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Abstract:



The uncertainty of complex power systems increases the possibility of large blackouts due to the expectations of physical events, such as equipment failures, protection failures, control actions failure, operator error, and cyber-attacks. Cascading outage is a sequence of dependent failures of individual components that successively weaken the power system. A procedure to identify and evaluate the initiating events and perform sequential cascading analysis is needed. In this paper, we propose a new screening methodology based on sequential contingency simulation of cascading outages, including probabilistic analysis and visualization model. Performance of a detail cascading analysis using practical power systems is suggested and discussed. The proposed screening methodology will play a key role in identifying the uncontrolled successive loss of system elements.
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1. Introduction


Future electrical power systems need to secure the stable supply of electric power according to the expansion of distributed power sources based on various technologies, and power systems need to be reliable against natural disasters and unexpected physical or cyber-attacks. In addition, the potential economic and social losses are so enormous that it is imperative to evaluate the risk of system failures in the event of a blackout. In the analysis of recent blackouts [1,2,3], large blackouts are described by cascading outages that cause deterioration of poser systems, as shown in Figure 1. A cascading outage is defined by sequential contingency caused by an initial disturbance. The initial disturbance includes natural disasters, imbalance and violations, and unexpected failures [4,5,6]. An initial event causes an imbalance or violation in the system. This can lead to the tripping of facilities such as transmission lines, generators, and transformers, and outages can spread in succession, depending on the operating conditions of the system. An outage can occur sequentially, resulting in a separate system [7]. If a violation occurs in the islanding system, it can be extended to a partial or total blackout.


Figure 1. Sequential process of a large blackout.
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Cascading outage is a sequence of dependent failures of individual components that successively weaken the power system. In case of an event that is related to weather, such as an earthquake or typhoon, it causes extensive power outages and creates a complex disaster that has a huge impact on society and economy. In addition, since the importance of securing social and public safety and increasing social demands of the disaster, it is necessary to consider for the influence of the power system resulted from disasters.



Transmission operations are focused on avoiding cascading that could lead to the loss of generation or load due to contingencies events. Transmission operations have to decide what kinds of the pre-determined mitigation solutions and when to avoid unacceptable system conditions or loss of generation due to cascading either in real time or study mode. Similarly, transmission planning is focused on the expected future impact of cascading on the potential loss of generation or load due to contingency events. Transmission planning involves deciding when expected system performance deficiencies are significant enough to implement system modifications [7,8,9].



Power outages that are associated with weather-related cause significant damage to the transmission system [10,11,12]. Severe weather changes can be a source of the large-scale disruptions to the system, increasing the loss of the grid and cause severe power outages along with a large amount of electricity demand concentrated in urban areas and aging of the system facilities. In the case of precipitation and strong winds, it may cause equipment damage due to contact with trees. It results in damage to the transmission power transmission which transmits large capacity electric power over a long distance. For such a reason, most of the blackouts occurred due to severe weather conditions. In Korea, there is no damage to snowstorms or hurricanes, which account for a large part of the United States (U.S.) outage rate. However, Korea is directly or indirectly influenced by three or more typhoons every year, and there is a risk of natural disasters due to a rainy season of about 30 days. Consequently, it is necessary to analyze the impacts of the power system caused be the climate change because the annual heat wave becomes severe and the heavy rainfall becomes heavy. In the Korean power system, the scale of the system is larger than that of the country, and it is complicated. In addition, the system is operated strictly in accordance with the reliability standard. Although the system is relatively robust, a partial power outage may occur, but the probability of the system collapse due to an imbalance in supply and demand is low. However, it is essential to examine the possibility of a major outage in the event of a critical situation when large-scale power transmission is concentrated in a metropolitan area and physical or cyber-attacks are carried out as in an armistice country.



In this paper, we propose a new screening methodology that is based on sequential contingency simulation of cascading outages, including probabilistic analysis and visualization model. We estimate the Expected Energy Not Served (EENS) by simulating the potential outages in the power system against serious scenarios. The screening methodology based on fast sequential contingency simulation is used to identify potential cascading events. Cascading outages are consecutively applied until thermal and voltage violations are alleviated or drop below the thresholds respectively [13,14]. Loss of load and generation is monitored and reported and probabilities of initiating events and consequences may be represented by visualization model. The rest of this paper is organized as follows. Section 2 introduces a new approach to identify the successive loss of system elements. Section 3 describes the operational algorithms that are applied to the proposed sequential outage checkers. Section 3 reports the simulation results of the proposed screening methodology applied to Korean power systems. Conclusions and discussion are given in Section 4.




