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Introduction: When a distributed photovoltaic (PV) system has access to a large urban distribution network, the active balance is primarily borne by the main network gas unit; when the scale of the distributed PV system is very large, the main network can only provide limited regulation capacity, and the distribution network must determine the active optimal scheduling strategy.Methods: This work proposes an active optimization scheduling model for the distribution network by considering the regulation capacity of the main network. In terms of the optimisation objectives, the maximum consumption of the distributed PVs and minimum power fluctuation at the demarcation point of the main distribution network are proposed as the main objectives, while the minimum total exchanged power in a cycle at the main distribution demarcation point and minimum distribution network loss are considered as the secondary objectives. In terms of constraints, it is proposed that the main network’s regulation capacity be characterized by the main network’s gas-fired unit creep constraints. A fast solution method for active optimization of the distribution network is designed herein to formulate the priority control order of the adjustable units according to the dispatch economic performances of various types of adjustable resources in the distribution network; this reduces the number of variables involved in the optimization at each step and improves the optimized solution speed.Results: Finally, Simulation verification by IEEE 33-node distribution network arithmetic example based on Matlab simulation platform.Discussion: Simulation results show the effectiveness of the method in achieving maximum PV consumption and reflecting the limited regulation capacity of the main grid.Keywords: large urban distribution network, active power optimal scheduling, distributed photovoltaic, photovoltaic consumption, main distribution cooperation
1 INTRODUCTION
Large urban distribution networks often experience large loads, and the distribution network has a few conventional power sources with small capacities that are mostly supplied by the main grid (Lu et al., 2015). The power in the main urban grid is partly derived from the external grid and partly from the gas-fired units in the main grid. The power supplied by the external grid cannot fluctuate significantly according to the power supply agreement; therefore, the gas units in the main grid assume the function of active balance regulation.
With the rapid development of new energy generation methods, distributed photovoltaic (PV) systems have gained a high proportion of access to urban distribution networks. When the PV output is high and load is low, the gas-fired units in the main grid must reduce their outputs or even shut down; conversely, when the PV output is low and load is high, the gas-fired units in the main grid must increase their outputs or even startup the standby units. The main grid units are generally operated within the economic output range, and the maximum regulation capacity is ensured to not exceed the safe output range; this means that the units require a lot of time to startup, and frequent startups and shutdowns could affect the lifetimes of the units (Hu et al., 2008). Therefore, the startup mode of the main network units cannot be changed over a wide range, resulting in limited regulation capacity of the main network. When the PV supply fluctuates widely in the distribution network, the main network can only provide limited regulation capacity. Therefore, urban distribution networks must perform active balancing and carry out optimal dispatch within the main grid regulation capacity.
The optimal scheduling of large urban distribution networks containing distributed PV sources is studied by considering the main grid regulation capacity as follows:
(1) How to take into account the regulating capacity of the main network in terms of the distribution network.
(2) What are the dispatchable resources in a large urban distribution network, and what optimization objectives must be considered.
(3) What constraints should be imposed on the optimization model, and how to design a solution method applicable to real scheduling operations.
Problem (1) entails cooperative active scheduling of the main distribution. Owing to the randomness and volatility of distributed PV output, there is easy lack of coordination between the distribution and main grids in terms of the power generation and consumption plans, making it difficult to fully consume the distributed energy. Therefore, optimal scheduling of the main and distribution networks is necessary to achieve main power balance and other objectives while maximally consuming the distributed PV power. The existing cooperative optimal scheduling of the main and distribution networks is divided into subproblems concerning optimization of the main and distribution networks, which are then solved iteratively (Zhang et al., 2017; Deng, 2019; Wu et al., 2019; Zhang and Wang, 2019). The optimization objective is to optimize the overall economy of the main distribution network while ensuring that the active power transmitted at its boundary meets the consistency constraints. In distribution network optimization, the main network is considered to be an infinite power source, and only the active power exchanged by the main and distribution networks is required to be within the capacity of the transmission channel without considering the regulation capacity of the main network units and their ability to support a wide range of changes in the exchanged power.
