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With the large-scale development of renewable energy sources such as wind and solar energy, the grid connection of renewable energy sources poses a certain threat to the security and stability of the power system, and also brings a great challenge to the economic dispatch of the distribution network. Traditional and single dispatching methods such as load demand response or network reconfiguration alone cannot meet the needs of a safe and economic operation of the distribution network. This article proposes an economic dispatching method for distribution networks with dispersed wind power considering network reconfiguration, and establishes an economic dispatching model with the objective function of minimizing distribution network operation cost, reconfiguration cost, and total system network loss. Based on the optimal scheduling of energy storage and reactive power compensation devices in the distribution network and the full utilization of demand response, a mixed integer second-order cone programming (MISOCP) method with multi-objective collaborative optimization is proposed. The results of the tests using the IEEE33 node system verify the feasibility and applicability of the proposed method in this article.
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INTRODUCTION
With the increasingly serious environmental problems and the depletion of fossil energy, there is a consensus in the whole of society to devote to the vigorous development and utilization of renewable energy (Mahmud and Zahedi, 2016). Wind power generation has been developing rapidly with a series of advantages, while with the rapid development, some problems also gradually emerged, such as the “abandoned wind rate” remaining high, the wind power consumption problem becoming serious (Duan et al., 2018). Continuing to develop centralized wind power will make wind power development into a bottleneck. Therefore, dispersed wind power has become a new way of wind power development.
However, the problems of voltage fluctuation and power quality of the distribution network are becoming more and more serious after distributed generation (DG) is connected to the network, and the randomness of its output and load increases the difficulty of the voltage and reactive power control of the network (Duan et al., 2018) (Liu X. et al., 2014). At this time, it is necessary to make the power output of DG meet the safety operation constraints of the grid by cutting it. Therefore, it is necessary to deeply study the change mechanisms of the distribution network operation state under the DG environment and make full use of various dispatchable resources in the grid to adapt to the future development of the distribution network (Liu et al., 2012).
At present, the research on the economic dispatch optimization of distribution networks containing distributed generation domestically and overseas is generally based on the objective function of minimizing system network loss or operating cost, or a multi-objective optimization model that takes into account relevant technical and economic indicators (Martinez-Rojas et al., 2011) (Alonso et al., 2012) (Kong et al., 2018) (Wang and Liu, 2019). In Kang et al. (2018), the random power output model of distributed generation is established, and a dynamic energy scheduling strategy is proposed, but the reactive power output management of DG and the demand response of the load are not taken into account. In Gao et al. (2017), an optimal scheduling model based on opportunity-constrained planning is proposed, but in this model, the dispatchable resources only consider the active and reactive power outputs of distributed generation, without considering energy storage as an effective means of scheduling. In Zou et al. (2018), a multi-timescale optimal scheduling method based on mixed integer linear programming is proposed. In Zhang et al. (2018), the day-ahead optimal scheduling of active distribution networks (ADN) with controllable photovoltaic (PV) systems was discussed, but the impact of a network topology change on network loss was not considered. In Qi et al. (2020), a multi-timescale active and reactive power coordinated scheduling method is proposed, but the operation cost of energy storage and load demand response are not considered. In Galvan et al. (2015) and Liu et al. (2016), the optimal dispatching scheme is proposed with PV and wind power, considering the energy storage system and demand response, with the optimization objective of minimizing the total operating cost.
On the one hand, all the aforementioned literature is devoted to research work on the economic dispatch of distribution networks, while an important function of network reconfiguration is to manage power flow through the change of network topology (Gao et al., 2018) (Goodwin et al., 2006) (Fei et al., 2011) (Wen et al., 2018). Active management means can actively adjust the power flow of the distribution network. The two complement each other, which can greatly reduce the network loss of the distribution network and improve the economy of distribution network operation. However, the aforementioned literature does not involve the topology adjustment of the system network and does not fully achieve the purpose of optimizing power flow. For the distribution network reconfiguration problem, its solution usually uses mathematical optimization methods and intelligent algorithms (Mori and Ikegami, 2016) (Mishra and Hota, 2018) (Liu, 2015) (Cadenovic et al., 2017). In Liu et al. (2017), a distribution network reconfiguration method considering distributed generation allocation is proposed. In Zhou et al. (2016), the active distribution network dynamic reconfiguration and DG scheduling strategy based on the fireworks algorithm is proposed, but only the active and reactive power outputs of DG are considered, and no other dispatchable resources are considered. In Liao et al. (2018), a network–source–load coordination planning method is proposed by integrating DG and the demand-side response, but only the active power output of DG is considered, and the reactive power of DG is not considered.
