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Distributed energy resources (DERs) have been widely involved in the optimal dispatch of distribution systems which benefit from the characteristics of reliability, economy, flexibility, and environmental protection. And distribution systems are gradually transforming from passive networks to active distribution networks. However, it is difficult to manage DERs effectively because of their wide distribution, intermittency, and randomness. Virtual power plants (VPPs) can not only coordinate the contradiction between distribution systems and DERs but also consider the profits of DERs, which can realize the optimal dispatch of distribution systems effectively. In this paper, a bi-level dispatch model based on VPPs is proposed for load peak shaving and valley filling in distribution systems. The VPPs consist of distributed generations, energy storage devices, and demand response resources. The objective of the upper-level model is smoothing load curve, and the objective of the lower-level model is maximizing the profits of VPPs. Meanwhile, we consider the quadratic cost function to quantify the deviation between the actual output and the planned output of DGs. The effectiveness of the bi-level dispatch model in load shifting and valley filling is proved by various scenarios. In addition, the flexibility of the model in participating in distribution system dispatch is also verified.
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INTRODUCTION
With the continuous development of the economy and the growth of electricity demand, the problem of peak load of the power grid has become more and more significant, which has a great impact on distribution systems’ operation and resource utilization. Under the dual pressure of environmental pollution and shortage of fossil energy, renewable energy generation technologies have developed rapidly. The technologies of joint dispatching of distributed generations (DGs) and energy storage devices (ESS) for load peak shaving and valley filling are widely concerned (Sigrist et al., 2013; Setlhaolo and Xia, 2015; Aneke and Wang, 2016; and Sahand et al., 2019). Li et al., 2017, proposed a charging/discharging strategy of ESS considering time of use (TOU) price and DGs, and the strategy had good economic benefit and obvious peak load shifting effect. The traditional pumped storage power station was combined with wind power station by Sheng and Sun, 2014, which made the output of wind-storage devices into a stable and schedulable power source to participate in peak load regulation and load curve smoothing. Yang et al., 2018, proposed a variable parameter power control strategy for ESS considering the effect of peak shaving and valley filling and state of charge interval, which reduced the peak valley difference of the system significantly.
Meanwhile, with the gradual development of power markets, demand response (DR) has been widely studied as an important measure which can optimize the utilization of demand side resources (Setlhaolo et al., 2014; Shafie-Khah et al., 2016; and Chen et al., 2018). Xu et al., 2014, considered the charging demand and load demand establishing a charging control strategy model of electric vehicles’ (EVs) charging station based on dynamic TOU, which realized load peak shifting and valley filling effectively. Zhao et al., 2019, considered the uncertainty of flexible load in actual response and proposed a multitime scale model of day ahead, intraday, and real time. The model had a good effect on load peak shaving and valley filling, and it consumed renewable energy resources adequately. Rasheed et al., 2015, considered the user comfort, power consumption cost, and the reduction degree of power consumption peak to optimize the residential load and adopted different optimization algorithms to solve the model.
However, it is difficult to manage DGs effectively because of their small capacity, wide distribution, intermittency, and randomness. In addition, the load of middle-sized and small-sized users is scattered and highly uncertain which makes it hard to participate in the distribution systems’ dispatch and power markets’ transaction. The contradiction between DGs, DR, and power grid is well solved through virtual power plants (VPPs). VPPs can realize the aggregation, coordination, and optimization of active resources such as DGs, ESS, flexible load, and EVs, which participate in the power markets and power grids operation as special power plants by integrating the above resources (Wei et al., 2013). Therefore, a series of studies on VPPs participating in power systems’ dispatch is in full swing (Bai et al., 2015; Ju et al., 2016b; Koraki and Strunz, 2018; and Zahid et al., 2019). Pandzic et al., 2013, aggregated wind power plants, photovoltaic power plants, conventional gas turbine power plants, and pumped hydro storages as a VPP and realized midterm dispatch by maximizing the profits of the VPP. Yi et al., 2020, proposed a bi-level planning model, which effectively improved the security and economy of the system by pricing the reactive power appropriately. In Ref. (Liu et al., 2018), the dispatch model of VPPs was established considering DR and carbon emissions, which studied the impact of environmental protection characteristics on the economy of VPPs. Ju et al., 2016a, established an optimization model which can reduce the fluctuation of wind power output by using variable load and improve VPPs’ profits.
