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With the integration of distributed generators (DGs) and multiple types of loads, it is increasingly difficult to cope with the uncertainties of DGs, which brings challenges to the secure operation of distribution networks (DNs). Source and load cannot obtain the power balance locally, which may cause operational problems such as line power overload and node voltage violation. However, the methods for quantitatively analyzing the operating status of DNs have not yet formed a unified standard. For which reason, the concept of operating margin is proposed in this study, to represent the distance from the operating point to the boundary. In this study, to generally evaluate the operating status of DNs, the concept of node power margin is proposed first. Then the evaluation indexes including line power margin (LPM) and node voltage margin (NVM) are introduced. The quantitative calculation method for system operating margin (SOM) is further elaborated, which is supposed to be the evaluation indexes on system level. After that, the analysis process of evaluation methods for SOM is discussed. Finally, case studies are performed on the modified IEEE 33-node system to evaluate the operating margin of DNs and verify the enhancement brought by the energy storage system (ESS) and soft open point (SOP) through the flexible adjustment of power flow. The simulation results show that the distance between the DN and the security boundary is effectively quantified through the proposed method, the value can be easily calculated, and the change can be clearly reflected.
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INTRODUCTION
Distributed generator (DG) refers to a promising solution to the energy crisis and environmental pollution, which is positive for both economy and reliability (Hung et al., 2014). DGs such as solar photovoltaic panels have been increasingly integrated into distribution networks (DNs) recently (Hui and Yi, 2014). However, affected by the meteorological conditions, the energy sources of DG are often periodic or intermittent (Hessami, 2006). For which reason, the output of DGs has a strong uncertainty and needs to be established (Barsoum et al., 2008). At the same time, the uncertainty of the load demand in DNs has increased considering the access to multiple types of loads. The uncertainties of load demand and DG output aggravate the imbalance of electricity supplies and demand. On the nodes, the node power cannot be fully balanced (Zhang et al., 2018). On the lines, the line power is affected by the degree of node power imbalance. Thus, the direction and magnitude of line power are uncertain, which causes the problems of secure operation such as line power overload and node voltage violation (i.e., the node voltage often fluctuates around nominal voltage of the system and sometimes voltage fluctuation occurs). At this time, traditional DN cannot realize the reliable and flexible operation. So the controllable device is installed to ensure that the system has adjustment ability, as can be seen in the study by (Chen et al., 2017; Cong et al., 2017; Grzanic et al., 2019). The secure operation constraints are emphasized to solve the problems of voltage deviation and line overload. Grzanic et al. (2019) discussed the topic about voltage deviations and line overloading during peak times considering the installation of flexible loads. Chen et al. (2017) proposed an optimization method for DN considering the secure state of the system. Further considering the prediction errors of renewable energy generation, a day-ahead active power scheduling method considering DG forecast errors is proposed in the study by (Cong et al., 2017). However, the existing research mainly considers the scheduling of DN. There are few evaluation methods for the operation status of DN.
In order to fully grasp the operation status of DN, it is necessary to evaluate the operation scenarios based on actual operation data. The widely used methods for quantifying operating status of DN mainly include online monitoring technique (Abu-Siada and Islam, 2012), the Monte Carlo simulation (Lim et al., 2006), inter-temporal simulation, and optimization method (Liao, 2019). The current methods for evaluating operating status have reflected the ability of DN to cope with the uncertainties of source and load (Zhong et al., 2020). In addition, the scenarios of voltage violation (Banerjee and Chanda, 2012) and line overload (Sun et al., 1109) are also adopted to represent the evaluation indexes. These methods have obvious differences in properties of evaluation indexes and application scenarios (Yan and Li, 2020). The existing research analyzed and discussed the operating state of the system. However, the research has limitations, which are mainly reflected in the evaluation indicators and analysis framework. The existing methods are mainly aimed at the operation of DN, and the margins are not fully covered. To further ensure the reliable and flexible operation of DN, operating margin can be defined to represent the distance from the operating point to the boundary. The operating status of DN can be evaluated by the indexes of operating margin. However, the research on the operating margin of DN with high penetration of DGs is still in its infancy.