On the other hand, the optimal scheduling problem of the distribution network is a mixed integer nonlinear programming problem, which is not easy to solve. Most of the solution algorithms in the aforementioned literature use intelligent algorithms with the characteristics of theoretical simplicity and easy implementation, which leads to the difficulty of ensuring the convergence and optimization of the algorithms, and the solution speed are slow. And, Second-Order Cone Programming (SOCP) is a very special kind of nonlinear optimization with very efficient solution algorithms. At present, many scholars domestically and overseas have studied the second-order cone programming convex relaxation model of the AC power flow (Yang et al., 2014) (Cui and Sun, 2017). It is a convex optimization method widely used in power systems. In Liu Y. et al. (2014), Kayack and Kocuk (2021), the MISOCP model are used for the reactive power optimization problem of the distribution network, both of which have achieved good results.
In summary, most of the existing research are still mainly on centralized wind power generation, and there is less research on dispersed wind power, and the intelligent algorithms used have deficiencies such as a slower solution speed. Moreover, the large-scale dispersed wind power access will lead to voltage crossing, which brings challenges to the safe operation of the distribution network. In addition, most of the studies on voltage regulation focus only on the reactive power regulation of distributed power sources such as wind power and photovoltaic power, and do not pay much attention to other types of distributed energy sources such as energy storage devices. So, this article considers the impact of network reconfiguration on economic dispatching results, and in addition to the active output of dispersed wind power, it also fully considers the reactive output of dispersed wind power, demand response (DR) load, energy storage (ES), and Static Var Generator (SVG). In this article, an economic dispatch model of the distribution network with dispersed wind power considering network reconfiguration is established with the optimization objectives of minimizing the distribution network operation cost, minimizing the network reconfiguration cost, and minimizing the total network loss of the system. This model takes into account the reactive voltage regulation and the economic operation of the distribution network. At the same time, a second-order cone convex relaxation is applied to the model in order to improve the solution speed.
The rest of the article is organized as follows. The Economic Dispatch Model for Distribution Networks With Dispersed Wind Power Considering Network Reconfiguration Section contains the multi-objective function and each constraint, and proposes an economic dispatch model for a distribution network containing dispersed wind power considering network reconfiguration. Based on the Second-Order Convex Cone Relaxation Solving Method Section contains the algorithm for solving the model. Case study Section contains the case study and result analysis. Conclusion Section contains the conclusion.
ECONOMIC DISPATCH MODEL FOR DISTRIBUTION NETWORKS WITH DISPERSED WIND POWER CONSIDERING NETWORK RECONFIGURATION
Multi-Objective Function
Objective function 1: minimize the operation cost of the distribution network.
The economic optimal dispatching model containing dispersed wind power is mainly aimed at reducing the operating cost of the distribution network and network losses, where the operating cost of the distribution network is mainly composed of the power purchase cost on the generation side of the distribution network, the operating cost of dispersed wind power, the regulation cost of each device, and the subsidy cost of system demand response. The details are shown as follows:
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The objective function 1 consists of five terms: the first term is to minimize the operating cost of dispersed wind power, where [image: image] is the all-day regulation cost of all wind turbines; [image: image] is the number of wind turbines contained in the distribution network; [image: image] is the unit regulation cost of the wind turbine output; [image: image] is the active power output of the [image: image] wind turbine for the whole day; [image: image] is the unit penalty cost of wind turbine abandoning wind; [image: image] is the amount of wind abandoned by the [image: image] wind turbine for the whole day. The second term is to minimize the regulation cost of SVG, where [image: image] is the full-day regulation cost of all SVGs; [image: image] is the number of SVGs included in the distribution network; [image: image] is the unit regulation cost of SVG; [image: image] is the sum of the absolute values of the reactive power emitted and the reactive power absorbed by the [image: image] SVG throughout the day. The third term is to minimize the cost of purchasing electricity, where [image: image] is the cost of exchanging power between the distribution network and the main network contact line; [image: image] is the unit price of electricity purchased from the upper grid; [image: image] is the all-day electricity purchased from the upper grid. The fourth term is to minimize the cost of demand response subsidies, where [image: image] is the economic subsidy cost of all adjustable loads participating in demand response throughout the day; [image: image] is the number of all the nodes involved in demand response; [image: image] is the amount of adjustment of the adjustable load at node [image: image] throughout the day; and [image: image] is the unit compensation price. The fifth term is to minimize the regulation cost of energy storage, where [image: image] is the regulation cost of energy storage throughout the day; [image: image] is the unit regulation cost of energy storage; and [image: image] is the total sum of charge and discharge power of energy storage for the whole day. [image: image] is the total operating cost of the distribution network throughout the day.
