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Editorial on the Research Topic
Flexible and Active Distribution Networks
INTRODUCTION
With the increasing penetration of distributed generators (DG), distribution networks are gradually transforming from passive networks to active distribution networks (ADN) (Ji et al., 2019a). However, the intermittent power generation of DGs has significant uncertainties in spatial and temporal distribution. These uncertainties bring challenges and put forward higher requirements for operational flexibility in ADN (Mi et al., 2019). Simultaneously, accurate and fast power flow control by flexible distribution devices, represented by soft open point (SOP) (Bloemink and Green, 2010), solid transformer, distribution unified power flow controller, can significantly improve the operational flexibility of ADNs. The wide application of power electronic devices provides opportunities for the further improvement on the performances of distribution networks (Lee et al., 2019).
This Research Topic is organized to introduce the recent progresses on the modeling, simulation, operation and planning of ADNs with various flexible distribution equipment (power electronic devices). Finally, fifteen papers have been accepted for this Research Topic, which can be sorted into the following three categories including 1) Efficient modeling, simulation and analysis methods; 2) Operation control and energy management under uncertainties; 3) Flexibility and resilience evaluation and enhancement. The three sections below respectively introduce the major researches and contributions of the papers covered in each category.
Efficient Modeling, Simulation and Analysis Methods
Mathematically, the optimal operation of distribution networks generally belongs to large-scale, non-convex and non-linear optimization problems. The integration of power electronic devices in ADNs also increases the complexities in modeling, simulation and analysis (Li et al., 2017). It is necessary to develop efficient methods for optimal operation and control issues in ADNs.
Fu et al. propose an optimal power flow calculation method for the three-phase four-wire low-voltage distribution system. Through improving the node admittance matrix, the complexity of problem solving is effectively reduced.
Li et al., 2017 establish an analysis model to evaluate the wind power consumption capacity. The influence of adjustable parameters on the consumption capacity is quantitatively analyzed.
Li et al., 2017 present a positive sequence voltage fault component polarization impedance criterion. It can adaptively follow the fault resistance variation with less affected by the fault response characteristics of inverter interfaced DGs.
Sun et al. develop a linearized model for modular multilevel converter (MMC) considering diverse failure scenarios. Then, an analytical calculation method is proposed to solve the problem of single-pole grounding short-circuit.
Wang et al. design the DG-load matching degree and the accommodation ratio to analyze DG accommodation in ADN. The simulation model of sequential production is further proposed to calculate the DG-network-load accommodation ratio.
Operation Control and Energy Management Under Uncertainties
The integration of volatile DG and various demand-side resources with uncertainties makes the operation more complex and challenging (Liu et al., 2018). Thus, it is important to investigate the optimal control and energy management methods to deal with the uncertainties (Ma et al., 2019).
Hu et al. develop a two-stage framework for complementary power generation of wind, hydropower and pumped storage systems. The forecast evolution model is established to describe the uncertainties of wind power in different regions.
Luo et al. present a bi-level dispatch model based on virtual power plants (VPPs), which arranges DGs, ESSs and demand response resources as a VPP. VPPs are utilized to alleviate the peak load level of distribution systems.
Song et al. develop a coordinated stochastic scheduling model of integrated electricity and natural gas systems to address the uncertainty of DGs and loads. It helps to accommodate wind power and provide additional flexible ramping capacities.
Qazi et al. utilize cooperative game theory for the optimal operation of isolated microgrid-clusters. To mitigate uncertainties from DGs and loads, the frequency is regulated in real-time and a dynamic droop control process is adopted.
Wang et al. consider load aggregators (LAs) and ADNs as two stakeholders and adopt a distributed method to establish different economic optimization goals.
Flexibility and Resilience Evaluation and Enhancement
Flexibility and resilience enhancement are increasingly important for the operation of ADN (Parvania et al., 2020). Meanwhile, the quantitative evaluation of flexibility and resilience has become a major concern for the system operation (Ji et al., 2019b).
Cai et al. propose a reliability calculation model with ESS integration. The impacts of different prices and incentive policies are analyzed for flexibility and reliability improvement.
Hou et al. present an improved reliability evaluation approach of ADN. The impact increment method and shadow price are adopted to address the high penetration level of renewable energy.
Huo et al. design a multi-station topology to realize the flexible connection of distribution networks. A coordinated control strategy is proposed to ensure the reliable and efficient operation of multi-station system.
Wang et al. develop an operation strategy for SOP-based ESSs with the consideration of battery life. ESSs are regulated to promote DG penetration and reduce the operational cost of ADNs.
Xing et al. propose an optimal dispatch model to facilitate DG integration. Multiple devices are coordinated and the benefits for dispatchable resources are considered in a multi-objective framework.
CONCLUSION
The papers in this Research Topic cover various technical solutions for flexible operation problems of distribution networks, such as the efficient analytical methods with high penetration of DG, flexible operation methods under uncertainties, and system planning with flexible distribution devices. The research will facilitate the enhanced flexibility, efficiency, and reliability of distribution networks under complex environments brought by high DG penetration.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
ACKNOWLEDGMENTS
Authors would like to acknowledge the National Natural Science Foundation of China (U1866207, 61873159, 52007131, 51907139), and National Key Research and Development of China (2018YFB1503001), which have made this Frontiers Research Topic possible.
REFERENCES
 Bloemink, J. M., and Green, T. C. (2010). Increasing Distributed Generation Penetration Using Soft Normally-Open Points,  (July 25-29, 2010), Minneapolis, MN, IEEE Power and Energy Society General Meeting. Providence, RIPiscataway, NJ: IEEE. doi:10.1109/pes.2010.5589629
 Ji, H., Wang, C., Li, P., Ding, F., and Wu, J. (2019a). Robust Operation of Soft Open Points in Active Distribution Networks with High Penetration of Photovoltaic Integration. IEEE Trans. Sustain. Energ. 10 (1), 280–289. doi:10.1109/TSTE.2018.2833545
 Ji, H., Wang, C., Li, P., Song, G., Yu, H., and Wu, J. (2019b). Quantified Analysis Method for Operational Flexibility of Active Distribution Networks with High Penetration of Distributed Generators. Appl. Energ. 239, 706–714. doi:10.1016/j.apenergy.2019.02.008
 Lee, T., Zhou, Y., Chao, L., Jianzhong, Wu., and Nick, J. (2019). A General Form of Smart Contract for Decentralized Energy Systems Management. Nat. Energ. , 4 (2), 140–149. doi:10.1038/s41560-018-0317-7
 Li, P., Ji, H., Wang, C., Zhao, J., Song, G., Ding, F., et al. (2017). Coordinated Control Method of Voltage and Reactive Power for Active Distribution Networks Based on Soft Open point. IEEE Trans. Sustain. Energ. 8 (4), 1430–1442. doi:10.1109/TSTE.2017.2686009
 Liu, N., Cheng, M., Yu, X., Zhong, J., and Lei, J. (2018). Energy-Sharing Provider for PV Prosumer Clusters: A Hybrid Approach Using Stochastic Programming and Stackelberg Game. IEEE Trans. Ind. Electron. 65 (8), 6740–6750. doi:10.1109/TIE.2018.2793181
 Ma, L., Liu, N., Zhang, J., and Wang, L. (2019). Real-time Rolling Horizon Energy Management for the Energy-Hub-Coordinated Prosumer Community from a Cooperative Perspective. IEEE Trans. Power Syst. 34 (2), 1227–1242. doi:10.1109/TPWRS.2018.2877236
 Mi, Y., Chen, X., Ji, H., Ji, L., Fu, Y., Wang, C., et al. (2019). The Coordinated Control Strategy for Isolated DC Microgrid Based on Adaptive Storage Adjustment without Communication. Appl. Energ. 252, 113465. doi:10.1016/j.apenergy.2019.113465
 Parvania, M., Bindner, H. W., and Qadrdan, M. (2020). Guest Editorial: Maximising Flexibility through Energy Systems Integration. IET Energ. Syst. Integration 2 (2), 67–68. doi:10.1049/iet-esi.2020.0054
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Li, Mi, Liu, Zhou, Yu and Ji. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	



ORIGINAL RESEARCH



published: 05 November 2020




doi: 10.3389/fenrg.2020.596774











[image: image2]





Two-Stage Stochastic Scheduling of Integrated Electricity and Natural Gas Systems Considering Ramping Costs With Power-to-Gas Storage and Wind Power





Xiaozhe Song
1
, Chuqiao Lin
2
, Rufeng Zhang
2
, Tao Jiang

2


*
 and Houhe Chen
2










1

State Grid Jilin Electric Power Company Limited, Changchun, China






2

Department of Electrical Engineering, Northeast Electric Power University, Jilin, China




Edited by:


Peng Li, Tianjin University, China




Reviewed by:


Jian Chen, Shandong University, China

Xiandong Xu, Cardiff University, United Kingdom





* Correspondence: Tao Jiang, tjiang@neepu.edu.cn





Specialty section: This article was submitted to Smart Grids, a section of the journal Frontiers in Energy Research




Received: 20 August 2020

Accepted: 02 October 2020

Published: 05 November 2020




Citation: Song X, Lin C, Zhang R, Jiang T and Chen H (2020) Two-Stage Stochastic Scheduling of Integrated Electricity and Natural Gas Systems Considering Ramping Costs With Power-to-Gas Storage and Wind Power. Front. Energy Res. 8:596774. doi: 10.3389/fenrg.2020.596774




Power-to-gas (P2G) facilities and natural gas fired power units provide flexibility to integrated electricity and natural gas systems (IENGS) for wind power accommodation and ramp deployment. This paper proposes a stochastic coordinated scheduling model for IENGS considering ramping costs with P2G storage and wind power. The operation model of natural gas system with P2G is presented, and the benefits of P2G integration are analyzed. To address the uncertainties of wind power and energy loads, multiple representative scenarios are generated. The flexible ramping requirements and costs are incorporated and analyzed, and flexible ramp can be provided by P2G in this work. The coordinated scheduling model for IENGS is formulated as a two-stage stochastic programming problem, in which day-ahead scheduling for electricity systems is modeled in the first stage model and scheduling of natural gas systems is carried out in the second stage model. Numerical case studies on a modified PJM 5-bus electricity system with a 7-node natural gas system and the IEEE 118-bus system with a 20-node Belgian natural gas system verify that P2G can help accommodate wind power, provide additional flexible ramping capacities, and reduce the gas supply from gas suppliers and gas load shedding.


Keywords: power-to-gas, ramping cost, wind power accommodation, stochastic programming, natural gas system




INTRODUCTION


In the last decade, the use of natural gas for power generation has increased significantly throughout the world (Zhang et al., 2020). The growth of natural gas-fired generation increases the interaction between electricity systems and natural gas systems (Li et al., 2008; Chaudry et al., 2014), and, together with renewable generation, makes the operation of electricity systems more environmentally friendly (Zhang et al., 2016).

In integrated electricity and natural gas systems (IENGS), the integration of large-scale intermittent and uncertain renewable energy brings major challenges to the operation of the electricity system. Curtailment of renewable energy frequently occurs due to the lack of system flexibility. As the variability increases, fast-ramp thermal units can provide flexible ramp deployment to maintain power balance (Wang et al., 2008). The fast ramping capacities of gas-fired generation units can provide operational flexibility (Baldick, 2014). In (Zhang et al., 2016) and (Alabdulwahab et al., 2015), stochastic day-ahead scheduling and security-constrained unit commitment models are proposed, respectively, and the flexibility and quick ramping capability of gas-fired generation units demonstrate the possibility of firming the variability of wind power when it is constrained by the natural gas network.

Power-to-gas (P2G) technology can achieve the conversion of electric energy to hydrogen or synthetic natural gas (SNG). Gas-fired generation units and P2G facilities realize bidirectional coupling of IENGS (Clegg and Mancarella, 2016; He et al., 2017). P2G technology is treated as a promising approach to realize high penetration of renewables and low carbon emission in (Li et al., 2017a; Yang et al., 2019). The electricity consumption of P2G can reshape the load profile, reducing wind power curtailment in valley periods and the load difference between peak and valley periods. The SNG produced as a result can then be stored or utilized in the gas network. Some existing publications have studied the operation strategy for P2G. Day-ahead scheduling of P2G storage is studied in (Khani and Farag, 2018), in which P2G storage is optimally scheduled in both electricity and gas markets. In (Clegg and Mancarella, 2015), a methodology to investigate various P2G processes is proposed and their impacts on electricity and gas networks are analyzed. In (Alkano and Scherpen, 2018), the coordination of supply from P2G facilities is studied based on a model predictive control approach. The above works verify that P2G with storage can reduce renewable energy curtailment and that P2G can play a role in the operation of natural gas systems. P2G can also help ramp by regulating the amount of consumed electricity energy. However, the benefit of P2G on flexible ramp deployment has not been considered in the existing works.

Variability and uncertainty of large-scale wind power can be handled by ramping capacities of thermal units, including gas-fired generation units. The fast ramping capability of gas-fired units makes them an important resource for providing flexibility and addressing uncertainties in a power system. Thus, the natural gas network needs to be optimally scheduled to ensure an available fuel supply for the gas-fired units to address any realization of uncertain scenarios. Moreover, the ramping costs should be included. The existing works on coordinated optimal operation of IENGS mainly focus on integrated planning (Zhang et al., 2015; Zhang et al., 2016), day-ahead scheduling (Liu et al., 2010; Alabdulwahab et al., 2015; Bai et al., 2016; He et al., 2017), unit commitment (Wang et al., 2008), and reserve scheduling (Liu et al., 2019). However, the optimal scheduling of natural gas system is barely considered.

To bridge these gaps, a coordinated stochastic scheduling model of IENGS with P2G and wind power is proposed in this paper. The primary goal of this work is to carry out coordinated stochastic optimal scheduling of IENGS utilizing P2G storage to promote wind power integration and reduce ramping costs for electricity systems. The major contributions are summarized as below.

(1) Compared to the work in (Li et al., 2017b), the coordinated scheduling model is formulated as a two-stage stochastic programming problem. Uncertainties of wind power, electricity loads, and natural gas loads are considered. Day-ahead stochastic scheduling of electricity systems is carried out in the first stage to determine the gas loads of gas-fired generation units and produced SNG of P2G for all scenarios, which are utilized in the second stage optimization model. Stochastic scheduling of natural gas systems is modeled in the second stage model to check the feasibility of natural gas transmission for all scenarios and optimally schedule the gas supply and P2G storage. The two stage models are formulated as a linear programming (LP) problem and a mixed-integer linear programming (MILP) problem, respectively.

(2) The benefits of the integration of P2G storage for IEGNS are analyzed in this paper. For electricity systems, a P2G facility can regulate its power consumption to change the electricity load profile to reduce wind power curtailments and ramping costs. For natural gas systems, the produced SNG in P2G storage can participate in the operation of natural gas systems to reduce the gas consumption from natural gas suppliers and help reduce gas load shedding, especially for loads of gas-fired generation units under uncertain scenarios.

(3) Flexible ramping requirements and costs are analyzed and presented. Ramping costs are considered, and flexible ramps can be provided by P2G storage. Natural gas network constraints with P2G storage are considered, and an evaluation of the optimal scheduling of gas suppliers and storage is conducted.

The rest of this paper is organized as follows. In Natural Gas Networks Model With Power-to-Gas Storage, a model of a natural gas network with P2G is presented. Uncertainties of Wind Power Sources and Energy Loads and Flexible Ramp presents the uncertainties of wind power, energy loads, and flexible ramps. In Stochastic Coordinated Scheduling Model, the stochastic day-ahead scheduling model is formulated, and the solution approach is proposed. In Case Studies, case studies are conducted to demonstrate the effectiveness of the model. Concluding remarks are presented in Conclusion.




NATURAL GAS NETWORKS MODEL WITH POWER-TO-GAS STORAGE




Natural Gas Network


In natural gas systems, the network consists of gas wells (gas suppliers), pipelines, storage, and compressors. The majority of natural gas is produced from gas wells. The gas supply S

j
 from gas wells is limited by upper and lower boundaries S

j,max and S

j,min, as shown in Eq. 1:
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The pipeline flow F

mj
 relates to pressures of node m and j in Eq. 2 and the nodal pressure is constrained in Eq. 3:


[image: image]



[image: image]


where sgn () represents sign function, which shows gas flows from a high pressure node to a low pressure node.

The compressor can be driven by power from the electricity power grid (Li et al., 2017b). The power consumption is:
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Power-to-Gas Process


P2G facilities are suppliers in natural gas systems and loads in electricity systems. SNG produced by P2G facilities can be stored for use in later scheduling periods. Faster ramping rates of P2G facilities with the technology of a proton exchange membrane (PEM) can better follow power fluctuations (Grond et al., 2013; Clegg and Mancarella, 2015). In this paper, the motivation behind studying P2G and the benefits of considering P2G can be summarized as follows:

(1) From the perspective of wind power accommodation, P2G can reduce wind power curtailment by increasing electricity load. In valley electricity load periods, thermal power units cover a large portion of the power load due to lower output limits and spinning reserve constraints, resulting in a heavy curtailment of wind power. P2G can utilize the surplus wind power to generate SNG.

(2) The power consumption regulating ability of P2G can provide additional flexible ramping capacities to account for power fluctuations and uncertainties. During periods in which thermal units should ramp down dramatically to follow power load and wind power fluctuation and uncertainty, P2G can increase load values and hence reduce ramping requirements.

(3) The SNG generated by P2G can be utilized in a natural gas system to reduce gas consumption from natural gas suppliers and may help to reduce gas load shedding when the P2G storage is integrated at certain nodes. The operation constraints of P2G are stated as 
Eqs 6–8
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The energy conversion process of P2G can be described by Eq. 6, and volumetric quantity is calculated by Eq. 7. The hourly produced SNG should be positive and limited by the upper bounds in Eq. 8.





UNCERTAINTIES OF WIND POWER SOURCES AND ENERGY LOADS AND FLEXIBLE RAMP


In this section, uncertainties of wind power, electricity loads, and natural gas loads are represented by a set of scenarios. The flexible ramping requirements and costs are also analyzed.



Wind Power and Energy Loads Uncertainty and Sampling Method


Uncertainties of wind power, electricity loads, and natural gas loads with inevitable forecasting errors are modeled based on probability distribution functions. Normal distribution function has been utilized to obtain hourly wind power and energy load forecasting errors.

To simulate the uncertainties of wind power and electricity and natural gas loads, the Monte Carlo method is utilized to generate proper number of uncertain scenarios. Large numbers of scenarios would increase the computation burden, and scenario reduction techniques should be utilized. The scenario reduction algorithms would determine a scenario subset and assign new probabilities to the preserved scenarios. In this paper, the SCENRED tool in the General Algebraic Modeling System (GAMS) is executed for scenario reduction process, which contains several reduction algorithms. In this paper, fast backward reduction method is employed. The probabilities for all generated scenarios before reduction are assumed to be the same, with a cumulative sum equal to one (ΣPs = 1). After reduction, smaller number of scenarios would be obtained with corresponding probabilities.




Flexible Ramping Requirements and Costs


Controllable thermal power units in traditional power systems are adjusted to follow load fluctuations. However, the integration of renewable energy sources (RES) increases variability in power system operation. The net load, which equals to total load minus total available RES generation, is more volatile and requires more ramping capability from thermal units between operating periods in case of power imbalance. Moreover, the forecasting errors of loads and RES should also be balanced by upward and downward flexible ramping of thermal units. Hence, the flexible ramping requirements of thermal units include the following two parts:

• Flexible ramping requirements must follow hourly net load fluctuation. Thermal generation units ramp up/down to follow net load fluctuation between scheduling periods. The more volatile the net load is, the more ramping requirements are expected. The ramping capacity of a thermal generation unit is constrained by its ramping rate and minimum/maximum output limits. In the day-ahead electricity market, the flexible ramping offer is included in a generator's offer and cleared at the bidding prices of up/down ramping together with the energy offer (Wu et al., 2015). The costs for flexible ramping between adjacent scheduling periods are calculated as:


[image: image]


• Flexible ramping requirements must guarantee secure operation under uncertainties of load and RES, as represented in the uncertain scenarios. In each scenario, a ramping cost similar to that of the base case is considered. Moreover, flexible ramping can ensure a transition from the scheduled operation status of the base case to all possible scenarios. The feasible corrective dispatch of thermal units from the base case to all possible scenarios ensures the power balance, but the ramp offer should be optimally determined and allocated. The corrective ramping costs are calculated as:
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The bidding prices of flexible ramping are assumed to be the same as up and down ramping costs in the base case.

The total ramping costs are shown as:


[image: image]


Remark 1: Natural gas-fired units can provide operational flexibility through their fast-ramp capacities. However, the power output of gas-fired units relates to natural gas consumption, which is constrained by the limits of the natural gas network. So the flexible ramp provided by natural gas-fired units is also constrained, especially in peak natural gas load periods. In these periods, heavy nodal loads lead to violations of the natural gas network, such as the nodal pressure of an end node of long pipeline falling below its lower limit.





STOCHASTIC COORDINATED SCHEDULING MODEL


In this section, the proposed two stage stochastic scheduling model is formulated.



First Stage Model


The objective function of the first stage stochastic scheduling model for electricity system is to minimize the expected operation cost of the electricity system, including electricity bidding costs, wind power curtailment costs, ramping costs and P2G operation costs, as shown in Eq. 12.



Objective Function
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Constraints
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P2G constraints: 
Eqs 6–8



For each scenario s, the electricity balance constraint is shown in Eq. 13, power generation constraints of thermal units and wind power are shown in 
Eqs 14 and 15
. Ramping and spinning reserve constraints are presented in 
Eqs 18–21
. Constraint Eq. 19 ensures the transition of operation status from the base case to all scenarios. Transmission constraints based on a DC power flow model are shown in Eq. 22.





Second Stage Model


In the second stage, the stochastic scheduling for natural gas systems is carried out based on the scheduling results of the first stage model. The hourly gas loads (including those of gas fired power units) are optimally allocated among different gas suppliers according to various bidding prices. Moreover, P2G storage can participate in the optimal operation of natural gas systems. The storage can charge gas flow from the P2G process and gas network and discharge it as gas supply.



Objective Function


The objective function of the stochastic scheduling model of natural gas systems is to minimize the expected purchasing costs. The objective function is formulated as:
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Constraints


Constraints 
Eqs 1–5
 in each scenario s:

Natural gas balance:
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Constraints of gas storage integrated with P2G:
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Eq. 25 gives the calculation of state of charge (SOC) of P2G storage. [image: image] is the exchanged gas flow of P2G storage to the natural gas network. The positive values correspond to discharging flow and the negative values correspond to charging flow. 
26 and 27
 state the upper and lower limits of the SOC and charging and discharging flow, respectively. [image: image] is added to set the lower and upper bounds of the SOC at a value that leaves reserves. Eq. 28 gives the initial SOC of P2G storage. The SOC of t = 24 should meet or exceed the initial SOC if it is to be used in the next scheduling horizon.

To handle the nonlinear constraints of natural gas pipeline flow, the linearization method of our previous work (Li et al., 2017b) is introduced in this paper, and the second stage scheduling model can be formulated as a MILP problem.





Solution Approach


The flow chart of the solution approach for the proposed stochastic scheduling model is shown in Figure 1. Major steps of this method are summarized as follows.

Step 1: Input data of networks, wind power and energy loads in IENGS. The initial stochastic scenarios are generated by Monte Carlo. In this paper, the SCENRED tool in the GAMS is applied to perform scenario reduction to reduce computation burden (GAMS/SCENRED Documentation, 2002), and the fast backward reduction method is employed.

Step 2: Solve the first stage stochastic scheduling model of the electricity system considering P2G and ramping costs, which is formulated as a LP problem and solved to obtain gas demand of gas-fired power units and SNG produced by P2G.

Step 3: Solve the second stage stochastic optimal scheduling model of natural gas systems, which is formulated as a MILP problem and the variable of virtual load shedding of natural gas is introduced to ensure that the second stage scheduling problem is feasible.

Step 4: Given the results, if the load shedding results of gas-fired units are not equal to 0, the gas demand of gas-fired units would be modified based on the load shedding results and added into the first stage model with fixed values.

Step 5: The first stage model would be resolved until the load shedding results of gas-fired units in the second stage model equal to 0, and the results would be output and analyzed.


[image: Figure 1]



FIGURE 1 | 
Flowchart of the proposed stochastic scheduling model.



Remark 2: It’s noted that the modified gas demand of gas-fired units would lead to different scheduling results of P2G. To ensure the operation feasibility of P2G storage in a natural gas network, the created reserve margin [image: image] is utilized to balance the gas flow mismatches.

The scheduling model is implemented in GAMS, and the LP and MILP optimization models are solved utilizing CPLEX.





CASE STUDIES


In this section, the proposed day-ahead stochastic scheduling model is performed on a PJM 5-bus power system integrated with a 7-node natural gas system and on the IEEE 118-bus power system with the Belgian natural gas system.



PJM 5-Bus System



Figure 2 provides a diagram of the utilized IENGS network including a PJM 5-bus power system integrated with a seven-node natural gas system, in which the generation capacities and bidding prices are also shown. The ramping bids factor is 20%, which means ramping bids are 20% of bidding prices of thermal units. A wind farm with a capacity of 400 MW is installed at Bus A, and the bidding cost is set to $8 per MW. The P2G operation cost coefficient is $2 per MW and the wind power curtailment cost coefficient is $60 per MW. Unit one and two at Bus A are assumed to be gas-fired power units, which are integrated at NG one and three in the natural gas network. The residential and industrial natural gas load is distributed to three load buses. The detailed parameters of the natural gas system can be found in (Liu et al., 2009). The initial state of P2G storage is 2300 kcf. The up and down spinning reserve requirements are 0.1 of hourly forecasting electricity load. The forecasted output of wind power and energy loads (including residential natural gas loads and electricity loads) are shown in Figure 3. The wind power and energy loads forecasting errors are simulated by 1,000 scenarios generated by Monte Carlo simulation. The number of scenarios is reduced to seven in GAMS.
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FIGURE 2 | 
Structure of integrated PJM 5-bus power system and 7-node natural gas system.
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FIGURE 3 | 
Forecasting wind power, electricity load and gas load.



To verify the impact of P2G on the scheduling results of IENGS, the following two cases are conducted:

Case 1: Stochastic scheduling with P2G and storage.

Case 2: Stochastic scheduling without P2G but with storage. The gas storage is integrated in the natural gas system.

The scheduling results of the two cases are compared to illustrate the impact of P2G on the electricity system and the natural gas system, respectively.



Impact of Power-to-Gas on Electricity System


The impact of P2G on electricity systems primarily assists in wind power accommodation and provides additional flexible ramping capacities to account for power fluctuations and uncertainties by increasing electricity load in certain periods. The results of scheduled wind power and the electricity consumed by P2G in Case 1 and 2 in the base case are compared in Figure 4. As depicted in Figure 4, more wind power is scheduled in Case 1 in periods 1, 2, 4–6 and 22 compared to Case 2. It can be seen that in those periods, which are off-peak hours, the P2G facility consumes power to increase electricity load and more wind power can be utilized in Case 1, while wind power would be curtailed in Case 2. The results verify that P2G can reduce wind power curtailments and aid wind power accommodation.
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FIGURE 4 | 
Comparison of scheduled wind power and electricity load of P2G in Case 1 and 2 in base case.



It should be noted that in periods 7 and 16 in Figure 4, the utilized wind power is the same in Case 1 and 2, but P2G facility consumes a certain amount of electricity. The reason is that the flexible ramping cost is considered in the proposed scheduling model, and in these periods P2G can provide additional flexible ramping capacities to reduce ramping costs. Moreover, electricity load by P2G can flatten the net load profile by reducing the difference between peak and valley net loads, which also reduces the ramping requirements across the scheduling horizon. A comparison of net load profiles in Case 1 and 2 is shown in Figure 5. Hourly net load in Case 1 equals to fixed electricity load plus the electricity load of P2G and minus wind power forecasting value, while Case 2 does not include a P2G electricity load. The net load curve in Case 1 fluctuates between a smaller range than the Case 2 curve. The difference between peak and valley loads is reduced from 842.86 to 642.86 MW. The above results show that a P2G facility can provide additional flexible ramping capacities and flatten the net load profile.
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FIGURE 5 | 
Net load curves in Case 1 and 2.



To further demonstrate the impact of P2G on the scheduling of electricity systems, a comparison of the scheduling results of Case 1 and 2 is shown in Table 1. Comparing Case 1 and 2, the expected total cost in Case 1 is reduced to $8.24 * 105 from $9.06 * 105 of Case 2. The expected ramping cost in Case 1 is lower than that of Case 2, which demonstrates that P2G can help reduce the ramping cost. The wind power utilization rate in Case 1 is increased 13.8% compared to Case 2.





TABLE 1 | 
Comparison of scheduling results of electricity systems in Case 1 and 2.
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The above results illustrate that integration of P2G facility can reduce wind power curtailment and provide additional flexible ramping capacities to reduce ramping costs for electricity systems.




Impact of Power-to-Gas Storage on Natural Gas Systems


A P2G facility generates SNG utilizing electricity energy, and the obtained SNG can be stored in P2G storage. The storage can be scheduled as either load or supply. To verify the impact of P2G storage on natural gas systems, the following case (Case 3) is conducted:

Case 3: Stochastic scheduling without P2G and storage.

The comparison of scheduling results of natural gas systems for Case 1–3 is listed in Table 2. It shows that the expected production cost in Case 1 will be decreased by almost $1,000, and the expected total supply from gas wells will be decreased 400 kcf if P2G is considered. SNG from P2G decreases the supply from gas wells. Note that the expected costs and supplies in Case 2 and 3 are almost the same because no other gas supply (P2G) is integrated, but more gas load shedding occurs in Case 3. Case 1 features the least gas load shedding, while Case 3 features the most because gas storage can regulate the gas load by charging and supply nodal loads by discharging during the scheduling horizon. SNG from P2G in storage can supply nodal gas loads, replacing gas from gas wells. The results in Table 2 suggest that the integration of P2G can reduce production cost and gas supply of natural gas system, and gas storage can help reduce load shedding, which is more effective with P2G. Natural gas storage can improve security by supplying additional gas reserves to gas-fired power units. It should be noted that the impact of gas storage on gas load shedding and operation cost relates to the location node of the storage, which can be included in the co-planning of an electricity system and natural gas system.





TABLE 2 | 
Comparison of scheduling results of natural gas systems in different cases.
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Impact of Ramping Cost Coefficient


In this subsection, we compare the following three cases with various ramping bid factors to illustrate the impact of the ramping cost coefficient on the scheduling of P2G.

Case 4.1: Ramping bid factor is 0;

Case 4.2: Ramping bid factor is 20%;

Case 4.3: Ramping bid factor is 50%;

Hourly power consumption results of P2G in Cases 4.1–4.3 are shown in Figure 6. In Case 4.1, the flexible ramping cost is not considered. Total power consumptions of P2G in Cases 4.1–4.3 are 7,148.11, 7644.69, 8,533.056 MW, respectively. The power consumption of P2G increases as we increase the ramping bid factor, especially in hours 14, 16 and 22 as shown in Figure 6. When the ramping cost coefficient increases, the P2G facility is operated to provide additional flexible ramping capacities and flatten the net load profile to reduce total costs. The results once again demonstrate the benefits of P2G on an electricity system for providing additional flexible ramping capacities and flattening the net load profile.
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FIGURE 6 | 
Power consumption of P2G in different cases.







IEEE 118-Bus System


The IEEE 118-bus system integrated with the 20-node Belgian natural gas system, shown in Figure 7, is applied here to further demonstrate the applicability of the proposed model on large systems. The generator bidding data are similar to those in (Fang et al., 2015). The detailed data of Belgian natural gas system can be found in (Wolf and Smeers, 2000). Wind farms and P2G devices with the same parameters as the PJM 5-Bus system are connected at Buses 8 and 43 and node 16 and three in the natural gas network. Nine generators are assumed to be gas-fired units, and gas loads at nodes 3, 6, 7, 10, 15 and 16 are consumed by power units 7, 13, 16, 23, 42 and 29. Hourly residential gas loads are the 80% of those of the 7-node natural gas system and distributed at load nodes according to the proportion in (Fang et al., 2015). 1,000 initial scenarios are generated, and then reduced to five scenarios.


[image: Figure 7]



FIGURE 7 | 
Structure of integrated IEEE 118-bus power system and 20-node natural gas system.




Table 3 presents the scheduling results for the five uncertain scenarios. The operation cost for the base case of electricity system is $2.036 * 104. The production cost of gas suppliers in Scenario one is the largest. The corrective ramping cost and utilized wind power in S5 are the largest. The reason is that greater corrective ramping capacities are required for greater utilization of wind power. The net load in S4 is the most fluctuant with the largest standard deviation of 998.8 MW, resulting in the largest ramping cost. The results verify the effectiveness of the proposed model on larger systems.





TABLE 3 | 
Scheduling results of different scenarios.
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CONCLUSION


In this paper, a novel stochastic day-ahead scheduling model for IENGS considering ramping costs with P2G and wind power is proposed. The uncertainties of wind power and energy loads are represented in multiple scenarios. Natural gas network constraints are considered to ensure the availability of output of gas-fired units. P2G facility with storage is integrated to reduce wind power curtailment, provide ramping capacities, and reduce supply and load shedding in natural gas systems. The coordinated scheduling model is formulated as a two-stage stochastic programming problem, and the solution method is proposed. Numerical case studies on a modified PJM 5-bus electricity system with a 7-node natural gas system and the IEEE 118-bus system with the 20-node Belgian natural gas system demonstrate the rationality and effectiveness of the proposed model. The key findings of the case studies are summarized as follows.