With the development of power electronic technology, controllable devices are increasingly integrated into DN. The functions of DN gradually cover power transmission, delivery, collection, storage, etc. It provides an opportunity for the reliable, secure, and flexible operation of DN. In recent years, the fully controlled power electronic devices such as the energy storage system (ESS) (Kabir et al., 2014) and soft open point (SOP) (Cao et al., 2016) brought opportunity for the flexible dispatch of DN. For example, SOP can continuously regulate the transmission of active power between feeders while supporting reactive power to the connected nodes. As mentioned in the study by (Guo et al., 2020), SOP can reduce the line load rate, improve the security of DN by reducing the line load rate or reduce the degree of node voltage deviation, and effectively improve the flexibility of DN. Particularly, when DGs are centralized and connected to a feeder, SOP can effectively alleviate power fluctuations and release reverse power transmission. With the integration of SOP, the flow adjustment between feeders can be realized, the regulating ability can be effectively enhanced, and operating margin can be further improved.
In order to quantitatively evaluate the operating status of DN, a unified framework of quantifying system operating margin (SOM) and several evaluation indexes are proposed in this study, which can be seen in Figure 1. The key contributions of this study are as follows:
1) The quantification of node power margin is proposed to represent the power-regulating ability of the controllable device connected to the node.
2) The evaluation method for system operating status is introduced, including the operational constraints of DN and the evaluation indexes. Line power margin (LPM), node voltage margin (NVM), and SOM are further proposed. Compared with the traditional indicators, the indexes proposed in this article are more intuitive and more convincing.
3) The improvement method for SOM is elaborated, including the improvement of measurement accuracy and the improvement of regulating ability.
[image: Figure 1]FIGURE 1 | Analytical structure of this article.
The rest of the article is organized as follows: Model of Distribution Network With Controllable Devices briefly introduces the model of DN with controllable devices, which is the basis of the research. Evaluation Method for System Operating Margin proposes the framework of evaluating the SOM. Definitions of the line power margin, node voltage margin, and evaluation indexes on the system level are further elaborated, which is the innovation of this article. The analysis process and calculation method of SOM are discussed in Analysis Process of System Operating Margin, which is the summary of the proposed method. Case Studies and Analysis denotes the simulations and results. The conclusion is described in Conclusion, that is, with the integration of the ESS and SOP, the operation margin index is improved, and the network operation loss of the distribution network is further reduced.
MODEL OF DISTRIBUTION NETWORK WITH CONTROLLABLE DEVICES
With the widespread access to DG, the power flow of DN has become more and more complicated. Therefore, it is necessary to construct a power flow calculation model for DN and conduct a quantitative analysis method for the operation status of the whole network. At the same time, the integration of new types of controllable equipment has an impact on the traditional evaluation methods. Therefore, the operation constraints of controllable devices need to be further considered.
The improvement of system operating status is mainly divided into measurement accuracy improvement and regulating ability improvement. Measurement accuracy refers to the real-time monitoring of uncertain factors in DN to accurately determine the balance of supply and demand. By improving measurement accuracy, it can effectively reduce the impact of uncertainty and improve system operation status. The improvement of measurement accuracy is mainly aimed at monitoring and coordinating the trend of DN. By installing telemetry units or other equipment at the centrally integrated DGs or large loads, the operational characteristics of DGs and loads can be accurately grasped. Furthermore, the fluctuation trends of DG outputs can be obtained in advance through various methods, such as short-term fluctuation trend forecasting, long-term forecasting, and weather forecast. So the scheduling plans of controllable devices can be early formulated. Regulating ability refers to the regulation of power flow to meet the requirements of security and reliability, and to prevent secure operation constraints from being destroyed. The improvement of regulating ability is mainly for real-time regulation of the power flow of DN.
Steady-State Analysis Model of Distribution Network
This study is oriented to the medium-voltage DN, for which reason the following basic assumptions are made. A steady-state analysis model of DN is proposed:
1) DN is in a stable operating state. There are no oscillations or faults in the system;
2) The complex operational status is simplified, and three-phase imbalance problem in DN is ignored;
3) DN is supposed to maintain radial operation under steady-state scenarios.
As nodes are connected and interact through grids, the power imbalance of nodes requires power transmission through DN (Cao et al., 2016). If we want to study the operation state of DN, the steady-state analysis model of DN needs to be established. The line power transmission constraints and node voltage constraints are considered, which are limited by the capability of branches and system operational constraints. In order to ensure the safe and reliable power supply of DN, secure operation constraints are needed. Therefore, based on the DistFlow model, the steady-state analysis model of DN is proposed.