Objective function 2: minimize the cost of network reconfiguration.
For distribution network reconfiguration, in order to consider the economy of the distribution network in the reconfiguration process, the switching operation cost of network reconfiguration is used as the optimization goal which can be expressed as follows:
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where [image: image] is the reconfiguration cost of the distribution network; [image: image] is the economic cost of a single switch action; and [image: image] is a binary variable that indicates whether the state of the switch located in branches m-n changes. If it changes, it is [image: image]; otherwise, it is [image: image]; m and n are the nodes in the distribution network, and the total number of nodes is N.
Objective function 3: minimize the total network loss of the system.
When the distribution network operates in multiple periods, the voltage amplitude and phase angle of any node of the distribution network can be determined by power flow calculation, and the active power loss can be calculated. Therefore, the objective function for minimizing the total network loss of the system can be expressed as follows:
[image: image]
where [image: image] is the network loss of the system; [image: image] is the number of periods in the optimization cycle; [image: image] is the conductance of branch i-j; [image: image] and [image: image] are the voltage amplitudes of node i and node j at time slot t, respectively; and [image: image] is the voltage phase angle difference between node i and node j at time slot t.
In this article, considering the distribution network operation cost, network reconfiguration cost, and network loss of the distribution network, the integrated objective function can be expressed as follows：
[image: image]
where the smaller [image: image] indicates the smaller operating cost of the distribution network; the smaller the [image: image], the smaller the cost of network reconfiguration; The smaller the [image: image], the smaller the total network loss of the distribution network operation; [image: image] is the objective function, the smaller the [image: image], the better the economy; [image: image], [image: image], and [image: image] are the weighting coefficient of [image: image], [image: image], and [image: image] respectively. Since the voltage regulation, current regulation, and power regulation may not be of the same order of magnitude, the three objectives are taken into account by adjusting the weighting coefficient.
Constraint Condition
Power Flow Constraint
The dispersed wind turbine output, reactive power compensation device output, energy storage output, and demand response load power shall satisfy the following power flow equation.
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where [image: image] and [image: image] are the active and reactive powers injected at node i at time t, respectively; [image: image], [image: image] , and [image: image] are the active power outputs of dispersed wind power, the active power output of energy storage, and the active power adjustment of load at moment t, respectively; [image: image], [image: image] and [image: image] are the reactive power outputs of the dispersed wind turbine, the reactive power output of the energy storage, and the output of the static Var generator at time t, respectively.
Dispersed Wind Power Constraint
Due to the limitation of dispersed wind power regulation capacity, the reduction of wind turbine output cannot exceed the existing active output, and the active reduction of each node is specified to be positive. Each dispersed wind turbine has a reactive power regulation capability to control the voltage, specifying that each node can both absorb and emit reactive power, and that the emitted reactive power is positive and the absorbed reactive power is negative. Therefore, there are constraints on the reduction of the active power and the output of the reactive power, as follows：
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where [image: image] is the active reduction of the wind turbine; [image: image] is the maximum amount of the active power that can be reduced by the wind turbine; [image: image] is the reactive power output of the wind turbine; [image: image] is the maximum reactive power emitted by the wind turbine; [image: image] is the maximum reactive power absorbed by the wind turbine; [image: image] is the active power output of the fan; and [image: image] is the apparent capacity of the fan.
Controllable Load Constraint
The controllable load is mainly the low power quality requirement and a less important load in industrial production. By signing a demand-side response agreement with the grid, the customer responds in a demand-side manner by reducing the load demand while meeting its own minimum demand for electricity at the peak of the grid according to the outage notification received, and receives the corresponding economic compensation cost. The mathematical model of the controllable load is represented as follows:
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where [image: image] and [image: image] denote the upper and lower limits of the adjustable capacity at time t, respectively.