Jiang et al. (2019) proposed a collaborative optimal operation method based on multiparameter planning for the main and distribution networks, where the distribution network needs to be optimized under the conditions of the power planning curve transmitted by the main network. This is to solidify the main network power supply capacity as the planning curve, which does not reflect the power supply margin of the main network, thereby producing conservative scheduling results. Therefore, to fully exploit the regulation capacity of the main network, it should be reflected as a limited range of power variations. Moreover, the amount of power exchange in the main network synergy should be minimized.
Problem (2) is the optimization objective of the distribution network. When a high proportion of the distributed PV supply is connected to the distribution network, it will impact the voltage security of the distribution network, which causes not only voltage overruns at the grid nodes but also branch current overloads, voltage shifts, and high harmonics (Ge, 2023). Among these, voltage overrun is one of the most important reasons affecting the ability to consume PV power (Zhang, 2021).
Most of the existing optimization objectives of distribution networks containing distributed PVs are strategies for ensuring their voltage stabilities. Li et al. (2018) investigated the impacts of various voltage regulation measures on the PV admittance capacities of the distribution network and used the trial method to solve for the maximum PV admittance capacity before and after adding the voltage regulation measures without voltage regulation; some authors analyzed the impact of the access power at each node on the voltages at the other nodes based on the voltage sensitivity matrix (Xu et al., 2016; Cai et al., 2017) along with the PV admittance capacity of the distribution network based on the analytical method. Huang et al. (2020) used the intelligent optimization method and proposed a distributed PV grid-connected limit capacity calculation method based on the adaptive weighted particle swarm optimization algorithm. Ding et al. (2017) proposed a method to avoid network overvoltage by controlling the PV inverters and formulated a two-stage robust centralized optimal scheduling model by considering the PV output uncertainties.
The optimal distribution network operation economics has also been considered based on the voltage stability of the distribution network. Lin et al. (2017) developed a multiregion dynamic economic dispatch model to minimize the total multiregion generation cost. Pan (2015) established an optimal scheduling model for the units by reflecting the demands for energy savings and emission reductions in the power grid. In terms of the demand-side responses, Chen et al. (2024) developed an operation scheduling optimization methodology for electric ready-mixed concrete vehicles (ERVs). These studies do not analyze the roles of adjustable devices, such as energy storage systems (ESSs), gas units, and controllable loads (CLs), in achieving the maximum consumption of distributed PV power; at the same time, they do not take into account the impact of the regulating capacity of the main grid on PV consumption in the distribution network.
Problem (3) is concerned with the distribution network constraints and solution methods. Lin et al. (2017) considered the generator set creep constraints as well as the contact line transmission power constraints; Pan (2015) considered the unit start–stop and creep rate constraints. These studies only focus on the units within the distribution network and do not consider the main network units or analyze the impacts of the creep rate constraints of the units on distributed PV consumption. Therefore, the creep rate constraints of the gas-fired units in the main grid should be considered, which are reflected in the fact that the exchanged power between the main and distribution networks cannot fluctuate significantly during adjacent time periods.
In terms of optimal solutions, there are various algorithms in literature to solve the scheduling model (Dvorkin et al., 2015; Pandžić et al., 2016; Li et al., 2021; Wang et al., 2023). Ruan et al. (2020) proposed a distributed voltage control model with a novel network partitioning approach. Li et al. (2016) proposed a coordinated transmission and distribution AC optimal flow model based on a heterogeneous decomposition algorithm; Li (2013) proposed an application-based coordinated optimal flow for transmission and distribution network decomposition. The above algorithms require large numbers of control quantities to participate in the iterative solution at the same time, and the solution space of the problem is too large, which may slow or fail to solve the computation. Therefore, to meet the real-time scheduling requirements, it is necessary to develop a fast and reliable optimization method that minimizes the amount of control involved in the solution each time.
The main contributions of this work are as follows:
1. In the optimization objective of the distribution network, the regulating capacity based on the gas units in the main network is taken into account to minimize the fluctuations in the interaction power of the main distribution network during a dispatch cycle while ensuring that the total exchanged power is minimal.