Based on the studies mentioned above, a bi-level dispatch model based on VPPs is proposed in this paper for load peak shaving and valley filling, which arranges the DGs, ESS, and DR as a VPP to smooth the load curve and alleviates the peak load problem of distribution systems. The objective of the upper-level model is smoothing load curve, and the objective of the lower-level model is maximizing the profits of VPPs. Meanwhile, we consider the quadratic cost function to quantify the deviation between the actual output and the planned output of DGs, which is used to reduce the waste of renewable energy resources. The model can not only effectively improve the adjustability of all kinds of distributed energy resources (DERs) in load peak shifting and valley filling but also can improve the economic profits of VPPs. Finally, the effectiveness of the bi-level dispatch model in load peak shifting and valley filling is proved by various scenarios. In addition, the flexibility of the model in participating in distribution systems’ dispatch is also verified.
The remainder of this paper is organized as follows. The related theoretical models and concepts are introduced in Preliminary. The structure and organization process of the model are given in Bi-Level Dispatch Model of Distribution Systems with Virtual Power Plants. The flowchart of the bi-level dispatch model, detailed objective functions, and constraints are also presented in Bi-Level Dispatch Model of Distribution Systems with Virtual Power Plants. Case studies are provided in Case Study. Conclusion gives the conclusions of this paper.
PRELIMINARY
The Structure of Virtual Power Plant
VPPs are management systems which integrate different types of DERs such as distributed generators, ESS, flexible load, and EVs through advanced control, measurement, and communication technologies. They are used to participate in the power markets’ transactions and distribution systems’ dispatch, so as to realize the effective regulation and control of DERs. The structure of VPPs is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The structure of VPP.
The Model of Flexible Load
In the case of peak load problem which is constantly prominent, DR as an important measure of load regulation and control has been widely concerned by experts and scholars. Flexible load as a key resource in demand side can alleviate the power supply pressure of power grid greatly by participating in DR, and it can achieve peak shifting and peak avoidance to a certain extent. The strategies of DR are divided into price-based DR (PBDR) and incentive-based DR (IBDR). The PBDR is divided into TOU pricing, critical peak pricing, and spot pricing. TOU is a common electricity price strategy in China, which can effectively reflect the difference of power supply cost in different periods of power grids. The main measures are increasing the price in the peak period and reducing the price in the low period appropriately, which are used to reduce the peak-valley difference. Transferable load is a main expression form of PBDR strategy. And the IBDR includes direct load control, interruptible load, demand side bidding, emergency DR, capacity market project, and auxiliary service project. Before the implementation of IBDR, the DR implementation agency should sign a contract with the participating users, which includes the limits of load curtailment, response duration, and maximum response times. Curtailable load is a main expression form of IBDR strategy. Therefore, we quantify DR as transferable load and curtailable load in this paper.
Transferable Load
Transferable load refers to the load whose power supply time can be changed while the total electricity consumption remains unchanged before and after the transferring. It can be flexibly adjusted according to the needs of users or power grids, such as EV power stations, ice storages, ESS, and partial load of industrial and commercial users (Wang et al., 2014). The model of transferable load is shown as follows:
[image: image]
where [image: image] is the original load at time t; [image: image] is the load after transferring at time t; [image: image] is the proportion of the load transferred out at time t; and [image: image] is the proportion of the load transferred in at time t.
Curtailable Load
Curtailable load refers to the load whose total electricity consumption will decrease after responding the DR strategies. The model of curtailable load is shown as follows:
[image: image]
where [image: image] is the load after curtailing at time t; [image: image] is the proportion of curtailing at time t; and [image: image] is the curtailing degree, which is accepted by users at time t.