Energy Storage Constraint
The active–reactive output constraints of energy storage are expressed as follows:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where [image: image] and [image: image] are the upper limits of the charging and discharging powers of the energy storage connected at node i, respectively. [image: image] and [image: image] are the charge and discharge states of the energy storage connected at node i, respectively, for 0–1 variables. [image: image] is the maximum apparent power of the PCS system connected to the energy storage system. [image: image] is the total energy of the energy storage connected at node i at time t. [image: image] and [image: image] are the charging and discharging efficiencies of energy storage respectively. [image: image] and [image: image] are the upper and lower limits of the energy storage capacity connected at node i, respectively.
Static Var Generator Constraint

[image: image]
where [image: image] and [image: image] are the upper and lower limits of the adjustable power of the SVG, respectively.
Distribution Network Operation Security Constraint
The regulated voltage and current are controlled within the standard range, so there is a non-transgression constraint on the distribution network voltage, and it is given as follows:
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where [image: image] and [image: image] are the upper and lower limits of the node voltage amplitude, respectively.
Network Topology Constraint
It is required to meet the topology requirements in the distribution network, that is, the network topology must be radial, given as follows:
[image: image]
where [image: image] is a 0–1 variable, when node [image: image] is the parent node of node [image: image], [image: image], otherwise [image: image]; [image: image] is the connected variable of the branch. When [image: image], it means branch L is disconnected, and when [image: image], it means branch L is closed; [image: image] denotes the set of all nodes connected to node [image: image]; [image: image] is the substation node; [image: image] denotes the set of all nodes connected to node [image: image]; [image: image] is the number of branches of distribution network; and [image: image] is the number of nodes.
BASED ON THE SECOND-ORDER CONVEX CONE RELAXATION SOLVING METHOD
One of the difficulties in solving the distribution network economic dispatch model with dispersed wind power is that the non-convexity of the AC power flow model causes the whole dispatch model to become a non-convex programming problem. If it can be transformed into a convex programming problem with high accuracy, the solution’s difficulty will be greatly reduced, thus shortening the solution time and reducing the occupation of computational resources. Considering the non-convex non-linear mathematical nature of the model, this article will use the second-order cone method to treat it with convex relaxation.
Second-order cone programming is the problem of minimizing or maximizing a linear function on the intersection of the affine subspaces of the Cartesian product of a finite number of second-order cones, that is, the problem of a linear objective function under the constraints of linear equality and linear inequality under the partial order of non-empty pointed convex cones. By transforming the complex optimization model into a cone model, the complex relationship between variables can be represented as a cone set with a special structure, which greatly simplifies the solution of the original model and speeds up the convergence speed. The standard form of a second-order cone programming is shown in Eq. 26:
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where [image: image] is the objective function; [image: image] is a linear constraint function; [image: image], [image: image], [image: image], and C are the second-order cone constraint functions.
Second-order cone:
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Rotating second-order cone:
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The economic dispatching model considering distribution network reconfiguration in this article is a mixed integer non-linear programming (MINLP) problem, where the network loss and the system power flow constraint in the objective function are represented as non-linear and non-convex in polar coordinates, which increases the difficulty of solving the original problem. Therefore, the aforementioned problem is transformed into a mixed integer second-order cone programming (MISOCP) problem by introducing intermediate variables in the article, and the power flow constraint of AC distribution network is transformed into a second-order cone form by second-order cone relaxation, and the search space is restricted to a limited convex cone using a rigorous mathematical approach to modeling, where intermediate variables are introduced as shown in Eqs 29–31.
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The non-linear objective function and constraints in the aforementioned model are transformed in a cone form, where in the objective function, the system power flow constraint, and the distribution network operation security constraint are non-linear functions, which are transformed into the following linear functions.
The objective function [image: image] is converted to a cone function as shown in Eq. 32:
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The system power flow constraint is converted to a cone function as shown in Eq. 33:
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The distribution network operational security constraint is converted into a cone function as shown in Eq. 34:
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When solving the mixed-integer second-order cone programming problem, an approximate description of the polyhedra of the second-order cone is obtained by relaxing the variables. Therefore, in solving the problem, Eq. 35 is converted into a cone constraint as shown in Eq. 36:
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At this point, the feasible domain is relaxed to a second-order cone, forming a convex feasible domain. The problem can be solved quickly and efficiently by using common commercial solvers. In this article, the MOSEK solver is adopted to solve the optimization model in the article using the branch and bound-primal dual interior point method. Because the model is a convex programming model, it has better computational efficiency and convergence characteristics than the non-convex programming model based on the original AC power flow equation.