2. A distributed PV maximum consumption model is proposed for the distribution network by taking into account multiple adjustable resources such as reactive power compensation equipment, ESSs, and CLs, and the impact of the limited regulation capacity of the main network on maximum PV consumption is analyzed.
3. The limitations imposed by the creep rates of the gas units in the main network are considered in the constraints, and a fast solution method is designed for active optimization of the distribution network; here, the priority control order of the adjustable units is formulated on the basis of economy, and a stepwise solution process is designed to optimize the distribution network, which reduces the number of variables participating in the optimization at each step while improving the speed of the optimization solution.
2 MODEL ASSUMPTIONS
2.1 Basic assumptions

1. It is assumed that the transmission line parameters of the distribution network remain constant during operation.
2. At each moment in time, the load demand at each node is either known or predictable.
2.2 Assumptions for the regulatory capacity of the main network

1. We assume that the power supplied by the main grid to the distribution network is determined only by the outputs of the gas units in the main grid, and the influences of the power injected into the main grid from the external network and power delivered to other distribution networks are not taken into consideration.
2. The maximum and minimum outputs of the gas units are known and remain unchanged during a dispatch cycle.
3. The rate of change (creep rate) of the output of a gas unit is known and remains constant during a dispatch cycle while not exceeding the specified range.
2.3 Assumptions for the adjustable units of the distribution network

1. We assume that the distributed PV power generation can be predicted accurately and that the predicted value is certain during a dispatch cycle based on ignoring the effects of volatility due to changes in the solar radiation intensity and temperature factors as well as disregarding the effects of sudden weather changes (e.g., cloudy and rainy) on the PV outputs.
2. The PV inverter can be controlled to reduce the PV output and may also be withdrawn from operation if necessary so that the minimum PV output can be reduced to 0.
3. We assume that the customer loads respond positively and instantly to the load regulation commands while ignoring the influences of factors such as customer behaviors and satisfaction.
4. It is assumed that the energy storage devices can be charged and discharged many times in a single dispatch cycle while ignoring the limitations on the rates of change of charging and discharging.
5. The impacts of short-circuits, disconnections, equipment failure, and other unexpected accidents on the power grid are not considered.
3 OPTIMIZED SCHEDULING MODEL FOR THE URBAN DISTRIBUTION NETWORK CONSIDERING THE REGULATION CAPACITY OF THE MAIN NETWORK
3.1 Objective function
In this work, the objective function was established with the optimization objectives of maximum consumption of the distributed PV power and minimum active fluctuations at the demarcation point of the main distribution network; furthermore, the objectives accounted for the minimum distribution network loss as well as minimum total exchanged power of the main distribution network during a scheduling cycle, are shown in Equation 1–Equation 5:
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In the above formulas, [image: image] is the objective function of [image: image] consumption capacity; [image: image] and [image: image] are the actual and planned active outputs of the [image: image]-th [image: image] at moment [image: image], respectively; [image: image] is the objective function for the fluctuation of power exchanged with the main distribution network that is expressed by the standard deviation, in which [image: image] is the average exchange power in a scheduling cycle given by [image: image]; [image: image] is the distribution network loss; [image: image] is the current in branch [image: image]; [image: image] is the equivalent resistance of branch [image: image]; [image: image] is the total power exchanged during interaction with the main distribution network during a scheduling cycle, in which [image: image] is the active power exchanged at the division point of the main distribution network at moment [image: image] and its expression is shown in Equation 6
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Here, [image: image] is the load of node [image: image] in the distribution network at time [image: image]; [image: image] and [image: image] are the controllable load transfer out of and into node [image: image] in the distribution network at time [image: image]; [image: image] and [image: image] are the respective charging and discharging powers of the ESS [image: image] in the distribution network at time [image: image]; [image: image] is the total loss of the distribution network at time [image: image].
3.2 Main network regulation capacity constraints
3.2.1 Range of power changes at the main distribution cutoff point
Under the condition of transmitting a certain active power at the demarcation point of the main distribution network, there are corresponding active and reactive power regulation ranges that indicate the power supply capacity of the main network to the distribution network. The expressions are shown in Equation 7 and Equation 8, respectively.