2. A New Approach to Identify the Successive Loss of System Elements


In this section, we introduce the screening methodology for estimating the EENS and cascading probability analysis for identifying transmission system weakness.



2.1. Screening Methodology for Estimating the EENS


There is a possibility of a large blackout due to various changes in institutional and environmental systems. As a large blackout spreads rapidly from initial disturbances, it is necessary to develop and introduce a cascading outage model that can simulate the likelihood of sequential events and the detailed process thereof. As a result, the model development and decision criteria are needed to analyze the uncertainty of the future system as expected. In this paper, we propose a method to determine the possibility of cascading outages through the estimation of EENS.



The occurrence of natural disasters, such as typhoons and earthquakes, increase the probability of a cascading outage. It is necessary to monitor the sequence by generating cascading outages in a power system [15,16], and analyzing the load tripping amount due to the disturbance. The outage of a power transmission tower and electric power conduit pipe with many transmission lines is considered as severe scenarios in bulk power systems. Each potential candidate element from an initial disturbance is performed when considering transmission line outages and then a cascading outage is repeated. The simulation is repeated until there are no overloaded lines or transformers in the process of cascading outages. The sequence of the cascading model of the transmission line is as follows [17,18]. First, the probability of outage is calculated, according to the following equation.
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(1)




where [image: ] denotes the load factor of the corresponding line, and [image: ] denotes the overload rate tripping criterion flowing on the line [image: ]. As the tripping criterion is set at 150%, the [image: ] value is 150. Equation (1) is calculated according to the overloading transmission lines in each cascading outage occurrence and the transmission line with a value of 1 or higher is eliminated.



We propose the screening methodology for estimating the expected energy not served (EENS) of power systems [8,9,19], as shown in Figure 2. Firstly, the scenario setting for initial event selection should be preceded. All of the transmission lines and transformers in the system are simulated as N-1 contingency. As a result, facilities with an overload rate tripping criterion exceeding 1 are selected as initial disturbance events (IDE). According to the selected IDE, we check the convergence through the power flow analysis. As it does not converge after initial disturbance, the event is excluded from IDE and the other event is considered. In the convergence, we proceed to the following steps to continue the simulation. If the initial event has converged after simulating, then we check the violation. If there is a voltage problem, we shed off the load and install the fixed shunt reactors of the nearby area for eliminating the violation. Consequently, it is checked whether the generation range of the reference bus (slack bus) is exceeded, and corrective measures are taken by increasing or decreasing the output power of other generators, so that the power generator can be operated within the range.


Figure 2. Sequence of the screening methodology for estimating Expected Energy Not Served (EENS).
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If the system converges after all corrective actions are taken, we check whether the overload rate tripping criterion exceeds 1. If there are several facilities that are exceeding the overload rate tripping criterion, the one with the highest overload rate is removed and we repeat the process until no additional equipment exceeds the criterion. If the divergence cannot be resolved even after the corrective action is taken, then the simulation is judged to be divergent and the simulation is terminated. When the power generation amount of the system is smaller than the load amount or when the load shedding amount due to the corrective action exceeds a specific value, it is determined to be divergent and the operation is terminated. In addition, it there is no longer any overload facility and the amount of change as the EENS is calculated as compared to the load of the system that initiated the simulation as the screening simulation of cascading is terminated.




2.2. Cascading Probability Analysis for Identifying Transmission System Weaknesses


As a cascading outage can be a result of unexpected interactions or problems that are associated with various factors, it needs to be approached by a probabilistic model [20,21,22]. It is necessary to examine not only the possibility of blackout in a deterministic method, but also a method with a probabilistic approach and expressing it visually, which can help with evaluating the result.



In this paper, we apply the branching process [23,24,25,26] technique to simulate cascading outages for analyzing each step from the sequential process. The simulation group is divided into generation at each stage. The first generation is created due to the initial event and the generated event becomes the parent, causing the next child event.
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(2)







If the number of events caused by the initial disturbance is [image: ] and the number in the next step is [image: ], the propagation rate may be expressed as [image: ] in initial accident. As a result, it can be expressed as Equation (2) [27,28]. Where [image: ] is the number of outages in [image: ] generation and [image: ] means the number in [image: ] generation. The following steps are necessary to stochastically approach to a cascade occurrence. Firstly, it is necessary to generate occurrence sequence data from sequential events through random occurrence failure. To some extent, it is necessary to divide events into generations based on the data. In the case, [image: ] is the number of times that the event occurs in the next generation due to the event of facility i in generation m, [image: ] denotes the number of effective children in facility i in generation m and [image: ] denotes the set of events due to the previous event.
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where [image: ] is the number of times that the event occurs in the next generation due to the event of facility [image: ] in generation m, [image: ] denotes the number of effective children in facility [image: ] in generation m, and [image: ] denotes the set of events due to the previous event. Both Equations (3) and (4) may be written with the corresponding parameters.
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When the value corresponding to each variable is calculated, then the propagation rate is expressed in Equation (5). Based on Equation (5), the process and probability of each event may be determined.