Power Flow Constraints of Distribution Network
First, we need to establish the power flow model of DN. In a radial DN, there is only one path between node [image: image] and source node. For each node [image: image], [image: image] is defined as a line set of the unique path from node [image: image] to the source node. If the intersection of line set [image: image] and [image: image] satisfies [image: image], it is proved that the nodes [image: image] and [image: image] are connected.
[image: image]
Equation 1 denotes the power flow of network. [image: image] and [image: image] represent the active and reactive power flow of branch [image: image] during time period [image: image]. [image: image] is defined as the set of branches. [image: image] and [image: image] represent the resistance and reactance of branch [image: image]. [image: image] represent the current of branch [image: image] during time period [image: image]. [image: image] denotes the voltage amplitude of node [image: image] during time period [image: image].
According to the model of the node power margin and linearized DistFlow power flow model (Baran and Wu, 1989a), the relation constraints between line power, node voltage, and power injection are constructed. At the same time, considering the conversion between line power and line current, the nonlinear expression of current in Equation 1 is ignored.
[image: image]
In constraint (2), [image: image] represents the reactive power exchange between grid and node [image: image] during period [image: image]. [image: image] represents a set of all the son nodes including node [image: image] itself, [image: image].
Secure Operation Constraints of Distribution Network
Then the security of DN needs to be considered, which is defined as the secure operation constraints. Due to the limitation of line transmission capacity and node voltage deviation, the power between nodes cannot be freely exchanged. Secure operation constraints denote that there is no line overload and node voltage violation in DN.
[image: image]
[image: image] denotes the upper limit of transmission capacity of branch [image: image]. [image: image] and [image: image] are defined as the lower and upper limits of voltage. Constraint (3) represents the line power limit and node voltage limit that the secure system operation needs to meet.
Operational Constraints of Controllable Devices
To optimize the operation status of DN, various controllable devices are widely integrated. Operational constraints are defined as the regulation capacity constraints of controllable devices. With the development of power electronic technology, the output of controllable devices can be easily adjusted by the change of the conduction angle of converters. The operational constraints of controllable devices are considered. Take operational constraint of SOP as an example.
SOP is based on fully controlled power electronic devices, which can quickly and accurately control their own power outputs, thereby regulating the power flow of the entire DN. SOP can realize the dynamic power balance of DN by real-time adjustment of power flow between feeders, which effectively improves the operating status of line, and reduces the voltage deviation of node at the same time. The flexible interconnection between different feeders are realized by the integration of SOP. The active and reactive power outputs of each converter are used as the control variables of SOP. Because of the DC isolation, the reactive power output of each converter is independent. Although the operation efficiency of B2B-VSC is sufficiently high, the operational losses arise when large-scale power transfer occurs. Loss factors are considered in the operational constraints. The operational constraints of SOP are shown in constraint (4).
[image: image]
In Eq. 4, [image: image] and [image: image] represent the active and reactive power injection by SOP at node [image: image] during time period [image: image]. [image: image] denotes the active power loss of SOP at node [image: image] during time period [image: image]. [image: image] is defined as the loss coefficient of SOP at node [image: image]. [image: image] and [image: image] represent the upper and lower limit of reactive power provided by SOP at node [image: image]. [image: image] denotes the capacity limit of SOP at node [image: image].
Evaluation Model of Node Power Margin
Based on the power node model (Ulbig and Andersson, 2015), the power exchange at node can be analyzed. Further considering the integration of controllable devices and their operational constraints, a unified model of power change at node is established. As can be seen from constraint (5) and Figure 2, the power exchange between the grid and the device is analyzed.
[image: image]
Equation 5 represents the power balance at node [image: image] during time period [image: image]. If an energy storage system is connected to node, the equivalent storage capacity [image: image]. [image: image] represents the equivalent state of charge at node [image: image] during time period [image: image]. [image: image] represents the total power output during period [image: image] of DGs connected to node [image: image]. [image: image] represents the total load demand at node [image: image] during time period [image: image]. [image: image] represents the total power injection of controllable devices at node [image: image] during period [image: image]. [image: image] represents a power supply and [image: image] denotes an energy absorption. [image: image] represents the power exchange between grid and node [image: image] during period [image: image]. Furthermore, the charge rate and discharge rate are defined as [image: image] and [image: image]. There is an interval of regulating ability of controllable devices connected to node, and [image: image] and [image: image] are defined as the lower and upper boundaries of regulating ability.
[image: Figure 2]FIGURE 2 | Unified model of power exchange at node.