[image: image]
[image: image]
Here, [image: image] and [image: image] are the extreme values of the reactive power range transmitted by the main distribution network and are determined according to the active power and power factor values of the gas units in the main network. [image: image] and [image: image] are the extreme values of the active power range transmitted by the main distribution network, which are determined by the power supply capacities of the gas units in the main network and given as Equation 9, Equation 10:
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where [image: image] is the number of nodes in the main network; [image: image] and [image: image] are the respective upper and lower limits of the output of the gas-fired unit [image: image] in the main network.
3.2.2 Creep power constraint at the main distribution cutoff point
Since the regulation capacity of the main network is determined by its gas units, the creep power constraints of the gas units in the main network limit the power exchanged at the demarcation point from varying over a wide range per unit of time. The creep power constraint of the transmission power at the demarcation point of the main distribution network is given as Equation 11
[image: image]
where [image: image] are the maximum values of the creep powers of the gas units in the main network.
3.3 Adjustable unit operation constraints of the distribution network
The adjustable units in the distribution network include the distributed PVs, CLs, ESSs, on-load tap changers (OLTCs), static var compensators (SVCs), and capacitor banks (CBs) that have their own constraints
3.3.1 Power regulation range of the distributed PV
The active regulation of PV power is embodied by self-curtailment of the active outputs, which can be expressed with the range of curtailment as Equation 12.
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3.3.2 Active range of the CL

The load that can be shifted at time t cannot exceed 20% of the total load at that moment. As shown in Equation 13, Equation 14
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The CLs dispatched in a cycle should therefore be managed such that the total load transfers in and out are equal as shown in Equation 15:
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3.3.3 Operational constraints of the OLTC
The main voltage constraint is given by Equation 16
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where [image: image] and [image: image] are the primary and secondary voltages of the OLTC at time [image: image], respectively; [image: image] indicates the ratio of these voltages at time [image: image].
The variable ratio constraints are given by Equation 17–Equation 19
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where [image: image] is the minimum ratio of primary to secondary voltages of the OLTC, [image: image] is the step size of the ratio, [image: image] is the stall of the OLTC at time [image: image], [image: image] is the maximum range of each stall change, and [image: image] is the maximum number of stall adjustments in a scheduling cycle.
3.3.4 Capacity constraints of the ESS
The charge/discharge state constraint is given by Equation 20
[image: image]
where [image: image] and [image: image] are the charge and discharge states of the ESS [image: image] at time [image: image], respectively.
The upper and lower bound constraints of the charging and discharging power are given by Equation 21, Equation 22
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where [image: image] and [image: image] are the maximum charging and discharging powers of the ESS [image: image], respectively.
The energy storage capacity constraints are given by Equation 23, Equation 24
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where the energy storage capacity is dynamically balanced over a dispatch cycle as shown in Equation 25.
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Here, [image: image] and [image: image] are the charging and discharging efficiency coefficients of the ESS, and [image: image] is the amount of electricity stored in the ESS [image: image] at time [image: image]; [image: image] and [image: image] are the minimum and maximum values of the power in the ESS [image: image] at time [image: image], respectively.
3.3.5 Operational constraint of the SVC
The SVC reactive output constraint is shown in Equation 26
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where [image: image] denotes the reactive power output of the static reactive power compensator [image: image] at time [image: image], and [image: image] and [image: image] denote the respective upper and lower limits of the reactive power output of the static reactive power compensator [image: image].
3.3.6 Operational constraints of the CB
The CB reactive output constraint is shown in Equation 27
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where [image: image] is the reactive power output of the casting capacitor [image: image] at time [image: image], [image: image] is the number of groups of casting capacitors [image: image] operating at time [image: image], and [image: image] is the reactive power capacity of a group of casting capacitors.
The constraint on the change in the number of cast–cut groups at adjacent time periods is given by Equation 28.
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The throw–cut CB constraint is given by Equation 29.
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where [image: image] is the maximum limit on the number of groups of capacitors to be switched each time, and [image: image] is the maximum number of capacitor groups that can be switched at each node.