(1) By utilizing abundant wind power, the integration of P2G can reduce wind power curtailment. The increment on wind power utilization rate can reach 13.8% in the test system.

(2) P2G facility provides additional flexible ramping capabilities, smoothing the net load profile and reducing total ramping costs in electricity system.

(3) The integration of P2G can reduce the total production cost, gas supply and load shedding of a natural gas system. It is more effective to reduce load shedding when gas storage works with P2G coordinately.

(4) A larger ramping cost coefficient would result in increased P2G power consumption.

The impact and benefits of P2G integration with storage relate to its capacity and location in an IENGS. Therefore, future research will focus on studying the siting and sizing of P2G facilities with storage.
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π
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 nodal pressure at node m/j
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η

P2G
 energy conversion efficiency of P2G


B/Z constant parameter of compressor
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w
 bidding prices of conventional unit/wind power


C

j,gas bidding prices of gas suppliers


C
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 pipeline constant
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 bidding prices of up/down ramp
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 wind power curtailment/P2G cost coefficient
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F

mj
 gas flow of pipeline mj



GL

m,max maximum gas load of gas fired units


GL

m,t,gas gas load of gas-fired units

GSF generation shift factor


[image: image] residential natural gas load

HHVgas higher heating values of natural gas

Limit
l
 limit for power flow of line l
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H
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/P
com energy/electricity consumed by compressor
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P

i,t,gas power output of gas-fired unit i



P

imax
/P

imin maximum/minimum limit of thermal units


Ps Probability


[image: image]/[image: image] down/up ramping rate of power unit i



R

d
 reserve requirement of electricity system


[image: image] maximum volumetric limit of SNG


S

c,max
/S

d,max maximum charging/discharging flow


S

P2G,t,gas volumetric quantity of SNG
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[image: image] The SOC of P2G storage
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ini/[image: image] initial/reserve SOC of P2G storage


ST
max/ST
min maximum/minimum SOC of P2G storage
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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.


Keywords: distribution systems, distributed generations, energy storage devices, flexible load, demand response, virtual power plants, bi-level dispatch model