According to the analysis above, in order to maintain schedulable capacity at node, the concept of node power margin (NPM) is proposed, which is defined as the minimum value of adjustable regulating power of the node, as shown in Equation 6. NPM represents the node’s ability to adjust its net load, which also represents the distance from the schedulable device to the scheduling boundary.
[image: image]
EVALUATION METHOD FOR SYSTEM OPERATING MARGIN
In order to fully grasp the operation status of DN, it is necessary to evaluate the operation status based on actual operation data. These methods have obvious differences in properties of evaluation indexes and application scenarios. To further ensure the reliable and flexible operation of DN, operating margin is proposed to represent the distance from the operating point to the boundary. The source nodes and load nodes cannot obtain the balance locally, which may cause the problems of secure operation such as line power overload and node voltage violation. Therefore, in order to quantify the operating status of DN in a better way, this study proposes an evaluation model for the operating margin of DN.
Line Power Margin
In the case of line power overload, the line’s forward (or reverse) regulation capacity is close to zero, since the overloaded lines cannot withstand larger loads or consume more DG outputs. Furthermore, the uncertainty of line transmission power is not conducive to the flexible and reliable operation of DN, which may cause congestion of line (Sun et al., 2018). Meanwhile, the volatility of node voltage affects the secure and reliable power supply of DN. The excessive voltage deviation may cause equipment shutdown or insulation breakdown. When the line power reaches the upper limit or the deviation of node voltage reaches the maximum, DN cannot maintain flexible operation and controllable devices are required to ensure that DN has enough adjustment capability. Thus, to prevent line overload or node voltage violation, secure operation constraints are considered in the dispatch of DN.
The main indicator used in the traditional method of evaluating the operating status of a line is the load rate (LR). However, the LR cannot intuitively express the dispatchable power of a line. To quantify the distance of the DN from the secure operation boundaries, the concept of line power margin (LPM) is proposed in this study. LPM reflects the operation status of a line in the worst case in the DN, which is defined as the minimum value of adjustable regulating capacity, as shown in Eq. 7.
[image: image]
When [image: image] is large, DN is able to adapt to the uncertainty of the DG outputs. When [image: image] is low and close to 0, there is considered to be a high possibility of overloading. Therefore, the controllable devices are needed to improve [image: image]. The relationship between LPM and the line load rate is proposed in Eq. 8, in which [image: image] represents the load rate of line [image: image]. Figure 3 shows the schematic diagram of the relationship under the condition of [image: image] MVA.
[image: image]
[image: Figure 3]FIGURE 3 | Schematic diagram of the relationship between indicator LPM and indicator LR.
Node Voltage Margin
The volatility of the node voltage affects the safe and reliable power supply of DN. Excessive voltage deviation may cause equipment shutdown, insulation breakdown, or other problems. Furthermore, the concept of node voltage margin (NVM) is proposed in this study. NVM reflects the operation status of a node in the worst case in the DN, which is defined as the minimum value of node voltage from the secure operation boundary, as shown in Eq. 9.
[image: image]
The traditional evaluation method mainly uses the indicator of voltage deviation (VD). However, VD needs to be unitized from the actual measurement data in practical applications, which has disadvantages in volume of data and calculation. Similar to the analysis of LPM, when NVM is large, the operating status of node is more flexible. When the node voltage margin is low and close to 0, the node voltage will reach the preset secure boundary. The security of DN is about to be destroyed, while the operation strategies of controllable devices need to be adjusted to reduce voltage deviation. Considering that in the process of setting secure operation boundaries, the voltage boundaries are often symmetrically set around 1.0 p. u, the relationship between NVM and voltage deviation can be expressed as Equation 10, in which [image: image] is defined as the reference value of node voltage in DN and [image: image] represents the voltage deviation of node [image: image]. Figure 4 shows the schematic diagram of the relationship under the condition of [image: image] kV and [image: image] kV.
[image: image]
[image: Figure 4]FIGURE 4 | Schematic diagram of the relationship between indicator NVM and indicator VD.
Evaluation Indexes on System Level
Based on the analysis above, the operating margin of DN is further evaluated on the system level. Considering the large number of nodes in DN, not every node has the ability to adjust its own net load, so the node power margin index NPM is no longer applicable on the system level. Inspired by the barrel theory, under the secure operation constraints, the operating status of DN depends on the line with the worst operating state, or the node with the largest voltage deviation. On the worst case, the line power margin index LPM reflects the operation of a line with the highest load rate in DN, and the node voltage margin index NVM reflects a node with the largest voltage deviation. The evaluation indexes on the system level need to take LPM and NVM into account and comprehensively reflect the distance of the system from the operating boundaries. Therefore, LPM and NVM are normalized, as shown in Equation 11.