The Organization Process of the Dispatch Model
The main structure and organization process of the dispatch model of an active distribution network (ADN) with VPPs is formulated in Figure 2, and the detailed implementation procedures of the model are as follows:
(1) VPP agent aggregates the DERs such as photovoltaics (PVs), ESS, and some controllable resources such as curtailable load and transferable load firstly. Then, VPP agent submits the related parameters and aggregation model to the distribution system operator (DSO).
(2) According to the related parameters and aggregation model of VPP agent, the DSO will conduct the optimal dispatch scheme for the active distribution network which can smooth the load curve.
(3) According to the parameters of DERs and DR, VPP agent will conduct the optimal dispatch schemes of each individual resource in the VPPs with the goal of maximizing the profits of VPPs.
[image: Figure 2]FIGURE 2 | The structure and organization process of the dispatch model.
BI-LEVEL DISPATCH MODEL OF DISTRIBUTION SYSTEMS WITH VIRTUAL POWER PLANTS
Basic Framework of the Bi-Level Dispatch Model
The distribution system side, VPP side and user side have different requirements in the dispatch process. Therefore, a bi-level dispatch model is proposed in this paper. The objective of distribution system side is smoothing load curves, which is in the upper-level model. The objective of VPP side is maximizing the profits, which is in the lower-level model. In addition, we also consider DR in the lower-level model, which by introducing the flexible load of user side for dispatching. Meanwhile, we consider the quadratic cost function to quantify the deviation between the actual output and the planned output of DGs, which is used to reduce the waste of renewable energy resources. The bi-level model satisfies a series of constraints such as power balance restriction, VPP output restriction, DG output restriction, ESS restriction, and flexible load restriction. In order to ensure the effectiveness in load peak shaving and valley filling, the distribution system level objective is the main focus, while the profits of VPPs are secondary. The specific dispatch strategies of individual resources in VPPs are obtained at last. There is a brief introduction to the iteration process. Firstly, the DSO of the upper-level sends the dispatch plan to the VPPs in the lower-level, and the VPPs in the lower-level make the response to the dispatch plan under the condition of satisfying their own operation constraints and then send the dispatch plan to the upper-level model. However, there are many constraints need to be satisfied of the units of VPPs, and VPPs may not be able to fully respond to the dispatch plan of distribution systems’ layer. If the VPPs’ output of the lower level does not fully respond to the planned output of the upper level, a new output will be generated in the VPPs’ layer and if the VPP output deviation between the upper-level and the lower level exceeds σ, the new output will be sent to the upper-level for a new iteration. The distribution system will make adjustments and resend the new dispatch strategies. Figure 3 shows the flow chart of the bi-level dispatch model.
[image: Figure 3]FIGURE 3 | The flow chart of the bi-level dispatch model.
The Description of the Upper-Level Model
Objective Function
The upper-level model is the distribution system side dispatch model, and the objective is minimizing the peak valley difference of distribution systems and minimizing the VPP output deviation between the upper-level and lower-level. The expression of the upper-level model is as follows:
(1) Minimizing the peak valley difference of distribution systems
[image: image]
[image: image]
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where [image: image] is the load at time t after VPPs dispatch; [image: image] is the original load at time t; [image: image] is the output of the [image: image] VPP at time t in the upper level; [image: image] is the output of the [image: image] DG in the [image: image] VPP at time t; [image: image] is the output of the [image: image] ESS in the [image: image] VPP at time t; [image: image] is the output of the [image: image] controllable user in the [image: image] VPP at time t; [image: image] is the number of VPPs in the system; [image: image] is the number of DGs in the [image: image] VPP; [image: image] is the number of ESS in the [image: image] VPP; and [image: image] is the number of controllable users in the [image: image] VPP.
(2) Minimizing the VPP output deviation
[image: image]
where [image: image] is the output of the [image: image] VPP at the time t in the lowe-level.
Constraints

(1) Power balance equation:
[image: image]
[image: image]
where [image: image] is the minimum output of the [image: image] VPP and [image: image] is the maximum output of the [image: image] VPP.