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.
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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]
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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]
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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]
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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:
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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.
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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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Legacy protection schemes face new challenges as Inverter Interfaced Distribution Generation (IIDG) significantly changes the transient fault response of the distribution grid. The performance of the protection near the IIDG side is adversely affected by Low Voltage Ride Through (LVRT) and the negative sequence current suppression control characteristics of the IIDG. The operational characteristics of the protection are very different from those of the legacy protection schemes used in the distribution grid. Traditional overcurrent protection schemes cannot meet the requirements of selectivity and sensitivity. This paper analyses the influence of the IIDG on the protection schemes used in the distribution grid. Based on the positive sequence voltage polarization impedance criterion this study proposes a polarizing impedance criterion based on the fault component of positive sequence voltage, which can adaptively follow the fault resistance variation to satisfy the requirements of grid operation. The simulation results show that: (a) the proposed criterion is immune to the adverse effects of the transient characteristics of the IIDG; and, (b) it can adaptively follow the change of fault resistance making it suitable for application in short distribution lines. Using specialized System-on-Chip technology, a new distance protection device has been developed and tested on an industrial site. Simulation results and field tests showed that the new distance protection meets the requirements of the distribution grid with IIDGs.
Keywords: distribution grid, inverter interfaced distributed generation, low voltage ride through, positive sequence voltage polarization, system-on-chip based protection
INTRODUCTION
With the rapid developments in new generation technologies in recent years, various forms of new energy sources have been connected to the grid in the form of the IIDG. The dynamic response characteristics of the IIDG are determined by the nonlinear control strategy of the inverter. The complicated response characteristics of the IIDG, which largely change the characteristics and distribution of the fault current, lead to increased difficulties in fault analysis in the distribution grid. Conventional overcurrent protection schemes can no longer meet the operational requirements of the distribution grid with the IIDG.
The power system requires the IIDG to adopt an LVRT control strategy, suppressing negative sequence current control strategy and fault current limiting measures, which makes the fault current characteristics of the IIDG different from that of the inertial power system. The conventional protection principles and relay coordination cannot meet the requirements of power system protection. In serious situations, this can lead to the failure or maloperation of the protection scheme.
Aiming at solving these issues, many researchers have made attempts to address the problems caused by the IIDG. In one study (Huang et al., 2014), the fault characteristics of the IIDG were analyzed when an asymmetrical or asymmetric fault occurs. The authors (Huang et al., 2014) concluded that the IIDG only feeds positive sequence current, but no negative sequence. Another study (Li et al., 2019), analyzed the output current of the inverter, which depends on the pre-fault operation state of the inverter and the positive sequence voltage drop on the post-fault. Other studies (Telukunta et al., 2017; Mahamedi and Fletcher, 2019) have pointed out that the integration of IIDG in the power grid will change the fault level and network topology. These fault levels are intermittent, and existing protection schemes may fail to operate due to pre-set conditions. This was addressed in a study (Fang et al., 2019) in which the analytical expression for the fault current of IIDG was derived based on predecessors, and it discusses the basic pattern of change of the short-circuit current characteristics.
One study proposed (Han et al., 2016) a multi-terminal transmission line differential protection scheme based on master-slave topology is proposed, according to the characteristics of the multi-point access of the IIDG, but this is only applicable to the distribution grid. In another experiment (Li et al., 2017), the power system connected with the IIDG was divided into strong and weak operation modes and studied respectively. It proved that phase current differential protection may have the risk of failed operation under weak system status. When the system is strong, it can still operate correctly, even though protection sensitivity is reduced. In (Han et al., 2018), a negative sequence current differential protection scheme and a multi-terminal current differential protection scheme are proposed according to the characteristics of suppressing the negative sequence current of new energy sources, which are mainly applicable to the IIDG with multi-T-connected. In (Chen et al., 2020), the differential impedance protection principle is proposed based on the variation relationship of the differential impedance and constrained impedance between normal operation, external faults, and internal faults. However, due to the use of voltage, it is necessary to consider the adverse effects of potential transformer disconnection, short-circuit faults, and other factors. Based on the short-circuit current output characteristics of IIDG, another study (Li et al., 2017) examined the relationship between the phase angle of the output current lagging voltage and the voltage drop at the grid connection point. According to the correlation, a protection criterion based on phase comparison was proposed. With the development of computer and communication technology, some studies (Zhang et al., 2019; Singh and Agrawal, 2019) have proposed a wide area protection scheme for distribution grid by using wide-area information and intelligent agent technology, which can better adapt to the operational conditions of the distribution grid, with various operation modes and complex fault characteristics. However, the application scenarios are limited due to heavy reliance on wide-area communication.
One study examined the impact mechanism of the IIDG on directional relay based on various fault components (Yang et al., 2016), concluding that the positive sequence and negative sequence directional elements are not available, while the zero-sequence directional relay is available. However, the zero-sequence directional relay can only reflect an asymmetric grounding fault. When gap grounding mode is adopted for the neutral point of the step-up transformer, there is no zero-sequence current on the IIDG side, making the application of zero-sequence directional relay difficult. In (Jia et al., 2017), a direction discrimination method based on phase comparison of positive sequence fault current and memory voltage is proposed. However, the memory voltage can only be used for a short time, and the proposed method is mainly for the distribution grid. To overcome the problems of insufficient sensitivity and reduced reliability of the traditional overcurrent protection, a protection scheme using the positive sequence components of the fault current is proposed in (Yang et al., 2018). However, the accuracy of the fault component measurement needs further research when grid-connected IIDG is present. Based on the impact analysis of the inverter grid connection on directional protection, the wavelet analysis is proposed in (Jia et al., 2019; Yang et al., 2020), to extract fault components lower than 3  kHz for the direction criterion. Since the inverter output also contains certain high-frequency components, its impact on the criterion needs to be further studied. According to the requirements of selectivity and the rapidity of wind power integration, two schemes of inverse time protection and directional protection are proposed in (Song et al., 2016; Tang et al., 2016) by using the least square method.
Due to the many challenges faced by the application of overcurrent protection, some researchers try to apply distance protection to the distribution grid with grid-connected IIDG. The main problem of distance protection in the neutral non-effective grounded distribution grid is that the lines are relatively short, and the measured impedance is too small to guarantee the measurement accuracy. The line impedance is smaller than the system impedance, and the phase to phase impedance relay is significantly affected by the fault resistance. The use of a positive sequence fault component to form pilot protection is proposed in another study (Zhou et al., 2019). This scheme is less affected by the fault characteristics of the IIDG connection, but it relies on the communication channel to exchange the direction information at both ends. The transient characteristics of the positive sequence voltage polarized impedance relay used for the grid-connected wind power plants are analyzed in a study (Li et al., 2012). The authors (Li et al., 2012) proposed the possible overreach risk of the zone I protection, while the zone II and zone III protection have the problem of delay in operation time. Aiming to address the problem of distance protection, which is easily affected by fault resistance, another study (Li et al., 2003) proposed an adaptive protection scheme based on bus voltage sudden variable. This method could solve the problem of distance protection, overcoming fault resistance to a certain extent. However, this paper mainly focuses on the single-phase grounding fault of high-voltage and ultra-high-voltage transmission lines, and ways of applying them in the distribution grid with the IIDG needs further research.
Although some research has been carried out on the short-circuit current characteristics of new energy sources and their adverse impact on protection schemes, there are still many issues that remain unexplored. This article analyzes the impact of the IIDG on the operation of protection schemes in the distribution grid. The LVRT and the negative sequence current suppression control strategy modify the fault transient characteristics of the grid. This modification makes the application of traditional overcurrent protection all the more difficult. The requirements of selectivity and the sensitivity of the protection system in the distribution grid can no longer be met by legacy protection schemes in the presence of the IIDG. This paper proposes a positive sequence voltage fault component polarization impedance criterion, which can adaptively follow the fault resistance variation. Simulation verification shows that the criterion are less affected by the fault response characteristics of the IIDG. The distribution grid protection device based on the specialized SoC chip for power system has been developed on this basis and a trial-run has been successfully carried out on the industrial site.
ANALYSIS OF FAULT TRANSIENT CHARACTERISTICS OF DISTRIBUTION GRID WITH THE IIDG
The new energy source is directly connected to the grid through the inverter, and the photovoltaic array or wind turbine is isolated from the inverter through the DC bus. During the normal operation, active power is generated. When the power grid fails, the active power and reactive power control are carried out according to the LVRT strategy. When asymmetric faults such as phase-to-phase faults occur in the power grid, the output of the IIDG can suppress the negative sequence current.
Low Voltage Ride Through (LVRT) Control Strategy
The output power of the inverter is generally controlled by the decoupling control method of d and q vectors. The positive sequence voltage of the power grid is generally directed to the d-axis. The active and reactive power fed by the inverter to the power grid can be expressed as (1) in d and q coordinate:
[image: image]
where [image: image] and [image: image] are the d and q axis components of the IIDG terminal voltage, [image: image] and [image: image] are the d and q axis components of output current from the inverter to the power grid, [image: image] is the terminal voltage of the IIDG. From Eq. 1, the active power output P by the inverter is proportional to the vector modulus of the grid voltage [image: image] and the d-axis component of the current. The output reactive power is inversely proportional to the vector modulus of the grid voltage [image: image] and the q-axis component of the current. The output active and reactive power can be controlled by adjusting the current of the d-axis and q-axis.
The LVRT control strategy requires that when a short circuit fault occurs in the power grid, the IIDG should not only remain grid-connected but also provide reactive power support as far as possible according to the depth of voltage drop. In addition, according to the current carrying capacity of the inverter, the current margin is used to generate active power as much as possible to reduce the influence of active power imbalance. It is generally believed that the over-current capacity of IIDG does not exceed two times the rated current. The requirements of different regions are slightly different. For example, in the grid code of the State Grid Corporation of China, the over-current capacity is required to be 1.2 times the rated current, and the limiting link is added at the output end of the power outer loop to limit the active and reactive current instructions. During LVTR, the output active and reactive current of distributed generation ([image: image]) (per unit) can be expressed as:
[image: image]
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where [image: image] is the active current in the inner loop under normal operation; [image: image] is the positive sequence voltage amplitude at the terminal of the IIDG with lagging voltage drop.
Based on the above LVRT operation characteristics, the IIDG can be equivalent to a voltage controlled current source model. The expression is:
[image: image]
Fault Characteristics Under Asymmetric Fault Conditions
In the event of an asymmetric fault in the power grid, the terminal voltage of the IIDG will contain a positive sequence component and a negative sequence component. After Park’s transformation, the negative sequence component will be changed into a frequency multiplication component in d-q coordinate, which makes the active and reactive power of IIDG output unable to accurately track the reference power, and becomes the superposition of DC and frequency multiplication AC. Moreover, the fluctuation degree of frequency multiplication AC increases with the increase of [image: image], that is, the more serious the voltage drop of the grid, the more obvious the fluctuation of frequency multiplication power component. To avoid the fluctuation of output power and track the reference power accurately, the phase-locked loop principle is often used to calculate the amplitude of positive sequence voltage and fix the phase of positive sequence voltage in the case of asymmetric faults. By adopting the symmetrical positive sequence control method, IIDG only outputs positive sequence fault current after asymmetric fault, and the amplitude and phase of current are only related to the pre-fault operating state and the post-fault positive sequence voltage. This is quite different from the fault current characteristics of the traditional synchronous generator under asymmetric fault.
Fault Characteristics Under Symmetric Fault Conditions
When a symmetrical fault occurs, like the analysis of asymmetric fault characteristics, the amplitude of fault current is related to the pre-fault state and the voltage drop is related to the post-fault. The maximum value is the current limiting value of the inverter, such as 1.2 times the rated current. The phase relationship between the terminal voltage and output current depends on the ratio of fault current d, q axis component [image: image] and [image: image]. If no load before failure, [image: image], the phase of short-circuit current will reach [image: image]. When the system operates at full load before failure, if the post-fault voltage drop is less, then [image: image] is larger, [image: image] is small, the phase of short-circuit current will be close to 0°. Therefore, in the case of a symmetrical fault, the variation range of the phase difference between the output current of the inverter and the terminal voltage is much larger than that of the synchronous generator, and the amplitude characteristics are also very different.
To summarize, the traditional protection system cannot adequately meet the requirements of distribution grid with the large presence of the IIDG, whether for symmetrical fault or asymmetric fault.
PRINCIPLES OF ADAPTIVE PROTECTION
Since the traditional overcurrent protection schemes are significantly affected by the operation mode of the system, it can no longer meet the requirements of the protection system and therefore needs to be complemented by a protection scheme adapted specifically for the distribution grid with the IIDG. To maintain adequate sensitivity without losing the selectivity of the protection scheme in the distribution grid with the IIDG, a new protection principle should be adapted that is least affected by the system impedance at the back side of the protection. Two main protection categories are less affected by the operation mode of the system: (1) pilot differential protection, which uses the current and voltage of each side; and, (2) impedance protection reflecting the impedance of the protected line.
Considering that the pilot differential protection relies on double-ended communication, this will add the burden of equipping the distribution grid with the communication infrastructure. In this paper, distance protection is used as the main protection scheme for the distribution grid with the IIDG. The main challenge of the distance protection scheme in this scenario is that the distances are relatively short in the distribution grid. With short lines, the operation characteristics of phase to phase distance protection are greatly affected by the fault resistance. If the neutral point is not directly grounded, it is not necessary to consider the influence of a single-phase grounding fault. Research on the influence of the fault resistance of phase to phase distance protection has not received much attention.
The key to improving the ability of distance protection to overcome the effect of fault resistance lies in the selection of appropriate polarization and the constitution of the phase comparison criterion. Based on the conventional positive sequence voltage polarization impedance relay, this paper proposes an adaptive protection criterion C1 with positive sequence voltage fault components as polarization quantity, as shown in Eq. 5:
[image: image]
In Eq. 5, [image: image] is the busbar positive sequence component of post-fault voltage, and [image: image] is the corresponding busbar positive sequence component of pre-fault voltage. The compensation voltage [image: image] is as follows:
[image: image]
where [image: image] are the line voltage and line current measured by the protection device, [image: image] is the setting impedance, [image: image].
In the distribution grid with a typical inverter connected, as shown in Figure 1, the research object is protection 2, close to bus N. When a two-phase short circuit occurs at [image: image] point, [image: image] and [image: image] at protection 2 can be expressed by Eq. 7, 8 respectively.
[image: image]
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[image: Figure 1]FIGURE 1 | Diagram of the distribution grid, connected with the IIDG.
In Eq. 7, 8, [image: image] is the equivalent phase-to-phase potential of the N-side system in the composite sequence network, [image: image] is the positive sequence impedance of the N-side system, [image: image] is the positive sequence component of the line current corresponding to the fault phase after the fault, [image: image] and [image: image] are the positive and negative sequence impedance of the equivalent system, [image: image] is the fault resistance of the short-circuit point, [image: image] is the shunt coefficient of the positive sequence current N-side, and [image: image] is the measured impedance of the N-side.
In Eq. 7, let:
[image: image]
Therefore, (7) can be simplified as follows:
[image: image]
By introducing (6), (8), and (10) into (5), we can get the following result:
[image: image]
where [image: image]. By further simplification of Eq. 11, we achieve the following result:
[image: image]
By introducing (9) into [image: image] in Eq. 12, 13 is obtained as follows:
[image: image]
It is observed from Eq. 13 that after neglecting the influence of the phase angle difference of [image: image], [image: image] and [image: image], the influence of [image: image] on the phase comparison result of Eq. 12 mainly comes from [image: image]. The characteristic of part [image: image] in Eq. 12 is completely consistent with that of the distance relay with positive sequence voltage polarization. As shown in Figure 2, the operation characteristics of the positive sequence voltage polarization impedance criterion are deflected by [image: image] with the change of [image: image]
[image: Figure 2]FIGURE 2 | Adaptive characteristics with the fault resistance of positive sequence voltage fault component polarized impedance relay when forward fault occurs.
Therefore, the operation characteristics of Eq. 12 can be expressed as follows:
[image: image]
The dynamic adjustment of the operation characteristics can adaptively change the protection zone, and the ability of the protection criterion to overcome the influence of the fault resistance is significantly improved.
As can be seen from Figure. 2, when the forward fault occurs the operation characteristic contains the installation position, that is, the origin of coordinates. The positive sequence fault component, as a polarization quantity, can avoid the influence of the dead zone caused by the low positive sequence voltage of metallic fault at the near end of protection installation. Compared with the traditional positive sequence voltage polarization impedance relay, this characteristic is also suitable for a three-phase short circuit in the near zone and has a wide range of adaptability.
In the case of the phase-to-phase short circuit at point [image: image] in the opposite direction of protection 2 in Figure 1, the current direction measured by protection 2 is opposite to the specified positive direction, i.e. [image: image].
Here
[image: image]
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In(15)
[image: image]
[image: image] is the equivalent phase-to-phase potential of the M-side system in the composite sequence network, [image: image] is the sum of positive sequence impedance of the M-side system and protected line. [image: image] is the M-side shunt coefficient of the positive sequence current.
The pre-fault positive sequence voltage [image: image] is as follows:
[image: image]
By introducing (15) and (17) into Eq. 5, we can get the following result:
[image: image]
Eq. 18 is further simplified:
[image: image]
By introducing Eq. 16 into [image: image] in Eq. 19, we can obtain that:
[image: image]
With the increase of the transition resistance, the operation characteristics will be deflected in the angle of [image: image]. Therefore, the operation characteristics of Eq. 19 can be expressed as follows:
[image: image]
Figure. 3 shows the operation characteristics of positive sequence fault component polarization impedance relay under the reverse direction fault. The influence of the fault resistance makes the protection zone deviate. However, when the fault occurs in the opposite direction, the measured impedance falls in quadrants III and IV which is far away from the operating area of the throw-up circle, so the characteristic still has explicit directionality.
[image: Figure 3]FIGURE 3 | Adaptive characteristics with the fault resistance of fault component positive sequence voltage polarized impedance relay when backward fault occurs.
As this is affected by the fault resistance in a short transmission line, relay over-reaching problems may exist. In coordination with the operation characteristics shown in Eq. 5, a reactance line C2 with downward deflection angle is added at the end of the protection range, as shown in Eq. 22:
[image: image]
The "AND" logic is composed of two characteristics of Eq. 5, 22, that is, [image: image] combination constitutes the operation characteristics of protection, as shown in Figure. 4.
[image: Figure 4]FIGURE 4 | Composite adaptive characteristics of the positive sequence voltage fault component polarized impedance relay when forward fault occurs.
CASE STUDY
The proposed protection principle is verified and analyzed by using a typical distribution grid simulation test system with the IIDG connected as shown in Figure. 1. The system voltage level is 10kV, the transformer capacity is 10MVA, and the neutral point is grounded by Petersen Coil. The length of the overhead line MN in the distribution grid is 5km, the parameter is [image: image], [image: image]. The maximum output current of grid connected photovoltaic inverter is limited to 1.2 times of the rated current, and the rated capacity is 1MVA. Considering the similar fault transient characteristics of the grid-connected photovoltaic power converters and direct-driven wind power converters, only the influence of grid-connected photovoltaic power converters is used in the simulation described in this paper, which assessed whether the proposed scheme could be applied. Under the normal operating conditions of the system, PQ control is adopted, and active power is delivered according to the maximum power factor of 0.9. When the fault occurs, the distributed generation adopts LVRT control strategy. The setting range of protection Zone I is set according to 80% of line impedance. Based on PSCAD/EMTDC simulation platform, the simulation model is established to simulate the phase-to-phase fault and three-phase fault at different positions of [image: image], [image: image] and [image: image] of the IIDG under different output conditions. The principle of adaptive positive sequence voltage fault component polarization impedance relay, as proposed in Analysis of Fault Transient Characteristics of Distribution Grid with the IIDG, was calculated and verified by using the simulation output, and its rules for change were analyzed.
In the simulation system shown in Figure 1, the point of common coupling (PCC) is closed, the IIDG is connected to the grid, and protection 2 is at the receiving end. When the protected line is 2.5 km away from the protection installation, a short circuit between the BC phase with a 2Ω fault resistance occurs. The trajectory of the protection measurement impedance 20ms after the fault occurs is shown in Figure 5. The operation characteristic of C1 shown in Eq. 5 fluctuates about [image: image] during the steady-state fault process. The operation conditions of Eq. 5 are satisfied.
[image: Figure 5]FIGURE 5 | When the protection is at the receiving end, the PCC is connected to the grid. The measured impedance trajectory and operation characteristics of the positive sequence voltage fault component polarized impedance relay at a BC phase fault with a fault resistance (2Ω) at 2.5 km forward.
Figure 6 shows the track of measured impedance when the protection is at the sending end after the PCC is disconnected and the same fault occurs. At the same time, [image: image] and the operation criterion C1 also meets the requirements.
[image: Figure 6]FIGURE 6 | When the protection is at the sending end, the PCC is disconnected from the grid. The measured impedance trajectory and operation characteristics of the positive sequence voltage fault component polarized impedance relay at a BC phase fault with a fault resistance (2Ω) at 2.5 km forward.
Figure 7 shows the operation trajectory of impedance measurement when the protection is at the receiving end and the close-in fault occurs in the opposite direction. When [image: image] in the criterion C1, the condition of the criterion is not satisfied. It can be seen from Figure 7 that the protection cannot operate correctly according to the principle of measurement impedance.
[image: Figure 7]FIGURE 7 | When the protection is at the receiving end, the PCC is connected to the grid. The measured impedance trajectory and operation characteristics of the positive sequence voltage fault component polarized impedance relay at a BC phase metallic fault 0.1 km backward.
For the other faults, according to the opening and closing of the PCC switch, various fault types of protection 2 under the sending end and receiving end are simulated respectively. The simulation results of the two-phase short circuit are shown in Table 1 and Table 2. The simulation results of the three-phase short-circuit fault are the same as that of the phase-to-phase short-circuit fault. For the sake of brevity, not all are listed here.
TABLE 1 | Simulation Result of phase BC fault occurring under the protection operation in receiving end.
[image: Table 1]TABLE 2 | Simulation Result of Phase-to-Phase fault occurring under the protection operation in sending end.
[image: Table 2]For common faults, Table 1 and Table 2 show that the protection can normally clear various types of faults. However, when the protection system operates at the receiving end, the system impedance is far less than the distribution composite equivalent impedance including the IIDG. Due to the strong effect of the opposite side system and the short distribution line, when the phase to phase short circuit with the transition resistance of 4.0 Ω occurs, the operating condition of the protection criterion cannot be satisfied. In this case, the selectivity of operation can only be ensured by the backup protection or the protection principle based on both-end information.
IMPLEMENTATION OF DISTRIBUTION GRID PROTECTION BASED ON SPECIALIZED SOC FOR POWER SYSTEM
To make the proposed protection principle applicable, a 35 kV/10kV distance protection based on the specialized multi-core heterogeneous SoC (FUXI-M) for the power system was developed. The chip fully considers the requirements of high-efficiency parallel processing units of a power-specific algorithm, power consumption, and application economy. It combines the Discrete Fourier algorithm, sequence quantities calculation, filtering, interpolation, and the other calculation tasks originally implemented by general-purpose CPUs, as well as communication encoding and decoding. General tasks such as security encryption are integrated into an independent core on-chip for realizing power-specific algorithms, forming a power-specific multi-core heterogeneous SoC chip as shown in Figure 8. The functional calculation of distribution grid protection is realized by using the parallel calculation of independent hardware units in the chip, which greatly improves the execution efficiency of the algorithm.
[image: Figure 8]FIGURE 8 | Schematic diagram of specialized multi-core heterogeneous SoC chip for power system.
According to the positive sequence voltage fault component polarization impedance criterion proposed in this paper, it constitutes three-zone distance protection adapted to the operational requirements of the distribution grid. Since the primary computing architecture has been integrated into parallel processing in independent ASIC core and signal processing co-processors (DSP), the distance protection program and logic calculation operating at Core 0 is simple and efficient. As shown in Figure 9, the program flow is divided into three main threads for execution. The protection and logic threads only need to maintain simple sequential execution. The thread processing and program logic structure are greatly simplified, and the execution time is also significantly reduced.
[image: Figure 9]FIGURE 9 | Flow chart of distance protection program running on core0 of SoC chip for power system.
The developed protection device is shown in Figure 10. It was put into trial operation at a 110kV Ruiyan substation in Foshan, China in early 2019. During several external fault tests, no maloperation of external fault was observed.
[image: Figure 10]FIGURE 10 | The photos of distance protection device based on SoC chip special for power system and industrial field testing.
CONCLUSION
This article has analyzed the impact of the IIDG on the protection system of the distribution grid. For the protection system installed on the near-IIDG side, due to the LVRT control characteristics of the IIDG, the current fed to the fault point was closely related to the busbar voltage of the IIDG, and the maximum short-circuit current was also limited to a low level. The negative sequence current suppression control strategy also changes the transient characteristics measured by the protection scheme. This makes the application of traditional overcurrent protection difficult and the requirements of selectivity and sensitivity can no longer be met by the legacy protection schemes in the distribution grid.
Based on the positive sequence voltage polarization impedance criterion, this paper proposes an impedance criterion based on positive sequence voltage fault component polarization, which can adaptively follow the fault resistance variation. Verification of these findings with a simulation showed that the criterion was less affected by the fault response characteristics of the IIDG under fault conditions. A distribution grid protection device, based on the specialized SoC for a power system, was developed and a trial-run on the industrial site has been carried out. The operating performance of the new protection device meets the requirements of the distribution grid with the IIDG. The proposed protection scheme and the implementation has broad application opportunities in the distribution grid with the IIDG.
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The use of photovoltaic reactive power and energy storage active power can solve the problems of voltage violation, network loss, and three-phase unbalance caused by photovoltaic connection to low-voltage distribution networks. However, the three-phase four-wire structure of the low-voltage distribution network brings difficulties to power flow calculation. In order to achieve photovoltaic utilization through optimal power flow, a photovoltaic-energy storage collaborative control method for low-voltage distribution networks based on the optimal power flow of a three-phase four-wire system is proposed. Considering the amplitude and phase angle of voltage and current, a three-phase four-wire node admittance matrix was used to establish the network topology of the low-voltage distribution network. Also, to minimize the network loss, the three-phase unbalance and voltage deviation. a multi-objective optimization model based on three-phase four-wire network topology was established considering the voltage constraints, reverse power flow constraints and neutral line current constraints. Through improving the node admittance matrix and model convexity, the complexity of solving the problem is reduced. The CPLEX algorithm package was used to solve the problem. Based on a 21-bus three-phase four-wire low-voltage distribution network, a 24-h multi-period simulation was undertaken to verify the feasibility and effectiveness of the proposed scheme.
Keywords: low voltage distribution network, optimal power flow, voltage violation, three-phase unbalance, network losses, energy storage system
INTRODUCTION
In recent years, with the rapid development of economy, environmental pollution and the energy crisis are being increasingly prominent. In order to achieve the sustainable energy development, photovoltaic and other renewable energy power generation has been vigorously promoted (Zehar and Sayah, 2008). However, large-scale household photovoltaic integration will affect the node voltage and network losses of the three-phase four-wire structure of the low-voltage distribution network. The mismatch between household photovoltaic generation and household loads causes the violation of the upper voltage limit during the day and the lower limit in the evening (Aziz and Ketjoy, 2017). In addition, the three-phase four-wire structure of the low-voltage distribution network will lead to three-phase unbalances if there are three-phase loads and asymmetric line parameters (Pansakul and Hongesombut, 2014). Therefore, it is significant to research on the photovoltaic utilization for a three-phase four-wire system of the low-voltage distribution network.
At present, a large amount of literature has been carried out on photovoltaic utilization in the distribution network. Voltage control can be performed by adjusting the on-load tap-changer tap position (Liu et al., 2012). However, as a result of the limitation in the tap position, the amount of voltage regulation is non-continuous. Also, frequently regulation of taps will cause the reduction in transformers service life. Another method is to reduce the photovoltaic active power (Tonkoski, 2009; Reinaldo et al., 2011) to suppress the occurrence of over-voltage, however, this will reduce the income of photovoltaic owners. In addition, this method only performs voltage control and will not improve the photovoltaic utilization of the distribution network. The photovoltaic inverter’s reactive power regulation capability (Qian et al., 2018) can be used to achieve photovoltaic utilization. Compared with the previous two methods, this method has a smoother controllable volume, and will not require additional investment or loss of generation revenues. However, there may be shortcomings of insufficient reactive power resulting in unsatisfactory voltage control. At present, energy storage equipment is also widely used in the voltage control after the low-voltage distribution network is connected to photovoltaic. In particular, a large number of literatures have studied the coordinated control method of energy storage and reactive power inverter (Zhang et al., 2020). This strategy can effectively suppress the voltage over limit, make full use of equipment capacity through the coordination of equipment, greatly reduce the cost of voltage regulation and network loss. Although there is one more neutral line in the three phase four wire system than the three phase four wire system, the control strategy adopted by the three phase three wire system is still applicable to the three phase four wire system. Therefore, if the investment cost is considered, for the three-phase three-wire low-voltage distribution network and the three-phase four-wire low-voltage distribution network with the same load and control equipment, there is only a neutral line gap in their investment costs.
The OPF problem of the distribution network needs to consider the feasibility of the model and the solution. In terms of the model, the OPF problem is to find the optimal state of a controllable variable of the power grid, so that the objective functions such as network loss and operating cost of the distribution network will reach the optimization. Literature (Gill et al., 2014) is based on the premise of ensuring the safe operation of the power grid, and aims at maximizing the photovoltaic power generation and its benefits to establish a dynamic optimal power flow model of an active power distribution network. Literature (Alsenani and Paudyal, 2018) aims to minimize the network loss by proposing an OPF model to solve the three-phase unbalance in the distribution network. However, the above literature ignores that the low-voltage distribution network is actually a three-phase four-wire system. The neutral wire makes the three-phase three-wire system and the three-phase four-wire system essentially different in calculation methods and other aspects (Bozchalui and Sharma, 2014). The neutral line voltage and current, and the phase line voltage and current should meet the Kirchhoff's law, which cannot be directly obtained through methods similar with the symmetrical components in a three-phase three-wire system. The three-phase three-wire model cannot accurately reflect the three-phase unbalance. However, there are relatively few researches on the OPF model of three-phase four-wire system.
For the OPF solution, scholars have established the OPF model as a linear or non-linear programming model and directly solved it based on artificial intelligence algorithms such as genetic algorithm (Martins and Carmenlt, 2011), particle swarm algorithm (Niknam et al., 2012), etc. However, the solution speed is slow and can easily fall into local optimization instead of the global. Other scholars used the convex model of convexity relaxation, which first eliminated the phase angle of voltage and current, and then used a second-order cone relaxation to convexify the original model (Bose et al., 2016; Tian et al., 2016; Ju et al., 2017; Zafar et al., 2020). However, since OPF solutions such as second-order cones need to eliminate the phase angle between voltage and current, this method cannot calculate the voltage and current on the neutral line. Therefore, it cannot be applied to three-phase four-wire system. The research at present is only to solve some specific problems, such as the minimization of network loss, three-phase unbalance, etc. Few Hardly any attention has been paid to the actual three-phase four-wire system model of low-voltage distribution networks. No effective solution method has been proposed for the three-phase four-wire OPF model. It is hence necessary to propose a calculation method for OPF of a three-phase four-wire distribution network.
The main contributions of this paper are summarized as follows.
(1) Due to the lack of research on three-phase four-wire SYSTEM OPF model in existing literature studies, this paper establishes an OPF model based on the optimal coordinated control of photovoltaic power generation and energy storage for three-phase four-wire low-voltage distribution network, aiming at network loss, three-phase imbalance and voltage deviation, and taking neutral line voltage, photovoltaic and energy storage as constraints.
(2) As it is discussed that the OPF solution method in present research is not applicable to the model in this paper, a convex process solution of optimal power flow model based on photovoltaic utilization in the low-voltage distribution network is proposed. Based on the established three-phase four-wire low-voltage distribution network optimal power flow model, all the concave functions in the model are converted into convex functions, Thereafter, the three-phase four-wire OPF model can be efficiently solved.
The remaining paper is structured as follows. Section 2 provides the mathematical formulations of the three-phase four-wire low-voltage distribution network topology and low-voltage components containing photovoltaic and energy storage. Section 3 establishes the coordinated control model of photovoltaic and energy storage in a three-phase four-wire system low-voltage distribution network. Section 4 proposes a solution method based on the three-phase four-wire optimal power flow. Section 5 obtains the effectiveness of the proposed optimization method through simulation. Section 6 concludes the study.
THREE-PHASE FOUR-WIRE LOW VOLTAGE DISTRIBUTION NETWORK EQUATION WITH PHOTOVOLTAIC AND ENERGY STORAGE HEADINGS
Network Equations Containing Photovoltaic and Energy Storage in a Three-phase Four-Wire Low Voltage Distribution Network
Network Topology of a Three-phase Four-Wire Low Voltage Distribution Network
The low-voltage distribution network (LVDN) in China adopts a three-phase four-wire structure. The distribution network model between two busbars (m-1) and m is shown in Figure 1. This model has only one reference node, which is the neutral node at the beginning of the line. All other nodes take this as the reference point. The model contains two busbars (m-1) and m. Each busbar consists of four nodes, which are (4i-3), (4i-2), (4i-1), (4i), and (4j-3), (4j-2), (4j-1), and (4j) representing the three phases of a, b, and c on busbars (m-1) and m respectively, and the neutral line n. Each phase line has its own impedance, and the coupling relationship between each phase line is expressed by mutual impedance. Phase a, b, and c lines are connected to the neutral line through a load to form a closed loop.
[image: Figure 1]FIGURE 1 | Model of the three-phase four-wire low voltage distribution network.
Branch Model
According to the topology of the LVDN, the three-phase four-wire system between any two busbars (m-1) and m can be represented by a 4 × 4 series impedance matrix.
[image: image]
where Zgg is the diagonal element of the series impedance matrix, which is the self-impedance of the three phases of a, b, and c and the neutral line n; Zgh is the off-diagonal element of series impedance matrix [image: image] which is the mutual impedance between three-phase a, b, c and neutral line n.
In order to obtain the overall model of the LVDN, the calculation formulas are all in matrix. Therefore, the admittance matrix Y of a LVDN node with m buses can be expressed as:
[image: image]
where c (m) represents the set of busbars connected with the busbar m; [image: image] is the inverse matrix of the series impedance matrix connected between the busbars (m-1) and m; [image: image] is the sum of the inverse matrices of all the series impedance matrix connected to busbar m.
Substituting Eq 1 into Eq 2, the overall node admittance matrix of the LVDN can be obtained.
[image: image]
where N represents the number of nodes in the LVDN.
Load Connections in an Low-Voltage Distribution Network
Photovoltaic energy storage into low-voltage distribution network technology is very common, effective use of clean energy and distribution network voltage control has a very obvious effect.
As shown in Figure 2, taking phase b as an example. The photovoltaic, load and energy storage are connected to a single-phase in the distribution network. Phase b and the neutral line n are connected to form a closed loop.
[image: Figure 2]FIGURE 2 | Illustration of PV, LOAD and ESS connection at phase b.
Photovoltaic, load and energy storage all use a constant power model to obtain the injection current at node i.
[image: image]
where [image: image], [image: image] represent the photovoltaic active power and reactive power of node i at time t; [image: image], [image: image] represent the active and reactive power of load at node i at time t; [image: image] represents the active power of energy storage at node i at time t. If no energy storage is connected, the value is 0.
Storage Model
Regulating the energy storage charge and discharge power is an effective way to control the voltage. When the photovoltaic power generation is large during the day and cannot be completely absorbed by the power grid, excessive energy can be absorbed through energy storage. Energy storage releases active power to compensate for the power shortage of the grid in the evening when photovoltaic is not generating and the power demand is high. The State of Charge (SOC) of energy storage is an important indicator for measuring the capacity of charge and discharge of energy storage. It represents the ratio of the remaining charge and discharge capacity of the energy storage system to its fully storage capacity. It is expressed as a percentage. The value range is [0,1]. The SOC at the next time step is closely related to the SOC at the present time step. The energy storage SOC can be expressed as:
[image: image]
where [image: image] represents the energy storage SOC of node i at time t; [image: image] represents the energy storage SOC of node i at the next time step; Δt is the time interval; EN is the energy storage capacity; [image: image], [image: image] are the charging efficiency and discharge efficiency of the energy storage; At time t, [image: image], [image: image] represents the storage charging power and discharging power of node i.
Photovoltaic Inverter Model
The model makes full use of the reactive power of photovoltaic inverters for voltage regulation. The photovoltaic absorbs reactive power to reduce the overvoltage and generates reactive power to raise the undervoltage. The relationship between the adjustable reactive power capacity and inverter is
[image: image]
where [image: image] is the maximum output of reactive power of the inverter that is installed in the phase φ (node i). Spv,φ is the rated capacity of the PV inverter installed in phase φ, which is 1.1 times of the rated active power. Ppv,φ is the Photovoltaic active power installed in the phase φ.
Matrix of Three-phase Four-Wire Power Flow Algorithm for Low-Voltage Distribution Network
According to the circuit theory, the node voltage and current should satisfy the node voltage equation. In the three-phase four-wire system, the node voltage equation of the LVDN can be obtained through the node admittance matrix.
[image: image]
where [image: image] represents a matrix containing the voltage of each node at time t, its dimension is N × 1; [image: image] is a matrix composed of the current injected by each node at time t, and its dimension is N × 1. Each element [image: image] of the matrix [image: image] can be obtained by Eq 4.
In order to obtain the voltage of each node, Eq 7 can be modified
[image: image]
By solving Eq 8, the voltage of each node can be obtained.
[image: image]
However, the node admittance matrix [image: image] is singular matrix, which can not be inverse. Therefore, it is necessary to improve the node admittance matrix [image: image].
[image: image]
where E is identity matrix with a dimension of 4 × 4.
The Coordinated Control Model of Photovoltaic and Energy Storage in Three-phase Four-Wire Low-Voltage Distribution Network
The coordinated control method of photovoltaic and energy storage for the three-phase four-wire low-voltage distribution network proposed in this paper refers to the control idea proposed in (Zhang et al., 2020), which is a two-stage distributed control strategy for inverter and energy storage. It adjusts the reactive power of the inverter first and then adjusts the active power of the energy storage during voltage control.
Objective Function
The optimization control of the LVDN involves multiple optimization objectives. In this paper, minimize the network loss, the three-phase unbalance and the voltage deviation are the objectives. The three-phase four-wire system OPF model is established. The optimization variables are photovoltaic reactive power and energy storage active power. The multi-objectives problem is converted to a single-objective problem by weighting. The overall objective function can be expressed as
[image: image]
where F is the objective function value; F1, F2, F3 are the objective function value of network loss, three-phase unbalance and voltage deviation; F1ref, F2ref, and F3ref are the reference values of each objective function, which is used as a reference to standardize each objective function to per unit. In this paper, the network loss, three-phase unbalance and voltage deviation without control are used as the reference values. ω1, ω2 and ω3 are the weight values of each objective function, and should meet [image: image], and [image: image], [image: image], [image: image].
(1) Network losses
Network loss is an important indicator for measuring the economy of the LVDN. The objective function for calculating the network losses of the LVDN is:
[image: image]
where [image: image]; [image: image]; [image: image] represents a complex matrix containing the amplitude and phase angle of the branch current at time t, with a dimension of l×1, where l represents the number of branches in the distribution network; [image: image] represents the three phases currents of a, b and c on the m-segment line at time t, with a dimension of 3 × 1; [image: image] represents the current of the neutral line n on the m-segment line at time t, with a dimension of l × 1; R is the branch resistance with a dimension of l × 1; [image: image] includes the resistance value of three phases of a, b and c on the m-segment line, with a dimension of 3 × 1; [image: image] represents the resistance value of neutral line n on the m-segment line, with dimension of l × 1. A new operation symbol [image: image] is defined, which represents the multiplication of the corresponding elements of two matrices.
(2) Three-phase unbalance factor
Voltage Unbalance Factor (VUF) is also an important indicator in LVDN. The definition can be the ratio of the negative sequence fundamental component to the positive sequence fundamental component.
[image: image]
where [image: image], [image: image], [image: image] represent the voltage of each phase at bus m; [image: image] represents the negative sequence voltage; [image: image] represents the positive sequence voltage; [image: image].
Take the minimization of the three-phase unbalance of each bus in the distribution network as the objective function:
[image: image]
where l represents the number of branches in LVDN.
(3) Voltage deviation
The difference between the actual voltage of each point and the nominal voltage of the system is called the voltage deviation. The objective function for calculating the voltage deviation of the LVDN is:
[image: image]
[image: image]
where [image: image] represents the voltage deviation of a certain phase at a certain node at a certain time; UN represents the standard voltage of the system.
The selection of the target weight mainly considers the importance of different indicators in the optimization model. As the network losses is closely related to the operating cost of the distribution network, the smaller the value, the better the results. The three-phase unbalance is according to the requirements of GB/T 12,325–2008 “Power Quality Three-Phase Voltage Unbalance”. The allowable value of the voltage unbalance at the public connection point of the power system during normal operation of the power grid is 2%, and it must not exceed 4% in a short time. That is, the VUF that is less than 2% can meet the requirements. Therefore, economics (network losses) is the primary concern of the optimization model in this paper, and its weight should be greater than the three-phase unbalance weight. This paper first takes the weights of the two objective functions as 0.85 and 0.15. The effect of different weights on the control effect will be analyzed in more detail in the case study section.
Constraints
(1) Branch current constraints
[image: image]
where [image: image] represents the current of branch ij that connects node i and node j; [image: image] represents the maximum allowable value of the branch current. This paper uses 100A.
(2) Voltage constraints
For the voltage amplitude of each node on a, b, and c phase, according to national standards, there should be a maximum and minimum limit to ensure the safe operation of the power grid.
[image: image]
where [image: image] represents the voltage amplitude of node i at time t; [image: image] represents the minimum allowable voltage at node i, [image: image] represents the maximum allowable voltage. According to GB/T 12,325–2008 “Power Quality Voltage Allowable Range”, the 220V single-phase supply voltage deviation is −10%–7% of the nominal voltage.
(3) Neutral line voltage constraints
[image: image]
where [image: image] represents the voltage amplitude of node i on the neutral line at time t; [image: image] represents the maximum allowable value of the neutral line voltage. According to DL/T 620–1997 “Overvoltage Protection and Insulation Coordination for AC Electrical Installations”, the neutral point voltage displacement rate should be less than 15% of the phase voltage.
(4) Photovoltaic inverter capacity constraints
The reactive power of photovoltaic inverters is not unlimited, and the active power and capacity of photovoltaic inverters must meet certain constraints.
[image: image]
where Pφ indicates the active power of the photovoltaic inverter connected to the phase φ; Qφ indicates the reactive power of the photovoltaic inverter connected to the phase φ; Sφindicates the capacity of the photovoltaic inverter connected to the phase φ.
(5) Energy storage constraints
The limits of SOC at time t:
[image: image]
where [image: image], [image: image] represent the minimum and maximum allowable SOC of energy storage. This paper takes 20 and 80%.
Take a day as a charge and discharge cycle of the energy storage device, the initial state of each cycle should be the same.
[image: image]
where [image: image] represents the initial SOC of a day, [image: image] represents the SOC at the end of a day.
In addition, energy storage should meet the charging and discharging power constraints.
[image: image]
where [image: image] , [image: image] represent the minimum and maximum values of energy storage charging power; [image: image], [image: image] represent the minimum and maximum values of energy storage discharge power; [image: image], [image: image] are binary variables.
(6) Tie line power constraints
After a high proportion of photovoltaics are integrated, there will be a phenomenon of power flow from the LVDN to the upper-level power grid. In order to ensure the normal operation of each device, the tie line between the low voltage station area and the upper-level power grid should meet the power limit.
[image: image]
where [image: image], [image: image] represent the upper and lower limit of the tie line. The value should not be greater than the rating of the distribution transformer. [image: image] represents the actual power of the tie line at time t.
Solution Method Based on Optimal Power Flow Model in a Three-phase Four-Wire System
This paper uses the complex form to represent both the magnitude and phase angle of the variables, and the optimization model contains non-convex nonlinear constraints. Therefore, the OPF problem is a non-convex programming problem. It is difficult to obtain a global optimal solution. In order to solve the problem, all variables are split into real part and imaginary part. For Eq 8, it can be simplified by the following formula.