3.4 Branch circuit tidal equation constraints
A second-order cone-relaxation-based branch current model can be used for the distribution network as follows Equation 30–Equation 32:
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In these equations, [image: image] and [image: image] denote the squares of the node voltage and branch current, respectively; [image: image] denotes the active power flowing in branch [image: image]; [image: image] denotes the set of branches with [image: image] as the tail node; [image: image] denotes the set of branches with [image: image] as the head node. [image: image] denote the values of the active and reactive powers injected into node [image: image], respectively, and are given by Equation 33, Equation 34
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3.5 System operational constraints
The system voltage constraints and branch current constraints are given in Equations 35–36.
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where [image: image] is the rated voltage of the distribution network, and [image: image] is the maximum value of the branch current.
4 SOLUTION FOR THE ACTIVE OPTIMAL SCHEDULING MODEL
4.1 Design considerations
The active optimization dispatch method of the distribution network with distributed PVs must achieve maximum consumption of the distributed PV power under the limited regulation capacity of the main network by integrating all kinds of adjustable equipment in the distribution network; simultaneously, the auxiliary OLTCs and reactive power compensation equipment must maintain the voltage stability, minimize the network loss, and enhance the economy of system operation. Under the premise of main power balance, the limited regulating capacity of the main network mainly includes the following considerations:
(1) The main network ideally supplies the least total power to the distribution network during a dispatch cycle.
(2) There must be minimal fluctuations in the power supply from the main network to the distribution network during a dispatch cycle.
(3) The main network supplying power to the distribution network must have minimal variation between adjacent time periods.
The distribution grid system studied herein is powered only by large-scale distributed PVs and needs to be configured with large-capacity distributed ESSs combined with PVs; this can smooth the fluctuations in PV power generation while improving the self-usage rate of the distribution grid and economic benefits. Through the ESSs, users can store excess PV power during low electricity demand and use this stored power during peak electricity demand. This reduces the dependence on grid power, avoids the phenomenon of abandoned daylight, and improves the self-use rate of PV power. The ESSs can also respond to grid demand in milliseconds, and this rapid response capability allows them to quickly respond to fluctuations in grid loads to provide immediate power support while also providing the grid with certain degrees of frequency regulation and voltage support capabilities.
Although direct optimization of CL regulation helps maintain balance between power supply and demand in the grid, it must be achieved through price signal or incentive mechanisms to guide the user to adjust to electricity behaviors; hence, the user must be involved in the regulation of user needs to achieve high economic compensation, which increases the operating cost of the power system compared to that of the ESS as the scheduling cost is high. Concurrently, the response speed is significantly lower than that of the ESS, and it may be difficult to meet the needs of a power grid system that requires high real-time regulation capabilities. In terms of the regulation order of adjustable units, ESSs have higher priority than the CLs.
The present study is dedicated to maximizing the consumption of distributed PV power to achieve the goals of sustainable development while meeting the regulation capacity limitation of the main grid. Optimal scheduling of the power system through curtailing distributed PV not only wastes renewable energy but also negatively affects sustainable development goals. Maximizing the use of PV power could help reduce carbon emissions and environmental pollution, mitigate climate changes, reduce energy costs, reduce dependence on imported fossil fuels, and enhance energy independence and security while helping accelerate the construction of smart grids, establish a sound power market mechanism, and improve the new power system.
In summary, when the interacting power at the demarcation point of the main distribution network exceeds the range of its regulation capacity, the outputs of the adjustable units in the distribution network are regulated in the following order of priority:
1. Increasing the charging and discharging powers of the ESSs;
2. Shifting the CLs;
3. Reducing the distributed PV power.
The principle of regulation is based on minimizing the active fluctuations in the main distribution network with minimal transfer of CLs and minimal PV curtailment.
4.2 Solution strategy for the active optimal scheduling model
From the planned outputs of the distributed PVs and predicted outputs of the loads in a complete dispatch cycle (24 h) without consideration of other adjustable devices in the distribution network, the initial interactive power at the demarcation point of the main distribution network is calculated using the forward backgeneration trend to obtain the voltage overruns at each node, and the specifics of the forward power flow are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of the power flow calculation.