3. Case Studies on Korean Power Systems


In this section, we report the results of applying the proposed methodology described in details in Section 2 to practical power systems, Korean power systems.



3.1. Estimation of Expected Energy Not Served


In this section, we estimate the EENS by simulating the potential outages in Korean power systems. South Korea’s peak demands for electricity in 2015 and 2020 are considered. We repeat all of the steps described in Section 2, while increasing the load level of the system and calculating the EENS for each system condition. When the estimated EENS is displayed according to the load level, there is a point where the EENS value increases dramatically, which becomes the critical load. In order to analyze this, the simulation of the cascading outages was carried out by gradually increasing the load of the system from 100% to phase. In the case where the load level is 120% in peak demand in 2015, the result of transmission line between buses A and B as the initial disturbance is shown in Figure 3. During the initial event, an overload of 182% occurred in the transmission line between buses C and D, and additional events continued by simulation steps. Based on the sequential steps, the resulting divergence and violation are stabilized by various adjustments, such as load shedding and fixed shunt reactors. The EENS amount that was calculated from the sequential steps is 1647.6 MW, which is the largest amount at the load level. The name of the buses is not clearly displayed for security reasons.


Figure 3. Cascading progression at loading level 120%.
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Figure 4 represents the estimated EENS using the proposed screening method. The critical load is indicated for each system. The critical load means the point at which the magnitude of the average power failure and the probability distribution increase sharply [8,29,30]. This is a reference point where cascading outage occurs and is the basis for assessing the risk of a blackout. For the Korean power system, the critical load points are indicated by 1.53% and 1.56% for peak demand conditions in 2015 and 2020, respectively. Simulation results can be considered for system planning to avoid the possibility of power outages and the phenomena that are transferred to a large-scale system can be identified. Further, if a margin of large-scale power outage is calculated and provided to system operators, more systematic operation and planning will be suggested.


Figure 4. Simulation results of EENS calculation based on load level: (a) 2015; (b) 2020.
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The application of screening method for severe scenarios is performed to examine the possibility of major system outages. We assume 882 failures of practical power systems for 71 power transmission towers and 40 electric power conduit pipes in Korean power grids. Each facility outage would be set as an initial disturbance, and the sequential process should be recorded and analyzed for subsequent events. Cascading outages are consecutively applied until thermal and voltage violations are alleviated or drop below the thresholds, respectively. If no facilities, such as power transmission towers and electric power conduit pipes, can be removed after the initial event, the additional event to the line and transformer connected to the initial event substation is simulated. When a scenario setting is conducted, the estimated failure list is created by dividing the machined line in the steel tower into one line, two lines, and so on. We perform the cascading simulation using 882 possible cases in total, involving 71 transmission towers and 40 electric power conduit pipes for power transmissions. It assumes the collapse of a four-wire transmission tower or a fire situation on multi-wire electric power conduit pipe as the most critical outage scenario of outage that may occur in terms of a major outage. We estimate the stability of the system by assuming additional breakdowns for each event occurrence and calculate the scale of the power failure depending on scenario-specific sequential events by simulating large-scale outage scenarios.



The EENS estimated for each region can be summarized, as shown in Table 1. The name of the region is not clearly displayed for security reasons. In the outage of electric power conduit pipes, the result is blank in the area where the facility is not affected. Based on the results, if a failure occurs in this scenario, a large-scale blackout may occur that has not been experienced before. In case of region A, the EENS that occurs when a power transmission tower is somewhat small, but the EENS calculated from an electric power conduit pipes event is large. Therefore, it is necessary to establish countermeasures against the event in the area. Consequently, it is possible to analyze regional events by simulating cascading outages and estimating the EENS for each scenario. As a countermeasure against the problem, it is considered that the installation of special protection system (SPS) and the expansion of new power facilities should be considered.



Table 1. Simulation Result of the Expected Energy Not Served (EENS) for severe scenarios.