[image: image]
Therefore, the real and imaginary part of each node voltage can be represented:
[image: image]
[image: image]
The voltage is split into real and imaginary parts. The essence of the upper voltage constraint is that the modulus length of the complex number is less than the specified value.
[image: image]
where [image: image] represents the real part of node i voltage at time t; [image: image] represents the imaginary part of node i voltage at time t; [image: image] represents the maximum allowable value of node i voltage.
(2) Lower voltage constraint
The voltage lower voltage constraint is a concave function, which is difficult to solve and hard to maintain the optimality of the solution. Therefore, this constraint can be linearized to ensure the optimization of the convex function.
[image: image]
[image: image]
[image: image]
where D1a,D2b, D1a, D2b, D1a, D2b represents the coefficients of the a, b, and c phase lower voltage constraint, the results of the solution method are 1.001, 0, −0.5005, −0.8668, −0.5005, and 0.8668, respectively. [image: image] is the minimum allowable voltage.
(3) Three-phase unbalance
Although the negative and positive components of the current are both convex functions, the ratio of the two is a concave function. Therefore, the three-phase unbalance constraint must be convex. In the actual distribution network, the positive sequence current value of the branch current is much larger than the negative sequence current value. The module length could be approximately equal to the average current of the branch. Hence, the three-phase unbalance formula can be approximated as:
[image: image]
where [image: image] indicates the rated voltage of phase φ.
Therefore, the constraint of unbalance can be represented by:
[image: image]
The neutral line voltage is split into real and imaginary part.
[image: image]
where [image: image] represents the maximum allowable value of the neutral line voltage.
(5) Branch current constraints
The value of the branch current is limited by:
[image: image]
where [image: image] represents the current of the branch ij connecting the node i and the node j at time t; [image: image] represents the maximum allowable value of the branch current.
Use the plural form when solving [image: image].
[image: image]
The left side of Eq. 35 can be:
[image: image]
Remove the radical and further convex the calculation formula:
[image: image]
Hence, the branch current constraint can be:
[image: image]
Through the convex processing of the model, the original non-convex nonlinear problem is transformed into an easy-to-solve convex programming problem. The original problem has global optimality. It is solved by the branch and bound method and the cut plane method included in the mature CPLEX algorithm package. This paper uses the YALMIP platform to develop the OPF-based photovoltaic-storage coordinated control program under the MATLAB operating environment, which calls the professional CPLEX algorithm package, and directly calculates the global optimal solution of the original optimal control problem.
Simulation Settings
A 21-bus three-phase four-wire low voltage distribution network was used for simulation studies, see Figure 3. The length of all lines is \50 m. The rated voltage is 380 V. The line self-impedance is [image: image], mutual impedance is [image: image]. Each bus can be connected with single-phase or three-phase photovoltaic, and the three-phase can be regulated independently. The rated power of single-phase photovoltaic power generation is 5 kW, and the capacity of inverter is 1.1 times the rated active power capacity. Energy storage is connected at bus four and bus 13 via three phase connection and can be regulated independently. The rated energy capacity of energy storage is 20 kWh. The charging and discharging efficiency is 0.94. The upper limit of the energy storage power of each phase is 4 kW. The weight factors are [image: image], [image: image] and [image: image].
[image: Figure 3]FIGURE 3 | Low voltage distribution network with 21 buses.
The power curve of PV is shown in Figure 4A. The value is the per unit value with the peak value to be the base. As the actual power transmission distance of the low-voltage distribution network is short, the conditions such as temperature and light will not be much different. The typical daily photovoltaic power curves connected to each node are hence similar. A typical daily load curve is shown in Figure 4B which is also per unit value. The per unit value of the typical load curves at each bus are similar. For details of the PV and load base data of each node.
[image: Figure 4]FIGURE 4 | Typical daily power curves. (A) PV power output curve. (B) Load curve.
Enhancement in Voltage Violation, Network Loss and Three-phase Unbalance
The effectiveness of the control method in this paper is verified by comparing the calculation results of various indicators of the distribution network with “without control” and “under control”.
(1) Voltage comparison
As the load at phase b is higher than other two phases and the PV integration at phase b is the highest, phase b is taken as an example to compare the voltage with and without the control. See Figure 5 for the simulation results. The blue bar indicates the voltage before the control. When the photovoltaic power generation is high during the day, the loads are at the low consumption period and the voltage exceeds the upper limit. This will lead to reverse power flow and three-phase unbalance. In the evening, there is no power output from photovoltaics, and loads are at the peak consumption period. The voltage is lower than the lower limit. The timing mismatch between photovoltaics and loads results in a higher voltage during the day and a lower voltage in the evening. The red bar indicates the proposed control scheme, and it can be seen that the voltage violation can be effectively suppressed. When the daytime voltage exceeds the upper limit, the photovoltaic inverter absorbs reactive power and suppresses the voltage violation. When the inverter reactive power is insufficient, the energy storage is charged, and the voltage is maintained through the coordinated control of the photovoltaic inverter and energy storage. The voltage is controlled within 1.07 pu. This can not only make up for the shortcomings of exceeding the inverter's reactive power margin when the voltage exceeds the limit, but also for the shortage that the SOC reaches the limit and cannot further charge or discharge. The cooperative control of the two enables the voltage control to be optimal. In the evening, when the power supply is insufficient, the energy stored in the energy storage during the day is fully utilized to maintain the power grid voltage above 0.9 pu.
(2) Three phase unbalance comparison
[image: Figure 5]FIGURE 5 | Control method under node voltage. Node voltage under control. (A) phase a voltage (B) phase b voltage (C) phase c voltage. Node voltage under control. (A) phase a voltage (B) phase b voltage (C) phase c voltage.
Without the control, as the load is unbalance connected and PV is connected via single phase, this lead to severe three phase unbalance. The unbalance can reach 10.8%. With the control proposed in this paper, all unbalance is limited within 2%. The max value is 0.59% at 12:00. This is because the photovoltaic power generation is sufficient and the load is low, the large-scale single-phase photovoltaic connection leads to the maximum three-phase unbalance. However, the unbalance is still less than the required 2%. Therefore, the proposed control method effectively reduced the three phase unbalance.
(3) Network loss comparison
The total distribution network loss without control is 83.21 kWh. When the upper limit of the voltage during the day or when the lower limit of the voltage during the night, the network loss is the largest in the day. This is because the reverse power flow that occurs when the photovoltaic power is large during the day generates extra network losses in the grid, and the heavy load will increase the network loss in the evening. In addition, the three-phase unbalance caused by the asymmetric connection of photovoltaics and loads causes the neutral line to generate current which further increases the network loss. Under the control scheme, the total network loss is 65.87 kWh, and the network loss is large when the photovoltaic power is large during the day. At the same time, the three-phase unbalance is improved, which reduces the neutral current to zero and further reduces network loss. Therefore, the method proposed in this paper effectively reduces the network loss.
(4) PV and energy storage SOC changes with the proposed control
The PV reactive power at bus 16 is given in Figure 7. As the bus is located at the end of the line, the voltage violation is most likely to occur. Through the proposed scheme, the photovoltaic reactive power is controlled to improve the voltage over-limit and three-phase unbalance. It can be seen that when the upper limit of the voltage during the day is obvious. The photovoltaic absorbs reactive power and mitigate the voltage violation of the upper limit.
[image: Figure 6]FIGURE 6 | Comparison of three–phase imbalances. VUF without control. VUF under control.
[image: Figure 7]FIGURE 7 | PV reactive power under control.
Figure 8 shows the energy storage charging and discharging power at bus 13. As the bus is located at the end of the line, it is also the point where the voltage violation is most likely to occur. In the daytime, excess energy is used to charge energy storage. In the evening, when demand for electricity is high, energy storage is discharged to supply the demand.
[image: Figure 8]FIGURE 8 | Active power of ESSs under control.
Figure 9 shows the changes of the energy storage SOC at bus 13. Around 10:00, photovoltaic power generation continues to increase with the increase in light intensity. At this time, the load is the minimum value throughout the day. The energy storage starts to enter into the charging state, and SOC continues to increase from 20%. At around 15:00, the energy storage reaches the maximum energy limit at 80%. At the time of sunset, following the decrease in light intensity, the power from PV inverter continuously decreases while loads start to increase to peak demand period. Energy storage starts to discharge to supply the load. SOC starts to drop until reaching the low energy limit at 20%. This will not affect the action of energy storage in the next cycle.
[image: Figure 9]FIGURE 9 | SOC of ESSs under control.
Results Comparison of Different Control Method
The target weight indicates the importance of each index in the objective function. Hence, the control performance is related to the value of the weight. Among the three objective functions in the model, the network losses and three-phase unbalance factor are the most important. In this section, the weight of the voltage deviation is always maintained at 0. The control performance with different weights of network losses and three-phase unbalance factor is analyzed. Figure 9 lists the control results of different weighting schemes.
It can be seen from the results that the variation of the voltage deviation in the objective function has a very small influence on the results, almost no change, so the weight of the voltage deviation can be ignored here, and the influence of the network loss and the weight of the three-phase imbalance on the results can be analyzed. The following conclusions are drawn.
(1) Only the three-phase unbalance index is considered. At this time, the distribution network three-phase unbalance control effect is the optimal, reaching a minimum value of 0.52%. However, the network loss is extremely deteriorated, reaching a maximum value of 78.31 kWh.
(2) When the network loss weight is 0.05 and the three-phase unbalance weight is 0.9, the weight is only adjusted slightly. The network loss index changes dramatically. Although the network loss is much smaller, the three-phase unbalance is still 0.52%.
(3) The network loss weight is further increased, and the three-phase unbalance weight is further smaller. The network loss is slightly decreased but not obvious, and the three-phase unbalance is 0.52%. When the three-phase unbalance weight reduce to 0.1, only minor changes can be seen, however still within the national standard (2%).
(4) Consider only the network loss index. Although the network loss can reach a minimum value of 45.77 kWh, the control effect on the three-phase unbalance of the network is not obvious. At this time, the three-phase unbalance is 9.48%, which is far beyond the specified 2%.
In summary, on the premise that the network loss and the three-phase unbalance are within the national standard range, the reasonable weight value is determined based on the principle that the three-phase unbalance and the network loss are not significantly increased. This can ensure the security of the power grid operation and also reduce the operating cost of the power grid. Hence, the three-phase unbalance index takes less weight.
Three-phase Three-Wire and Three-phase Four-Wire System Model Simulation Comparison
In order to verify the superiority of the control method proposed in this paper, a three-phase three-wire system using a second-order cone relaxation solution and a three-phase four-wire system based on OPF proposed in this paper are compared and analyzed. As the second-order cone optimization model cannot calculate the three-phase unbalance, the results of this method are compared with the results of the second-order cone model based on the three-phase three-wire system.
As can be seen from Table 2, compared with the three-phase three-wire system and the three-phase four-wire system, the total network loss differs by 3.41 kWh and the three-phase four-wire neutral line loss is 4.07 kWh. Under the same simulation condition, the difference between the total network losses of the two types of distribution network is approximately equal to the neutral line loss. In addition, the losses of each phase of the two models are quite different. For example, loss of a-phase of the three-phase three-wire system is 15.84 kWh, while the loss of a-phase of the three-phase four-wire system is 18.79 kWh. At this time, the network loss and voltage deviation of three-phase three-wire system has high errors. Therefore, in a three-phase balanced low-voltage distribution network, the neutral line has no current. The two types of distribution networks can be approximately equivalent. For a three-phase unbalanced low-voltage distribution network, the calculation of a three-phase three-wire system will produce errors.
TABLE 1 | Result under different strategies.
[image: Table 1]TABLE 2 | Result under different line structure.
[image: Table 2]CONCLUSION
In this paper, the problems of large-scale domestic photovoltaic connecting to the three-phase four-wire low-voltage distribution network including voltage violation and three-phase unbalance were studied. A low-voltage photovoltaic-energy storage based on the three-phase four-wire network OPF cooperative control method is proposed.
(1) For a low-voltage distribution network with a high proportion of photovoltaics, the proposed photovoltaic-energy storage collaborative control method can comprehensively improve the technical indicators of the power grid. The node voltage can be controlled within the range of 0.9–1.07 pu, and also effectively reduce the three-phase unbalance and the network loss.
(2) The proposed three-phase four-wire optimal power flow algorithm overcomes the shortcomings that the existing method that cannot accurately calculate the neutral line voltage and current. This ensures the correctness of the network optimization calculation results in the case of three-phase unbalance. It has good adaptability to low-voltage distribution network.
(3) In the objective function, the network loss, the three-phase unbalance and the voltage deviation weight have different effects on the control results. The network loss weight is more sensitive to the objective function than the three-phase unbalance and the voltage deviation. The control effect is better when the network loss weight is set in the range of 0.7–0.9.
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Soft open point-based energy storage (SOP-based ES) can transfer power in time and space and also regulate reactive power. These characteristics help promote the integration of distributed generations (DGs) and reduce the operating cost of active distribution networks (ADNs). Therefore, this work proposed an optimal operation model for SOP-based ES in ADNs by considering the battery lifetime. First, the active and reactive power equations of SOP-based ES and battery degradation cost were modeled. Then, the optimal operation model that includes the operation cost of ADNs, loss cost, and battery degradation cost was established. The mixed integer nonlinear programming model was transformed to a mixed integer linear programming model derived through linearization treatment. Finally, the feasibility and effectiveness of the proposed optimization model are verified by the IEEE33 node system.
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INTRODUCTION
Renewable energy power generation is a key measure to solve the contradiction between load growth, environmental protection, and energy shortage (Habibollahzade et al., 2018; Zhao and Chen, 2018). Renewable energy power generation is usually connected to the distribution network in the form of distributed generation (DG) (Badran et al., 2018; Naderi et al., 2018). The increasing integration of DG has a profound impact on the distribution network. In a traditional distribution network, power flows in a one-way radial from the slack bus to the load side; meanwhile, a DG may make power flow in multiple directions from multiple points inside the distribution network, an occurrence which will raise the voltage (Su et al., 2014). Flexible and controllable equipment are present in active distribution networks (ADNs) and can improve the operation efficiency and management level of ADNs.
A soft open point (SOP) is a new type of power electronic equipment which consists of two back-to-back voltage source converters (VSCs) and can replace the traditional tie switch (Bloemink and Green, 2010). An SOP’s flexible control characteristics and rapid response capability effectively deal with renewable energy fluctuation. An SOP can transfer power flow and regulate reactive power, thereby promoting the access level of DGs. Energy storage (ES) transfers the electric energy through the storage and release of the said energy, a feature which can effectively reduce the operating cost of the ADNs under the time-of-use (TOU) electricity price environment (Imani et al., 2019). The battery module of the ES can be connected to the DC bus of the SOP through a DC–DC converter to form an SOP-based ES. By controlling two VSCs and one DC–DC converter, the SOP-based ES has multiple functions such as energy storage, power flow transfer, and reactive power regulation (Yao et al., 2018). Therefore, investigating the optimal operation of SOP-based ES for reducing the operation cost and improving the operation efficiency of ADNs is of great significance.
Numerous research achievements exist on the operation strategy of an SOP in the ADNs. Ref. (Cao et al., 2016) reduced the loss of the distribution network by controlling an SOP. In fact, the control ability of the SOP is reflected not only in the loss reduction, but also in its voltage regulation ability. Most studies consider both loss and voltage quality and adopt a multi-objective optimization model to solve the problem. Ref. (Long et al., 2016; Ji et al., 2017; Li et al., 2017; Qi et al., 2017; Ji et al., 2018; Li et al., 2019; Shafik et al., 2019) proposed a variety of multi-objective optimization operation models of the active distribution network and used an SOP to reduce the distribution network loss and improve system voltage deviation. Some studies also considered load balancing. In (Sun et al., 2021), a long-term and short-term two-stage distribution network optimization model is established by considering the uncertainty of the renewable energy output. In the long-term model, the minimum loss and voltage unbalance are taken as the optimization objectives, and the operation point of the SOP is obtained. Then, according to the actual output of renewable energy sources, the short-term model responds to the actual output of renewable energy through droop control. Ref. (Shafik et al., 2019) improves the renewable energy utilization efficiency by controlling the tie switch and SOPs. Ref. (Lou et al., 2020; Wang et al., 2020) further reduces the voltage unbalance in the unbalanced distribution network by controlling the three-phase power of SOPs. In (Chen et al., 2020; Ding et al., 2020), the SOP was used to enhance the service restoration ability of a distribution network. As for the reliability of the distribution network, (Escalera et al., 2020; Yan et al., 2020) shows that the substitution of an SOP for a tie switch can improve distribution network reliability, especially for ADNs with DGs. However, research on SOP-based ES operation strategy is scant, and only Ref (Yao et al., 2018) utilized an SOP-based ES to reduce the loss of ADNs. This approach does not maximize the ability of ESs to transfer power in time to reduce the operating cost of the ADNs. In addition, the frequent charge and discharge of ES directly affects the lifetime of the battery module (Tran and Khambadkone, 2013). Therefore, the influence of SOP-based ES on the operating cost of the ADNs and the consideration of the battery lifetime are necessary.
To fill the aforementioned gaps, an optimal operation model for an SOP-based ES in the ADNs with regard for battery lifetime is proposed in this article. The main contributions of this work can be summarized as follows:
(1) The active and reactive power equations of an SOP-based ES are established, and the cost of battery degradation is deduced.
(2) An optimal operation model is established and considers the power exchange cost, loss cost, and battery degradation cost of the distribution network. Moreover, the original mixed integer nonlinear programming (MINLP) problem is transformed into a mixed integer linear programming (MILP) problem by linearization, thereby improving the solving efficiency and convergence.
(3) The effectiveness of the proposed optimization model is verified by the IEEE 33-node test system (Baran and Wu, 1989).
The remainder of this paper is organized as follows. The SOP-based ES is modeled in Section Modeling of SOP-Based ES. The optimal operation model of the SOP-based ES in the ADNs is established in Section Problem Formulation. Case studies are presented in Section Case Studies. Conclusions are drawn in Section Conclusion.
MODELING OF SOP-BASED ES
Active and Reactive Power Equations of the SOP-Based ES
The structure of an SOP-based ES is shown in Figure 1. The SOP-based ES has two VSCs and a DC–DC converter. The DC sides of the two VSCs are connected with the DC–DC converter, the AC sides are connected to the feeders, and the other side of the DC–DC converter is linked to the battery. The SOP-based ES can transfer the active power between feeders and store energy, and the AC side of VSCs can also regulate the reactive power. The power of the SOP-based ES meets the following constraints (Yao et al., 2018):
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where Pti,VSC and Pti,VSC are the active power injections of VSC i and j at time t. Ptm,ES is the active power consumption of the ES. PL,ti,VSC and PL,tj,VSC are the power losses of VSC i and j, respectively. PL,tm,DC is the power loss of the DC–DC converter ij. Ai,VSC, Aj,VSC and Aij,DC are the power loss coefficients. Qti,VSC and Ptj,VSC are the reactive power injections of VSC i and j. Si,VSC, Sj,VSC, and Sij,DC are the capacities of the VSC and DC–DC converter. Qmini,VSC and Qmaxi,VSC are the minimum and maximum reactive power injections of VSC i. Qminj,VSC and QmaxJ,VSC are the minimum and maximum reactive power injections of VSC j.
[image: Figure 1]FIGURE 1 | The structure of SOP-based ES.
Eq. 1 is the active power balance of the SOP-based ES. Eq. 2 is the power loss equation. Eqs. 3, 4 are the capacity and reactive power constraints, respectively.
ES must also meet the following constraints:
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where Ptm,ch,ES and Ptm,dis,ES are the charging and discharging powers of ES m. λtm is a binary variable if ES m is in the charging state, λtm =1, otherwise, λtm =0. SoC tm is the state of charge of ES m, and SoC 0m is the initial SOC. Δt is the time interval and equals one hour in this work. Capm is the energy capacity of ES m. ηm,ES is the ES efficiency. M is a sufficiently large number. SoCminm and SoCminm are the SOC limits of ES m. T is the total time intervals of an operation cycle.
Eq. 5 is used to obtain the charging and discharging powers. Eq. 6 is the relationship between SOC and the charging and discharging powers. Eq. 8 is the lower and upper limits of SOC. Eq. 9 indicates the SOC of ES in the last time interval and equals the initial SOC.
Lifetime Model of the Battery
The depth of cycle discharge is the key factor affecting the battery lifetime (Tran and Khambadkone, 2013). The charge and discharge cycles of a battery constitute the process from discharging to charging. That is,
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where cyctm is a binary variable and indicates the battery changes from a discharging to a charging state when cyctm = 1.
The cycle discharge depth dt−1m,cyc of the battery refers to the discharge depth dt−1m at the moment before charging and can be expressed as
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The cycle life Ntm,d of the battery can be expressed as the cycle discharge depth. That is,
[image: image]
where N0 is the cycle number of the charge and discharge of a battery at 100% discharge depth. kp is a constant that usually between 1.1 and 2.1 (Tran and Khambadkone, 2013; Duggal and Venkatesh, 2014).
The equivalent life degradation Nm,de of the daily charge and discharge cycle can be expressed as (Duggal and Venkatesh, 2014)
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The battery cycle life in years Tm,life and the daily degradation cost Cm,ES can be formulated as:
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[image: image]
where Cm,inv,ES is the investment cost of ES and r is discount rate.
PROBLEM FORMULATION
Optimization Model
The objective function is to minimize the total daily operation cost C, including the power exchange cost, network loss cost, and battery degradation cost.
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where ctb, ct s, and cL are the electricity purchase price, electricity selling price, and loss cost, respectively. Ptb,grid and Ptb,grid are the active power purchase and selling. [image: image] is the total power loss and includes the line loss [image: image] and the VSC and DC–DC converter loss. Ωl and ΩSOP-ES are the sets of the branch and SOP-based ES, respectively.
The constraints of the optimization model include the power flow, PV generation, and network operation constraints.
Linearized DistFlow Equations
The power flow equations of an ADN can be expressed as
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where [image: image] and [image: image] are the active and reactive powers of the branch from nodes i to j. [image: image] and [image: image] are the active and reactive power injections at node j, respectively. [image: image] and [image: image] are the active and reactive power injections of the PV generations, respectively. [image: image] and [image: image] are the active and reactive powers of the load, respectively. [image: image] and [image: image] are the node voltage and its rated value, respectively. rij and xij are the resistance and reactance of branch ij, respectively. Constraints Eqs. 18–21 are the linearized DistFlow equations with power loss (Zhang et al., 2019). The power loss equation can be expressed as follows:
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PV Generations Constraints
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where [image: image] is the power factor of a PV converter.
Network Operation Constraints
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where Vmin and Vmax are the minimum and maximum node voltages, respectively. [image: image] is the branch capacity. Constraints Eqs. 22, 23 are the node and branch capacity constraints, respectively.
Model Linearization
Constraints Eqs. 2, 3, 13–15, 23, 24, 28 are nonconvex and nonlinear, and will affect the solution efficiency and convergence. Linearization can help solve this problem.
Constraints Eqs. 14, 15 can be approximately treated as the following linear function (He et al., 2017)
[image: image]
where Lm,de and Km,de are linear parameters that can be obtained by linear fitting.
The power function terms z = yσ (σ > 1) in Constraints Eqs. 13, 23, 24 are linearized as Eq. 30 (Wang et al., 2020),
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where [image: image], y is a positive value that is greater than the absolute value of y0. Lk is the slope at the linear function of segment k. y will converge to the absolute value of y0 because the objective function minimizes line power loss. Figure 2A shows that zk ≥ max{z1, z2, …, zk−1, zk+1, …} when (k−1) Δy ≤ y ≤ k Δy. Therefore, z ≥ zk provides a lower bound for z, and the objective function helps z converge to zk. This proposed linearization method excludes the integer variables and improves the solving efficiency.
[image: Figure 2]FIGURE 2 | Piecewise linearization for the power function term and circle term; (A) power function term; and (B) circle term.
The circle terms in Constraints Eqs. 2, 3, 28 can be linearized with the replacement of a regular polygon, as shown in Figure 2B. Constraint Eq. 2 is an equation constraint and should be relaxed to an inequality constraint (Yao et al., 2018). These convex second-order conic models y2 + z2 ≤ R2 can be linearized as follows:
[image: image]
where ai and bi are the linear equation coefficients.
The absolute value constraint in Constraint Eq. 2 can be linearized as follows:
[image: image]
CASE STUDIES
The IEEE 33-node test system is used to verify the feasibility and efficiency of the proposed model. The simulation program is tested on the MATLAB R2016b-YALMIP platform (Lofberg, 2004), and the optimization models are solved by CPLEX (IBM ILOG CPLEX Optimization Studio, 2020). YALMIP is an open source software that provides interfaces for MATLAB and solvers. CPLEX is a mathematical programming solver developed by IBM and can effectively solve MILP problems. The hardware device is a computer with Intel Core i7-8700 @ 3.2 GHz and 16 GB RAM.
Parameter Settings
The IEEE 33-node system has two SOP-based ESs and eight PV generations (Figure 3). The system parameters can be found in (Baran and Wu, 1989). Each SOP-based ES include two VSCs, a DC–DC converter and an ES. The capacity of each VSC is 300 kVA, and the DC–DC capacity is 300 kW. The energy capacities of ES one and two are both 2000 kWh. The power loss coefficient of the VSC and DC–DC converter is 0.02. The capacity PV converter is 500 kVA. The voltage limits are (0.95, 1.05) p.u.. The load demand and PV generation and electricity price are shown in Figures 4, 5, respectively. The network loss cost is $0.5/kWh. The investment cost of the ES one and two are both $200/kWh, the cycle number of ES one and two N0 = 1,591, and the constant kp = 2.09. The initial SOC values of ES one and two are both 0.5, and the minimum and maximum SOC values of ES one and two are 0.2 and 0.9, respectively.
[image: Figure 3]FIGURE 3 | IEEE 33-node system with SOP-based ES and PV generations.
[image: Figure 4]FIGURE 4 | Load demand and PV generation.
[image: Figure 5]FIGURE 5 | Daily electricity price.
Optimization Results Analysis
Four cases are used to evaluate the effect of the SOP-based ES and battery degradation.
Case 1: Without SOP-based ES.
Case 2: Two SOPs exist in the system, and no ES connects to the SOP DC side.
Case 3: Two SOP-based ESs exist in the system (Figure 4), and the battery degradation is not considered.
Case 4: Two SOP-based ESs exist in the system (Figure 4), and the battery degradation is considered.
The optimization results are shown in Table 1. As no ES exists in Cases 1 and 2, the difference in the TOU electricity price cannot be fully utilized to reduce the operating cost of the ADN. The SOP in Case 2 reduces power losses, thereby resulting in lower power purchase costs and loss costs and increase in revenue from electricity sales. Therefore, the total cost in Case 2 is slightly lower than that in Case 1 and the total cost is highest for Case 1. In Cases 3 and 4, the operating cost of the ADN is reduced by controlling the storage and release of energy. Although SOP-based ES loss is included in Cases 3 and 4, the total loss cost is lower than that in Cases 1 and 2. Given that SOP-based ES can balance the feeder load and compensate for reactive power, this feature helps reduce the line loss. In addition, the ES degradation cost is considered in Case 3, so the degradation cost in Case 3 is lower than that in Case 2. The cycle life of ES one and of ES two in Case 3 can reach 15.1 and 10.7 years, respectively. By contrast, the cycle life of ES one and of ES two in Case 2 are only 8.3 and 7.5 years, respectively.
TABLE 1 | Optimization results.
[image: Table 1]Figure 6 depicts the maximum and minimum voltage profiles of ADN in Cases 1–4. In Case 1, the maximum voltage of Nodes 8–17 violates the voltage upper limit, while the minimum voltage is less than the voltage lower limit. Given the peak output of PV generation, the power flow reverses, thereby causing the voltage at the end node to rise. When the PV output is low, the load causes the voltage to decrease. The SOP in Case 2 improves the voltage profile by transferring power flow and adjusting reactive power, but some nodes (Nodes 12–17 and 28–32) still violate the voltage constraint. However, the SOP-based ESs in Cases 2 and 3 not only have the functions of transferring active power and regulating reactive power, but also have the ability to store and release active power, so the voltage profile is significantly improved.
[image: Figure 6]FIGURE 6 | Voltage profile of ADN in Cases 1–4; (A) Case 1, (B) Case 2, (C) Case 3 and (D) Case 4.
The SOC of ESs one and two in Cases 3 and 4 are shown in Figure 7. The ESs are in the charging state from t = 4 to 6 h because of the low price of electricity. In t = 9 and 10 h, the ESs discharge because electricity prices and load demand increase. From t = 12 to 14 h, the SOC increases again because the PV output increases but the load decreases. From t = 19 h, the ES discharged due to the increased load. Moreover, the SOC in Case 3 is higher than that in Case 2, a situation which can avoid excessive discharge and extend the battery life.
[image: Figure 7]FIGURE 7 | The SOC of ES in Cases 2 and 3, (A) ES 1, and (B) ES 2.
Figure 8 depicts the active power of the SOP-based ESs in Case 3. The active power of VSC 21 and ES one are positive and negative, respectively, from t = 4 to 6 h. Thus, the SOP-based ES one transfers the active power from Node 21 to ES 1. As the PV output is 0 and Node 21 is close to the slack bus, Node 11 is far from the slack bus with a lower voltage. Similarly, SOP-based ES two mainly transfers the active power from Node 32 to ES two at this period. From t = 9 h, the ES starts to discharge. As the PV output is higher, the voltage at the end nodes of the branch increases, so VSCs 21 and 32 inject active power, while VSCs 11 and 17 absorb active power. From t = 12 h, the ESs start to charge again when the PV output is highest. Given that VSC 21 is close to the balance node, the active power of VSC 21 is injected into Node 21, while other VSCs absorb active power. From t = 18 h, the PV output is 0, and the voltage at the end node is relatively low. Thus, VSC 21 absorbs active power, whereas other VSCs inject active power.
[image: Figure 8]FIGURE 8 | Active power of SOP-based ESs in Case 4; (A) SOP -based ES 1, (B) SOC-based ES 2
Figure 9 shows the reactive power of SOP-based ESs in Case 4. When the PV output is low or absent (t = 1–6 h and 19–24 h), all the output reactive power of VSCs improves the system voltage and reduces the power loss. When the PV output is high (t = 11–16 h), power flow reverse leads to voltage increase and the VSC absorption reactive power reduces system voltage.
[image: Figure 9]FIGURE 9 | Reactive power of SOP-based ESs in Case 4 (A) SOP -based ES one and (B) SOC-based ES 2
Computing Performance
To verify the validity and convergence of the proposed linearized model, Table 2 provides the comparison of optimization results and the computing time between the proposed MILP model and the original MINLP model solved by Knitro (Artelys Knitro, 2020). The solving efficiency of the MILP model is noticeably improved by linearization. The original MINLP problem is a nonconvex one for which obtaining the optimal solution is difficult. The nonconvex problem is transformed into a convex optimization problem by linearization, and its convergence is further improved.
TABLE 2 | Convergence and solving efficiency of different models.
[image: Table 2]CONCLUSION
In this study, the optimization operation model of SOP-based ESs in ADNs is presented, and the battery degradation cost is considered. The effectiveness and performance of the proposed model is validated by case studies. The ability of SOP-based ESs to transfer power in time and space not only promotes the integration of DG, but also reduces the operating cost of the ADNs. By considering the battery degradation cost in the optimization model, excessive discharge can be avoided and battery life can be prolonged. The MILP proposed in this paper further improves the solving efficiency and convergence of the optimization model and helps identify the optimal solution. The research in this work is helpful for improving the operation management of ADNs and promoting the further development of renewable energy.
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With the ever-increasing penetration of renewable resources, more complexities and uncertainties are introduced in power system reliability assessment. This entails an enormous number of contingency states to represent the characteristics of renewable energy. As a result, the unbearable computation burden is the main challenge toward the efficiency of the state enumeration (SE) method. To address that, this paper proposes an improved reliability evaluation approach that can not only increase the accuracy but also accelerate the analysis. In detail, the impact increment method is first employed to decrease the proportion of higher-order contingency states, leading to accuracy improvement. Then, the shadow price is used to solve the optimal power flow (OPF) problem in a faster manner. This shadow price (SP) method allows us to obtain the optimal load curtailment directly from linear functions rather than the time-consuming OPF algorithms. In addition, one hundred percent criterion is used to match shadow-price-based linear functions with system states. Case studies are performed on the RTS-79 system and IEEE 118-bus system, in which test scenarios include loads, photovoltaics (PV), and wind turbines (WT). Results indicate that the proposed method can significantly ease the computation burden and outperform traditional reliability assessment methods in terms of both computing time and accuracy.
Keywords: shadow price, impact increment, reliability assessment, optimal load curtailment, renewable energy, optimal power flow
INTRODUCTION
With the increasingly great attention to the low-carbon emission and sustainability, the conventional generations using fossil fuels are withdrawing and renewable resources are rapidly developing. Whereas, the expanding share of renewable energy brings more uncertainties in reliability assessment. Unlike conventional energy, the outputs of PV and WT are determined by solar radiation, wind velocity, etc. The fluctuation and unpredictable characteristics of these nature factors make the outputs of renewable generation stochastic and intermittent. Therefore, this raises the concern of generation adequacy in the power system with high renewable energy penetration.
Indeed, there is a growing interest in evaluating the impact of high penetration of wind power and photovoltaics on power system reliability (Alotaibi and Salama, 2016). The authors in (Ding et al., 2011) develops the output models of wind turbines in a wind farm considering wind speed correlation. A new wind power probabilistic interval prediction model is proposed to describe the uncertain scenario of wind power (Yang et al., 2020). Moreover, an efficient framework that enables a fast cascading path searching under high penetration of wind power (Liu et al., 2020a) is proposed. The universal generating functions are used to evaluate the time-varying reliabilities of power systems with high wind power penetration (Ding et al., 2014). The Copula theory can capture the correlation between wind turbines in different locations (Tomasson and Soder, 2018). It inevitably entails a large number of scenarios and variables to represent the fluctuating outputs of renewable resources. Moreover, the detailed hourly load models and massive contingency states also need to be considered in the reliability assessment. Thus, with the expansion of power systems and the increasing penetration of renewable energy, the number of system states exponentially grows, which results in an unacceptable computation burden.
In general, two major methods, Monte Carlo simulation (MCS) method and analytical method, are utilized to assess the reliability of power systems (Billinton and Li, 1994). Both have their applications and limitations. The MCS method randomly samples the system states to be analyzed, and variance reduction technique (Sankarakrishnan and Billinton, 1995), state-space pruning approach (Singh and Mitra, 1997), cross-entropy method (Gonzalez-Fernandez and da Silva, 2011), etc., have been successfully employed to promote its efficiency. However, the MCS usually requires a longer sampling time to encounter a failure state with a low probability of occurrence, when applied to evaluate highly reliable power systems (Li, 2014). On the other hand, the analytical method is very useful and more efficient for power system planning (Ding et al., 2011). The State Enumeration technique, a typical analytical method, enumerates system states until the stopping criteria are met. However, exponentially growing system states would result in such a heavy computation burden that the SE method cannot bear.
Various methods are proposed to ease the computation burden of the SE method for power system reliability evaluation considering PV and WT. Combining high-dimensional Copula theory with the discrete convolution method, an efficient approach (Wang et al., 2018) is proposed to handle high-dimensional dependencies. Generally, most literatures are investigated to reduce the number of system states. The maximum order of contingency states is commonly used as the stopping criterion to neglect the high-order states. Since the probability of a high-order contingency may be larger than that of a low-order contingency, this criterion may make the reliability results lower than the actual value. To deal with that, techniques such as fast sorting (Liu et al., 2008) are used to arrange contingencies based on the probability of occurrence. However, a low probability state may have larger impact on system reliability indices than a high probability state due to different outage capacities. To address this issue, an impact-increment-based state enumeration (IISE) approach (Hou et al., 2016; Hou et al., 2018) is used to transfer partial impacts of higher-order states to the corresponding lower-order ones. In this way, the proportion of high-order contingencies is decreased implicitly, and the neglecting of higher-order states will no longer bring unacceptable errors, albeit using the maximum order criterion. As a result, we can achieve a remarkable accuracy improvement for the SE method. Furthermore, an incremental reliability assessment approach (IRAA) (Lei et al., 2018) is proposed to apply IISE to transmission expansion planning. In this way, more reliable references could be provided for system planners to select the best optimal planning scheme.
Compared with the number of system states, studies of the state analysis acceleration are relatively rare. The state analysis requires repeated computations for OPF problems corresponding to numerous system states, therefore the state analysis is the most time-consuming process for the reliability assessment. An improved stochastic fractal search algorithm (ISFSA) (Nguyen et al., 2020) is proposed to improve the OPF solving process, in terms of optimal solution quality, execution speed as well as success rate. Time in an OPF optimization can be saved, and the enhancement is considerable in the whole process. Followed by that, Direct Current (DC) OPF (Geng et al., 2018), parallel computation (Gubbala and Singh, 1995), post optimal analysis (Safdarian et al., 2013), etc., are utilized to speed up the state analysis, but they cannot decrease the number of OPF optimizations. The multi-parametric linear programming approach (Yong et al., 2019) is used to decrease the OPF calculations for the MCS method. The Lagrange multiplier based state enumeration (LMSE) approach (Liu et al., 2020b) is proposed to accelerate the analysis without loss of accuracy. A shadow-price-based linear function is present in this paper to solve the OPF problem by matrix multiplications. In this manner, the optimal load curtailment can be obtained directly, rather than the time-consuming OPF computations. Therefore, we can significantly accelerate the evaluations of most system states to ease the computation burden for the SE method.
In this paper, we propose an improved state enumeration method based on the shadow price and impact-increment (SPIISE) method. The accuracy and speed of reliability assessment can be enhanced by the IISE method and shadow price (SP) method, respectively. Furthermore, by integrating the SP into the IISE, we can evaluate the reliability of power systems with high renewable energy penetration more efficiently. In summary, the main contributions are as follows:
1 Shadow-price-based linear functions are constructed to establish the relationship between the system state and optimal load curtailment. By avoiding a myriad of OPF optimizations, we can achieve significantly reduce the computing time of reliability assessment.
2 One hundred percent criterion is proposed to match the states with the shadow price, which can ensure the accuracy of the shadow-price-based linear functions.
3 An impact-increment-based state enumeration method is used to evaluate the impact of renewable energy on reliability. This allows us to ease the heavy computation burden and improve the accuracy of the traditional SE method.
The remainder of this paper is organized as follows. Section The Methodology of Reliability Assessment introduced the framework of the proposed reliability assessment methodology. In Section Reliability Assessment Method Based on Shadow Price and Impact Increment Methods, the IISE method and the shadow price method are illustrated in detail. Case studies are performed in Section Case Studies and conclusions are drawn in Section Conclusion.
THE METHODOLOGY OF RELIABILITY ASSESSMENT
The framework of reliability evaluation of power systems with high renewable energy penetration is shown in Figure 1, which consists of three main processes: 1) system state selection 2) system state analysis 3) reliability indices computation.
[image: Figure 1]FIGURE 1 | The framework of the proposed method.
System state selection is used to enumerate all possible contingencies by the SE method. The contingencies include generation and transmission. In the SE method, the reliability assessment indices can be obtained by calculating the possibility and impact of each system state. The mathematical expression is as follows:
[image: image]
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where I(s) is the impact of the system state s, which can be calculated by system state analysis.
System state analysis uses the OPF model to calculate the influence of state contingency states. When some contingencies occur in power systems, resulting in line overload or system disconnection, the generator output must be readjusted, and if necessary, load shedding should be carried out to ensure the normal operation of the system. The optimal load curtailment is determined by the DC-OPF model, which is composed of three aspects: decision variables, objective function, and constraints.
The decision variable x = [θ, PC, PG]T includes the generation output PG = [PG,1, PG,2,…, PG,g]T, the voltage phase θ = [θ1, θ2,…,θn]T, and the load curtailment PC = [PC,1, PC,2,…, PC,n]T. The objective function is the minimum total load curtailment PLC. The constraints include the power flow limits, the upper and lower limits of generation output, the branch flow limits, and the upper and lower limits of load curtailment. Then, the optimal load curtailment (OLC) model is
[image: image]
Reliability indices computation is to calculate the reliability assessment indices. After calculating all the enumerated contingencies states based on the optimal power flow model, the reliability assessment indices can be obtained. The common reliability indices include expected energy not supplied (EENS), probability of load curtailments (PLC), average energy not supplied (AENS), and expected demand not supplied (EDNS). This paper uses EENS as the reliability assessment index. According to (Eq. 1), it can be calculated by:
[image: image]
where T is the time period of reliability assessment. I(s) is the load curtailment of state s.
RELIABILITY ASSESSMENT METHOD BASED ON SHADOW PRICE AND IMPACT INCREMENT METHODS
In this paper, the impact increment method and shadow price method are used to improve the system state selection and system state analysis, respectively. The impact increment method can transfer partial impacts of higher-order states to the corresponding lower-order ones, which can reduce the number of system states implicitly. SP method can establish the linear function between the system state and optimal load curtailment, which can avoid a myriad of OPF optimizations.
The Impact-Increment-Based State Enumeration Method
The traditional SE method needs to enumerate a large number of contingency states. In this way, some high-order states are ignored to improve the calculation speed at the cost of accuracy. In order to solve this problem, the IISE reliability assessment approach is used in this paper.
According to the reliability indices calculation Eq. 1, the reliability indices calculation equation based on impact increment can be deduced. Taking a three-components system as an example, we have,
[image: image]
Equation 5 is a polynomial with eight terms, including one normal state and seven contingency states. Then, this equation can be simplified by replacing the availability with unavailability,
[image: image]
It can be seen from the above equation that the impact has been changed into the form of impact increment. Thus, the impact increment of system state s is defined as follows,
[image: image]
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where Card(u) is the order of contingency states u. Therefore, Eq. 6 can be simplified to,
[image: image]
Compared with Eqs 5, 9, it can be seen that the number of terms to be calculated is the same in the two equations, but the content of each term is different. The system state probability of the first equation is replaced by the impact-increment probability, which is eliminating the availability of available components. Also, the system state impact in Eq. 5 is replaced by the impact-increment. In this way, the proportion of the impact of low-order contingencies in the total impact is increased. As a result, the calculation efficiency can be improved when the high-order contingencies are ignored in some scenarios. Furthermore, Eq. 9 of the three-component system can be extended to the N-component system,
[image: image]
A Shadow-Price-Based Optimal Load Curtailment Calculation Method
The OLC model solving process is the most time-consuming in the reliability assessment. In this paper, the OLC model Eq. 3 is a linear programming problem, which can be expressed as follows:
[image: image]
where [image: image]
The simplex method is generally used to solve linear programming problems (Vanderbei, 1998). Then we get,
[image: image]
where B is the optimal basis. xB and cB are the solution and cost coefficient vector corresponding to B, respectively. As long as the criterion xB ≥ 0 and σ ≥ 0 are satisfied, x is the optimal solution and z is the optimal objective function.
This paper considers various load levels and renewable generation outputs. The load level PL,i changes with time and there are 8,760 load levels in a year. All generator buses are divided into three categories: conventional generators, PVs, and WTs. The maximum power output PGmax of conventional generators is constant, while that of renewable generations changes with time. When dealing with a specific contingency, each load level and generator output should be calculated by the optimal load curtailment model to obtain reliability indices. However, the OPF calculation requires too much time because the number of contingency states is very large.
To address that, a shadow-price-based optimal load curtailment calculation method (SP) is proposed to accelerate the solving process of the optimal load curtailment model. It can be observed that the only different part of the OPF model is matrix b between different load levels and generator outputs. And the shadow price can be used to represent the influence of these changes on the optimal load curtailment. Based on Eq. 12, the reduced cost σ is always positive when matrix b changes. Therefore, once xB ≥ 0 is satisfied, the change of optimal load curtailment can be calculated by the shadow price, as shown in Eq. 12.
Furthermore, through the criterion xB ≥ 0, the variation range of b can be obtained, which can be expressed as [β1, β2]. Therefore, the new linear programming problem can be directly solved by using the last calculation result if the changed b’ is still in this range. In this case, the optimal base matrix B is unchanged, and the optimal load curtailment of the new state can be obtained by Eq. 12. Hence, fbi (β) is the optimal objective value as a function of varying bi with the other bounds fixed. It should be noted that fbi (β) is a piecewise linear and convex function, as shown in Figures 2, 3.
[image: Figure 2]FIGURE 2 | β = 0 is a breakpoint.
[image: Figure 3]FIGURE 3 | β = 0 is in the interior of the linearity interval.
Obviously, if fbi (β) does not change, then we can easily obtain the optimal objective function of different bi. The gradient [image: image] is called the shadow price related to bi, thus the shadow-price-based linear functions can represent the change of objective function for small changes of β around zero. Moreover, we are interested in the linearity interval β ∈ [β1, β2] for which [image: image].
However, the change in b is usually composed of multiple components. Therefore, one hundred percentage criterion is considered: for all the constant data in the changing constraint conditions, when the sum of all allowable increase percentages and allowable decrease percentages does not exceed one hundred percent, the shadow price of this problem is unchanged, as follows:
[image: image]
Consequently, for the linear programming problem with changes in b, when one hundred percentage criterion is satisfied, the optimal load curtailment can be obtained directly by z = cBB−1b = wb, in which w is the shadow price. This simple calculation can eliminate the cumbersome iterative OPF optimizations because the new solution can be calculated by the previous solutions.
Process of the Proposed Approach
The overall process of the proposed SPIISE method is shown in Figure 4 and elaborated as follows:
[image: Figure 4]FIGURE 4 | Flowchart of the proposed method.
Step 1: Initialization. Input power system data, load level data, PV and WT output data. Set the maximum contingency order.
Step 2: Clustering. Reduce the load levels and renewable generation outputs by the k-means clustering technique.
Step 3: System state enumeration. Enumerate all contingency states, and select a system state to analyze.
Step 4: The judgment of one hundred percentage criterion. Determine whether Eq. 13 is satisfied, then use the SP method or OPF optimization algorithm to solve the optimal load curtailment model, and obtain the optimal load curtailment of the system state.
Step 5: EENS computation. Calculate the reliability assessment index (EENS) by the impact-increment-based state enumeration approach, as shown in Eqs 4, 10.
Step 6: Output Results.
CASE STUDIES
The RTS-79 system (Subcommittee, 1979) and IEEE 118-bus system (IEEE 118-Bus System, 1962) are used to demonstrate the effectiveness of the proposed SPIISE method. The performance of IISE and SP methods are verified. Finally, the impacts of renewable energy penetration on the power system reliability are analyzed in detail. The performance of studies is parallel tested on a PC equipped with dual Intel Xeon Platinum 8180 CPU (ES) 28 × 1.8 GHz and 128 GB RAM.
Annual load curves (Figure 5) is the actual annual load data in Alberta (Alberta Electric System Operator, 2017). Annual output curves of PV and WT (Figures 6, 7) are from NREL National Wind Technology Center (Renewable Resource Data Sets, 2019). The fault component, analyzed in this paper, includes branches and generations. The unavailability of components in the RTS‐79 system and branches in the IEEE‐118 bus system are calculated by (Subcommittee, 1979). The unavailability of generations in the IEEE‐118 bus system is 1.5%. The MCS result with 1 × 108 samples is regarded as the actual result of reliability assessment, which can be used as a benchmark to evaluate the accuracy of other methods.
[image: Figure 5]FIGURE 5 | Annual load curve.
[image: Figure 6]FIGURE 6 | PV annual curve.
[image: Figure 7]FIGURE 7 | WT annual curve.
