum [image: image] among those three methods, which means it can provide more capacity to the power system following its objective function. However, compared with the online methods, the proposed method has the minimum [image: image] (1 min), which means it has no ability to deal with unexpected emergencies happening in real time situation. Notice that: since G30 cannot be hot-started in the preset initial situation, the [image: image] of G30 is neglected hereinafter. Method proposed by (Liu and Gu, 2007) focus on the reasonable network reconfiguration to establishing the main network and restoring loads quickly, and thus has the minimum [image: image] and the maximum [image: image] among those three methods.
4.2 Simulation of local actual power grid in Hebei
In this section, in order to verify the practicability of the method proposed in this paper, a simulation experiment is carried out by applying some actual power systems in Hebei Province. The system includes 16 units, 103 bus bars and 169 transmission lines (GU et al., 2016). The backbone network of the system is shown in Figure 10 below.
[image: Figure 10]FIGURE 10 | Backbone network of the part of Hebei power grid.
The following assumptions are made for the system: the power plant in ZHW is a BS generator, which restarts immediately after a major blackout in the power system to provide starting power for the system. BS generators need to run for 2 hours to reach rated power, with zero downtime for all NBS generators. For detailed data on the generator, refer to (GU et al., 2016). The recovery time of each transmission line is 5 min, and other parameter settings are the same as those in the case of no fault in the test system above. The restoration scheme of the actual system obtained according to the decision method in this paper is shown in Table 5.
TABLE 5 | The restoration schemes of the partial Hebei power system.
[image: Table 5]It can be seen from the experimental results that YH Thermal Power Plant is the best sub-node among all the schemes explored by the Monte Carlo simulation. By restoring the power supply path: ZHW—LZ—LG—YH. The restart of YH Thermal Power Plant can be started by external starting power 15 min after the blackout. Then, update the system data, mark YH Thermal Power Plant and its power restoration path, and start the next Monte Carlo tree search with the current state as the starting point. The decision results of other generator’s restoration are listed in Table 5 and will not be repeated.
According to the experimental results, it is of guiding significance to provide a system restoration plan for the actual power grid in Hebei. The 15 non-black start-up generators in the system follow the method proposed in this paper. The restoration plan not only satisfies various constraints, but also achieves an ideal power generation capacity of 4,406.4 MW h. And all non-black-started generators are hot-started.
5 CONCLUSION
In this paper, the objective function is to maximize the power generation during the restoration process, and various conventional constraints such as voltage, hot start, starting power and other factors are considered. Combined with Monte Carlo tree search algorithm and the Dijkstra’s algorithm, a method for sequence decision-making of generators serial restoration after large power blackout is proposed. Among them, the Monte Carlo tree search algorithm is utilized to study and determine the sequence of generator restoration, and the Dijkstra’s algorithm is utilized to search for the power supply path with the shortest restoration time. Finally, the effectiveness and accuracy of the proposed method were verified in the IEEE 39 bus system and the actual local power grid in Hebei.
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NOMENCLATURE
Parameters
[image: image] The maximum active power
[image: image] The starting power
[image: image] The maximum output power
[image: image] The electric energy value in the start-up stage
[image: image] The ramp rate
[image: image] The electric energy value in the climbing stage
[image: image] The electric energy value in the stable operation state
T The preset power system restoration time interval
[image: image] The start-up time
[image: image] The climbing time
[image: image] The stable time
[image: image] The start time of the i-th generator to be started
[image: image] The moment when the generator starts to climb
[image: image] The moment when the generator reaches at the maximum power
[image: image] The total number of generators
[image: image] The maximum start-up time limit of the i-th generator
[image: image] The minimum start-up time of the i-th generator
[image: image] The voltage value of the node [image: image]
[image: image] The minimum voltage constraint of the node [image: image]
[image: image] The maximum voltage constraint of the node [image: image]
D1 The standby state
D2 The start-up stage
D3 The climbing stage
D4 The stable operation state
Variables
t The real-time time in the power system restoration process
i The serial number of the generator to be restarted
J The serial number of the node in the power system
Q(v) The reward value in the backpropagation stage
[image: image] The output power of the i-th started generator
[image: image] The total power generation
[image: image] The difference between the waiting time and the critical maximum interval of generator and
[image: image] The total restoration time to restart all the generators
Abbreviations
MCTS Monte Carlo tree search
FST Fuzzy set theory
BS Black-start
NBS Non-black-start
UCT Upper Confidence Bound Apply to Tree
DA Dijkstra’s algorithm
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