The power of the root-node-connected branch circuit obtained from this trend calculation is the power exchanged at the demarcation point of the main distribution network, and the subsequent optimization is based on this power. The flowchart showing specific regulation of the active optimization scheduling method of the distribution network with distributed PVs considering the regulation capacity of the main network is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flowchart for the optimisation strategy.
5 EXAMPLE ANALYSIS
In this section, we demonstrate improvement of the basic IEEE 33 node power network by adding some active and reactive power regulation devices as well as conducting arithmetic simulations on this test system to verify the effects of the active optimal scheduling method of the distribution network with distributed PVs limited by the main grid regulation capacity. The optimization algorithm implementation is achieved using MATLAB software and the YALMIP toolbox along with the Cplex12.10 solver.
5.1 Calculation setup
The system diagram of the 33-node distribution network modified based on the setup scheme in this work is presented in Figure 3. The base capacity of the system is 1 MVA, base voltage level is 12.66 kV, total active load capacity of the system is 3,715 kW, total reactive load capacity is 2,300 kVar, and voltage per-unit value at the balancing node (i.e., node 33) is 1 p.u. As shown in Figure 3, reactive power compensation devices such as the OLTCs, PV generator, ESSs, and CBs are added on the basis of the network structure of the basic IEEE 33 node distribution system, and the specific configurations are shown in Table 1.
[image: Figure 3]FIGURE 3 | Arithmetic grid map of the modified IEEE 33 node distribution system.
TABLE 1 | Parameters of the adjustable units.
[image: Table 1]Under actual conditions, the area encompassed by the distribution network system is often not very large; however, to facilitate analysis of the results, the system access between the PVs as well as between the power characteristics of the loads are set to be only slightly different so as to be considered the same output characteristics, based on the same predicted power curve that would be analyzed. The typical load demand and PV active power curves during summer are normalized to obtain the all-day predicted power curves for the total system load and total distributed PV output, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Photovoltaic (PV) and output load curves.
5.2 Analysis of simulation results
To reflect the influence of the main grid regulation capacity on the output of each equipment in the distribution network and maximum consumption of PV power, the weighting coefficients in Equation 1 are set to [image: image] = 0.4, [image: image] = 0.4, [image: image] = 0.1, and [image: image] = 0.1. In this work, the following three scenarios are considered during the simulations to validate the active optimization scheduling method of the distribution network with distributed PVs that takes into consideration the regulation capacity of the main grid.
Scenario 1: No controls are considered.
Scenario 2: The controls used include PV curtailment, ESSs, SVCs, and CBs.
Scenario 3: Based on Scenario 2, optimization calculations are carried out with the objective of minimizing the active fluctuations between the main distribution network by considering the creep power constraints of the gas units in the main network and CLs.
5.2.1 Analysis of simulation results for scenario 1
In the modified IEEE 33 node distribution system, nodes 17, 21, and 32 are selected to represent the single-point PV grid-connection points, and all distributed PVs are connected to the system with the planned output without controls to explore the impacts on system node voltage and power exchanged by the main distribution network; the simulation results are shown in Figures 5, 6. From Figure 5, it is seen that when the PVs are connected to the planned outputs, the voltages at some nodes during 11–15 h exceed 1.05 p.u., exhibiting voltage overruns.
[image: Figure 5]FIGURE 5 | Node voltage diagrams over 24 h for scenario 1.
[image: Figure 6]FIGURE 6 | Interaction power at the cutoff point of the main distribution network under scenario 1.
From Figure 6, it is seen that the power delivered from the main grid to the distribution network decreases from 1,122 kW to 668 kW at 6–8 h due to continuous increases in the PV outputs; at 9–15 h, the distribution network is seen to deliver power to the main grid; at 13 h, the distribution network delivers a maximum power of 1,208 kW to the main grid; thus, the maximum power fluctuation at the demarcation point of the main distribution network is 2,330 kW. When the active demand in the distribution network decreases and results in backward power delivery to the main grid, there are decreases in the outputs of the main grid units or even shutdowns. In the time period of 16–20 h, the interaction power at the demarcation point of the main distribution network rises sharply from 254 kW at 16 h to 2,880 kW at 20 h due to continuous reduction of PV output and increase in user load, demonstrating a maximum fluctuation of 2,626 kW; when the active demand of the distribution network continues to increase, it will lead to increases in the outputs of the main network units and perhaps even startup of the standby units.