RTS-79 System
RTS‐79 system is a composite power system with 24 buses, 33 generator units, and 38 branches. The total generation capacity is 34.05 MW and the peak load is 28.5 MW. In this case, 5% capacity of conventional generation is replaced by PV and WT. The ratio of PV to WT is 1:1. The cluster number is 100. The maximum contingency order is 5 and transmission contingencies above third-order are ignored. The SPLMSE is applied in the RTS‐79 system to test its performance. SPSE denotes the method that combines the SP method and SE method. IISE, SPSE, SE, and MCS approaches are also utilized as comparisons.
Accuracy and Efficiency
As shown in Table 1, reliability indices EENS yielded by two approaches (SPSE and SE) are equal, however, the computation speed is increased by over 5 times. This is because the number of OPF optimizations per contingency is reduced from 100 to 14.10, so over 80% of OPF optimizations are substituted by shadow-price-based linear functions. Compared with the traditional approach (SE), the IISE method can achieve more accurate reliability results. It can be seen in Figure 8 that the position of SPIISE is located at the bottom left of all others. Thus, combined with the SP method and IISE method, SPIISE performs high efficiency in terms of both computation time and accuracy. Furthermore, efficiencies of MCS and SPIISE are approximately equal. Consequently, the superiority of the LMIISE is confirmed, and using the analytical method (SE) to evaluate power systems with 5% penetration of renewable energy becomes feasible and effective.
TABLE 1 | Reliability assessment results of SPIISE, SPSE, IISE, SE and MCS (RTS-79).
[image: Table 1][image: Figure 8]FIGURE 8 | Comparisons of computation efficiencies of five methods (RTS-79).
The clustering technique is used in the proposed methodology to ease the computation burden of the SE method. As shown in Figure 2, the massive scenarios of loads, PVs, and WTs are reduced to representative system states. As shown in Table 2, the relative errors can reach 2% when the cluster number is over 100. Therefore, the clustering technique could achieve a good trade-off between speed and accuracy, so 100 is used as the cluster number in this paper. Also, the acceleration performance of the proposed SPIISE method is getting better for the larger cluster number.
TABLE 2 | The Impact of Cluster Number on Reliability assessment results (RTS-79).
[image: Table 2]Impact of Renewable Energy Penetration
In this paper, renewable generation penetration ζ is defined as follow:
[image: image]
where Pg represents the total capacity of convention generators; Pre represents the capacity of renewable generators. In this subsection, we compare the following three cases with growing renewable energy penetration to illustrate the impact of renewable energy penetration.
Case 1: The convention generation is being replaced by the renewable generation with growing penetration, that is the total generation capacity Pg + Pre remains unchanged.
Case 2: The renewable generation is being newly added in power systems with growing penetration, that is the convention generation capacity Pg remains unchanged.
Case 3: the load increased by 10%, and total generation capacity Pg + Pre is increasing at different renewable energy penetrations.
Table 3 presents the reliability assessment results of the RTS-79 system at different renewable energy penetrations in Cases I and II. It can be found that the higher penetration of renewable energy can improve the reliability in Case I while deteriorate the reliability in Case II. This is because that intermittent renewable energy cannot satisfy the generation adequacy at all the time, unlike the convention generators. Moreover, the reliability results of Case 3 are shown in Figure 9. Load growth decreases the reliability of power systems. The initial reliability level is 2085 MWh/y, which is the EENS of the RTS-79 system without renewable energy and increased load. To reach the initial reliability level, both convention generation and renewable generation are needed to be expanded, as shown in Figure 10. Thus, in this case, the convention generation is a necessary support for the reliability of power systems with high renewable energy penetration.
TABLE 3 | The impact of renewable energy penetration on EENS in cases 1 and 2 (RTS-79).
[image: Table 3][image: Figure 9]FIGURE 9 | Reliability results of generation capacity growth at different renewable energy penetrations in Case 3.
[image: Figure 10]FIGURE 10 | Increased generation capacity at different renewable energy penetrations in Case 3.
IEEE 118-Bus System
IEEE 118-bus system consists of 118 buses, 54 generation units, and 186 branches. The total generation capacity is 99,662 MW and the peak load is 42,420 MW. Similar to the RTS-79 system, renewable generation penetration ζ = 5%, the cluster number is 100, and the maximum contingency order is 2. SPIISE, SPSE, IISE, SE, MCS are applied in the IEEE 118-bus system.
As shown in Table 4, SPIISE still outperforms the other methods in the IEEE 118-bus system. Based on the IISE method, the relative errors are reduced to 2.01% from 30.29%. About 80% of system states are calculated by the SP method, rather than the time-consuming OPF optimizations. Therefore, the position of LMIISE is located at the bottom left of others, as shown in Figure 11. Also, the efficiency of the proposed approach can reach or even exceed that of the MCS. In addition, since the IEEE-118 bus system is more complicated than the RTS-79 system, more OPF optimizations are needed in this case.
TABLE 4 | Reliability assessment results of SPIISE, SPSE, IISE, SE and MCS (IEEE 118-bus).
[image: Table 4][image: Figure 11]FIGURE 11 | Comparisons of computation efficiencies of five methods (IEEE 118-bus).
CONCLUSION
This paper proposes a shadow-price-and-impact-increment-based reliability evaluation approach to improve the efficiency of reliability assessment for power systems with high renewable energy penetration. Based on the impact increment method, more precise indices could be obtained with only low-order contingency. On the other hand, the shadow-price-based linear functions are constructed to calculate the optimal load curtailment in a faster manner. Moreover, one hundred percent criterion is applied to determine the shadow price of states. The results indicate that about over 80% OPF optimizations can be obtained directly by matrix multiplications, rather than the time-consuming optimization algorithms. Consequently, the proposed methodology can significantly improve computational efficiency. Moreover, a detailed analysis shows that convention generation may be an effective and necessary way to ensure the reliability of power systems with high renewable energy penetration. In addition, the one hundred percent criterion may be conservative for state matching, therefore, future research will focus on further decreasing the number of OPF calculations.
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NOMENCLATURE
Abbreviations
EENS Expected energy not supplied
IISE Impact-increment-based SE method
MCS Monte Carlo simulation method
OLC Optimal load curtailment
OPF Optimal power flow
SE State Enumeration method
SPIISE shadow‐price‐based IISE method
SPSE shadow‐price‐based SE method
Variables
aj the availability rate of component j
g the numbers of generators
I(s) the impact of the system state s
n the numbers of buses
ns the number of contingency components of the system state s
P(s) the probability of occurrence of system state s
PBmax,ij the maximum power flow of branch ij
PC,i the load curtailment of node i
PG,i the generation output of generator i
PGmax,i the maximum output of the generator i
PL,i the load of node i
PLC the total system load curtailment
R the reliability assessment index
s the system state
ui the unavailability rate of component i
xij the reactance of branch ij
θi the voltage phase of node i
Sets
Ω the set of enumerated system states
[image: image] the k-order contingency subset of s
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The calculation of the short-circuit current is an important basis for fault detection and equipment selection in the DC distribution system. This paper proposes a linearized model for modular multilevel converter (MMC) considering different grounding methods and different failure scenarios. This model can be used in different fault conditions before MMC’s block. Under different fault forms, the model has different manifestations. This paper analyzes and models the DC distribution network with two types of faults: inter-pole short circuit and single-pole grounding short circuit. Among them, the modeling and analysis of single-pole grounding short-circuit uses the method of common- and differential-mode (CDM) transformation. To solve such a model, an analytical calculation method is proposed. As a mean of evaluating the effectiveness and accuracy of the proposed model, the analytical calculation solution is compared to the solution produced by PSCAD/EMTDC. A comparison of the results reveals the efficacy of the proposed model.
Keywords: DC distribution system, short-circuit current calculation, MMC, linearization, common- and differential-mode
INTRODUCTION
With the continuous development of society, people's production methods are becoming more and more abundant, and the demand for the use of electric energy is also increasing. At present, the AC distribution network in some large cities is facing the problem of lack of power supply corridors and insufficient power supply capacity. At the same time, the traditional AC distribution network has problems such as three-phase imbalance and insufficient node reactive power support, which are becoming more and more prominent under the trend of substantial increase in electricity demand. In addition, the rise of many high-tech industries has put forward higher requirements for power supply reliability and power quality. However, high-quality power supply is difficult to achieve due to problems such as harmonics and shock loads caused by converter equipment in the network. This series of problems has promoted the technological innovation of the distribution network (Feng, 2019).
As countries attach importance to renewable energy and the development of power electronics technology, DC power distribution technology has gradually entered people's field of vision. At the same time, the DC distribution network has become a feasible way to solve a series of problems in the traditional AC distribution network with its advantages of large transmission capacity, low line cost, low network loss, high power supply reliability and high power quality (Baran and Mahajan, 2003; Sannino et al., 2003; Starke et al., 2008). What’s more, the DC distribution network with converters and a series of power electronic equipment is highly controllable and would be an important part of flexible and active distribution networks. In the DC distribution network, the converter is one of the key equipment. As a new generation of converters, voltage source converter has the advantages of the ability to manage power flow direction, immunity against commutation failure and easy extension to multi-terminal DC grid (Lyu et al., 2016; Hao et al., 2019). Therefore, the voltage source converter provides the possibility for the DC distribution network. At present, as a kind of voltage source converters, MMC not only has high output waveform quality, but also has low switching frequency and low loss (Xu, 2013). It is currently the key research object of DC technology.
The calculation of the short-circuit current is an important basis for fault detection and equipment selection in the DC distribution system (Li et al., 2018). At present, many researchers have studied the calculation of DC short-circuit current in the DC distribution network formed by MMCs. Franquelo et al. (2008) conducted a qualitative analysis of various types of faults in the multi-terminal DC grid composed of MMCs. Some researchers applied simulation methods to analyze the short circuit on the DC side of the MMC (Bucher and Franck, 2013; Zhang and Xu, 2016; Han et al., 2018; Tünnerhoff et al., 2018). Although such simulation is accurate, the modeling is complicated and time-consuming, so it is not suitable for system planning and design. In order to avoid these shortcomings of simulation, we can use a simplified model for analytical calculations. Zhou et al. (2017) conducted a theoretical analysis of the DC distribution network formed by MMC when the DC side was not grounded, and investigated the equivalent discharge circuit before the MMC is blocked after a short-circuit fault occurred at the outlet of the MMC and a single-pole grounding fault. Based on the circuit model of the equivalent discharge loop, the analytical expression of the fault discharge current is derived. Xu (2013) analyzed the equivalent circuit of the MMC before the MMC is blocked when the output of the MMC is short-circuited. In his research, the steady-state situation after MMC’s block was solved and the analytical expression of the whole fault process is revealed. In addition, Xu (2013) also introduced a circuit model that applies the superposition theorem to calculate when facing a complex topology of a multi-terminal DC grid, and simulated the calculation model. In (Wang et al., 2011), the discharge circuit of the sub-module after the inter-electrode short circuit at the outlet of the MMC was divided into two stages before and after the MMC is locked, and the analytical expression of the sub-module overcurrent was presented. Gao et al. (2020) applied a converter model composed of an RLC series circuit and a parallel current source, and performed an effective approximate calculation of the short circuit between poles. Shi and Ma (2020) analyzed the fault circuit under a single-pole grounding short circuit, and calculated the short-circuit current for a two-terminal DC system.
From the previous discussion, in the DC distribution network that widely adopts symmetrical unipolar structure wiring, people have more abundant researches on short-circuit faults between poles at the outlet of MMC, but less on single-pole grounding faults. In addition, when a failure occurs at the line, it is difficult to derive the analytical expression of the fault current in the face of a complex multi-terminal DC system, and the calculation method lacks more detailed research.
To bridge these gaps, this paper presents the linearized model before MMC’s block in two types of faults. In addition, for the complex multi-terminal DC distribution network model, an effective solution method is proposed.
The rest of this paper is organized as follows. In Analysis and Modeling of DC Distribution System, a model of DC distribution system is presented. In Model Solution Method, a method to solve the presented model is proposed. In Case Studies, case studies are conducted to evaluate the effectiveness and accuracy of the proposed model. Concluding remarks are presented in Conclusion.
ANALYSIS AND MODELING OF DC DISTRIBUTION SYSTEM
The topology of MMC is shown in Figure 1. Because the fault characteristics of various sub-modules are basically the same before the MMC is locked, the half-bridge sub-module is taken as a representative here. MMC is a converter that relies on constant switching between sub-modules to approximate a sine wave with a step wave, so MMC is a time-varying circuit. However, if we make the analysis time short enough and believe that the MMC input and bypass sub-modules remain unchanged, we can regard MMC as a linear and time-invariant circuit and use the superposition theorem for analysis. The following research work is based on this assumption.
[image: Figure 1]FIGURE 1 | The topology of MMC.
Analysis and Modeling Under Inter-pole Short-Circuit Faults
When an inter-pole short-circuit fault occurs in a DC distribution network, the superposition theorem can be used at the fault point f to divide the inter-pole voltage at the fault point into a normal component and a fault component, as shown in Figure 2. Then the response generated by all other excitation sources except the fault component voltage at the fault point is the response of the normal operating state of the circuit. Under the normal operating state, the short-circuit current at the fault point is zero, and the current carried by each line is the current under normal operation. The current under normal operating conditions can be obtained by load flow calculation or direct measurement, and will not be calculated in this article. This paper will calculate the fault component current, which is the zero state response current of the circuit under the excitation of the fault component power supply. If there is no transition resistance, the fault component power supply can be regarded as a voltage source. If there is a transition resistance at the fault point, the fault component current can be expressed by the response under the excitation of the fault component current source. This current source can be obtained by transforming the fault component voltage source and transition resistance through Norton's equivalent law.
[image: Figure 2]FIGURE 2 | Schematic diagram of the superposition theorem.
When considering the zero-state response of the fault component voltage source in the circuit, MMC can be transformed into an equivalent circuit model as shown in Figure 3. R, L, and C in the model are all calculated by Eq. 1 (Xu, 2013). If the MMC is grounded through the midpoint of the capacitor, the corresponding capacitance value can be added to C.
[image: image]
Where R0 and L0 are the resistance and inductance of the bridge arm reactor, respectively, Rdc and Ldc are the resistance and inductance of the smoothing reactor at the converter outlet, respectively, N is the number of sub-modules in each bridge arm, and C0 is the sub-module capacitance.
[image: Figure 3]FIGURE 3 | Zero-state response equivalent circuit model of MMC in frequency domain.
The DC line can be described as a π-type equivalent circuit model. In order to make the subsequent calculation easier, the parameters of the model are converted to the positive pole or inter-pole, as shown in Figure 4. When calculating with the positive pole current and the voltage between poles, the model before and after the conversion is equivalent.
[image: Figure 4]FIGURE 4 | Equivalent circuit model before and after conversion of DC line (A) Before conversion. (B) After conversion.
In Figure 4, Rl, Ll and Cl are the equivalent resistance, equivalent inductance, and equivalent capacitance of the positive/negative line, respectively. R, L and C in Figure 4 are their values after converted to the positive pole or inter-pole. The circuit parameters before and after conversion have the following relationship:
[image: image]
Analysis and Modeling Under Single-Pole Grounding Faults
When a single-pole grounding fault occurs, the transient characteristics of the DC distribution network are greatly affected by the grounding method of the AC and DC sides. There will be different fault loops and fault mechanisms under different grounding methods on the AC and DC sides of the DC distribution network. Therefore, before modeling, it is necessary to classify the different grounding methods of the AC and DC sides of the MMC. If there is a zero-sequence path on the AC side of the MMC, the AC side is considered to be grounded. Otherwise, it is considered that the AC side is not grounded. As shown in Figure 5, MMC's DC side grounding methods are divided into three types: ungrounded, grounded through the midpoint of the clamp resistance, and grounded through the midpoint of the capacitor (Luo, 2019).
[image: Figure 5]FIGURE 5 | MMC's DC side grounding method.
When modeling the MMC, in order to make the model symmetric about the positive and negative poles, and to facilitate subsequent analysis and calculation, the influence of the bridge arm reactor was ignored. Considering that the inductance of the bridge arm reactor is not too large, it is generally an order of magnitude smaller than the inductance of the smoothing reactor at the converter outlet, so the error caused by the simplified model will not be large, and the conservativeness of the model can also be taken into account.
Under different grounding modes, the zero-state response equivalent circuit of MMC is shown in Figure 6. The dashed line indicates that the connection exists only when the AC and DC sides of the MMC are grounded in a corresponding way. Lac represents 1/3 of the zero-sequence inductance on the AC side when the AC side is grounded (Luo, 2019). Rg represents the clamp resistance. Cg represents grounding capacitance. Rcg represents the ground resistance at the midpoint of the capacitor.
[image: Figure 6]FIGURE 6 | The zero-state response equivalent circuit model of MMC under single-pole grounding faults.
The DC line can be described as the unconverted equivalent circuit model in Figure 4.
The single-pole grounding short circuit will make the circuit asymmetrical. Therefore, we can analyse it with CDM conversion. From the perspective of CDM, it will be divided into two symmetrical circuits that are easy to analyze. The CDM conversion has the following mathematical form (Kimbark, 1970):
[image: image]
Where Σ and Δ respectively represent common-mode and differential-mode components. In addition, p and n respectively represent positive and negative parameters. This formula is applicable to both current and voltage.
After CDM conversion of current and voltage, the converter model will become the following form:
(1) Case 1: The AC side is not grounded, and the DC side is grounded through the midpoint of the capacitor.
In this case, the common-mode and differential-mode models of the converter are shown in Figure 7.
(2) Case 2: The AC side is not grounded, and the DC side is grounded through the midpoint of the clamp resistor.
[image: Figure 7]FIGURE 7 | The common-mode (left) and differential-mode (right) models of the converter in case 1.
In this case, the common-mode and differential-mode models of the converter are shown in Figure 8. When the DC side is not grounded, it is equivalent to an open circuit at Rg, so it will not be listed separately later.
(3) Case 3: The AC side is grounded, and the DC side is grounded through the midpoint of the capacitor.
[image: Figure 8]FIGURE 8 | The common-mode (left) and differential-mode (right) models of the converter in case 2.
In this case, the common-mode and differential-mode models of the converter are shown in Figure 9.
(4) Case 4: The AC side is grounded, and the DC side is grounded through the midpoint of the clamp resistor.
[image: Figure 9]FIGURE 9 | The common-mode (left) and differential-mode (right) models of the converter in case 3.
In this case, the common-mode and differential-mode models of the converter are shown in Figure 10. When the DC side is not grounded, it is equivalent to an open circuit at Rg, so it will not be listed separately later.
[image: Figure 10]FIGURE 10 | The common-mode (left) and differential-mode (right) models of the converter in case 4.
After CDM conversion of current and voltage, the DC line model is shown in Figure 11. Its common-mode model is the same as Its differential-mode model.
[image: Figure 11]FIGURE 11 | The CDM model of the DC line.
From the perspective of CDM, the fault boundary conditions of the circuit also need to be converted. Without loss of generality, if we set a negative pole grounding short-circuit fault at the fault point f, the boundary conditions can be expressed as Eq. 4.
[image: image]
Where Uf,n is the negative voltage at the fault point, If,p and If,n are the positive and negative currents flowing from the fault point to the ground, respectively, and Rf is the transition resistance between the fault point and the ground.
Through CDM transformation of Eq. 4, the boundary conditions are transformed into Eq. 5.
[image: image]
Where Uf,∑ and Uf,Δ are the common-mode and differential-mode voltage at the fault point, respectively, If,∑ and If,Δ are the common-mode and differential-mode current flowing from the fault point, respectively.
Similar to the asymmetric fault analysis of the AC grid, the DC distribution network also has the following relationships at the fault point:
[image: image]
Where
[image: image]
In Eq. 6, Uf,Δ(0) is the normal component of the differential-mode voltage at the fault point, ZΔ and Z∑ are the equivalent differential-mode and common-mode impedance of DC distribution network measured from the fault point, respectively. In Eq. 7, Udc is the inter-pole voltage at the fault point during normal operation.
According to Eq. 5 and Eq. 6, an equivalent CDM network as shown in Figure 12 can be formed.
[image: Figure 12]FIGURE 12 | The equivalent CDM network under single-pole grounding fault.
MODEL SOLUTION METHOD
Solution of Fault Component Current Under Inter-pole Short-Circuit Faults
Since it is difficult to derive analytical formulas for high-order circuits when the DC distribution network has a complex topology, this section introduces an analytical calculation method suitable for computers. The symbolic math toolbox of MATLAB can help us use this method.
Before the calculation, the circuit structure should be classified, and the buses should be classified first:
(1) Voltage bus: The fault component voltage of the bus is known, while the fault component injection current at the bus is unknown. This kind of bus is generally at the fault point.
(2) Current bus: The fault component injection current at the bus is known, while the fault component voltage of the bus is unknown. This kind of bus is generally a non-fault bus or at a fault point with a known fault component current.
After that, the connection structure in the circuit also needs to be classified:
(1) Grounding structure
The grounding structure is shown in Figure 13. The ground in the figure is not the ground in the conventional sense, but the reference point of the bus voltage. In this calculation for the inter-pole short-circuit fault, the inter-pole voltage and the positive current are used for calculation, so the ground in Figure 13 is equivalent to the converted negative circuit in Figure 4.
[image: Figure 13]FIGURE 13 | The grounding structure.
The inter-pole voltage Un and the positive current Inn in the grounding structure have the following relationship:
[image: image]
Where Ynn is the admittance of grounding structure.
(2) Bus connection structure
The bus connection structure is shown in Figure 14.
[image: Figure 14]FIGURE 14 | The bus connection structure.
Un and Um are the inter-pole voltage at the bus n and m, respectively. The positive current flowing in the bus connection structure Inn and they have the following relationship:
[image: image]
After classifying the structure of the DC distribution network, the fault component current can be solved under the inter-pole short-circuit fault. The following matrix has been defined and used as input of the calculation formula.
Assuming that there are Nb original buses in the circuit, the circuit will have Nb+1 buses after adding a faulty bus (if the fault occurs at an original bus, the number of buses will not change).
(1) Connection matrix F ((Nb+1)×(Nb+1)): It describes the connection of the DC distribution network:
i) Fnm = 1, if a line connects buses n and m.
ii) Fnm = 0, if no line connects buses n and m.
(2) Admittance matrix Y ((Nb+1)×(Nb+1)): The diagonal element Ynn in the matrix is the ground admittance at bus n, and the non-diagonal element Ynm is the admittance of the DC line connecting buses n and m.
With input matrices F and Y, according to KVL and KCL, we can list the following linear equations at ni current buses.
[image: image]
Where [image: image] is the known injection current at bus n.
In the equation set shown in Eq. 10, there are ni current bus voltages as variables, and this number is the same as the number of equations. Therefore, the expression of the unknown voltage in the frequency domain can be solved by a computer.
After obtained the voltage of each bus, Eq. 11 can be used to determine the fault component current flowing out of the MMC’s outlet at bus n.
[image: image]
Where Rc-n, Lc-n and Cc-n are the resistance, inductance and capacitance in the MMC equivalent circuit at bus n, respectively.
The fault component current flowing from bus n to bus m can be determined by Eq. 12.
[image: image]
Where Rl-nm, Ll-nm and Cl-nm are the resistance, inductance and capacitance in the DC line equivalent circuit between bus n and bus m, respectively.
Then, Eq. 13 can be used to determine the inter-pole short-circuit current flowing from the positive pole at the fault point f.
[image: image]
After calculated the fault component currents everywhere, we can use a computer to perform the inverse Laplace transform to obtain the corresponding time-domain expression.
Solution of Fault Component Current Under Single-Pole Grounding Short-Circuit Faults
To solve the fault component current in this case, the CDM currents at the fault point should be calculated first. According to the circuit shown in Figure 12, the common-mode current If, Σ and the differential-mode current If, Δ flowing from the fault point can be solved by Eqs. 14,15.
[image: image]
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Where
[image: image]
[image: image]
In Eqs. 16,17, Y∑ and YΔ are the common- and differential-mode admittance matrixes, respectively. [image: image] and [image: image] are the elements in the f row and f column in the adjoint matrixes of the common- and differential-mode admittance matrixes, respectively. It should be noted that in order to calculate impedance, the Y∑ and YΔ here should be formed according to the following rules: The diagonal element Ynn,∑ in the common-mode admittance matrix is ​​the self-admittance of the bus n in the common-mode network, and its value is equal to the sum of the admittances of the branches connected to the bus. Ynm, ∑ (n≠m) is the mutual admittance of the buses n and m in the common-mode network, and its value is equal to the opposite of the admittance of the branch connected between the two buses. The elements in the differential-mode admittance matrix comply with the same rules.
After obtaining If, Σ and If, Δ, the solution methods mentioned in the calculation of inter-pole short-circuit can be applied to solve the common- and differential-mode networks respectively. Here, the CDM voltages and currents excited by the fault component current source should be used as unknown variables. After that, the positive and negative currents of the fault components can be obtained through the inverse CDM transformation shown in Eq. 18.
[image: image]
Finally, the time-domain expression of the fault component current can be obtained through the inverse Laplace transform.
CASE STUDIES
This section presents the case studies that were used for evaluating the effectiveness and accuracy of the proposed linearized model. We will compare the calculated value and the simulated value in the four-terminal ring grid DC distribution system shown in Figure 15. This simulation value is provided by PSCAD/EMTDC. Table 1 provides the corresponding system parameters. The system adopts master-slave control strategy. MMC1 is the master station, and the rest are slave stations. The active powers in the table are the injected powers on the AC side. The injected reactive power of each MMC is zero.
[image: Figure 15]FIGURE 15 | The four-terminal ring grid DC distribution system.
TABLE 1 | The system parameters of four-terminal ring grid DC distribution system.
[image: Table 1]Verification Under Inter-pole Short-Circuit Faults
In the verification under inter-pole short-circuit faults, all the MMCs in Figure 15 are not grounded, and the transition resistance is zero. After the circuit is stable, set an inter-pole short circuit at the midpoint of the DC line between MMC1 and MMC2 (let t = 0s at this time). The short-circuit currents obtained are shown in Figure 16.
[image: Figure 16]FIGURE 16 | Comparison of the calculated value and the simulated value of the fault current during a inter-pole short circuit (A) Short circuit current at fault point. (B) Positive current flowing from MMC1 to MMC2 on the fault line. (C) Positive current at the outlet of MMC1.
From the comparison in Figure 16, it can be seen that compared to the simulated value, the calculated value has a small error (no more than 2.64%), and this error would gradually increase over time. I think the reason for this error is that the MMC will no longer maintain the original operating state after the fault, the steady-state component of the fault current would change, and this change would gradually increase over time. Therefore, the calculation method using the superposition theorem in the previous article is only applicable in a very short time after the failure. However, considering that the MMC will be blocked within a very short time after a DC failure, the calculation result is still quite reliable within this time.
Verification Under Single-Pole Grounding Short-Circuit Faults
In the verification under single-pole grounding short-circuit faults, to verify the MMC models of different grounding methods, the MMCs in Figure 15 are set with different grounding methods. For MMC1, the AC side is grounded (Lac = 10mH), and the DC side is grounded through the midpoint of the capacitor (Cg = 8mF, Rcg = 0.5Ω). For MMC2, the AC side is not grounded, and the DC side is grounded through the midpoint of the clamp resistor (Rg = 4MΩ). For MMC3, the AC side is not grounded, and the DC side is grounded through the midpoint of the capacitor (Cg = 8mF, Rcg = 0.5Ω). For MMC4, the AC side is grounded (Lac = 10mH), and the DC side is grounded through the midpoint of the clamp resistor (Rg = 4MΩ). After the circuit is stable, set a negative ground short circuit (Rf = 0) at the midpoint of the DC line between MMC1 and MMC2 (let t = 0s at this time). The short-circuit currents obtained are shown in Figure 17.
[image: Figure 17]FIGURE 17 | Comparison of the calculated value and the simulated value of the fault current during a negative ground short circuit (A) Short circuit current at fault point. (B) Negative current flowing from MMC1 to MMC2 on the fault line. (C) Negative current at the outlet of MMC1.
From the comparison in Figure 17, it can be seen that compared to the simulated value, the calculated value has a small error (no more than 4.53%), and this error would gradually increase over time. Not only that, the error in this calculation is larger than that in the calculation of inter-pole short-circuit fault. I think the error in this calculation is not only related to the change in the operating state of the MMC, but also related to the neglect of the bridge arm reactor. This calculation result is not only reliable in a very short time, but also conservative.
CONCLUSION
This paper summarizes the MMC model in the calculation of inter-pole short circuit, and proposes a new linearized model based on CDM transformation for single-pole grounding short-circuit calculation. Through verification with simulation results, this new model is proven to be reliable and conservative. In addition, this paper proposes a frequency domain calculation method suitable for the calculation of complex multi-terminal DC distribution networks. This method can flexibly transform the network topology and has a much faster calculation speed than simulation. The models and method in this paper can be used as a reference for grid planning and equipment selection.
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Microgrids (MG) cluster are isolated from the utility grid but they have the potential to achieve better techno-economic performance by using joint energy and reserve sharing among MGs. This paper proposes a techno-economic framework for the optimal operation of isolated MGs-cluster by scheduling cooperative energy sharing and real-time reserve sharing for ancillary services based on the cooperative game theory. In the day-ahead scheduling, a coalitional sharing scheme is formulated as an adjustable robust optimization (ARO) problem to optimally schedule the energy and reserves of distributed generators (DGs) and energy storage systems (ESSs), thereby responding to the uncertainties of photovoltaic systems, wind turbines, and loads. These uncertainties are the main reason for power system imbalance which is mitigated by regulating the frequency in real-time and a dynamic droop control process is used to realize the reserves in a distributed manner. This control process is embedded into the ARO problem, which is formulated as an affine ARO problem and then transformed into a deterministic optimization problem that is solved by off-shore solvers Apart from the reduction in the operation cost, the frequency restoration can be improved jointly, resulting in the coupled techno-economic contribution of the MGs in the coalition. The contribution of each MG is quantified using shapely value, a cooperative game approach. Simulations are conducted for a case study with 4 MGs and the results demonstrate the merits of the proposed cooperative scheduling scheme.
Keywords: coalitional scheduling, jointed energy, reserve energy, microgrid, frequency restoration, techno-economic
1 INTRODUCTION
Due to the interconnection of distributed energy resources (DERs), e.g., wind turbines (WTs), photovoltaic (PV) modules, distributed generators (DGs) (Ma et al., 2016; Hamidi et al., 2017; Lara et al., 2018) and energy storage systems (ESSs), microgrids (MGs) have been playing a crucial role in the development of smart grid technology. MGs are capable of operating in both isolated and grid-connected modes (Faisal et al., 2018; Lv et al., 2016). Other than ensuring the power balancing status among local DERs and loads, MGs can also exchange power flexibly with external systems (Vahedipour-Dahraie et al., 2020), e.g., the utility grid and other MGs. By developing a more efficient and resilient MGs-cluster, these exchanges cover not only conventional energy sources but also emerging ancillary services, especially for isolated MGs-cluster with high penetration of schedulable DERs (Pourghasem et al., 2019).
The optimal operation of isolated MGs was generally investigated considering the uncertainty of schedulable DERs using stochastic optimization (Hu et al., 2016; Shi et al., 2019) and robust optimization (Ghahramani et al., 2019; Liu et al., 2019). In a grid-connected mode, the MGs-cluster is created by connecting them and the distribution network (Luo et al., 2020). Due to cluster formation and grid-connection, each MG utilizes the local grid resources (Lv and Ai, 2016; Ghadi et al., 2019; Mostafa et al., 2020), as well as those of other MGs (Lv and Ai, 2016; Gao et al., 2017; Ali et al., 2019; Toutounchi et al., 2019).
Regarding the coalitional operation of an MGs-cluster, an energy management problem was extended to a multi-MG in (Liu et al., 2018; Purage et al., 2019) to minimize the cost. The amount of production cannot be controlled in uncontrollable energy sources; therefore, in (Purage et al., 2019), a controllable distributed energy re-source (CDER) was presented such as DGs and ESS where the production amount can be controlled by the energy management system. Energy management approaches for the utilization of energy resources in MGs-cluster and the grid were presented in (Zhang and Xu, 2018). This approach successfully decreases the volume of energy acquired from the grid which significantly increases the MG profit. In (Aktas et al., 2017), a stochastic bi-level model that provided an effective solution for the coordinated operation of the MGs-cluster was proposed. In (Simões et al., 2016), a strategy was recommended for the exchange of information between MGs-cluster to enhance the coordination among the MGs to increase the profit and reduce the operational cost of each member of the cluster. In (Xie et al., 2017), an economic-probabilistic model was presented for the balanced exchange of energy between the MGs-cluster by controlling the energy resources and loads of the MGs.
The stability of the power system is achieved when the generation and load are in equilibrium. However, due to the possibility of errors in the day-ahead forecasted outputs of PV, WT, and load demand, the real-time outputs exhibit fluctuations in the frequency. The scheduling of the controllable DER (CDER) output must be readjusted according to the output of the PV, WT, and load demand to achieve frequency stability (Lin et al., 2018). The isolated MGs-cluster requires a robust frequency regulation that depends on the three-level hierarchical energy management system, i.e., primary, secondary, and tertiary control level (Pinzón et al., 2018). The primary control level is focused on the automatic voltage and frequency control of the inverter-interfaced DERs (IIDERs) (Castilla et al., 2019). For secondary control, researchers have implemented the droop-based control method to model the frequency security in energy management (EM) problem. It should be noted that the dependence of IIDERs on MG frequency is insubstantial, however, to keep the power sharing strategy more secure from over-heating risks, the more advanced P-f droop control method is used (Arani and Mohamed, 2017). The highest control level is the tertiary control when primary and secondary levels are insufficient for frequency excursions; this is executed by the MGs-cluster control center (MGCCC) (Basso et al., 2012). For reserve sharing, a linear quadratic regulator-based technique is used to control the CDERs instead of the traditional proportional-integral derivative-based controller (Ketabi et al., 2017). The fluctuations of the renewable energy sources (RES) significantly influence reserve sharing in the MG and the existing droop control method should be modified to handle RES uncertainty (Liu et al., 2018).
In (Rokrok et al., 2018), a contributing factor was introduced for reserve sharing among MGs and the grid to ensure that the system is in equilibrium with the load demand and that the economic impact due to reserve sharing is distributed among the MGs. Further-more, ancillary services regarding frequency support and voltage regulation could be potentially introduced by MGs (Anvari-Moghaddam et al., 2017).
The existing literature indicates that: 1) previous studies on MGs-cluster have mostly considered energy collaboration, reserve cooperation, and economic benefits; besides, the MGs-cluster are connected to the distribution network. However, power system constraints were not considered and their effect on power quality was neglected; the quality is affected due to the transient nature of PVs and WTs because imbalances in the power supply and demand occur. 2) To maintain the power system in equilibrium, market-based regulation services are provided by different MGs in a cluster; however, the coordination of these services and the provision of economic benefits for the MGs have not been considered.
To address these problems, we propose a scheduling model for energy sharing and reserve sharing for ancillary services to achieve the optimal operation of isolated MGs-cluster. The main contributions of this paper are twofold.
(1) A techno-economic framework is proposed for the optimal operation of isolated MGs-cluster by scheduling cooperative energy sharing and real-time reserve sharing for ancillary services based on the cooperative game theory.
(2) An economic subsidy sharing between MGs-cluster members is achieved by determining the Shapley values of the coordinated distribution of economic benefits. In the coalitional operation of the MGs-clusters, the Shapley values are used to allocate economic benefits to individual MGs
2 COALITIONAL SCHEDULING OF ISOLATED MICROGRIDS-CLUSTER
2.1 Isolated Microgrids-Cluster System
The typical structure of MGs-cluster is shown in Figure 1, it includes multiple interconnected MGs. Each MG consists of DGs, WTs, PVs, ESSs, and loads, which are managed by the corresponding MG control center (MGCC). The MGCC is responsible for information acquisition from the respective MG and information exchange with the external systems. All MGs are integrated into a ring configuration with NB buses and NL lines; this represents the MGs-cluster that is supported by the MGCCC. The MGCCC is responsible for the secure and efficient operation of the MGs-cluster by providing energy and ancillary services, e.g., regulation of reserves and sharing among MGs across multiple scheduling and control processes.
[image: Figure 1]FIGURE 1 | Typical structure of MGs-Cluster.
2.2 Operating Process of Microgrids-Cluster
Generally, the operating process of the MGs-cluster includes day-ahead scheduling and reserve sharing for real-time frequency regulation (see Figure 2). In the day-ahead scheduling, the forecasted power output of PVs, WTs, and loads (Li et al., 2018; Ullah et al., 2019), as well as the technical information of DGs and ESS, are sent to the MGCCC by each MGCC. After receiving the information, the MGCCC implements the joint energy and reserve optimization to optimally schedule the energy and reserve of the DGs and ESSs in each MGCC; besides, the energy exchange and reserve sharing among MGs for each day is determined. The scheduling plan is sent to each MGCC after the joint energy and reserve optimization. In each operating period, the outputs of the DGs and ESSs are adjusted by the corresponding MGCC according to the day-ahead scheduling plan and in response to the actual power outputs of PVs, WTs, and loads. In this way, the day-ahead scheduling is done by MGCC that includes the power output of DGs and ESSs. The real-time adjustment of the DGs and ESSs is implemented in a distributed manner using a droop control method (Xiao et al., 2017). However, the transient nature of the WT, PV, and load demand is not entirely predictable; therefore, the forecasted information rarely matches the real-time data. To maintain the stability of the MG, real-time scheduling is a challenging task; therefore, the MGCC and the MGCCC coordinate energy and reserve sharing (Xiao et al., 2017). When the load demand is lower than the power generation, the MG can provide excess energy and reserve energy to other MGs and the MGCCC provides economic compensation to that MG. On the other hand, when an MG has a shortage of energy, the MGCCC arranges for other MGs to pro-vide energy to the respective MG. In this way, energy and reserves can be shared and exchanged within the MGs-cluster in real-time for frequency regulation.
[image: Figure 2]FIGURE 2 | Energy sharing and reserve sharing of isolated MGs-Cluster.
Consequently, this paper proposes to address the technical aspect of the framework by doing frequency regulation and economic aspect by addressing the energy and reserve sharing within the MGs-cluster. Therefore, we propose a techno-economic framework for optimal operation of isolated MGs-cluster. Formulations for energy and reserve scheduling for single MG are given in the next section. The coalition scheduling and reserve sharing formulation is discussed in Section 4. Details of the economic model are presented in Section 5.
3 ENERGY AND RESERVE SCHEDULING FOR SINGLE MICROGRIDS
3.1 Objective Function
The energy and reserve scheduling problem is formulated as an affine adjustable robust optimization problem, where the uncertainties of PVs, WTs, and loads are depicted as a robust set and mitigated by the DGs and ESSs in the real-time frequency regulation. The objective of the MG scheduling is to minimize the total operating cost (OC) of the DGs and ESSs, which is shown in Equation 1:
[image: image]
where [image: image] and [image: image] are the DG OC in the case of energy and reserve sharing for the gth DG in the nth MG during the tth time interval. n = 1, 2, ..., [image: image] , and [image: image]are the number of MGs; g = 1, 2,...,[image: image], and [image: image] are the number of DGs in the nth MG. [image: image] and [image: image] are the ESS OC in case of energy and reserve sharing for the tth ΔESS in the nth MG during the tth time interval respectively. k = 1, 2, ...,[image: image], and are the number of ESSs in the nth MG. The details on each item is explained in Section 4.3.
3.2 Constraints of Day-Ahead Operation
In the day-ahead operation, the constraints concerning the DGs and ESSs are as follows:
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To minimize the OC, the DGs must operate under the constraints defined in Equations 2, 3. The maximum and minimum outputs of the gth DG in the nth MG are [image: image] and [image: image]respectively whereas the ramp-down and ramp-up rate limits are [image: image] and[image: image], respectively. In constraints (4)–(5), the maximum charging and discharging power of the kth ESS are [image: image] and [image: image] , respectively. The energy level at the end of the tth time interval is [image: image] . [image: image] and [image: image] are the charging and discharging efficiencies, and [image: image] and [image: image] are the maximum and minimum capacities of the kth ESS, where[image: image] and [image: image] are the base-point power output of the gth DG and kth ESS in the nth MG in the tth time.
3.3 Constraints for Real Time Operation.
To minimize the OC in real-time, the following constraints must be satisfied. The constraints concerning DGs and ESSs are as follows:
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The constraint Equation 9 represents the power capacity limit of DGs, where [image: image] is the change in the qth control level in the gth DG output in the nth MG in the tth time. The index [image: image] denotes that the hierarchical control level is equal to the pri (primary) and sec (secondary) control level. The constraints Equations 11, 12, 15, 16 are the limits of the primary and secondary upward/downward reserve of the DGs and ESSs respectively. [image: image] is the change in the qth control level in the kth ESS output in the nth MG in the tth time. [image: image] and [image: image] are define in 4.3.
3.4 Real-Time Frequency Regulation
Normally, the primary control, secondary control, and tertiary control are the hierarchical control approach involve in the frequency regulation of MGs-Cluster. As shown in Figure 1, the primary control level, the VSI-based CDER units alleviate the frequency excursions by adjusting their active power outputs in proportion to the frequency excursions (Rezaei and Kalantar, 2015). The primary control has fast response speed and the time scale is between 0.1 ms and 1ms (Wu et al., 2020). However due to inherent errors of the droop controllers, the MG frequency may be stabilizes at a value which may be distinctive to the reference frequency. In such case, the secondary control level, the MGCC can restore the frequency to its reference value by readjusting the active power set-points (Guo et al., 2014). Worth mentioning that, the restoration function should be carried out subject to the MG economic and environmental targets (Li et al., 2019).The response speed of the secondary control is slower than the primary control and the time scale is between 100 ms and 1s (Feng et al., 2017). The tertiary control level is responsible for should coordinate each MG through MGCCC to share active power among them and also regulate the system (de Azevedo et al., 2017; Feng et al., 2017). The tertiary is generally at the slowest level of control and the time scale is in the range of several seconds to minutes (Mohamed et al., 2017).The detailed steady-state model of the droop control function that is shown in Figure 3 is described in (Rezaei and Kalantar, 2015). Furthermore, the control functions corresponding to internal voltage and current controllers have been neglected in the steady state. Worth to be noted, it is assumed that MG is in the steady-state and all the transients and oscillating modes have been died down. The frequency depends on the behavior of the droop-controlled inverter-interfaced DGs and ESSs, as defined in Equations 19, 20 (Rezaei and Kalantar, 2015) where,[image: image]and [image: image] are frequency droop control gain of VSI base DG and ESS and [image: image] = 8 kHz The Equation 21 ensures that the frequency remains within secure limits; [image: image] is the frequency excursion limit.
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The frequency depends on the behavior of the droop-controlled inverter-interfaced DGs and ESSs at the primary and secondary control levels. It is noteworthy that, at the primary level, the control functions are processed instantaneously in a few seconds, hence the MGCC does not have enough time to change the base set points of the CDERs. Therefore, [image: image],[image: image] = 0 for all q = pri. (Rezaei and Kalantar, 2015). In contrast, at the secondary control level, the MGCC has more freedom to restore its frequency within its available reserve capacity (Ding et al., 2016). Moreover, if the required energy is not sufficient to restore the frequency, the MGCC has to move to the tertiary control level and purchase energy from another member of the MGs-cluster.
[image: Figure 3]FIGURE 3 | The steady-state block diagram of the droop controlled VSI-based CDER unit hierarchical frequency control (Rezaei and Kalantar, 2015).
4 COALITIONAL SCHEDULING AND RESERVE SHARING
4.1 Energy Sharing Among Microgrids
The MGCC tries to schedule its DGs and ESSs to match demand and supply within the MG. The MGCCC supervises the MGCC to schedule the DGs and ESSs for energy sharing when other MGs power generation reaches the capacity constraints. Extending the problem Equations 1–21, the day-ahead energy sharing within MGs-cluster is to minimize the energy exchange cost. Equation 22 shows the amount of energy that an MG can exchange (import/export) with the MGCCC. If the value of [image: image] is positive, it means MGCC will sell energy to MGCCC. On the other hand, if its value is negative MGCC will buy energy from MGCCC. Equation 23 represents the hourly power balances. The power flow constraint between 2 MGs is expressed in Equation 24 (Rezaei et al., 2018). The overall energy exchange must be zero for isolated MGs-cluster as shown in Equation 25.
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Where, [image: image] is the scheduled energy sharing among the MGs, where, L represents an [image: image]*([image: image]-1) matrix of the power transfer distribution factor and explain in detail in (Rezaei et al., 2018).
4.2 Reserve Sharing Among Microgrids
In real-time operation, the MGCC utilizes its reserve to address its mismatch first and then participates in reserve sharing to keep the power system in equilibrium; this is defined in Equation 26. The power balance in real-time after reserve sharing is shown in Equation 27 and the power flow constraint between 2 MGs is defined in Equation 28. The sum of the exchanged energy in the isolated MGs-cluster must be equal to zero as shown in Equation 29.
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where [image: image] is the reserve sharing among the MGs and [image: image] and [image: image] are the power levels of the DG and ESS that participate in the primary and secondary frequency control.
4.3 Microgrid Component Modeling
The MG energy management system usually solves the day-ahead dispatch problem, which is subject to the power balance constraint of the MG and the operational constraints of the MG components. To enable the formulation of this dispatch problem, the cost functions, and the operational constraints of all the MG components are developed in the following paragraphs. The MG generally consists of DGs, ESSs, WTs, PVs, etc. The objective of optimizing the schedule of an MG is to reduce the overall OC, which contains the operational expenses of the DGs and ESSs, as well as the exchange energy cost between the MGs. The basic cost function corresponding to the energy and reserve cost of DGs and ESSs are given as follows:
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The basic OC of DGs in case of the energy [image: image] and reserve [image: image] cost is defined in Equations 30, 31, where [image: image] and [image: image] are the active power output and reserve of the gth DG. The [image: image] and [image: image] are the OC coefficients and [image: image] is the reserve cost of the gth DG at control level q. The OC of the ESS in case of the energy [image: image] and reserve [image: image] cost is expressed in Equations 32, 33, where [image: image] and [image: image] are the charging and discharging power and reserve of the kth ESS. [image: image] is the OC coefficient and [image: image] is the reserve cost of the kth ESS at control level q.
In the day-ahead scheduling, the MGCC schedules its DGs and ESSs within its capacity constraints to match demand and supply in the MG power system as shown in Equation 34; if the MGCC is not able to match the load and power generation, the MGCCC is responsible for energy sharing from other MGs, as follows:
[image: image]
The uncertain nature of PVs and WTs makes it a challenging task to obtain real power output values. Therefore, errors exist in the forecasted value; hence, the real power outputs of PVs and WTs are presented as a sum of the forecast values and errors:
[image: image]
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Where, [image: image] , [image: image] , and [image: image] are the actual power, forecast power, and forecast errors of the wth WT in nth MG in tth time. [image: image] , [image: image]; [image: image] are the actual Power, forecast Power, and forecast errors of the sth PV in nth MG in tth time.
Likewise, the load demand [image: image] is expressed as follows:
[image: image]
Where,[image: image], [image: image] and [image: image] are the actual load, the forecasted load, and forecast error respectively during the tth time interval, which is displayed in Equation 37.
The discrepancy in the power values [image: image]of the nth MG due to the forecast error is defined as follows:
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And
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where [image: image], [image: image], and [image: image] are the maximum values of [image: image], [image: image], and [image: image], respectively. [image: image] ,[image: image], and [image: image]are the corresponding minimum values. It is evident in Equations 39–44 that [image: image] is an interval number and the maximum and minimum values are obtained as follows:
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The differences between the forecasted and real-time values due to the uncertain nature of PVs, WTs, and load demand might result in instability in the power system; therefore, the MGCC tries to utilize the reserve resources to maintain a stable power system. A new approach for real-time OPF was introduced in (Reddy and Bijwe, 2016) by using the ‘best-fit’ participation factors (PFs) of each power source. The term [image: image] represents the power imbalance to the base point solution; the PF that provides the power source for each reserve is shown in Equations 47, 48. The actual outputs of the DGs and ESSs can be determined with Equations 49, 50. The MGCC will try to balance the uncertainty with its available resources as shown in Equation 51 and if the MG reserve resource hits the capacity constraints, the MGCCC is responsible for reserve sharing from other MGs.
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5 ECONOMIC MODEL
5.1 Cooperative Game-Based Energy and Reserve Sharing
The coalitional game for the energy and reserve sharing model is denoted as {N, υ, φ}. The MGs-cluster is denoted by ϰ where the number of MGs is N. Therefore, [image: image] possible alliances can cooperate for N MG. Furthermore, a 4-MG game comprises 16 possible alliances, including an empty alliance {∅} and the grand alliance {N}. υ denotes the characteristic function for a random alliance S ⊂ [image: image] and φ is the vector of payment to be allocated to individual MGs (Li et al., 2018).
The MGs-cluster coalitional operation that is used to quantify the economic benefit is based on the coalitional characteristic function. To achieve equal distribution of benefits/turn over to each member of the cluster, an allocation framework is adopted. In the cooperative environment, the power exchange should consider energy sharing and the MG can provide reserve sharing for ancillary services to other members of the cluster. The MGCCC is responsible for the determination of the optimal energy and reserve sharing. The benefit function πS is formulated as follows:
[image: image]
where the total OC of the MGs-cluster is denoted by [image: image] and S is the number of MGs in this coalition.[image: image] represents the total power mismatch in terms of:
[image: image]
Equations 45, 46 indicate that the overall power mismatches with the maximum and minimum values are defined as:
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Therefore, the proposed model of energy sharing scheduling and real-time reserve sharing for the isolated MGs-cluster is defined as follows:
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where [image: image] is the vector of the decision variables, including [image: image] and [image: image], where [image: image]. The uncertain variables of the MGs-cluster are denoted by[image: image] and consist of [image: image], [image: image], and [image: image]. [image: image] are the equality constraints, which include Equations 6, 17, 19, 20, 22, 23, 25–27, 29, 51 whereas [image: image]are the inequality constraints, comprised of Equations 2–5, 7, 9–21, 24, 28, 34–38, 46–50, 53–54. Note that “max[image: image]” is equivalent to “min[image: image]” based on Equation 1.
To solve the optimization problem that is shown in Equations 46–48, the uncertain variables have to be determined. One of the best approaches to solve this problem is the affine ARO (Kumar et al., 2017). The off-shore solvers used is CPLEX.
5.2 Profit Distribution Between Microgrids-Cluster
In a coalitional game, every alliance S aims to ensure that each member of the game obtains an economic benefit; thus, the characteristic function of each MG union is represented by [image: image]. Due to the coalition of MGs, it is essential to determine the characteristic function of each union, which indicates that each member makes a profit due to the coalitional mode. The characteristic function is defined as follows:
[image: image]
where [image: image] is a single MG in the coalition [image: image]. When the MGs operate without the coalition mode, the entire profits acquired by the MGs are [image: image]. The proposed scheduling model for energy sharing and real-time reserve sharing for MGs-cluster in the coalitional game is super-additive (Kumar et al., 2017) as follows:
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This approach is described in Equation 57 and the simulation results verify that the maximum profit is achieved by the alliance in which all MGs in the cluster participated. Hence for equal distribution of profits among all members of the MGs-figure, the Shapley value is the best approach (Anvari-Moghaddam et al., 2017). The Shapley value is formulated for the nth MG as follows:
[image: image]
where [image: image] are the total number of MGs and the sum extends over all subsets S of S excluding the nth MG. |[image: image] | is the number of MGs in S . The formula can be interpreted as follows: considering that the coalition is formed 1 MG at a time, each MG demands its contribution v ([image: image] ∪{[image: image] }) − v ([image: image] ) as fair compensation; it then uses the average of this contribution over different combinations in which the coalition can be formed. It should be mentioned that the MGCCC is the authorized entity for conducting the benefit distribution.
6 CASE STUDY
6.1 Case Description
A cluster of 4 MGs (see Figure 1) is used as a test system for the proposed model. Each MG comprises 1 DG, 1 ESS,1 WT, and 1 PV. The associated parameters of these components are listed in Table 1. Figure 4 shows the forecast values of the output powers of the WT, PV, and load demands; their forecasting errors are 20%, 10%, and 10% (Li et al., 2018), respectively, Furthermore, the power mismatch among MGs due to unpredictable nature of PVs, WTs, and Load are shown in Figure 5. The service fee imposed by the MGCCC on both the buyer and seller MG is 0.005 $/kW (Sampath et al., 2018).
TABLE 1 | MGs-cluster parameter.
[image: Table 1][image: Figure 4]FIGURE 4 | Forecast values of the power outputs of the (A) WT, (B) PV, and (C) load.
[image: Figure 5]FIGURE 5 | Power mismatch in MG1, MG2, MG3, MG4.
6.2 Simulation Results and Discussion
Since the MGs-cluster consists of a system of 4 MGs, 16 different alliances can be formed in the coalitional game. The turn-over of the coalition’s MG (1,2,3), MG (1,2,4), MG (1,3,4), MG (2,3,4), and MG (1,2,3,4) are $61.10, $48.40, $48.53, $46.50, and $71.25 respectively, which is calculated by Equation 61 and shown in Table 2 and Figure 6 The maximum obtained profit is $71.25, which is obtained by the coalition MG (1, 2, 3, 4). The results indicate that if all 4 MGs operate in a coordinated and coalitional manner, the combined profit is maximized. The total economic cost of MG4 is $6.64, demonstrating that MG4 compensates for all its expenses by selling its surplus electricity that is worth $64.42 and $33.02 in energy and reserve sharing respectively. To obtain an economic benefit and it also plays its part to keep the isolated MGs-cluster in equilibrium and stable.
TABLE 2 | Operational cost and RC for coalitions of MGs.
[image: Table 2][image: Figure 6]FIGURE 6 | Turnover and EC of MG coalition.
The optimal results of jointed energy and reserve scheduling in term of MG (1,2,3,4) consist of day-ahead scheduling of DGs and ESSs, furthermore, the participation factor (PFs) of DGs and ESSs are shown in Figures 7, 8, respectively The DGs participate in both energy and reserve scheduling but the DG in MG2 operates on a full load, as shown in Figure 7A. Therefore, the respective DG cannot participate in reserve energy as shown in Figure 8A However, as shown in Figure 7B, it is noted that ESSs do not participate in the energy scheduling, specifically MG1, MG2, and MG3, while they focus on participation in reserve energy sharing as presented in Figure 8B, therefore their PFs exceed 0.2 for all time interval. But MG4 will charge and discharge in the first to fourth and the 20th and 24th hour respectively. As a result, the participation of ESS in MG4 is reserve sharing is less than those of MG1, MG2, and MG3 during these time intervals.
[image: Figure 7]FIGURE 7 | Optimal energy scheduling of the (A) DGs and (B) ESSs.
[image: Figure 8]FIGURE 8 | Participation factor of (A) DGs and (B) ESSs.
The real-time outputs of all CDERs and the exchanged energy in period 5:00 to 5:15 based on the optimal plan are depicted in Figure 9. The output of the WTs in MG1 decreases from 52.2 kW to 41.76 kW, the DG output increases from 180 kW to 200 kW, the ESS discharges 3.26 kW, and 6.10 kW of reserve energy is purchased from MG3 through MGCCC to compensate for the mismatch. The load increases from 180.81 kW (planned value) to 198.89 kW (real-time value).
[image: Figure 9]FIGURE 9 | Reserve sharing in the fifth, 12th, and 21st hours.
The real-time outputs of all CDERs and the exchanged energy in period 12:00 to 12:15 based on the optimal plan are shown in subsection Figure 9. The forecast outputs and optimal schedule values are depicted in Figures 4, 7. The WT output in MG1 increases from 70.2 kW (planned value) to 84.24 kW (real-time value), the load increases from 285.03 kW to 313.63 kW, and the PV output increases from 61.92 kW to 68.112 kW. The DG output increases from 182 kW to 200 kW, the ESS discharges 6.19 kW, 8.62 kW of reserve energy is purchased from MG3, and 14.03 kW is purchased from MG4 through MGCCC to compensate for the mismatch.
The real-time outputs of all CDERs and the exchanged energy in period 21:00 to 21:15 based on the optimal plan are shown in subsection Figure 9. The output of the WTs in MG1 increases from 42.1 kW (planned value) to 50.52 kW (real-time value), the load increases from 302.70 kW to 332.97 kW, and the PV output decreases from 1.44 kW to 1.296 kW. Since the DG was scheduled to operate on a full load, it cannot participate in reducing the mismatch. Therefore MG1 purchases 8.49 kW from MG3 and 25.14 kW from MG4 through MGCCC to compensate for the mismatch.
As shown in Figure 10, the frequency of the MGs for periods 5:00–5:15, 12:00–12:15, and 21:00–21:15 are stabilized from 49.89 Hz, 49.88 Hz, and 49.86 Hz–50 Hz respectively, after reserve sharing. Figure 11A depicts the energy sharing and Figure 11B depicts the reserve sharing among the MGs.
[image: Figure 10]FIGURE 10 | Frequency Restoration in the fifth, 12th, and 21st hours.
[image: Figure 11]FIGURE 11 | Power exchange among MGs-Cluster MGs.
Using the obtained optimal coalitional energy and reserve scheduling solution for MG (1,2,3,4), we obtain the values of the day-ahead operational cost (DAOC) and Reserve Cost (RC) in term of DGs, ESSs and Power exchange cost (EX) for each MG which are shown in Table 3. Compared with the benefit values for MG1, MG2, MG3, and MG4 presented in Table 2. As presented in Table 2 when MGs operate in isolated mode the turnover in of every MG is null as each MG tries to balance its generation and load as well as DGs also try to follow the load curve in both energy and reserve operation which is shown in Figure 12. In Cooperative mode, each MG tries to balance its generation and load as well to get some benefit by sell surplus energy to other MGs as compare the benefit of MG4 in (Isolated Mode) which is 0$ with the turn-over in (Cooperative Mode) which is 25.56$, the value of such benefit is 25.56$-0$ = 25.56$. The other benefit of the cooperative mode of operation is the smooth curve of DG which in other words reduces the operation cost of DG which is shown in Figure 12.
TABLE 3 | Operational cost and RC for the coalition MG (1, 2, 3, 4).
[image: Table 3][image: Figure 12]FIGURE 12 | Benefits of Coalitional operation of MGs-Cluster.
7 CONCLUSION
This study proposed a techno-economic framework for the optimal operation of isolated MGs-cluster by scheduling coalitional energy sharing and real-time reserve sharing for ancillary services such as frequency regulation caused by the uncertainty of PVs, WTs, and loads. The coalitional economic benefits of each member of a coalition are determined by shapely. A case study was conducted on the Isolated MGs-cluster and simulation results have been investigated in terms of energy and reserve sharing to stabilize the frequency of cluster power systems in real-time which is the technical aspect of our framework. Furthermore, we verify the effectiveness of the proposed coalitional sharing scheme for the economic operation of a cluster, compared with their isolated operation which explains the economical aspect of our framework. As we are considering the frequency regulation therefore, we consider the active power for the whole system. Therefore, our future research direction is to include the control issues of voltage and reactive power in our system.
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The current large-scale access to distributed power and the rapid growth of electric vehicles are seriously affecting the reliability of distribution networks. The new multi-station fusion technology based on the flexible interconnection of the distribution network can effectively solve this problem. In this study, we design a multi-purpose station and a multi-function device using a soft normally open point (SOP). A new multi-station integration topology and a coordinated control strategy are developed using an active power signal (APS) and an energy management system (EMS). The coordinated control strategy involves sending out the corresponding operation mode command after the EMS receives the superior instruction or the APS of the local system and coordinating the operation mode of the SOP, energy storage DC/DC converter, and photovoltaic DC/DC converter, thereby ensuring stable and efficient operation of the multi-station fusion system. Finally, two typical cases are simulated to verify the feasibility and effectiveness of the proposed topology and control strategy.
Keywords: multi-station fusion, soft normally open point, active power signal, coordinated control strategy, multi-station integrated system, application of SOP
INTRODUCTION
With the acceleration in the construction of the 5G infrastructure and the rapid development of the intelligent manufacturing industry (Giampieri et al., 2020), the quality requirements of the power of the distribution network are becoming increasingly stringent. Furthermore, the urban power grid is struggling to maintain pace with the rapid development of electric vehicles (Cha et al., 2020) and distributed generation (DG) (Ma et al., 2019), and problems such as unreasonable power grid structure are more becoming prominent (Abu-Elzait and Parkin, 2019). With the continuous economic growth, the demand for power continues to grow rapidly. The fluctuation of the power supplied by DG and the irregular large-scale access of electric vehicles to the distribution network causes the power flow to fluctuate (Tang et al., 2019). The high penetration access of DG (Chang and Chinh, 2020) may lead to providing excessive power to some equipment in the distribution network and even cause maloperation of such equipment. Therefore, it is difficult to satisfy the power quality and power supply reliability requirements of users.
Multi-station integration based on the flexible interconnection of the distribution network can solve the above problems. Several novel flexible power electronic devices can be applied to improve the controllability and flexibility of the power system (Cong et al., 2019; Long et al., 2016; Ouyang et al., 2020). Compared with the traditional distribution network, which relies on the sectionalized switch and tie switch (TS), the novel multi-station distribution network uses soft partition achieved by connecting soft normally open point. During the normal operation of the system, the power of an SOP can be regulated between different interconnected distribution areas to realize mutual power flow and promote the global optimization of the energy under the steady-state condition (Li et al., 2018; Bai et al., 2018). Compared to traditional TS, SOP can enhance the controllability and improve the power quality of the distribution network, and improve the reliability of the power supply system.
On the research progress of multi-station fusion, reference (Xu et al., 2019) analyzed the optimal design and operation of an energy storage station under multi-station integration and reported the optimal design capacity and optimal operation strategy of the storage station based on multi-station integration. Reference (Zhang et al., 2019) discussed the connotation and characteristics of multi-station integration and a business model for multi-station integration based on the operation mode and business system. They verified the feasibility of the proposed business model with project examples. Reference (Wang et al., 2020) built a three in one DC power supply system based on an energy storage station, data center, and substation and compared it with the traditional high-voltage direct current system. However, the above literature is limited to the simple combination of multiple stations. The complementarity and integration of multiple function stations are not strong, the function of each function station is not fully played, the reliability of the system can be further strengthened, and the theoretical analysis of multi-station fusion and the innovation of topology structure is insufficient. At present, there are not enough research results in the realization of high-power supply reliability, power flow transfer and multi-purpose of one station.
In this paper, we propose a topology of the multi-station integration structure with a single DC bus based on SOP. The load is supplied hierarchically according to the demand. The issues of unidirectional flow and complex device coordinated control in traditional energy distribution networks are overcome through the coordinated control of SOP devices and other converter devices in the system. The coordinated control allows the power flow control among feeders and the highly reliable provision of sensitive loads in the system and promotes the overall optimization of the distribution network energy. The major contributions of this paper are as follows:
(1) From the topology and framework perspectives of power grids, a highly integrated multi-station system fusion topology based on the SOP is created. This results in an in-depth application of the SOP in the multi-station fusion system, and thus diverse load supplies with high-level power quality are achieved.
(2) The “APS plus EMS” coordinated control strategy is proposed, and the autonomous operation of the local system can be divided into three working modes, and each mode can be further divided into different sub-modes depending on the state of the system. These efforts can improve the flexibility of the system operation and the reliability of power supply for sensitive loads.
(3) The effectiveness of the proposed multi-station system topology and control strategies is verified through two case studies.
The remainder of this paper is organized as follows. The topology of multi-station integration is proposed in Proposed Topology of Multi-Station Integration. The coordinated control strategy of multi-station integration is established in Coordinated control strategy of multi-station integration. Case studies are presented in Simulation Analysis of Different Cases. Conclusion is drawn in Conclusion.
PROPOSED TOPOLOGY OF MULTI-STATION INTEGRATION
Different from the traditional AC/DC distribution network, in this study we use SOP as the key equipment of multi-station integration systems, which can solve the problems of the AC/DC distribution network by implementing the two-end power supply. SOP can respond to the running state of the system in real-time and optimize the power flow distribution of the system and are promising to meet the requirements of future flexible distribution networks for primary flexible equipment (Ji et al., 2017; Liang et al., 2018; Li et al., 2019). Figure 1 shows the proposed multi-station integration topology with an SOP. The system is mainly composed of an AC power grid unit, energy management system (EMS), SOP, energy storage station, data center station, photovoltaic power station, 5G station, AC/DC load with different sensitivity levels, and electric vehicle charging station.
[image: Figure 1]FIGURE 1 | Multi-station integration topology.
The proposed multi-station integration system is significantly more compact than the traditional hybrid AC/DC microgrid. Complementary function integration can achieve hierarchical power supply and overall performance improvement. The integration of the energy flow, information flow, and data flow in the system can improve the comprehensive utilization rate of resources. Furthermore, the multi-station integration system can achieve multi-purpose of one station and multi-function of one device and provides positive interaction and mutual benefits to power/energy suppliers, equipment providers, and users. The construction of multi-station integration systems requires full consideration of various factors, including investment optimization, land comprehensive utilization rate, energy price, power supply reliability, power quality, consumption of green energy, and comprehensive energy service.
The multi-station integration in one distribution system has changed the traditional mode of the AC/DC hybrid distribution network. In this system, the steps of generation, network load, and storage of power are highly integrated; the energy flow, information flow, and data flow are integrated, providing higher power supply reliability. Different sensitive loads make it easier to perform the hierarchical power supply function and significantly increase the comprehensive efficiency of the power grid. The power flow distribution can be flexibly and dynamically adjusted depending on the load conditions, equipment status, and other information, to adapt the access of plug-and-play loads, such as distributed power supplies and electric vehicles, to the distribution network. This can more efficiently promote the integration of the energy supply, distribution, and service, and balance the benefits to users and providers.
In the proposed topology, the SOP is used as an interconnection between two distribution feeders, and the distributed power supply, electric vehicle charging station, and 5G station are connected at the SOP DC terminal. To guarantee the uninterrupted power supply of important loads and realize the peak shaving and valley filling of the system in case of a fault, the DC terminal of the SOP is connected to the energy storage station. Moreover, different sensitive loads can be reasonably configured in the multi-station system, which enables the hierarchical power supply function and highly reliable power supply. The power supply quality of a single DC bus is the highest; here, the loads are defined as primary sensitive load, and the loads on the two sides of the SOP are defined as secondary sensitive load; the load at the substation is defined as the normal load. The optimal configuration of the hierarchical power supply can provide high quality power with low costs.
The proposed multi-station integration topology fully utilizes the DC bus of the SOP to facilitate access to distributed power, electric vehicles, and other equipment. However, the stability of this topology is affected when integrating multiple function stations. The control stability of the DC bus voltage is the basis for the stable operation of the multi-station integration system.
COORDINATED CONTROL STRATEGY OF MULTI-STATION INTEGRATION
The system control strategy is shown in Figure 2. The SOP described in this paper consists of back-to-back voltage source converters (VSCs). VSC1 and VSC2 of SOP can run in P-Q mode, V-f mode and Vdc-Q mode. The control objectives of the two VSCs of the SOP would be changed according to actual situations to realize the real-time control of voltage and power. One of the functions of the FMSS in the multi-station integration system is to transfer active power of the AC power grid and balance the load on both sides of the FMSS. When AC fault occurs, the energy is exchanged with the DC bus through the bidirectional DC/DC converter, and for the battery the three working modes switch according to the power balance in the system.
[image: Figure 2]FIGURE 2 | The block diagram of system control strategy.
The photovoltaic DC/DC converter transfers the maximum power in the grid-connected mode. This can be achieved using the maximum power point tracking (MPPT) control technology or by switching to the idle mode to terminate the output power. For the MPPT control of the photovoltaic DC/DC converter, we use the conductance increment method to determine the change in the direction of voltage by comparing the instantaneous value of the current output conductance and the change in conductance. According to the power voltage curve of the photovoltaic cell, the extreme value is calculated.
Where PIN and PIN_ref are active power and its reference flowing into the SOP respectively, Q2 and Q2_ref are reactive power and the reference flowing from the SOP respectively, Udc is the voltage value of DC bus, Udc_ref is control command voltage of SOP DC bus or energy storage, Id1, Iq1, Id2, Iq2,Id1_ref, Iq1_ref, Id2_ref, and Iq2_ref are axis components and reference values of AC currents of the VSC1 and VSC2, respectively, Idis_max and Idis_min are upper and lower limits of the battery discharge current respectively, Idis_ref is reference value of the current loop, Ib is the charge and discharge current of the battery, Ib_ref is reference value of charge and discharge current of the battery, IPV is output current of the photovoltaic array, and Upv is output voltage of the photovoltaic array.
The coordination between the stations essential for the stable operation and real-time power balance of the multi-station integration system. The stable operation of the SOP DC bus is affected by the various parts of the system, whose power status is closely related to the DC voltage. Accordingly, we adopt the “active power signal (APS) plus EMS” coordinated control strategy, as shown in Figure 3. This strategy allows the efficient power flow and stable control of the DC voltage and provides the maximum reliability of the power supply.
[image: Figure 3]FIGURE 3 | Coordination control strategy of multi-station integration.
We denote the output power of the distributed power supply as PDG; the power at the outlet side of the energy storage station as PES; the power consumed by the DC load as PDC_load; the power exchanged between the SOP DC bus and the AC grids A and B as PAB_ex, and the charging power of the DC bus of the energy storage station as PDC_bus. The total power of the SOP DC can be expressed as
[image: image]
When the voltage of the SOP DC bus changes, the energy change of the DC bus capacitor ΔEdc is
[image: image]
where Udc_ref is the rated value of the DC bus, and T0 is the system operation time.
From Eq. 2, Udc can be obtained as follows:
[image: image]
Equation 3 indicated that the DC bus voltage is affected by the power condition in the system. The stable DC bus voltage corresponds to the power balance of the system, so an unbalance in power flow leads to an abnormal bus voltage. Therefore, the power balance of the system can be achieved by controlling the DC bus voltage balance, thereby ensuring reliable and stable operation of the multi-station integration system. Therefore, it is necessary to adopt an appropriate converter control strategy to manage the energy flow of the SOP. With a reasonable distribution of the SOP and distributed power output and the coordination of the energy storage device and the grid-connected converter control, the power balance in the system can be achieved.
The total power balance of the multi-station integration system can also be expressed as follows:
[image: image]
where SOCmin and SOCmax are the lower and upper limits of the remaining capacity of the battery, respectively; Pmax_dischange and Pmax_change are the maximum discharging and charging power, respectively; Pmin_pv and Pmax_pv are the lower and upper limits of the output power of the photovoltaic power station, respectively; Pmin_exchange is the maximum allowable switching power.
The following power relations exist in the AC and DC buses of the multi-station integration system:
[image: image]
where POUT is the active powers flowing out of the SOP.
Equation 5 indicates that PIN and POUT change when the system operation state changes. For example, if one side of the AC power grid is overloaded and the other side of the AC power grid is lightly loaded, power is transferred from the lightly side to the overloaded loaded side, increasing PIN. When a fault occurs on one side of the AC power grid, the load in that side will be transferred through the SOP, increasing PIN and POUT. In a multi-station integration system, any power change will change the active power through the SOP. Therefore, we combine the APS and EMS to judge the current working mode through the APS flowing in or out of the SOP. APSs are considered as dispatching signals of the EMS, and the operation mode of the power electronic devices in the control system are coordinated through the superior signals received by the EMS and the APS of the local system.
The coordination control strategy relies on the EMS as the general control layer, which is responsible for receiving the dispatching instructions of the upper-level grid and the APS of the local system. The EMS judges the system operation status according to the instructions of the upper-level or the APS and sends out the corresponding work mode instructions to coordinate the operation modes of the SOP, energy storage DC/DC converter, and photovoltaic DC/DC converter. The EMS operates according to the dispatching instruction received from the upper-level grid to realize the effective energy and active power flows and reactive compensation between the systems. When the EMS system does not receive the dispatching instruction from the upper-level grid, it operates the local system autonomously. In the autonomous operation mode, the EMS sends the corresponding control mode command through the APS received. In this study, the APS threshold interval is set according to the corresponding value of the active power in different operating conditions; then, the EMS judges the operation mode of the system according to the APS value.
With the above coordination control strategy, the autonomous operation of the local system can be divided into three working mode types, and each working mode type can be divided into different sub-modes depending on the state of the system. In this paper, PIN_ref denotes the reference value of the active power flowing into the SOP under the ideal operation of the system (i.e., the AC load on the two sides is equal; the DC load is constant, and the photovoltaic power station outputs the maximum power). The reference value PIN is divided into different threshold intervals according to the three working modes. Among them, a0 and b0 are the reference coefficients (a0 ≥ 1 and b0 < 1) determined according to the actual state of the system.
Operation mode 1: [image: image]. In this mode, the system is in the normal operation state. The SOP is in constant DC voltage mode, SVSC1 = 1, and SVSC2 = 1. The photovoltaic power station is in the MPPT mode, with SPV_DC/DC = 5. Depending on the residual capacity of the SOC, the energy storage station can be in the constant voltage charging mode, with SES_DC/DC = 3, or the standby mode, with SES_DC/DC = 2.
Operating mode 2: [image: image]. In this mode, when the AC loads on the two sides of the system are extremely unbalanced or one side of the AC grid is faulty, the system transfers a large amount of active power to the faulty side through the SOP to maintain the power supply of the load on the fault side. If necessary, the normal load is cut off, and the sensitive load is retained. The SOP is in constant DC voltage mode, with SVSC1 = 1 and SVSC2 = 1. The photovoltaic power station is in either MPPT mode, with SPV_DC/DC = 5, or standby mode, with SPV_DC/DC = 2. Depending on the residual capacity of the SOC, the energy storage power station works in constant voltage discharge mode, with SES_DC/DC = 4, or standby mode, with SES_DC/DC = 2.
Operating mode 3: [image: image]. In this mode, both sides of the AC network are faulty, and the SOP works in the standby mode, with SVSC1 = 2 and SVSC2 = 2. If the power from the energy storage station and the photovoltaic station is enough to support the primary sensitive load power supply, the SOP can selectively transfer power depending on the load level, i.e., SVSC1 = 1 or SVSC2 = 1. The photovoltaic station works in either MPPT mode, with SPV_DC/DC = 5, or standby mode, with SPV_DC/DC = 2. According to the residual capacity of the SOC, the energy storage station works in either constant voltage discharge mode, with SES_DC/DC = 4, or standby mode, with SES_DC/DC = 2.
SIMULATION ANALYSIS OF DIFFERENT CASES
We designed a simulation model of the multi-station integration system in MATLAB/Simulink to analyze the operation in the different modes. We assumed that the data center contains ten cabinets, with a total power of 40 kW. The maximum output power of photovoltaic station was set to 50 kW; the power of the two 5G stations was set to 10 kW, and different AC and DC loads were considered. Two different operating modes were simulated. The rationality of the above-mentioned multi-station integration topology structure and the correctness of its control strategy were verified. The relevant parameters of the simulation model are shown in Table 1.
TABLE 1 | System parameters.
[image: Table 1]Case 1
The simulation of case 1 verifies operating mode 1. To simplify the analysis, the photovoltaic and data center stations balance the power generation and energy supply and demand. Initially, the energy storage station is fully charged and operates in the standby mode; the photovoltaic station operates in the MPPT mode, and all the output power is supplied to the data center and 5G station. In AC grid A, the secondary sensitive load A is set to 20 kW, and the normal load A is set to 30 kW. In AC grid B, the secondary sensitive load B is set to 35 kW, and the normal load B is set to 55 kW. At 0.5 s, the SOP starts the power flow control.
As shown in Figure 4, before the power flow control of the SOP starts, the power from the AC power grid on the two sides is unbalanced. AC power grids A and B send 50 and 90 kW of active power, respectively. Half a second after the power flow control is started, the active power from the AC power grid on the two sides reaches the balance state after the short-term power flow regulation, reducing the line loss of the distribution network system and the transformer pressure of the feeder upstream.
[image: Figure 4]FIGURE 4 | Active power of AC grids A and B.
The results show that in operation mode 1, the system has good dynamic response capability when the DC load changes suddenly, which can ensure the stability of the DC voltage and the transfer capability of the system power flow. After 0.4 s, a 50 kW DC load is added, and after 0.7 s, a 30 kW DC load is cut off. The simulation results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | DC load fluctuation simulation results (A) Active and reactive powers flowing into VSC1 (B) 750 V DC voltage (C) Three-phase AC current of AC grid A.
As shown in Figure 5A, after a sudden increase of 50 kW in the DC load at 0.4 s, the active power flowing into VSC1 from AC grid A increases from 20 to 45 kW. After the 30 kW DC load is cut off at 0.7 s, the power flowing into VSC1 decreases by 15 kW. After a 0.02 s adjustment time, the system reaches a stable operation state. It can be seen from Figure 5B that the DC voltage of the SOP remains stable under the sudden changes in the load. In the dynamic response stage, the voltage fluctuation of the DC bus is within ±5 V, which ensures stable power transmission in the system. Figure 5C shows the current waveform of AC grid A.
It can be seen from the simulation results that the dynamic response of the system is perfect when the load changes suddenly, and it can track APS instructions accurately and quickly, so that the system operates in a stable state. Simulation results verify the effectiveness of the proposed topology and control strategy in mode 1.
Case 2
Case 2 verifies the sensitive load power supply capacity and the stability of the DC bus when one of the AC systems fails. In this case, the system switches from operation mode 1 to operation mode 2. To reflect the situation after the fault of AC grid B more intuitively, initially, the energy storage station is fully charged and operates in the standby mode. The photovoltaic station is in the MPPT mode, and all the output power is supplied to the data center and 5G station. The DC bus load is set as a 20 kW primary sensitive load. Loads of AC grid A are set as a 20 kW secondary sensitive load and a 30-kW normal load A. Loads of AC grid B are set as a 35 kW secondary sensitive load and 35 kW normal load. At 0.4 s, AC grid B fails, and the 35 kW normal load B is cut off. The secondary sensitive load B is maintained, and the fault is recovered at 0.7 s. The simulation results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | AC grid fault simulation results (A) Active power of AC grids A and B (B) Active and reactive powers flowing into VSC1 (C) 750 V DC voltage of the SOP (D) AC voltage of secondary sensitive load B.
As shown in Figure 6A, after the system fails at 0.4 s, the system supplies sensitive load power at the fault side through the SOP. As can be seen from Figure 6B, the power flowing into VSC1 increases from 20 to 55 kW in 0.4 s, which exceeds the preset upper limit. The EMS center judges the operation mode through the received APS and sends out the instruction of operation mode 2. The system cuts off the normal load B on the fault side, and the SOP carries out the power flow supply. When the system returns to the normal state in 0.7 s, it quickly stabilizes. Figure 6C shows that the DC voltage can remain stable when the AC system fails. In the dynamic response stage, the voltage fluctuation of the DC bus is within ±1%, ensuring the stable power transmission of the system. Figure 6D shows the voltage waveform of the secondary sensitive load B. When the fault occurs, the voltage fluctuates within a small range and quickly stabilizes after 0.02 ms.
It can be seen from the simulation results that when the system fails, because the SOP is used as the key equipment of the system, the system can still realize power flow transfer in case of failure, and maintains high reliability of power supply for sensitive loads. It can also perform good dynamic response characteristics of the system. The simulation results confirm that the multi-station integration topology and its control strategy described in this paper can effectively guarantee the stable operation of the system. The multi-station integration system has a highly reliable power supply capability for sensitive loads, such as those in data center stations.
Delaware Industrial Park in the United States has built as the first high-quality power park in the world, and has installed DVR, ASVC, transfer switch and other Distribution-Flexible AC Transmission Systems (D-FACTS) devices to realize the three-level power quality supply (Domijian et al., 2005). In this paper, only one SOP is used to realize the three-level power supply, and the comparison results show that the power quality level performed in this paper is better. In this paper, the response time is faster and the voltage fluctuation is smaller.
CONCLUSION
We proposed a topology structure of the multi-station integration system and simulated various scenarios that verified the feasibility of the coordinated control strategy. According to the multi-station integration topology, the “APS plus EMS” coordinated control strategy was proposed to achieve the stable operation of the system. We verified the rationality of the topological structure of the multi-station integration system. The topological structure fully guarantees the requirements of power supply reliability and system operation stability at different sensitive loads and can achieve effects of power flow in the system and power flow transfer under in the fault operation state.
In the future, we will investigate the capacity allocation of multi-station integration based on economic optimization. The construction of multi-station integration is of great importance to improve the operation and control ability of the distribution network. The results of this study are expected to promote the practical application of multi-station integration in the distribution network and accelerate the promotion and application of multi-station integration in the future intelligent distribution network.
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An analysis model of wind power consumption capacity is established with the multi-fractal theory. Firstly, the fluctuation characteristics of wind power are described through multi-fractal parameters, and the correlation between wind power fluctuation characteristics and consumption capacity are analyzed. Afterwards, the swinging door algorithm (SDA) is applied to divide the wind power curve in the evaluation period, and the fluctuation process with similar characteristics is clustered. Further, a functional analysis model to evaluate wind power consumption capacity is mentioned based on the fluctuation clustering results. Finally, the effectiveness of the method is verified by an example of a regional power grid in China, and the influence of adjustable parameters in the model on the consumption capacity is quantitatively analyzed.
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INTRODUCTION
With the increase of power demands, the proportion of renewable energy in power grid is increasing, especially the wind power (Qazi et al., 2019). The installed capacity of wind power has reached 210 GW, accounting for 10.4% of the total in China by the end of 2019. The installed capacity is expected to reach 250 GW by the end of 2020, and the proportion of wind power in the energy supply system will increase year by year (Global Energy Interconnection Development and Cooperation Organization, 2020). However, the volatility and randomness of wind power bring severe challenges to the dispatching and operation of power system.
In recent years, the problem of “wind power curtailment” is becoming more and more serious, which has caused a waste of power generation resources and brought some economic losses. To ensure the safety and economy of power system, the reasonable wind power uncertainty model and unit commitment optimization method are established (Chen et al., 2019; Zhang et al., 2019a; Zhang et al., 2019b; Chen et al., 2020). In (Zhang et al., 2019a), the optimal unit commitment decision was obtained by considering the temporal and spatial correlation of wind load uncertainty prediction error. In (Zhang et al., 2019b), the time autocorrelation of wind power/load forecasting error and outage probability are considered in the unit commitment optimization method. These models not only reduce the operation cost of the optimization results, but also ensure the safe operation of the power system.
On the other hand, aiming at the problem of wind power curtailment, some literature focuses on how to improve the consumption capacity of wind power. In (Meena et al., 2017), a new bi-level optimization framework is proposed aim at the optimal configuration and operation management of wind power generation. To enhance the adaptability and load acceptance of wind power, Wu et al. (Wu and Jiang., 2019) considered the joint planning, which includes installed capacity and location of wind power, expansion of transmission network, and location and scale of energy storage system. With the increase of coupling among multi-energy systems, some scholars also try to increase the wind power consumption capacity from the perspective of integrated energy (Wang and Li., 2017; Mu et al., 2019; Ma et al., 2020). There are different methods to improve the consumption capacity. However, how to evaluate the wind power quickly and accurately is the precondition for achieving reasonable dispatching decision and planning. Only on the basis of accurate assessment of the consumption capacity, can those methods be more meaningful.
So far, most of the studies use mathematical optimization models to evaluate the wind power consumption capacity (Chen et al., 2017; Koutroumpezis and Safigianni., 2010; Xie, et al., 2016; Wang, et al., 2018; Wang et al., 2020). Usually, many kinds of security operation constraints (Abad et al., 2018; Fu et al., 2018; Torquato et al., 2018; Zhan and Liu., 2019) are considered and different optimization algorithms are used to obtain the optimal solution of the objective function. In (Nguyen and Mitra, 2016), the influence of wind power generation on frequency regulation ability under different penetration levels is explored. In (Sun et al., 2018), a multi-objective optimization method for power system coordination is established, which can be applied to evaluate the wind power consumption capacity. In (Xie et al., 2016), a wind power consumption optimization model with security constraints and flexible demand response is established. Xu et al. (Xu et al., 2016) calculated the wind power consumption capacity based on the multi-scenario method in which a variety of constraints were considered. In (Fu et al., 2018), the system peak shaving capacity constraints were considered, and the optimization model is established based on the statistical characteristics of wind power output. The mathematical optimization method is complex in modeling, with a large amount of calculation and limited application. In addition, most of the evaluation models in the above studies are for a certain moment, only considering the power grid’s consumption capacity at the extreme moment, but the wind power output also has strong volatility in other times. Therefore, the fluctuation characteristics of wind power in the whole period should be considered in the evaluation model.
On the basis of these studies, it is necessary to analyze the fluctuation characteristics of wind power from a long time scale, so as to improve the accuracy and adaptability of the assessment. Yang et al. (Yang et al., 2017) proposed an analysis method to divide and express the fluctuation process of wind power, but did not carry out quantitative analysis on the volatility of wind power. For the study of volatility, in (Shi et al., 2018), the fluctuation of wind power output data are analyzed by the probability density function (PDF) and discrete Fourier transform (DFT) in time and frequency domain. In (Zhang et al., 2017), fluctuating characters of the wind power are assumed to obey the versatile distribution. In (Lamsal et al., 2019; Li et al., 2019), the variation of the difference between the maximum and minimum power values within a certain time interval is used to describe the volatility of wind power.
Since the fluctuation of wind power varies with time, the fluctuation characteristics of wind power at different levels should be described by appropriate parameters. Multi-fractal theory (Harte and David, 2001) is an effective tool for studying the fluctuation characteristics of stochastic time series, and has been applied in many fields of power system. In (Teng et al., 2019), a multi-fractal spectrum is adopted to investigate wind speed characterizations. Liu et al. (Liu et al., 2014) examined the feasibility of applying the multi-fractal theory to analyse the electricity price fluctuation.
Thus, an evaluation method of wind power consumption capacity based on fluctuation characteristics analysis is carried out. Firstly, the singularity index of multi-fractal theory is adopted to describe the fluctuation characteristics of wind power. The matching degree between wind power and load curve is represented by the average Euclidean distance. The correlation between fluctuation parameters, average Euclidean distance and wind power consumption is verified based on historical data. On this basis, the fluctuation process is divided and clustered by the swinging door algorithm (SDA) and clustering algorithm, respectively. Finally, an evaluation model is established based on the fluctuation parameters. The method combines the fluctuation processes with the same fluctuation characteristics, greatly simplifies the calculation process. The consumption capacity of the power grid to a given wind power curve is analyzed, which is helpful for dispatchers to make reasonable decisions.
KEY INFLUENCING FACTORS
Fluctuation Degree of Wind Power Output
Multi-Fractal Theory
Multi-fractal is a kind of complex fractal structure which divides the non-uniform distribution area into multiple regions. It is composed of multiple non-uniform distribution sets with different singular indexes. The local characteristics of a system with complex fractals under different scales were described. Each scale can be represented by different parameters or dimensions. This series of parameters form a set, so that all different sets have different scales and fractal dimensions. Generally, the problems with fractal characteristics are described qualitatively and quantitatively by multi-fractal spectrum. The numerical value of each local detail and the probability distribution in the process of local detail change are calculated by Legendre transform.
The multi-fractal object is divided into [image: image] regions. [image: image] and [image: image] be the scale size of each region and the probability of physical quantity respectively. The relationship between [image: image] and [image: image] in different regions is expressed by scale index [image: image]:
[image: image]
When [image: image], Eq. 1 is changed into
[image: image]
where [image: image] is the scaling index, which represents the fractal dimension of the local shape.
Fluctuation Degree
Based on multi-fractal theory, the local regularity of wind power output curve on different time scales is described by the singularity index. Wind power series [image: image] with time length [image: image], [image: image], [image: image] is the time scale used to divide the series.
[image: image]
Here, [image: image] is the probability of wind power output in the [image: image] interval. [image: image] is the wind power output of the [image: image] interval. [image: image] is the sum of wind power output of all sections.
The singularity of wind power fluctuation in the [image: image] interval is characterized by local singularity index [image: image], which reflects the irregularity of wind power in this interval. It satisfies the following conditions in the scale-free interval.
[image: image]
Since [image: image] is smaller than 1 in multi-fractal calculation, [image: image] and [image: image] correspond to the maximum and minimum probability subsets respectively. The difference between the two probability is used to describe the fluctuation and stability of the sequence distribution. Variation of wind power output in a certain section can be expressed by [image: image]. The larger the [image: image], the more uneven the wind power output distribution and the greater the volatility.
[image: image]
Matching Degree of Wind Power Output and Load Demand
The consumption capacity is closely related to the fluctuation of the wind power curve if the unit parameters have been determined. Wind power will be curtailed if the fluctuation range of wind power exceeds the regulation capacity of the unit. However, wind power may fluctuate greatly at both high and low output, a single fluctuation parameter can not accurately reflect the wind power consumption capacity. The matching degree of wind power output and load demand is also a key factor, which is measured by the similarity between load and wind power curve. The higher the similarity, the greater the wind power consumption. To compare the wave processes of different time scales, the average value of Euclidean distance of all data points is reflected to the matching degree. The calculation formula is as follows:
[image: image]
Here, [image: image] is the number of sampling points in the fluctuation duration. [image: image], [image: image] are the wind power and load power in the [image: image] point.
ANALYSIS ON FLUCTUATION CHARACTERISTICS OF WIND POWER CONSUMPTION
Correlation Analysis
Taking the data of a district in China in August 2019 as an example, the correlation between wind power consumption capacity and fluctuation characteristics is qualitatively analyzed by Pearson correlation coefficient (PCC). PCC is the most commonly used method to measure the correlation of series, and has many application examples in wind power output prediction (Vallée et al., 2011; Zhou et al., 2019; Wang and Zou, 2020). The correlation between any two variable sequences x and y can be calculated by Eq. 7.
[image: image]
where [image: image] is the correlation coefficient of x and y; [image: image] is the covariance operation; [image: image] is the expected operation; [image: image] and [image: image] are the standard deviations of variables.
Figure 1 shows the calculation results of correlation analysis. With correlation coefficient [image: image], which shows that fluctuation parameters have strong negative correlation with wind power consumption, that is, the greater the parameter value, the smaller the wind power consumption. With correlation coefficient [image: image], similarly, there is a strong negative correlation between European distance and consumption.
[image: Figure 1]FIGURE 1 | Correlation between volatility parameters, average Euclidean distance and wind power consumption.
Division of Fluctuation Process
The division of fluctuation process is the basis of studying the fluctuation characteristics of wind power output. The swinging door algorithm (SDA) proposed in (Florita et al., 2013) is applied to divide the fluctuation process. The principle is as follows:
[image: image]
Here, [image: image] and [image: image] are the up and down swinging door respectively. [image: image] is the window width. [image: image] is the wind power at the initial time. [image: image] is the wind power at [image: image] time. The up and down swinging door are calculated from [image: image], and [image: image] satisfying Eq. 9 is the end time of current fluctuation.
[image: image]
According to the principle of swinging door algorithm, the next fluctuation process starts from [image: image], the division is continued until the wind power data in the whole cycle is traversed. There may be an inflection point in a continuous and same trend fluctuation process, which will lead to the neglect of a data point and errors. Therefore, the traditional swinging door algorithm is improved.
The fluctuation trend before and after the termination point should be judged in the iterative process. That is, when each iteration process of fluctuation division is completed, it is necessary to judge the relationship between the change trend of the two fluctuation processes connected with the termination point. The termination condition of iteration division is changed from Eqs. 9, 10:
[image: image]
where [image: image], [image: image], [image: image] are the wind power at time [image: image], the next sampling time and the last sampling time respectively.
In Eq. 8, the window width [image: image] affects the identification of continuous and identical trend fluctuations. Most of the division results will be small fluctuations if the selection is too small. Instead, the results will be large fluctuations and small ones ignored.
Clustering of Fluctuation Processes
The consumption capacity is significantly associated with volatility parameters and average Euclidean distance. The fluctuation process of wind power is clustered based on [image: image] and [image: image]. Essentially, the same fluctuation process should have similar consumption capacity in the clustering results.
A clustering algorithm with breadth first search neighbors (BF-SN) (Xue et al., 2015) is applied to cluster the fluctuation process. It is not needed to determine the number of clusters in advance in the algorithm, and the optimal parameters are easy to set. The steps are as follows:
(1) Input fluctuation process set, and [image: image] is the abscissa of each fluctuation process and [image: image] is the ordinate;
(2) Input the clustering parameters [image: image] and [image: image]. Where [image: image] is the distance parameter to judge whether the two fluctuation processes are neighbors. Generally, the average distance between objects in the dissimilarity matrix can be taken as (Florita et al., 2013). [image: image] is the parameter to judge whether the fluctuation process can be clustered into one class. [image: image], that is, if the fluctuation is joined to a certain class, [image: image] must be neighbors with the original fluctuation process of [image: image] in this class;
(3) Solve the similarity matrix. The similarity degree matrix is a quantitative representation of the similarity of any two fluctuation processes. Its diagonal elements are 1, and the non diagonal elements [image: image] represent the similarity between the fluctuation processes [image: image] and [image: image];
(4) Search clustering. A new empty class is created and classified into this class from any fluctuation process [image: image]. All neighbors of [image: image] are searched according to the parameter [image: image] and whether they are classified into the class according to the parameter [image: image]. When all the volatility processes except [image: image] are traversed, the clustering is completed once;
(5) Repeat step 4)to complete the clustering of all fluctuation processes.
EVALUTION MODEL
Wind Power Output Model
According to Eqs. 3, 4, there is a one-to-one correspondence between wind power output [image: image] and volatility parameters [image: image] in the [image: image] fluctuation process.
[image: image]
The functional relationship reflects the irregularity and distribution characteristics of wind power in the process of fluctuation.
Functional Analysis Model
State Space
The state of the system is judged according to the basic properties of the [image: image] fluctuation stage. [image: image] represents the state set of the system in the whole evaluation period.
[image: image]
where [image: image] indicates whether the system satisfy the [image: image] constraint. If the system does not satisfy the constraint, [image: image], otherwise, [image: image].
The constraints are considered in the state space as follows:
Power Balance Constraints