[image: image]
The general evaluation index on the system level is further constructed, which considers the above two indexes separately. The combined formulation is defined as system operation margin (SOM), as shown in Equation 12.
[image: image]
In Equation 12, [image: image] is defined as the set of lines and [image: image] is defined as the set of nodes.
ANALYSIS PROCESS OF SYSTEM OPERATING MARGIN
According to the analysis above, SOM reflects the operation of DN on the system level. A unified framework of quantifying SOM is proposed in this study. Several evaluation indexes are proposed in this study. The analysis flow chart of SOM is shown in Figure 5.
1) According to the structure of DN and the integration of controllable devices, the steady-state analysis model of DN with controllable devices is established;
2) According to the actual operating data of DN, the line power and node voltage in each time period are solved through the method of second-order cone program (Ji et al., 2017).
3) Through the obtained time series operating data, the line with the highest load rate and the node with the largest voltage deviation, that is, the worst operating point, is selected to reflect the distance from the operating status of DN to the security boundaries;
4) SOM is adopted as the evaluation index. Calculate SOM for the lines and nodes mentioned above;
5) Determine whether zero appears in SOM;
6) When zero appears in SOM, it means that the system cannot maintain secure operation, for which reason the adjustment of the scheduling plan is required;
7) When there is no zero in SOM, SOM indicates the operating margin of the system, output SOM.
[image: Figure 5]FIGURE 5 | Flow chart of analyzing system operating margin.
CASE STUDIES AND ANALYSIS
Test Setting
The modified IEEE 33-node distribution system with 32 branches is shown in Figure 6, whose voltage level is 12.66 kV. The detailed parameters are provided in the study by (Baran and Wu, 1989b). To fully consider the impact of high penetration of DGs, four photovoltaics (PVs) of 500.0 kVA are connected to nodes 12, 14, 16, and 18, and two wind turbines (WTs) of 800 kVA are connected to node 22 and node 25. The power factors of DGs are set as 0.9. The maximum value of line power transmission is set as 8 MVA. The lower and upper boundaries of node voltage are set from 0.9 p.u. to 1.1 p.u. In this study, the PQ control mode of converters is adopted, for which reason DGs can be seen as PQ nodes.
[image: Figure 6]FIGURE 6 | Structure of the modified IEEE 33-node system.
The proposed method is implemented in the YALMIP (LofbergYALMIP, 2004) optimization toolbox using MATLAB R2016b and solved by using IBM ILOG CPLEX 12.6. The numerical experiments were performed on a PC with an Intel(R) Core(TM) i5-5300 M 3.20-GHz processor and 16 GB of RAM.
Evaluation of System Operating Margin
Considering the time sequence analysis of 24 h, the simulation step is set as 1 h. In this study, the typical operational curves are adopted to describe the uncertainty of DG outputs and load demands, which is shown in Figure 7. The curve of load demand is obtained by using the load forecasting method and the value of each simulation step is the average value within 60 min. The processing methods of DG outputs are the same.
[image: Figure 7]FIGURE 7 | Time sequence fluctuation of load and DG.
The operating indexes of LPM and NVM in each period are shown in Figure 8 and Figure 9. During the time periods 9:00-10:00 and 16:00-17:00, the operating margin index is low due to the increment of load demand. Meanwhile, during time periods 1:00-6:00 and 22:00-24:00, the DG output is matched with the load demand so that LPM and NVM are both high. As can be seen from Figure 8 and Figure 9, the indexes have time-series fluctuation characteristics. Considering that LPM, NVM, and SOM are based on the worst case of DN, the results are shown in Table 1. It can be seen that the power transmission of branch 1 and the voltage of node 18 frequently approach the threshold. Thus, the evaluation indexes can be improved by replacing the related line or configuring the corresponding controllable devices at the above vulnerable links.
[image: Figure 8]FIGURE 8 | Time sequence fluctuation of LPM.
[image: Figure 9]FIGURE 9 | Time sequence fluctuation of NVM.
TABLE 1 | Evaluation of system operating margin.