CASE STUDY
Case Parameter Setting
In this article, a standard IEEE33 node system is used, which contains 8 dispersed wind power stations, 8 SVG devices, 1 battery storage, and 4 loads involved in demand response, where the SVG installation location is the same as the dispersed wind power station, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | EEE33 node system.
Node 0 in the system is set as the balance node, and its node voltage is set to 1.06 p.u. Referring to the power grid operation safety standard, the upper and lower limits of the voltage amplitude of each node in the system are set to 1.07 p.u. and 0.91 p.u., respectively. The reference capacity of the system is 10 MVA, the voltage level is 12.66 kV, where the installed capacity of the SVG devices are 360 kVar, the rated output power of the wind power station is 1MW, and the upper limit of the reactive power output of wind power is also 1MW, their pre-dispatch power output is shown in Figure 2. The maximum power of wind power active adjustment is 10% of the wind turbine output, the battery storage capacity is 240 kW, and its initial charge state is 50%, while considering the scheduling of the next day’s energy storage, so the charge state in the last moment of the day is also set to 50%, and the upper limit of the load adjustment involved in demand response in the system is 15% of the load.
[image: Figure 2]FIGURE 2 | Pre-dispatch output of each wind turbine.
The pre-dispatch daily load curve is shown in Figure 3. A complete scheduling cycle is 24 h, and every 1 h is a scheduling period. The power purchase price of the distribution network is 0.2 CNY. In the example, the operation and maintenance costs of a wind turbine is 0.01 CNY/kWh, the penalty cost of wind abandonment is 0.5 CNY/kWh, the operation and maintenance costs of energy storage is 0.013 CNY/kWh, the adjustment cost of SVG is 0.009 CNY/kvar, the compensation cost of adjustable load is 0.8 CNY/kWh, the network loss cost is 0.3 CNY/kWh, and the cost of a single switch action is 20 CNY.
[image: Figure 3]FIGURE 3 | Total load of the distribution network before dispatch.
In this article, the second-order cone method is used to perform convex relaxation of the economic dispatch model of the distribution network containing dispersed wind power considering network reconfiguration, which is modeled by the Yalmip optimization tool under the compiled environment of MATLAB R2018b, and the MOSEK solver is invoked to solve it. Taking MATLAB 2018b as the test environment, the example ran successfully on a computer with Intel Core i5-10400 CPU 2.90 GHz and 16G RAM.
Analysis of Case Results
To compare and verify the optimal scheduling strategies proposed in this article, 2 different strategies are set up as follows:
Strategy 1: Economic dispatch of the distribution networks containing dispersed wind power without considering network reconfiguration.
Strategy 2: Economic dispatch of the distribution networks containing dispersed wind power considering network reconfiguration.
In this article, a simulation analysis is conducted for a typical day of operation, and the effect of the economic dispatch considering distribution network reconfiguration on operation optimization results is investigated by simulating under two different strategies, and the effectiveness of the method is verified. The network topology of strategy 1 is shown in Figure 1. Since strategy 2 considers the distribution network reconfiguration, the topology of the network is changed, the broken section switches are {10–11}, the rest of the section switches are all closed, the closed tie switches are {21–11}, the rest of the tie switches are all broken, and its network topology is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Network topology of strategy 2.
Analysis of Power Supply-Side Simulation Results
The main energy in the distribution network comes from the higher level grid and the dispersed wind turbines in the system, and each supply source reasonably generates electricity in each time period to meet the demand of the users. Combined with this article, the power supply-side mainly involves dispersed wind turbines, energy storage, and SVG.
The charging and discharging patterns of energy storage for strategy 1 and strategy 2 are shown in Figure 5. When the value of energy storage power is positive, the energy is released, which is the discharging state; when its value is negative, the energy is stored, which is the charging state. It can be seen from the figure that in strategy 1, the energy storage is in the charging state at 4:00, 8:00, 11:00, 12:00, 23:00, and 24:00, and in the discharging state for the rest of the time, and its reactive power fluctuates widely between 1:00 and 10:00. During the whole dispatching cycle, the charge state of SOC reaches the lowest at 21:00.