[image: image]
Power Output Constraints

[image: image]
Power Ramp Constraints

[image: image]
Tie Line Power Constraints

[image: image]
where [image: image] are load demand, the unit output, wind power output and tie line power of the [image: image] fluctuation process respectively; [image: image] and [image: image] are the minimum and maximum output of the unit; [image: image] are the power limit of tie line; [image: image] and [image: image] are the climbing speed of the unit.
The proposed evaluation method is mainly used to calculate the wind power that the system can consume. If the system does not meet the power balance constraints, there may be two situations: excess power and power shortage. The former will lead to wind power being abandoned, and in the latter case, the system can consume all the wind power. However, the system will load shedding when the load demand can not be met. If the system satisfies the power balance constraints, y1 will be 0; if the power is excessive, y1 is one; if the power is insufficient, y1 is –1.
Evaluation Model
For each kind of fluctuation process, a functional analysis model of consumption capacity evaluation is established according to the state set.
[image: image]
[image: image]
[image: image]
Here, [image: image] is the wind power curtailment generated by the system due to insufficient climbing capacity of the unit. [image: image] is the maximum consumption capacity of the wind power when the system has excess power. [image: image] is the duration. The solution flow is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flow chart of wind power consumption capacity assessment.
CASE STUDY
The effectiveness of the proposed method is verified by the actual power grid data. The grid structure is shown in Figure 3. There are three wind farms in the system with a total installed capacity of 350 MW, five thermal power units and the total installed capacity is 786 MW. The parameters of each generator set are shown in Table 1. Assuming that all units are in the starting state, the upper limit of tie line power is 50 MW. Load and wind power output curve are shown in Figure 4.
[image: Figure 3]FIGURE 3 | Grid structure diagram.
TABLE 1 | General parameters of generator set.
[image: Table 1][image: Figure 4]FIGURE 4 | Load curve and wind power output curve.
Division and Clustering of Fluctuation Processes
The fluctuation process of wind power is divided by SDA. Window width ε is taken as 5% of the installed capacity of wind power. A total of 41 fluctuation processes are obtained and numbered from left to right. The results of division are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Division results of fluctuation process.
The volatility parameter [image: image] and average Euclidean distance [image: image] of each fluctuation process are calculated. The results are shown in Table 2. According to the calculation results, the process is clustered by breadth first search neighbor algorithm. Clustering parameters [image: image] and [image: image] are 0.8 and 1, respectively, and seven categories are obtained. The clustering results of each process are shown in Table 3.
TABLE 2 | Clustering parameters.
[image: Table 2]TABLE 3 | Clustering results of fluctuation process.
[image: Table 3]Calculation of Consumption Capacity
Function relationship between the wind power and singularity index in various wave stages is fitted. The wind power fitting function of 7 categories is replaced into the evaluation model, and the consumption capacity in the evaluation period is obtained. Take category 5 as an example to illustrate the calculation process. The results are shown in Figure 6.
[image: image]
[image: Figure 6]FIGURE 6 | Fitting results of wind power and singularity parameter.
The state of this kind of fluctuation is Y5 = {1, 0, 1, 0} according to the basic data of each fluctuation process in Category 5. The power consumption is 253 MW·h, and the abandoned wind power is 64 MW·h. Similarly, the wind power consumption capacity of the whole grid is calculated.
To show the effectiveness of multi-fractal theory in describing the fluctuation degree of wind power, as a comparison, the volatility proposed in (Li et al., 2019) is used to describe the fluctuation degree. The method is recorded as Method 1, and the calculation formula is as follows:
[image: image]
where [image: image] denotes the output value at time [image: image]; [image: image] denotes the rated capacity of a wind farm.
The consumption capacity of Method 1 is evaluated by using the same evaluation procedure proposed in this paper.
In addition, the evaluation method used in (Sun et al., 2018) is recorded as Method 2. Without considering the load regulation characteristics in different time scales, the wind power consumption was evaluated with the maximum consumption capacity as the optimization objective. The results are shown in Table 4.
TABLE 4 | Calculation results of consumption capacity.
[image: Table 4]The fluctuation degree of wind power in Method 1 is expressed by the change degree of a certain period of time, which depends on the size of the time interval used. This may lead to the irregularity of wind power fluctuations that can not be well described. By comparing Method 1 with the method proposed, the relative deviations between the results and the actual data are 12.54% and 3.16% respectively. The results show that the multi-fractal theory can reflect the fluctuation process better and make the evaluation results closer to the actual data.
The wind power consumption is calculated by the optimization problem in Method 2, the result is closest to the actual data, and the relative deviation is 1.12%. Compared with the optimization problem of long time scale, although there are errors between the proposed method and Method 2, the deviation between them is within the acceptable range of engineering application. The evaluation method proposed takes the fluctuation process as the unit for evaluation. Once the type of fluctuation process is determined, the current consumption can be evaluated according to the proposed functional model and the state space. It simplifies the calculation process of wind power energy consumption evaluation and reduces the amount of calculation, and has a wider applicability.
Analysis of Sensitive Factors of Consumption Capacity
Transmission Power Limit of Tie-Line
The results of wind power curtailment ratio of regional power grid are illustrated in Figure 7 when the output power of tie line is (0, 200) MW. If the limit of transmission power is less than 100 MW, the wind power curtailment ratio is negatively correlated with [image: image]. The increase of [image: image] is equivalent to increasing the maximum consumption space of wind power, i.e. [image: image], so that the system can consume the power curtailed at the low load. When [image: image] is greater than 100 MW, the ratio basically remains unchanged, which is caused by the insufficient climbing capacity of the unit.
[image: Figure 7]FIGURE 7 | Wind power curtailment ratio with different transmission power limit of tie-line.
Peak Regulation Depth of Unit
The calculation results of wind power curtailment ratio are shown in Figure 8 when the unit peak load regulation depth is (30, 50%). The curtailment ratio is positively correlated with the peak shaving depth. If the peak shaving depth is less than 35%, the curtailment ratio does not change, the wind power transmission is blocked due to the transmission power of tie line reaching the upper limit. The influence principle of unit peak regulation depth on the consumption capacity is the same as that of tie line power upper limit, both of which can improve the maximum consumption space of wind power.
[image: Figure 8]FIGURE 8 | Wind power curtailment ratio with different peak regulation depth.
CONCLUSION
To guide the development of new energy such as wind and reduce the abandonment risk of wind, a functional analysis model of wind power consumption capacity assessment is established, which takes the singularity parameters of wind power as independent variables, and simplifies the calculation process of wind power consumption assessment. Through the analysis of an example, the correctness and effectiveness of the refined consumption model proposed are proved. Moreover, the influence of the transmission power limit of tie-line and peak regulation depth of unit on wind power consumption capacity is analyzed quantitatively. The results show that the wind curtailment rate can be reduced to a certain extent by changing these two variables. Relevant research results can provide guidance for new energy development planning and construction.
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The efficient application of battery energy storage system (BESS) technology can effectively alleviate the uncertainty and volatility caused by distributed generations (DGs) and loads, and reduce their adverse effects on the power grid. More efficient applications could delay equipment capacity upgrades, improve equipment utilization, save costs, and increase the system hosting capacity for renewable energy. However, the application of BESS is restricted by its high cost and limited policy support. It is, therefore, necessary to carry out an economic evaluation of BESS, considering its flexibility and improvement of reliability, alongside incentive policy research to promote its deployment. This study on BESS involves four key aspects: 1) It proposes a reliability-benefit model for BESS, considering the value of electricity in the national economy. 2) It describes a flexibility improvement benefit calculation model for BESS, built with the definition of flexibility indexes of distribution network related to BESS, and considering the capacity, charge, and discharge constraints. 3) A reliability improvement benefit calculation model of BESS was built, and the present study proposes a detailed calculation flow of economic evaluation model for BESS users considering net present value (NPV) index and dynamic payback period (DPP) index. 4) An impact analysis of different prices and incentive policies on BESS business models is also carried out, with the present study finally presenting an incentive policy based on flexibility and reliability improvement. The results of the IEEE 33-node test system show that flexibility and reliability improvement can effectively reflect the benefit and cost of BESS, and that incentive policies can help to promote the development of BESS technology.
Keywords: battery energy storage system, flexibility, reliabiity, economic evaluation, policy
INTRODUCTION
Along with the expansion of industry on a global scale, comes excessive energy consumption, environmental degradation, and global warming, which seriously affect humans and the development of society. Traditional fossil energy generation has brought about an increasingly serious energy consumption crisis and problems of environmental pollution (Zhang et al., 2017; Xiao et al., 2018; Yang et al., 2018). In the face of global energy and environmental constraints, many countries have put energy conservation and energy efficiency in the foremost strategic position, making full use of as many renewable energies as possible to promote the efficient and clean use of energy. Future power grids need to be flexible enough to adapt to the new situation of high penetration of renewable energy, multiple uncertain perturbations, even various natural and man-made disasters (Shao et al., 2017). Energy storage is one of the key technologies for a future power grid with high penetration of renewable energy due to its capability to separate the production and consumption of electrical energy from time and space (Li and Hedman, 2015). Rational use of energy storage to achieve multiple functional values can effectively mitigate the uncertainty and volatility caused by distributed generations (DGs) and loads, reducing the impact on the grid, and potentially delaying equipment capacity upgrades, improving equipment utilization, and saving costs (Kuleshov et al., 2019), which play a catalytic role in enhancing the flexibility of the distribution network.
Research and economic analysis of battery energy storage systems (BESS) have been carried out in terms of the method and intensity of subsidies (Fang et al., 2018), operating and maintenance costs (Bruninx et al., 2016), comprehensive environmental and other benefits (Lee et al., 2011), and the economy of participating in grid regulation (Yang et al., 2020). The literature (Li and Hedman, 2015) establishes an economic evaluation model for BESS with high penetration of renewable energy. The average cost of conventional generation is reduced when the system is connected to BESS, and BESS can increase the utilization of conventional power generation in the system. Other studies (Mahmoodi et al., 2015) have established the economics of microgrid systems where BESS participates in the regulation, and the proposed strategy could achieve the lowest cost operation of the system. Literature (Yan et al., 2016) establishes a costing model for grid power generation that includes BESS, which effectively reduces the operating cost of the system. Other literature on the subject (Xu and Tong, 2017) investigates the economic value of BESS, operated by a consumer who seeks to maximize the long-term expected payoff (utilities perceived from energy consumption minus energy cost) and define the value of storage as net benefits to the consumer obtained by optimally operating the storage.
Due to its flexible power input/output characteristics (Zhang et al., 2018), BESS is widely and flexibly applied on the grid side, user side, and power supply side, which can effectively achieve demand-side management (Shu and Jirutitijaroen, 2014), eliminate peak and valley differences between day and night (Lu et al., 2009), smooth load and power fluctuations (Bitaraf and Rahman, 2018), improve power equipment utilization, and reduce power supply costs (Cleary et al., 2015). The rapid development of BESS technology provides power systems with greater flexibility, safety, higher power quality, and self-healing capabilities. Literature (Kuleshov et al., 2019) evaluates the economic attractiveness of BESS and identifies the conditions under which solar BESS can operate profitably. Another study (Maghouli et al., 2016) considers the uncertainty of wind turbines in assessing the impact of BESS on the system, and the inclusion of BESS saves the operating costs of the system and increases the flexibility of the grid. In a study by Huang and Wang (2016), a value assessment methodology was proposed for BESS that aimed to facilitate large-scale PV energy access. The results show that energy storage can alleviate the grid modification workload and power constraints associated with large-scale distributed PV grid connections. Other literature by You et al. (2016) investigated the flexible economic dispatch of hydrogen BESS.
In order to promote the development of energy storage, many countries have introduced incentive policies. The United States has introduced the Better Energy Storage Technology Act, Best and the Promotional Grid Storage Act of 2019 to reduce costs and extend the life of energy storage systems. This policy focuses on the research and development of grid-scale energy storage systems and developed a battery recycling incentive to collect, store and transport waste lithium-ion batteries to promote sustainable energy development. The United Kingdom Department for Business, Energy and Industrial Strategy has invested heavily in the cost of energy storage, developing projects to improve the intelligence and flexibility of the grid, and has published the strategic report, Upgrading our Energy System: Smart Systems and Flexibility Plan (Ofgem, 2017). Currently, the energy storage market policy has entered the “post-guidance” stage, and the future commercialization and scale-up of energy storage in China will require strong support from policy and the market.
The main contributions of this paper are first, that it proposes a reliability-benefit model for BESS, considering the value of electricity in the national economy. A flexibility improvement benefit calculation model of BESS was then built with the definition of flexibility indexes of distribution networks related to BESS, considering capacity and charge and discharge constraints. A reliability improvement benefit calculation model of BESS was built with the detailed calculation flow presented, considering the net present value (NPV) index and dynamic payback period (DPP) index. Finally, the impact analysis of different prices and incentive policies on the BESS business models is carried out, and the incentive mechanism and policy based on flexibility and reliability improvement is presented.
The rest of the paper is organized as follows. Benefit/Cost Evaluation of BESS in Distribution Network introduces the benefit/cost evaluation of BESS in a distribution network. Economic Evaluation and Optimization of BESS Allocation Considering its Value on Flexibility and Reliability Improvement proposes the economic evaluation of BESS considering its flexibility and reliability values. Economic Evaluation of BESS Considering its Flexibility and Reliability Improvement Benefits discusses the case study, results, and incentive policy before Incentive Mechanism and Policy for BESS Based on Economic Evaluation Considering its Flexibility and Reliability Improvement Benefits outlines conclusions.
BENEFIT/COST EVALUATION OF BESS IN DISTRIBUTION NETWORK
Benefits of BESS
The roles that the BESS system plays in a distribution network can be summarized in terms of energy dimension, time dimension, and place dimension, respectively. From the perspective of the energy dimension, it plays a role in power, electricity, and capacity support. From the perspective of time, it plays a role in static, dynamic, and instantaneous energy transfer support. From the perspective of place, it plays a role in the source, the user, and in grid support. Many benefits can be brought from BESS. In this paper, we focus on its benefits for flexibility and improving the reliability of the distribution network.
Flexibility Improvement Benefit for Peak Dispatching
The BESS deployment can improve the flexibility of the distribution network via the revenue from the auxiliary service of peak dispatching.
The flexibility improvement benefit for peak dispatching Ffle is:
[image: image]
where Ffle,dis, Cfle,ch are the benefit of BESS discharging and the cost of BESS charging, respectively.
The mathematical model for the benefit of BESS discharging Ffle,dis is:
[image: image]
where Pdis,jk, is the power of the kth discharge of BESS j. Tdis,jk is the time of the kth discharge of BESS j, and Fdis,jk is the unit discharge benefit of the kth discharge of BESS j.
The mathematical model for the cost of BESS charging Cfle,ch is as follows:
[image: image]
where M is the number of BESS, Kj is the number of charging periods per day of BESS j. Pch,jk is the time of the kth charge of BESS j. Tch,jk is the time of the kth charge of BESS j and Cch,jk is the unit charge cost of the kth charge of BESS j.
Reliability Improvement Benefit
The BESS deployment can also improve the reliability of the distribution network. The reliability benefits of BESS in the distribution network are mainly reflected in reduced outage losses when a system failure occurs. BESS can supply power to the load in a timely manner, which improves the reliability of load points. The reliability improvement benefit Frel of BESS is as follows:
[image: image]
where n is the number of load points. Nj is the number of outages at load point j. [image: image] and [image: image] are the load power at the kth outage at load point j before and after the allocation of BESS, respectively. [image: image] and [image: image] are the kth outage time at load point j before and after the allocation of BESS, respectively. [image: image] and [image: image] are the average outage loss cost per kW at the kth outage at load point j before and after the allocation of BESS, which is determined jointly by the load type, outage time, and the value of electricity in the national economy. Frel indicates the reliability improvement benefit after the BESS deployment.
Costs of BESS
Capital Costs
The capital costs of BESS for primary investment construction usually consist of two parts: the cost of a storage unit and the cost of the Power Conversion System (PCS).
[image: image]
where CIN is the capital cost of BESS for investment. NESS is the number of BESS; CQ and CP are the cost of per capacity storage unit (Yuan/kWh) and the cost of unit power of PCS (Yuan/kW) respectively; Qi and Pi are the capacity and the rated power of the ith BESS.
Operation and Maintenance Costs
Harmonize the time scales and discount the annual operation and maintenance (O&M) costs to present value considering the time value of money as follows.
[image: image]
where CO&M is the present value of the O&M cost of the BESS. [image: image] is the annual O&M cost as a percentage of the total investment cost. s is the discount rate, and Y indicates the useful life of the BESS equipment.
ECONOMIC EVALUATION AND OPTIMIZATION OF BESS ALLOCATION CONSIDERING ITS VALUE ON FLEXIBILITY AND RELIABILITY IMPROVEMENT
Impact of BESS Involvement on Flexibility Evaluation of Distribution Network
The impact of BESS on distribution network flexibility is studied from the perspective of two aspects of the flexible adequacy of the distribution network capacity and the voltage deviation at the nodes with the BESS involvement. Hence, the following two indicators, line capacity margin and node voltage deviation rate, are proposed to reflect the flexibility of regulating node voltage in distribution lines and distribution networks.
Flexibility Indexes of Distribution Network
Line Capacity Margin
The distribution line capacity margin reflects the upward flexibility of the distribution line to load fluctuations
[image: image]
where [image: image] is the capacity margin of the ith distribution line at time t. [image: image] is the maximum transmission power of line i. [image: image] is the power of the ith line at time t. [image: image] generally refers to the line margin at the time corresponding to the peak load. [image: image] indicates that the line margin is sufficient and can adapt to load power fluctuations. [image: image] indicates that the line margin is insufficient and line congestion will occur.
Node voltage deviation rate
The overall node deviation reflects the node voltage quality in one unit of time in the distribution network.
[image: image]
where [image: image] is the voltage at node k at time t. [image: image] represents the node voltage rated value during the period under investigation. The smaller [image: image] is, the more favorable the effect of BESS on the flexibility of the distribution network.
Optimization Model for Improving Distribution Network Flexibility With BESS Participation in Dispatching
To study the impact of BESS on the flexibility of the distribution network, we consider the BESS [image: image] in the distribution network to be an optimization variable and define the variable X as:
[image: image]
where [image: image] and [image: image] are the discharging power and charging power of BESS respectively. [image: image] and [image: image] are charge/discharge state flag parameters, which are 0–1 variables and satisfy [image: image].
Objective Functions
The first objective function is the total cost of the system operation, including the cost of purchasing power from the grid, the cost of grid losses, and the cost of BESS devices operating.
[image: image]
where T is the total number of dispatching hours, T = 24 h. [image: image] is the hourly unit price. [image: image] is the power purchased from the power system. [image: image] is the network loss. [image: image] is the ith BESS purchase cost, and [image: image] is the ith BESS charge/discharge cycle.
The second objective function is the node voltage deviation.
[image: image]
where [image: image] represents the number of nodes in the system.
Constraints