The Description of the Lower-Level Model
Objective Function
Objective Function of Stage 1
There are many constraints need to be satisfied of the units of VPPs, VPPs may not be able to fully respond to the dispatch plan of distribution systems’ layer. Therefore, before the optimization of the lower-level model, we set the objective of minimizing the VPP output deviation between the upper level and lower level to obtain the actual output of the lower level. The objective can be described as follows:
[image: image]
If the VPPs’ output of the lower level fully responds to the planned output of the upper level, no new [image: image] will be generated; if not, a new [image: image] will be generated in the VPP layer. [image: image] will be sent to the upper-level model for a new round of iteration. The [image: image] of the lower-level model is taken as the constraint of the output of the upper-level model.
Objective Function of Stage 2
The lower-level model is the VPP side dispatch model, and the objective is to maximize the profits of VPPs. In this paper, the profits of VPPs include the generation income of DGs, the compensation income of DR, and the peak-shaving income of ESS. It is worth noting that the peak-shaving income of ESS includes not only the electricity cost/income due to ESS charging/discharging but also the compensation for peak-shaving ancillary service and even some environmental profits in the process of peak shaving. However, due to the lack of appropriate ancillary service prices and the difficulty in collecting pollutant density of thermal power units, we only consider the charging and discharging income of ESS in this paper. The detailed description of the lower-level model is as follows:
[image: image]
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where [image: image] is the compensation income of the [image: image] user in the [image: image] VPP at time t; [image: image] is the peak shaving income of the [image: image] ESS in the [image: image] VPP at time t; [image: image] is the electricity sales revenue of the [image: image] DG in the [image: image] VPP at time t; [image: image] is a quadratic cost function, which represents the penalty cost of the [image: image] DG in the [image: image] VPP at time t; [image: image] is the transferable load response capacity of the [image: image] user in the [image: image] VPP at time t; [image: image] is the curtailable load response capacity of the [image: image] user in the [image: image] VPP at time t; [image: image] is the charging power of the [image: image] ESS in the [image: image] VPP at time t; [image: image] is the discharging power of the [image: image] ESS in the [image: image] VPP at time t; [image: image] is the curtailment state of the [image: image] users in the [image: image] VPP at time t; [image: image] is the transfer state of the [image: image] users in the [image: image] VPP at time t; [image: image] is the charging state of the [image: image] ESS in the [image: image] VPP at time t; [image: image] is the discharging state of the [image: image] ESS in the [image: image] VPP at time t; [image: image] is the operation state of the [image: image] DG in the [image: image] VPP at time t; [image: image] is the unit capacity compensation price of the [image: image] DR in the [image: image] VPP at time t; [image: image] is the electricity price at time t; [image: image] and [image: image] are the coefficients of quadratic cost function (Wang et al., 2019); and [image: image] is the forecasting output of the [image: image] DG in the [image: image] VPP at time t.
Constraints
The Constraints of Stage 1

(1) The supply and demand balance of VPPs:
[image: image]
[image: image]
where [image: image] is the maximum output of the [image: image] DG in the [image: image] VPP at time t.
(3) ESS constraints:
Equations 17–22 are the constraints of ESS. Equation 17 is the relationship between stored energy and charging/discharging power of ESS at time t, Equation 18 is the capacity constraint of ESS, Equations 19 and 20 are charging power and discharging power constraint, respectively, Equation 21 is working state constraint of ESS, and the working state can be divided into idle, charging, and discharging, and it can only be in one state in a moment; Equation 22 is the periodic constraint of ESS:
[image: image]
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where [image: image] is the energy of the [image: image] ESS in the [image: image] VPP at time t; [image: image] is the charging efficiency of ESS; [image: image] is the discharging efficiency of ESS; [image: image] is the maximum charging/discharging power of the [image: image] ESS in the [image: image] VPP; [image: image] is the rated capacity of the [image: image] ESS in the [image: image] VPP; [image: image] and [image: image] are the maximum/minimum state of charge of the [image: image] ESS in the [image: image] VPP; and the value are 0.8 and 0.2, respectively, in this paper.