[image: Figure 5]FIGURE 5 | Energy storage powers of strategy 1 and strategy 2. (A) Active power of energy storage. (B) Reactive power of energy storage. (C) SOC for energy storage.
In strategy 2, the participation of distribution network reconfiguration is considered. Compared with strategy 1, the reactive power output curve fluctuates less compared with strategy 1 in order to meet the safety operation constraint of the system because the network topology has changed, and its active power can be clearly seen in Figure 5 that the number of charging and discharging actions of strategy 2 is less than that of strategy 1, so the cost has decreased. And at this time, the total sum of the energy storage charging and discharging all day is 1,596.84 KW and the cost is 20.76 CNY, while the total sum of strategy 1 is 2,461.05 KW and the cost is 31.99 CNY. The cost of strategy 2 is lower than the cost of strategy 1.
As the access of dispersed wind power easily makes the voltage cross the limit, the reactive power output of SVG and the wind turbine inverter plays the role of voltage adjustment to keep the voltage of each node within the specified range, and when the system voltage is too high, it can lower the voltage by absorbing the reactive power, and when the system voltage is too low, it can raise the voltage by issuing the reactive power. When the reactive power of the wind turbine and SVG is positive, it means that the reactive power is issued, and when the reactive power of the wind turbine and SVG is negative, it means that the reactive power is absorbed.
The wind curtailment rate of strategy 1 and strategy 2 is shown in Figure 6, which shows that the overall wind curtailment rate of strategy 2 is smaller than that of strategy 1, and the wind curtailment phenomenon mainly exists between 17:00 and 21:00, but the active power reduction of both strategies is very small, even negligible, which is due to the fact that the distribution network is not restricted to send back to the upper grid in this example. So, when the output of the turbine is greater than the total load, the excess power excluding the part is stored in the energy storage, the remaining power is returned to the upper grid. Secondly, because there is a wind curtailment penalty for turbines in this article, the overall adjustment of the active output of strategy 1 and strategy 2 are small based on the principle of economy under the constraints of the safe operation of the system.
[image: Figure 6]FIGURE 6 | wind curtailment rates of strategy 1 and strategy 2. (A) Wind curtailment rate of node 7. (B) Wind curtailment rate of node 10. (C) Wind curtailment rate of node 12. (D) Wind curtailment rate of node 15. (E) Wind curtailment rate of node 18. (F) Wind curtailment rate of node 23. (G) Wind curtailment rate of node 29. (H) Wind curtailment rate of node 31.
Reactive power output of wind turbines in strategy 1 and strategy 2 is shown in Figure 7. In strategy 1, it can be seen from the figure that nodes 7, 10, 12, 15, and 31 are in the state of absorbing reactive power from the system for most of the time, while nodes 18, 23, and 29 are in the state of issuing reactive power to the system during the whole dispatch cycle. In strategy 2, the trend of the reactive power absorption state and the reactive power generation state of each wind turbine in the whole dispatching cycle is the same as that of strategy 1. However, due to the change of network topology in strategy 2, the distribution network power flow has changed, so the overall generation and absorption of reactive power of wind turbines in strategy 2 is less than that of strategy 1.
[image: Figure 7]FIGURE 7 | Reactive power outputs of the wind turbines in strategy 1 and strategy 2. (A) Reactive power output of the turbines in strategy 1. (B) Reactive power output of the turbines in strategy 2.
Since this article sets the reactive power adjustment of the wind turbines without cost and the reactive power adjustment of the SVG with cost, the reactive power adjustment through the wind turbines is considered first when regulating the voltage, and then the reactive power adjustment through the SVG is considered.
The SVG reactive powers of strategy 1 and strategy 2 are shown in Figure 8. In strategy 1, the reactive power adjustment only at node 15 through the wind turbines cannot meet the voltage constraint, so it needs to be adjusted together with the SVG. The other nodes can meet the distribution network operation constraint through the reactive power adjustment of the wind turbines, so the SVG of the corresponding node does not act. The adjustment principle in strategy 2 is the same as strategy 1, only node 10 needs the wind turbines and SVG to adjust the reactive power at the same time to meet the distribution network operation constraints, while the rest of the nodes can be satisfied by the reactive power output of the wind turbines, so the SVG at the rest of the nodes does not operate.
[image: Figure 8]FIGURE 8 | SVG powers for strategy 1 and strategy 2.