During actual operation, the main network units cannot be started and stopped frequently; the transmission power change cycle in the main network is longer, so the sharp increase in active power demand from the distribution network cannot be met over a short duration. Thus, there may be an active power shortage between the main and distribution networks, which affects the frequency and voltage stabilities of the distribution network; this serious situation may result in short-term power outages for the user loads, so it is necessary to use the adjustable resources of the distribution network to reduce the power fluctuations between the main and distribution networks.
5.2.2 Analysis of simulation results for scenario 2
Based on scenario 1, given the minimum active fluctuation and maximum PV consumption at the demarcation point of the main distribution network as the main objectives as well as node voltages remaining within the limit as the constraint, the optimization of the interaction power at the demarcation point of the main distribution network is as shown in Figure 7, the active outputs of the ESSs are as shown in Figure 8, and the reactive outputs of the SVCs and CBs are as shown in Figure 9.
[image: Figure 7]FIGURE 7 | Interaction power at the cutoff point of the main distribution network under scenario 2.
[image: Figure 8]FIGURE 8 | Energy storage charging and discharging powers under scenario 2.
[image: Figure 9]FIGURE 9 | Reactive outputs of the (A) static var compensators (SVCs) and (B) capacitor banks (CBs) under scenario 2.
The distributed PV power in this scenario can still be consumed fully, and the reactive power compensation device appropriately consumes reactive power during 10–15 h to maintain voltage stability when the PV output is maximum, such that the ESS is charged with 1,080 kW of power; the backward transmission of power from the distribution network to the main network decreases by 2,230 kW during 9–15 g, and the stored energy decreases by 1,140 kW over 17–23 h when the load is higher and PV output is zero. This total of 1,140 kW is discharged, and the interactive power of the main distribution network decreases by 1,693 kW, such that the maximum power fluctuation over 16–20 h decreases from 2,626 kW in scenario 1 to 2,084 kW. Hence, the ESSs play positive roles in smoothing the power fluctuations between the main distribution network and reactive power compensation device to achieve maximum dissipation of the PV power and maintain voltage stability. However, the interactive power of the main distribution network still fluctuates greatly and needs to be optimised further.
5.2.3 Analysis of simulation results for scenario 3
In scenario 2, the interactive power fluctuation in the main distribution network is large and the power change amplitude during the adjacent time period is drastic; therefore, the addition of CLs is considered to smooth the power fluctuation in the main distribution network, whose output changes are shown in Figure 10, active outputs of the ESSs are shown in Figure 11, and PV dissipations are shown in Figure 12.
[image: Figure 10]FIGURE 10 | Shifting load power under scenario 3.
[image: Figure 11]FIGURE 11 | Energy storage charging and discharging powers under scenario 3.
[image: Figure 12]FIGURE 12 | PV output for scenario 3.
To suppress the sharp increase in main grid supply power caused by reduction of the PV outputs, it is necessary to guide the user loads so as to reduce power consumption during the peak period of 17–23 h; at the same time, to achieve maximum consumption of PV power, it is necessary to guide the user loads to increase their power consumption as much as possible during 9–16 h. It is seen from Figure 10 that the user loads lower power consumption by 3,201 kW over 17–23 h and increase power consumption by 3,201 kW during 9–16 h. These kinds of transferable loads in the distribution network are mainly composed of production-type and service-type users who demonstrate great flexibility in electricity consumption, strong peak-shifting ability, and large calling potential to weaken the negative impacts of PV power fluctuations.
Owing to the relatively small capacities of ESSs in the distribution network, the numbers of charging and discharging times of the ESSs in a cycle increase significantly under scenario 3. In practical applications, ESSs generally have one-charging and one-discharging or two-charging and two-discharging strategies in accordance with the dispatch instructions as frequent charging and discharging can exacerbate their lifespans due to wear and tear, thereby reducing the economy of system operation. Therefore, failure to consider the constraints regarding the number of charge/discharge times of the ESSs is an area for improvement in this study.