[image: Table 1]Influence Factor of System Operating Margin
To verify the promotion on SOM brought by controllable devices, two new types of power electronic devices are considered in the system, as can be seen in Figure 10. The SOP with a capability of 1,000.0 kVA is installed between nodes 18 and 33. It is assumed that the loss coefficient of each converter is 0.02 (Ji et al., 2017). The ESS is further integrated at node 15, the maximum energy reservoir capacity of which is 1,000.0 kWh. The lower limit of the state of charge (SOC) of ESS is set to 20% and the initial value is set as 50%. PQ control mode of converters is adopted in this study.
[image: Figure 10]FIGURE 10 | Integration of controllable devices in the IEEE 33-node test system.
To quantify the benefits of controllable devices in improving regulating ability, three scenarios are adopted to evaluate SOM in DN with high penetration of DGs. The optimization goal is set to reduce the operational loss of DN.
Scheme I: Without the controllable device, the initial operation state of system is obtained.
Scheme II: ESS is integrated to improve security.
Scheme III: Based on Scheme II, SOP is further integrated.
The operating margin indexes and operational loss of DN in a day under different schemes are shown in Table 2. In Scheme I, the high penetration of DGs aggravates the condition of power imbalance, which results in insufficiency of regulating ability, and LPM, NVM, and SOM are all at low level. However, the integration of controllable devices effectively strengthens the system regulating ability. The evaluation indexes including LPM, NVM, and SOM are both increased due to the improvement of regulating ability. In Scheme II, the ESS is used to improve the adjustment ability within different time periods through the energy storage and release. However, considering that SOC needs to be reset after daily operation, the improvement of SOM is limited. In Scheme III, SOP is further integrated to realize the connectivity between feeders, which effectively improves the regulating ability of the system. The detailed operation analysis diagram of SOP in Scheme III is shown in Figure 11. As can be seen from Figure 11, the operational status of SOP has time-series fluctuation characteristics. By power transmission and compensation of reactive power, the SOM is effectively improved. As can be seen from Table 2, the operating status of DN is optimized. Furthermore, with the integration of controllable devices, the operational loss of DN is reduced due to the optimization of operating status.
TABLE 2 | Improvement of SOM based on controllable devices.
[image: Table 2][image: Figure 11]FIGURE 11 | Operation analysis diagram of SOP.
Furthermore, the lines and nodes that limit the indicator of SOM are analyzed and the worst case of lines and nodes in each Scheme are proposed in Table 3. It can be seen that the worst case of lines is determined since line 1 is closest to the substation. However, the node with the largest voltage deviation has changed.
TABLE 3 | Worst case of lines and nodes on each scheme.
[image: Table 3]To ensure that the integration of controllable devices does not affect the nodes with larger NVMs, the detailed parameters of nodes 18, 30, and 33 are shown in Table 4. It can be seen that the NVMs of these nodes are all increased, but the voltage margin of node 18 is the smallest in Scheme I, while node 33 is the smallest in Scheme II and node 30 is the smallest in Scheme III. As a reason, the node number in Table 4 is different in these schemes. In conclusion, with the integration of controllable devices, the indicator of SOM is improved and operating status of DN is optimized at the same time.
TABLE 4 | NVMs of specific nodes on each scheme.
[image: Table 4]CONCLUSION
With the integration of DGs and multiple types of loads, the uncertainty in DN is increasing continuously, which puts forward a higher requirement for the secure operation of DN. To increase it is increasingly difficult with regard to coping with the uncertainties of DG outputs and brings challenges to the secure operation of DN. In this study, to generally evaluate the operating status of DN, the concept of node power margin is proposed first. Then the evaluation indexes including LPM and NVM are introduced. The quantitative calculation method for SOM is further elaborated. Case studies are performed on the modified IEEE 33-node system. The conclusion is as follows.
The proposed quantitative evaluation model and indicators for SOM can effectively reflect the actual operation status of the network. The simulation results show that the distance between the DN and the security boundary is effectively quantified through the proposed method, the value can be easily calculated, and the change can be clearly reflected. Compared with the traditional indicators, the indexes proposed in this article are more intuitive and more convincing. When SOM is decreased and approaches zero, it reflects that the system is close to the upper or lower limits.
Results show that with the integration of the ESS and SOP, the evaluation indexes of LPM, NVM, and SOM are increased and the operating status of DN is improved. Therefore, with the integration of controllable devices, it will increase SOM. Research on SOP connecting multiple distribution networks is the focus of the next step (Li et al., 2018)
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