(4) Flexible Load Constraints:
Equations 23–26 are the curtailable load constraints, and Equations 27 to 29 are the transferable load constraints. Equation 23 is the user comfort and acceptance constraint, which limits the upper and lower limit of curtailable load capacity at time t. Equation 24 is the curtailable number constraint. Equation 25 is the upper and lower limit constraint of the response capacity of curtailable load in one user. Equation 26 is the constraint of the total response capacity of curtailable load in one VPP. Equation 27 is the user comfort and acceptance constraint, which limits the upper and lower limit of transferable load capacity at time t. Equation 28 is the upper and lower limit constraint of the response capacity of transferable load in one user. Equation 29 is the constraint of the total response capacity of transferable load in one VPP:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where [image: image] is the lower limit of the curtailable load of the [image: image] user in the [image: image] VPP at time t; [image: image] is the upper limit of the curtailable load of the [image: image] user in the [image: image] VPP at time t; [image: image] is the lower limit of the curtailable load of the [image: image] user in the [image: image] VPP in one dispatch cycle; [image: image] is the upper limit of the total curtailable load of the [image: image] user in the [image: image] VPP in one dispatch cycle; [image: image] is the upper limit of curtailable number of the [image: image] user in the [image: image] VPP in one dispatch cycle and the value is 16 in this paper; [image: image] is the curtailable load capacity of all users in the [image: image] VPP in one dispatch cycle; [image: image] is the lower limit of the transferable load of the [image: image] user in the [image: image] VPP at time t; [image: image] is the upper limit of the transferable load of the [image: image] user in the [image: image] VPP at time t; [image: image] is the lower limit of the transferable load of the [image: image] user in the [image: image] VPP in one dispatch cycle; [image: image] is the upper limit of the transferable load of the [image: image] user in the [image: image] VPP in one dispatch cycle; and [image: image] is the transferable load capacity of all users in the [image: image] VPP in one dispatch cycle. One dispatch cycle is 24 h in this paper.
The Constraints of Stage 2

1) VPPs’ output constraints:
[image: image]
where [image: image] is the output of VPPs which obtained from objective function of stage 1.
Other constraints of stage 2 are the same as that of stage 1.
Model Processing and Implement Method
The upper-level model of the bi-level dispatch model proposed in this paper is a typical mixed integer linear programming model. The lower-level model contains nonlinear objective functions, which is a mixed integer nonlinear programming model. The objective function in the lower-level model is transformed into linear description by KKT condition (Zhang et al., 2018, and Wei et al., 2015). Then, we can solve the model by calling optimization software CPLEX through YALMIP in MATLAB. The convergent gap value of CPLEX solver is set to 0.01%.
CASE STUDY
Case Introduction
We consider two VPPs participating in the distribution system dispatch. One VPP consists two photovoltaic systems and one ESS. The installed capacity of PV is 100 kW, the capacity of the ESS is 1,800 kWh, and the rated power is 300 kW. The other VPP consists one photovoltaic system and one ESS. The installed capacity of PV is 200 kW, the capacity of the ESS is 900 kWh and the rated power is 150 kW. The load data are from a typical day of a city in southern China. DR resources contain transferable load and curtailable load in this paper. The transferable load accounts for 3% of the total load and the curtailable load accounts for 1% of the total load in the first VPP system. In the second VPP system, the transferable load accounts for 2% of the total load and the curtailable load accounts for 1% of the total load. We adopt TOU in this paper. The division of peak-valley time period and the electricity price of each period are shown in Table 1. The rated output of PV is shown in Table 2. In this paper, the system electricity price at the curtailable time is used to compensate for the curtailable load (Luo and Song, 2015), and 80% of the system electricity price at the transferable time is used to compensate the transferable load (Liu et al., ) [image: image] and [image: image] (Wang et al., 2019).
TABLE 1 | The division of TOU.
[image: Table 1]TABLE 2 | The output of PV (p.u.).
[image: Table 2]Result Analysis
Scenario Setting
This paper simulates four different scenarios to analyze the optimization effect on the load curve by VPPs when aggregating different types of DERs. Scenario 1 is the benchmark scenario, which considers the optimization of load curve only with DGs; scenario 2 does not consider the DR, but only considers the DGs and ESS to optimize the load curve; scenario 3 does not consider ESS, but only considers DGs and DR to optimize the load curve; scenario 4 is a comprehensive scenario, considering DGs, ESS, and DR to optimize the load curve. Table 3 shows the scenarios in detail.