Analysis of Power Transmission Side Simulation Results
Figure 9 shows the time-by-time network loss comparison between strategy 1 and strategy 2. Strategy 1 reaches the maximum network loss at 8:00, and the network loss at this moment is 229.68 KW, while strategy 2 has the maximum network loss at 20:00, and the network loss is 122.15 KW. It is obvious from the figure that the network loss after reconfiguration is significantly lower than that before reconfiguration, and the network loss of the system in the whole dispatching cycle is reduced from 1,790.81 KW in strategy 1 to 1,021.37 KW in strategy 2, which is 42.97% lower. It shows that the power flowing in the system is reduced, which means that the total network loss is reduced. Therefore, it can be concluded that the optimization method is effective in improving the network losses in the system and improving the economy of the system operation.
[image: Figure 9]FIGURE 9 | Time-by-time network loss of the distribution network for strategy 1 and strategy 2.
The 24-h node voltage magnitudes for both strategy 1 and strategy 2 are always within the safe operating range of 0.91–1.07 p.u. From the perspective of maximum voltage deviation in the system, the deviation between the highest and lowest values of voltage magnitude at each node of the system in each time of the day was selected for comparison, and the results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Voltage amplitude deviation at each node of the two strategies.
It is obvious from the figure that the deviation between the maximum and minimum values of the voltage magnitude at each node of the system after the network reconfiguration is significantly improved between 15:00 and 22:00 compared with the pre-network reconfiguration, and the deviation between the two strategies is smaller in the rest of the time period. It can be shown that the strategy proposed in this chapter has a certain improvement effect on the voltage distribution of the system and improves the safety and reliability of the system operation.
Analysis of Power Demand-Side Simulation Results
In the demand response model, energy prices, compensation mechanisms, and various energy attributes can change users’ energy consumption patterns. The active power reductions of the demand response node loads in strategy 1 and strategy 2 are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Active power reduction of the demand response nodes in strategy 1 and strategy 2. (A) Active power reduction of node 17. (B) Active power reduction of node 21. (C) Active power reduction of node 24. (D) Active power reduction of node 32.
From the figure, it can be seen that the overall active power reduction of strategy 2 is less than that of strategy 1, but the load variation of both strategies is very small and even negligible. The reason can be analyzed from three aspects; first of all, active power also has a certain ability to regulate voltage, although the distribution network mainly regulates voltage through reactive power, but when reactive power cannot meet the voltage regulation requirements, it can be adjusted to active power, because this case can complete the voltage regulation requirements through reactive power, so there is no longer a need for active power to participate. Secondly, this case does not set the electricity price difference, the purchase price of electricity are purchased according to 0.2 CNY, the load will not purchase more electricity when the price is low, and less electricity when the price is high, so it does not play a role in reducing the cost of purchasing electricity. Finally, as the load is adjusted, there will be a corresponding adjustment amount of compensation costs, so, in order to reduce costs, under the premise of meeting the normal operation of the distribution network, its adjustment is as small as possible.
Comparative Analysis of the Results of the Two Strategies
To verify the effectiveness of the strategies proposed in this article, a comparative analysis with the economic dispatch of the distribution network containing dispersed wind power before the reconfiguration is performed. Figure 1 shows the network topology without considering reconfiguration, and Figure 4 shows the reconfigured network topology. The time-by-time operation cost of the two strategies is shown in Figure 12. When the output of dispersed wind power is greater than the total power of the load, there is a return of power to the upper grid, when the operating cost of the distribution network may appear negative. As shown in the figure, the grid has negative values at 3:00, 4:00, 8:00, and 23:00.
[image: Figure 12]FIGURE 12 | Time-to-time operating cost comparison of the two strategies.
The comparison of the calculation results of various indicators is shown in Table 1. According to the results in the table below, the economic dispatching cost after considering reconstruction is lower than that without considering reconstruction. Among them, the reduction of network loss cost is the most obvious, from 537.24 CNY to 306.41 CNY, a decrease of 42.97%. This is due to the change of the network topology after reconstruction, which changes the power flow of the system and achieves the effect of reducing network loss. The total cost of economic dispatch considering reconfiguration is also reduced from 6,159.26 CNY to 5,802.70 CNY, and the total cost is reduced by 356.56 CNY, a decrease of 5.79%.
TABLE 1 | Comparison of the results of the two strategies.