	
Region

	
EENS (MW)




	
Outages in Transmission Towers

	
Outages in Electric Power Conduit Pipes






	
A

	
724.5

	
1123.9




	
B

	
976.7

	
976.7




	
C

	
976.7

	
1502.2




	
D

	
787.9

	
-




	
E

	
44.6

	
-




	
F

	
43.2

	
-




	
G

	
589.1

	
-




	
H

	
979.5

	
876.4




	
I

	
1856.2

	
-










We give the review of the blackout cases that are caused by cascading outages. Based on the estimated EENS, it is derived that the threshold of large-scale blackout in the Korean power system occurs at over 150%, which can help to determine the reliability of the power system. In order to analyze the damage that is caused by natural disasters that cause severe events, we simulate some scenarios, such as the collapse of a transmission line tower or fires in electric power conduit pipes, which can actually occur in the case of a large power outage scenario. The scenarios are simulated locally, calculating the scale of power outage for each region. It can be used to reinforce and enhance new facilities installation and systems in vulnerable areas. In addition, there is a plan to utilize real-time phasor measurement unit (PMU) data in order to prevent a cascading outage [31,32]. It can be used to prevent and mitigate the cascading outage through accurate and quick information acquisition from PMU data on the power system.




3.2. Visualization of Cascading for Probabilistic Analysis


To analyze the occurrence probability of cascading outages, we use the peak demand data in 2015. The underground transmission line track is considered to be one line, and the overhead transmission line is considered to be two lines. In the initial event for selecting a candidate transmission line, the transmission line with an overloading over 150% is selected for the N-1 contingency simulation. Additionally, the metropolitan area is reviewed first. Adjacent matrices are used to visualize the cascading outages, and to show that each event is propagated [33,34]. The adjacency matrix may be expressed by the following equation.
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(6)







Based on Equation (6), if an event spread from [image: ] to [image: ], it is set to 1; otherwise, it is 0. By analyzing the simulation results, it is possible to monitor the propagation path and the probability allowing for an adjacent matrix to be generated based on the result. We construct a visualization graph with adjacency matrices and to connect each outage by event occurrence, frequency of occurrence, and propagation rate.



Figure 5 shows the simulation results of cascading outages in the metropolitan area at the peak demand condition in 2015. Figure 5a shows the path of the simulated event’s occurrence. From the results, the circle refers to the event that occurred, and the arrow direction refers to the process of the cascading outage. The sequential propagation step of cascading outages is expressed by the line thickness. In other words, the lower the cascading outage generation step, the larger the thickness of the line. Figure 5b is the visualization result of sequential cascading outages and shows the calculated probability. We use the cascading outage data and the number of occurrences that are derived from Figure 5a. Based on the number of occurrences, the propagation rate of the cascading outage was calculated and expressed as the size of the circle. Additionally, the transmission line connected to each circle indicates the number of events that occurred from the arrow’s beginning to the next event. In other words, the larger the circle size, the higher the probability of spreading to other lines, and the thicker the line, the more times that the event occurs. Based on these results, it is possible to recognize which route is most likely to spread to another line due to cascading outages occurring in the metropolitan area, and which route it will spread.


Figure 5. Visualization of a cascading sequence simulation: (a) Cascading sequence path; (b) Cascading probability visualization.
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In South Korea, power transmission voltages are 154 kV and 345 kV on major grids and 765 kV facilities are operated. The power system on Jeju Island is connected to the mainland with High Voltage Direct Current transmission system (HVDC). During the restoration after a large blackout, the power system in South Korea is divided into seven regions to restore the system and synchronize it to each region. It is possible to apply the proposed screening method to the power system for the pre-defined regions if it is regarded as a regionally interconnected system, as shown in Figure 6. The proposed screening method will be applied to the interconnected system in Future.


Figure 6. Power grids including seven regions in South Korea.
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4. Discussion and Conclusions


Cascading outage is a sequence of dependent failures of individual components that successively weaken the power system. In this paper, we propose the screening methodology that is based on sequential contingency simulations is used to identify potential cascading events. Cascading outages are consecutively applied until thermal and voltage violations are alleviated or drop below the thresholds, respectively. Loss of load and generation is monitored and reported, and the probabilities of initiating events and consequences may be represented by the visualization model.



The proposed screening methodology will play a key role in identifying the uncontrolled successive loss of system elements triggered by an incident at any location. Cascading results in widespread electric service interruption that cannot be restrained from sequentially spreading beyond an area predetermined by studies. In addition, the visualization model can identify potential future transmission system weaknesses and limiting facilities. The screening methodology implemented by Korean power systems is presented.



In future, the transient progression including voltage instability, frequency instability, and small signal instability will be added to the screening methodology and the application to practical power systems will be discussed.
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