TABLE 3 | Different scenarios of VPPs.
[image: Table 3]Optimization Effect and Analysis
Figure 4 shows the optimized load curve in different scenarios. In scenario 1, the peak period of DGs does not completely match with the peak period of load demand, so DGs power output cannot be fully absorbed, which causes the problem of resource waste. The effect of the optimization is not obvious. Scenario 2 considers the combination of DGs and ESS for dispatching. ESS smooths the load curve by discharging at peak periods and charging at valley periods. Meanwhile, the introduction of ESS can realize the local absorption of DGs, which can greatly improve the renewable energy resource utilization rate. Scenario 3 considers DR for optimizing load curve, and the introduction of DR can effectively reduce the load peak valley difference. In addition, due to the lack of ESS coordination, the waste of DGs is serious. Scenario 4 considers all the resources comprehensively. It can be seen from Figure 4 that the smoothness performance of load curve and the peak valley difference are optimal in scenario 4. Aggregating DGs, ESS, and DR as VPPs for distribution systems’ dispatch can relieve the pressure of power grid more.
[image: Figure 4]FIGURE 4 | Optimized load curve in different scenarios.
Virtual Power Plant Dispatch Strategies and Analysis
Figures 5 and 6 show the dispatch strategies of the two VPPs in scenario 4, respectively. Figure 7 shows the total dispatch strategies of VPPs in scenario 4. We can see that the ESS charging in the valley period of TOU price and discharging in the peak period of TOU price. Meanwhile, the transferable load is transferred from the peak period to the valley period, and the curtailable load is curtailed in the peak period. DGs output is close to the rated output, which greatly improves the utilization of resources and the profits of VPPs.
[image: Figure 5]FIGURE 5 | Dispatch strategies of VPP1 in scenario 4.
[image: Figure 6]FIGURE 6 | Dispatch strategies of VPP2 in scenario 4.
[image: Figure 7]FIGURE 7 | Dispatch strategies of VPPs in scenario 4.
Table 4 shows the optimization performance of VPPs with some typical indexes of load curve in scenario 4. It can be clearly seen from Table 4 that aggregating DGs, ESS, and DR as VPPs to optimize the distribution systems load can improve the relevant indexes greatly, which can realize the load peak shaving and valley filling of the distribution systems effectively. Moreover, it can alleviate the pressure of the distribution systems greatly and provide scientific guidance for distribution systems planning, construction, and management.
TABLE 4 | The optimization performance measured by typical indexes.
[image: Table 4]CONCLUSION
The problem of large peak valley difference and the peak load problem have a negative impact on the distribution systems’ operation and resource utilization rate. A bi-level dispatch model of distribution systems with VPPs is proposed in this paper to solve the problems mentioned above. The objective of the upper-level model is smoothing load curve, and the objective of the lower-level model is maximizing the profits of VPPs. The effectiveness of the bi-level dispatch model in load peak shifting and valley filling is proved by various scenarios. In addition, the flexibility of the model in participating in distribution systems dispatch is verified as well. Through the analysis of the case studies, the following conclusions can be drawn:
(1) Active resources play an important role in solving the large peak valley difference and the peak load problem of distribution systems. In this paper, we aggregate various kinds of active resources as VPPs to participate in distribution systems’ dispatch, which solve the problem of high uncertainty and difficulty in management of the active resources. The model reflects the high flexibility of the VPPs in the process of distribution systems’ dispatch.
(2) The flexible load and ESS have a very significant performance in the smoothing load curve. In addition, the ESS can rely on their own charging and discharging characteristics to cooperate with the DGs in VPPs, which increases the utilization rate of resources.
(3) The bi-level dispatch model in this paper can not only maximize the local consumption of DGs and improve the economy of VPPs but also smooth the load curve and reduce the peak valley difference. Moreover, it can provide more scientific and accurate guidance for the future distribution systems’ planning.
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