[image: Table 1]Meanwhile, in order to verify the superiority of the method used in this article, it was compared with the particle swarm algorithm without considering the reconstruction. The particle swarm algorithm takes 25 min to perform a day of scheduling with the initial population size set to 100 and the number of iterations to 600, and the scheduling cost is 7,580.90 CNY. In contrast, the method used in this article takes only 12 s and the scheduling cost is 6,159.26 CNY, which greatly improves the solution speed and the final result is better than particle swarm. Therefore, the method used in this article improves the solution efficiency while ensuring the optimality and accuracy of the solution.
Analysis of Regulating Voltage Level
In order to further analyze the improvement of the system voltage level by the method proposed in this article, this article sets up four operating states and simulates them respectively.
Running state 1: original system. Only the active power output of dispersed wind power, without the participation of dispatchable resources such as energy storage, SVG, demand response, and reactive power output of wind power.
Running state 2: consider the network reconfiguration based on the original system.
Running state 3: the original system takes into account the optimal operation of various dispatchable resources.
Running state 4: collaborative optimization of network reconfiguration and dispatchable resources.
The comparison of voltage levels in the four operating states are shown in Figure 13. The grid structure and operation cost of the four operation states are shown in Table 2.
[image: Figure 13]FIGURE 13 | Voltage levels for four running states.
TABLE 2 | Comparison of results in four running states.
[image: Table 2]In this article, the difference between the maximum value and the minimum value of the system voltage is used as the index to evaluate the voltage level. According to the simulation results in Figure 1, the voltage fluctuation in running state 1 is large, and the maximum voltage difference in a day is 0.091 p.u., the voltage level in running state 2 is improved after the distribution network is reconstructed, and the maximum voltage difference in a day is 0.083 p.u., increased by 0.008 p.u. It can be seen that network reconfiguration is helpful to improve the voltage level of the distribution network.
According to the results of running state 3 in Figure 1, when considering the participation of dispatchable resources in an optimal operation, due to the access of dispersed wind power and energy storage, it can effectively reduce the equivalent load of the distribution network, and the reactive output capacity of wind power, energy storage, and SVG can effectively support the system voltage. At this time, the maximum voltage difference of the system in a day is 0.066p.u. Therefore, compared with operation state 1, the voltage level of the distribution network has been greatly improved. Moreover, since the network structure is the same as that of the original network, the change trend of voltage level is the same as that of operation state 1.
When network reconfiguration and dispatchable resources are used to optimize, the voltage distribution becomes more stable due to the changes of the network structure. The maximum voltage difference of the distribution network in a day is 0.049p.u. Compared with the previous three operating states, the voltage fluctuation level is very small.
In addition, it can be seen from Table 1 that the voltage difference of the four running states in a day decreases in turn, and the cost of the distribution network operation also decreases in turn, which shows that the method proposed in this article can greatly improve the stability of the system voltage, and also take into account the economy of distribution network operation dispatching.
To sum up, although network reconfiguration will bring some reconfiguration costs, network reconfiguration is conducive to the economic operation of the distribution network. At the same time, it can also improve the voltage stability of the distribution network to a certain extent. Therefore, distribution network reconfiguration is also a very important means of regulation. With the dispatchable resources in the distribution network, the economy and reliability of the distribution network can be greatly improved.
CONCLUSION
In this article, a multi-objective function of minimizing the distribution network operation cost, minimizing the network reconfiguration cost, and minimizing the total network loss of the system is considered, and an economic dispatch model of the distribution network with dispersed wind power considering reconfiguration is established. The IEEE 33-node system is adopted, and this article uses the second-order cone method to perform convex relaxation on the economic dispatch model of the distribution network containing dispersed wind power with reconfiguration considered, as a way to obtain the optimal economic dispatch results under a determined network topology. Through the theoretical analysis and example calculations, two conclusions can be drawn as follows：
1) The method proposed in this article takes into account the voltage stability of the distribution network and the economy of operation dispatching, making full use of the active and reactive power resources in the distribution network, and obtaining the optimal economic dispatching scheme while considering the network reconfiguration. The example verifies that the method proposed in this article can reduce the fluctuation of the system voltage, and at the same time can reduce the operating cost of the distribution network to a certain extent. This has certain practical significance for the staff engaged in power distribution planning and dispatching.
2) In this article, the multi-objective optimization model is transformed into a mixed integer second-order cone programming model by introducing variables to restrict the search space to a closed convex cone, which ensures the optimality and accuracy of the solution while also improving the solution efficiency.
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