In contrast to scenarios 1 and 2 where distributed PVs are able to operate at the planned outputs, the actual total PV output in scenario 3 is 20,559 kW, which is a reduction of 6,330 kW. Although the adjustable resources are used maximally, they still inevitably cut a part of the distributed PV output, which is mainly attributable to the limited regulation capacity constraint of the main grid resulting from actual grid operation; the gas units in the main grid can further reduce the output until shutdown to consume the distributed PV outputs in the present distribution network or to deliver a part of this residual energy to another distribution network to achieve the required PV power consumption. Therefore, subsequent studies can examine methods to further reduce the distributed PV outputs in the distribution network through coordination of network clusters.
The simulation of the power change at the cutoff point of the main distribution network is shown in Figure 13. From Figure 13, it is seen that the maximum interaction power of the main distribution network in scenario 3 is 2,000 kW while the minimum is 1,010 kW, for a maximum fluctuation of 990 kW of the main grid supply power. Meanwhile, the power curve is relatively flat, and the maximum power change in the adjacent time period is 100 kW, which are in line with the creep power limitations of the gas-fired units of the main grid during actual operation.
[image: Figure 13]FIGURE 13 | Interaction power at the main distribution cutoff point for scenario 3.
The power statistics at the demarcation point of the main distribution network under the three scenarios are shown in Table 2. As seen from Table 2, the fluctuation range of the interaction power of the main distribution network in scenario 3 is lower by 3,062 kW and 2,051 kW compared to those in scenarios 1 and 2, respectively, and the power fluctuation decreases significantly. At the same time, the maximum power fluctuation in the adjacent time period decreases by 1,123 kW and 857 kW compared to those in scenarios 1 and 2, respectively. The simulation results of scenario 3 reflect the limited regulation capacity of the main network; however, during actual operation, these results meet the requirement that the change in power supplied by the main network to the distribution network cannot be too fast. The simulation results of scenario 3 reflect the effectiveness of the active optimal scheduling method proposed for the distribution network.
TABLE 2 | Comparison of interaction power at the cutoff point of the main distribution network before and after optimization.
[image: Table 2]6 CONCLUSION AND PROSPECTS
At present, most of the studies on optimal dispatch of distribution networks containing high proportions of distributed PVs are based on the optimization of voltage stability and optimal economy as the objectives given a single means of regulation; at the same time, the impact of the limited regulating capacity of the gas units of the main grid on the optimal dispatch of distribution networks is neglected, especially with regard to maximum consumption of PV power. Hence, the following methods are proposed herein to address this issue:
1. We establish a model for maximum consumption of the distributed PV power in the distribution network by taking into account the reactive power compensation equipment, energy storage systems, controllable loads, and other adjustable resources and design an optimal distribution solution for the distribution network; this reduces the number of variables participating in the optimization at each step and accelerates the speed of optimization.
2. The proposed distribution network optimization scheduling method fully takes into account the limited regulation capacity of the main network to ensure that the distribution network purchases the least amount of power from the main network; further, the fluctuation amplitude and creep rate of the interacting power between the main and distribution networks are minimized to meet the actual operation of the gas-fired units of the main network. This helps in the analysis of the impact of the limited regulation capacity of the main network on maximum PV power consumption.
Although more types of regulation are considered in the proposed model, their scheduling costs are not analyzed, especially with regard to the compensation cost of the controllable loads, installation cost, and charge/discharge losses of the energy storage devices. During actual operation, frequent scheduling of user loads lowers user satisfaction and high-frequency redischarging of the energy storage devices reduces their service lives; hence, future studies could focus on balancing the interests of both supply and demand as well as improving the comprehensive economy of distribution network operation.
Given the accelerated pace of construction of new power systems, the connections between the distribution networks are increasingly becoming close. Thus, future research efforts can consider balancing and dispatching the surplus local PV outputs through other distribution networks, thereby reducing the burden of regulation of the main grid; moreover, new types of distribution networks can be constructed to handle higher proportions of distributed PV power.
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