(1) Charge state constraints of BESS
[image: image]
where [image: image] and [image: image] are the actual BESS charging and discharging power respectively. Soc,t is the state of charge (SOC) of BESS at time t. [image: image] is the self-discharge rate of BESS. [image: image] and [image: image] are the charging and discharging efficiency of BESS. [image: image] and [image: image] are the minimum and maximum charge states, respectively. [image: image] represents the 0–1 variable of BESS charging state, when [image: image] is 1, it means the BESS device is charging. [image: image] represents the 0–1 variable of BESS discharging state, when [image: image] is 1, it means the BESS device is discharging. The BESS device cannot be charged and discharged at the same time, therefore [image: image]. [image: image] is the size of BESS capacity.
(2) Flexibility constraints
[image: image]
(3) Power flow constraints
[image: image]
where [image: image] and [image: image] are the voltages of nodes i and j, respectively. Gij and Bij are the conductance and inductance between node i and node j, respectively. [image: image] is the phase-angle difference between node i and j.
(4) Node voltage constraints
[image: image]
where Vi,min and Vi,max are the minimum and maximum value of node voltage, respectively.
Impact of BESS Involvement on a Reliability Evaluation of the Distribution Network
Islanding Division and Reliability Index
The BESS deployment can improve the reliability of the distribution network via the formation of a microgrid or isolated power system. When the outage occurs in the external power grid, it can keep the power supply service on some critical loads in islanding mode. Therefore, the islanding division is very important. A breadth-first search method (Li et al., 2018) is used to determine whether the current state can meet the power demand of the islanded load during the outage period, taking into account the wind and photovoltaic (PV) power generation at the sequential Monte Carlo sampling moment and the SOC of the BESS. Figure 1 shows the process of islanding division.
[image: Figure 1]FIGURE 1 | Process of islanding division.
The system average interruption duration index (SAIDI) is the reliability index in this paper.
Determining the Reliability Benefit of BESS
Based on the sequential Monte Carlo method, the process for assessing the reliability of the distribution network is as follows:
(1) Import network topology parameters.
(2) Obtain time-series distribution of BESS SOCs based on flexibility scheduling results.
(3) Sample the normal operation time and repair time of each component of the simulation system, and find the minimum normal operation time of all components as the normal operation time of the system. Obtain the whole system operation fault sequence, and accumulate the total simulation time.
(4) Determine the loss of power due to a component failure according to the structure of the grid.
(5) Determine whether BESS is available based on SOC. If the BESS is available, the island is zoned as described above, to determine islanding division and load outages.
(6) Determine the simulation time, if it is less than the set time, go back to step 2, otherwise continue to step 7.
(7) Calculate reliability indexes and reliability benefits.
ECONOMIC EVALUATION OF BESS CONSIDERING ITS FLEXIBILITY AND RELIABILITY IMPROVEMENT BENEFITS
Economic Evaluation Index
The net present value (NPV) index and the dynamic payback period (DPP) are used to evaluate the economics of BESS owners. The specific evaluation metrics are as follows.
Net Present Value Index
The NPV takes into account the time value of money and discounts the net cash flows occurring each year over the life of the project to the sum of the present values at the same point in time, usually chosen as the total present value discounted to the beginning of the year of investment, based on a benchmark discount rate.
[image: image]
where [image: image] is the net cash flow in the tth year, and the investment year is 0. [image: image] is the discount rate. When [image: image], the project is feasible, and when [image: image], the project is not feasible.
The annual net benefit of the BESS is set to R. C is the cost of BESS construction, and the NPV to the user over the whole life cycle is:
[image: image]
Dynamic Payback Period Index
The NPP, which takes into account the time value of money, is calculated by accumulating the present value of the project's net income from year to year at a benchmark rate of return until the time required to recover the entire initial investment.
In an investment project where the dynamic payback period is set to Tp, the computational model is as follows.
[image: image]
When annual net income is equal.
[image: image]
where R is the net income for each year, i is the benchmark rate of return, and C is the cost of BESS construction.
Economic Evaluation Process
In this paper, the maximum discharge depth of the battery is set to 80%. The annual net benefit R consists of three components, namely, Fgov for government subsidies of BESS projects, Frel for the reliability improvement benefit, and Ffle for the peak power feed-in under the peak-transfer incentive policy. Figure 2 shows the economic evaluation process of BESS considering its flexibility and reliability values.
[image: Figure 2]FIGURE 2 | Economic evaluation process of BESS considering its flexibility and reliability values.
INCENTIVE MECHANISM AND POLICY FOR BESS BASED ON ECONOMIC EVALUATION CONSIDERING ITS FLEXIBILITY AND RELIABILITY IMPROVEMENT BENEFITS
Case Analysis
Fundamental Data
A modified IEEE 33-node distribution system is used in this paper, as shown in Figure 3. This section converts the multi-objectives model into a single-objective optimization model using the linear weighted summation method, and adopts the particle swarm optimization algorithm to solve it. BESS economic evaluation is based on the benefits of flexibility through peak tariff and reliability assessment for reliability improvement benefit.
[image: Figure 3]FIGURE 3 | An modified IEEE 33-node distribution system.
This paper analyzes the benefits of BESS in three scenarios.
Scenario 1: BESS only participates in cutting peaks and filling valleys.
Scenario 2: BESS participates in peak shifting based on time-of-use tariffs.
Scenario 3: Reliability evaluation of BESS according to the distribution obtained in Scenario 2 to obtain reliability improvement benefit.
In the IEEE 33-node distribution system, 500 kW distributed PV is connected at nodes 2, 5, 10, 18, and 28, and 500 kW wind power is connected at nodes 17, 22, and 24, respectively. The rated power and the rated capacity of the BESS is 150 kW and 800 kWh, which is connected to nodes 2, 5, 10, 18, and 28, respectively. The interruptible load is connected to nodes 6 and 23. The optimized scheduling cycle is 24 h. The power purchase tariff is a time-sharing tariff, based on the newly implemented time-sharing tariff for industrial loads in Tianjin power grid from October 5, 2020, in which 8:00–15:00 and 18:00–23:00 are peak periods with a tariff of 1.072 RMB yuan, 7:00–8:00 and 11:00–18:00 are flat periods with a tariff of 0.6836 RMB yuan, and 23:00–7:00 are valley periods with a tariff of 0.4042 RMB yuan.
The unit capacity cost of the BESS equipment is 2.5 million RMB yuan/MWh. The power cost is one million RMB yuan/MW. The operation and maintenance cost as a percentage of investment cost is 0.37%, and the availability of the BESS equipment is 95%.
The load, PV, and wind power curves for a typical day in a certain area are shown in Figure 4.
[image: Figure 4]FIGURE 4 | The load, PV, and wind power curves on a typical day in a certain area. (A) The load curve on a typical day in a certain area. (B) Wind power output on a typical day in a certain area. (C) PV power output on a typical day in a certain area.
Flexibility Improvement Benefit for Peak Dispatching
Flexibility Improvement Results
The peak load moment is 19:00, and the line capacity flexibility index with or without BESS is analyzed comparatively, as shown in Figure 5. It can be seen that the line capacity flexibility is not enough without BESS, but after adding BESS, the line capacity and margin flexibility is greatly improved. The voltage change is shown in Figure 6, and the voltage is also significantly improved after the BESS is added.
[image: Figure 5]FIGURE 5 | Line capacity margin.
[image: Figure 6]FIGURE 6 | Node voltage of the system.
Flexible Resource Optimization Scheduling Results
Due to the integration of PV and wind power, the peak and valley moments of the net load have been changed. Scenario one only takes into account the actual net load changes without considering the time-sharing tariff of peak and valley. From Figure 7, it can be seen that the optimal scheduling results for scenario one are only for the net load cut. The optimized scheduling for Scenario 2 results in partial BESS being discharged and recharged at peak and valley times is shown in Figure 8, in addition to charging at the valley time when electricity prices are low. Table 1 shows the specific charging and discharging results of BESS in Scenarios 2 and 3. From Table 2, it can be seen that the returns for Scenario 3 are much higher than those for Scenario 2.
[image: Figure 7]FIGURE 7 | Optimization scheduling results of Scenario 1.
[image: Figure 8]FIGURE 8 | Optimization scheduling results of Scenario 2.
TABLE 1 | Charging and discharging results of BESS in Scenario 2 and Scenario 3.
[image: Table 1]TABLE 2 | Benefit for peak dispatching.
[image: Table 2]Through the above analysis, the line capacity flexibility index and the flexible adaptability index of voltage deviation are improved to different degrees by the optimal scheduling of BESS using flexibility resources. The flexibility of line capacity margin without adding BESS is not as high as the system flexibility after adding BESS. After adding BESS, the line overload is eliminated, the flexibility of other line capacity margins is also improved to some extent, and the system voltage deviation is significantly improved. The different charging and discharging time of BESS makes the flexibility improvement benefit different, and the charging and discharging of BESS change according to the peak-valley tariff and the actual peak-valley difference of the power grid can improve the economy more.
Reliability Improvement Benefit
In this paper, we simulated the outage loss reduction for a certain BESS capacity and charge/discharge power based on the SOC distribution of BESS obtained from the flexible BESS optimization scheduling results, and analyze the reliability benefits of BESS. The results of islanding are shown in Figure 9, which shows that the BESS maximizes the power supply to the outage load nearby, improves the reliability of the system’s power supply, and increases the power margin of the user side load. The average outage cost per unit of power lost during load point outages is determined by the load type, outage duration, and the value of electricity per kWh in the national economy.
[image: Figure 9]FIGURE 9 | Islanding division result.
Considering the different peak and valley time-sharing tariffs for load types, the load types include large industry, general commercial and other, agricultural production, and residential. The peak-valley time-sharing tariffs for the Tianjin power grid are shown in Table 3.
TABLE 3 | Peak and valley tariffs for different load types in the Tianjin power grid.
[image: Table 3]The system has a total of 32 lines and 31 load points with four load types: residential, commercial, agricultural, and industrial loads. The BESS availability rate is taken as 95% and the Monte Carlo simulation sample size is taken as 20,000. The fault rate and average fault duration of each load point are calculated to obtain the annual average outage time. The fault rate of the line is 0.065, the fault rate of the transformer is 0.015, the fault rate of the breaker is 0.006, the repair time of the line is 5, the repair time of the transformer is 200, and the repair time of the breaker is 4. The average user outage time before adding BESS is calculated from the current grid data, and the average user outage time after adding BESS is calculated from the results of BESS islanding division and distribution network data. Further power for reliability improvement is calculated. The specific national economy generates industrial output per kWh of electricity reference. The reliability gains are 3–5 times the output value per kWh of electricity in the national economy. The reliability improvement gains are shown in Table 4.
TABLE 4 | Benefit for reliability improvement.
[image: Table 4]Economic Evaluation Results
The NPV and DPP of a BESS project are analyzed based on the established economic model that considers flexibility gains and reliability improvement gains. Additionally, add a government subsidy factor to the flexibility gains and an electricity value factor to the reliability gains. The discount rate i is 10%. The formula for calculating the subsidy amount is as follows.
Subsidy amount (RMB yuan) = Average discharge power (kW) × Time (1–4 h) × Government subsidy factor (RMB yuan/kWh) + 0.5 × (Average discharge power (kW) ×Time (5–6 h) ×Government subsidy factor (RMB yuan/kWh))
Figure 10 analyzes the dynamic payback period in the subsidized price range of 0–2 RMB yuan/kWh for BESS discharges, with the DPP decreasing significantly as the subsidized price increases.
[image: Figure 10]FIGURE 10 | DPP of BESS for government subsidy price changes.
The range of national economic value of electricity is 5–15 RMB yuan/kWh with a DPP as shown in Figure 11. The larger the reliability gain, the shorter the DPP, considering the national economic electricity value of different industries. BESS can significantly improve system reliability gains.
[image: Figure 11]FIGURE 11 | Dynamic payback period for BESS in the face of changes in national electricity production.
From the above analysis, we can see that government price subsidies, feed-in tariffs, and the value of electricity production in the national economy are all important factors that influence the DPP of users.
Incentive Policy Suggestions for BESS Development
Improve the Electric Ancillary Services Market
An improved electric ancillary services market is advocated.
To reflect the benefits of BESS on the flexibility improvement of distribution network, it is recommended that the design takes into account not only the peak-valley price but also the flexibility price for peak dispatching.
Considering the value of BESS on reliability improvement, it is recommended that reliability price be designed so that BESS is encouraged to be deployed to support power grid operation and improve power supply performance. The reliability benefit evaluation of BESS to the grid should consider the influence of the value of electricity in the national economy.
Improve BESS Subsidy Programs
For low carbon goal achievement, more and more renewable energies are sometimes encouraged by financial subsidies. However, because of the intermittence and randomness characteristics of renewable energy resources, they bring more and more challenges to power grid operation. The frequency and voltage regulations need to be supported by traditional power plants, which contradict renewable energy requirements. In these situations, large-scale BES can be applied to regulate the frequency and voltage.
Subsidize large-scale BESS will help phase out less-efficient and high-pollution power plants. Power plant owners are encouraged to replace lost capacity with BESS or other clean energy sources. Reasonable government subsidies can accelerate the dynamic payback period of BESS and facilitate the rapid development of BESS projects.
Since the price of BESS is reducing, future policy should consider the impact of reducing the price of BESS. A decline in these costs will eventually make the BESS economically available without any subsidies. To promote the rapid development of BESS on a large scale, a detailed subsidy mechanism at multiple-stages that aims to reduce costs should be integral to its deployment. Establishing a BESS subsidy platform or launching an app to apply for subsidies could put this into practice, which could facilitate the simplification of subsidy procedures, visualization of subsidy programs, and diversification of compensation methods.
Improve BESS Investment Management Systems
It is suggested that investors and interested parties of BESS, and investment management structures be established. These would be responsible for managing investment in and the operation of BESS. This would also contribute to adjusting policy and the regulatory system for BESS as well as developing a licensing system.
BESS + diversified business models, including community energy trading based on BESS, virtual power plants, and power sale packages based on BESS services, are needed. We suggest that a BESS network like the grid is built. The integration of BESS networks and the power grid will help promote the development of BESS and the optimal dispatch of the power grid with more accuracy and reliability.
CONCLUSION
This paper presents an economic evaluation of BESS, considering improvements to its flexibility and reliability. Corresponding incentive mechanism research is proposed to promote its deployment. We analyzed the impact of BESS on active distribution networks along with the impact of BESS on the flexibility and reliability of the distribution network, providing a reference basis for the value of BESS in the distribution network. The following main conclusions were drawn from this study:
(1) Detailed calculation flow of economic evaluation model for users of BESS considering NPV evaluation index and dynamic payback period evaluation index, which provides a reference for the evaluation of distributed BESS value.
(2) Stimulate the BESS auxiliary regulation to participate in grid flexibility improvement. Participation in the peaking market will not only recover costs and profits by using time-of-use tariffs, but also increase the revenue of BESS by participating in peaking, which will shorten the payback time and promote the further development of BESS.
(3) To promote the participation of BESS reliability gains, the reliability gains of BESS are closely related to the value of electricity production in the national economy: the larger the value of electricity production in the national economy, the more obvious the reliability gains of BESS.
(4) The economics and flexibility of BESS provide incentives that reduce investment pressure on investors and shorten the payback costs, increase returns, and promote the healthy and flexible development of the BESS market.
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With the fossil energy crisis and environmental pollution, wind energy and other renewable energy have been booming. However, the strong intermittence and volatility of wind power make difficult of its integration into grid. To solve this problem, this study proposes a complementary power generation model of wind-hydropower-pumped storage systems, which uses hydropower and pumped storage to adjust the fluctuation of wind power. How to consider the uncertainty and unpredictability of wind power output and make more reliable hydropower generation plan and pumped storage generation plan is the key problem to be solved in the grid with the high proportion of renewable energy. The martingale model of forecast evolution is used to describe the uncertainty evolution of wind power in different regions. According to the flexible load in the region, the flexibility index is used to quantify flexibility, and the transaction price is set to be proportional to flexibility. The two-stage framework of day-ahead and real-time dispatching model is then developed. In the day-ahead stage, different regions trade with each other. If the power after trading is imbalanced, it will be supplemented by hydropower and the grid to meet the power demand. In the real-time stage, the pumped storage is added to quickly balance the deviation of wind power and load between the real-time and day-ahead stages. Finally, considering the positive effect of hydropower on wind power consumption in the grid, a benefit allocation method based on improved Shapley value method is proposed. Test cases are simulated to verify the rationality of the proposed dispatching model and the benefit allocation method. After the cooperation of hydropower and pumped storage, the average revenue growth is 3.02%. The improved benefit allocation scheme makes more benefit of hydropower and pumped storage and promotes the cooperation of multi-participants.


Keywords: integrated energy system, uncertainty, martingale model, benefit allocation, flexible load




INTRODUCTION


With the transformation of the global energy structure, the installed capacity of renewable energy has been increasing steadily (Bird et al., 2016). According to forecasts by the International Energy Agency, the proportion of renewable energy in global electricity consumption should be up to 30% by 2023 (International Energy Agency, 2018). Grid-connected power generation of large-scale renewable energy, which is represented by solar and wind energy, has become an unstoppable development trend of new power systems. However, the uncertainty of renewable energy would cause the curtailment of power and the fluctuation of output. The utilization of renewable energy is impeded severely, and the dispatching of the power system is also influenced greatly. Hydropower, which has a strong regulation capability, is usually used as an adjustable power supply to ensure a stable and smooth output (Zhang et al., 2019). The pumped storage has the advantage of flexible schedulability and the ability of fast start-up and shut-down (Javed et al., 2020). Therefore, the complementary power generation system, which coordinates wind power with hydropower and pumped storage, can efficiently solve problems caused by the uncertainty of renewable energy and is important for the stability and economy of wind-hydropower-pumped storage (WHPS) systems.

In recent years, the modeling and optimization of complementary power generation system between renewable energy and other power have been conducted in many studies, mainly including hydro-wind (Denault et al., 2009; Lopes and Borges, 2014; Bayon et al., 2016; Shayesteh et al., 2016), hydro-solar-wind (Schmidt et al., 2016; Liu et al., 2019; Zhang et al., 2019), hydro-wind-thermal (Zhou et al., 2016; Zhang et al., 2017), solar-wind- pumped storage (Jakub et al., 2018; Xu et al., 2019), and wind-solar-storage (Lee and Wang, 2008; Lasemi and Arabkoohsar, 2020). The main idea is to combine renewable energy with hydropower and other flexible power and then improve the power grid’s ability to consume renewable energy and schedulability. Gebretsadik et al. (Gebretsadik et al., 2016) proposed an operation model of wind power and hydropower to maximize the generation of integrated wind and hydropower. Li et al. (Li and Qiu, 2016) used hydropower to compensate for photovoltaic power as the great adjustable capability of hydropower. Panda et al. (Panda et al., 2017) developed a combined operation model of hydro-thermal-wind, and its optimal generation schedule is determined by a different algorithm. Biswas et al. (Biswas et al., 2018) proposed the optimization method of stochastic wind, solar, and small hydropower, considering intermittent and uncertain of renewable sources. Reddy et al. (Reddy, 2017) solved an optimal scheduling problem of the hybrid power system, concluding thermal generators, wind power, and solar power with batteries. Wang et al. (Wang et al., 2017) proposed the coordinated operation of the hydro-wind-photovoltaic system to overcome the bottleneck of new energy development.

Although these studies have researched the complementary operations of multi-power systems, the wind power uncertainties, which have made challenges of its large integration in the power system, still need to be considered thoroughly. Some researchers have investigated the uncertainty of wind power and emphasize the influence of wind power uncertainties on dispatching. Shahriari et al. (Shahriari et al., 2020) used the probabilistic method for wind power forecasting, which could quantify the uncertainty associated with wind forecast rather than deterministic forecast; probabilistic forecast is critical for users and dispatchers to make informed decisions. Zhang et al. (Zhang et al., 2014) verified that wind power forecast involves inherent uncertainty because of chaotic climatic and weather conditions, and probabilistic forecast is critical in the uncertainty atmospheric environment. Turk et al. (Turk et al., 2020) introduced that high level of uncertainty and fluctuation of renewable energy sources exist and proposed the scenario generation algorithm with corresponding probabilities to improve the utilization of wind energy. Li et al. (Li et al., 2020) discussed and classified the scenario generation method to address the uncertainties of energy systems with integrated wind power. In the above studies, the ways to describe the uncertainty of renewable energy can be classified as probabilistic forecasting, scenario generation, and uncertainty description by conditional value at risk. These methods usually assume that the error is fixed in a certain period. However, the weather system is dynamic and unstable, and wind power output is closely related to wind speed, temperature, wind direction, and other meteorological factors. The dynamic uncertainty of wind power should be updated as the forecast lead-time gradually increases. In current studies, only a few studies have considered the evolution of renewable energy uncertainty, which would have a certain impact on the dispatching results of multi-power systems.

In addition to the above problems, the complementary operation of wind power and hydropower can complement the output fluctuation caused by the uncertainty and improve the utilization of wind power. However, it may affect the hydropower adversely because of some reasons (e.g., the release of ecological water to the downstream river channel) and influence its ability of peaking capability. When wind power output is large, the hydropower generation would be reduced, and the possibility of hydroelectric spillage would be increased to ensure minimum ecological water delivery. The revenue of hydropower may be reduced through complementary operations. Therefore, how to make a reasonable allocation of benefit and stimulate the enthusiasm of hydropower to cooperation with wind power remains to be studied. Based on the basic principles of income distribution, the Shapley theory was developed by Shapley in 1953 (Liggett and Rumelt, 2009). In terms of benefit allocation between different units, some studies have been conducted. Shen et al. (Shen et al., 2018) allocated the appropriate benefit of multiple-reservoir cascaded hydropower plants by the game-theoretic Shapley method. Tan et al. (Tan et al., 2013) used the Shapley method to study the benefit allocation of wind power and thermal power; the result showed that the method realized the equitable allocation among the units fully. Wu et al. (Wu et al., 2019) proposed a benefit allocation mechanism based on Shapley value and nucleolus solution, and the corresponding effectiveness and applicability were proven. Kristiansen et al. (Kristiansen et al., 2018) used the Shapley value to access the benefits of fast-ramping gas turbine and hydropower, and the insights for energy policy designs could be gained through this way. However, the traditional Shapley method has some disadvantages. All stakeholders are assumed to have equal risks and status. Thus, the traditional Shapley value method should be improved according to the specific projects.

This study proposes a two-stage coordinated operation model of the WHPS system. Each of the three regions consists of wind power and flexible load. They trade with one another first. If there exist power shortage, the power can be provided from the hydropower or the grid; If there exist excess power, they can be sold to the grid in the day-ahead stage. In the real-time stage, considering the deviation of wind power and load between the real-time and day-ahead stages, the pumped storage, which can start and stop quickly, is used to balance the deviation. The main contributions of this study include the following:

Considering the constant updates and the evolution of wind power forecasting, the martingale model of forecast evolution (MMFE) is used to describe the evolution process of wind power forecasting uncertainty, and the synthetic ensemble forecasts are generated.

In the day-ahead stage, after regions trade with one another, if no balance is achieved, power is purchased or sold from hydropower or grid. In the real-time stage, the forecasting deviation of wind power and load between real-time and day-ahead is balanced by the pumped storage. The output fluctuation to the grid can be mitigated.

Considering the risk and cost factors of different members, the improved Shapley value method, which has a practical significance, is proposed to consider the characteristics of different participants fully and ensure their reasonable benefit allocation.

The rest of this paper is organized as follows. Martingale Model of Wind Power Forecasting. Coordinated Operation Model of the WHPS System. Benefit Allocation Model by the Improved Shapley Value Method. Solution Method. Case Study and compares the Benefit Allocation of the Traditional Shapley Method and the Improved Shapley Method. Finally, Conclusion concludes the paper.




MARTINGALE MODEL OF WIND POWER FORECASTING EVALUATION


The description of the forecast uncertainty of wind speed over time is vital for power grid dispatching. However, only a few methods can illustrate the evolution process of forecasting uncertainty. In this section, the MMFE is established for the evolution of the uncertainty of wind power forecasting over time. The MMFE was first proposed to simulate the uncertainty of supply chain demand forecasting (Heath and Jackson, 1994). This method is simple and effective; the mean value and covariance are used and are not invariant as traditional scene generation methods; the time-variation of wind power forecasting uncertainty is considered (Zhao et al., 2011).



Uncertainty of Wind Power Forecast


As time progresses, the forecasting information of wind power will be updated constantly. [image: image] is defined as the forecasting horizon, and [image: image] is defined as the forecasting value for wind power at time [image: image], which is made at time [image: image]
[image: image]. [image: image] identifies the actual value of wind power, and [image: image] denotes the forecasting error, which can be interpreted by Eq. 1.


[image: image]


The sequence of forecasting value with the forecasting horizon ranges from 0 to [image: image], and the corresponding error made at time [image: image] can be expressed as follows:


[image: image]
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Similarly, the wind power value of time [image: image] can be forecasted in the previous period. The sequence and the corresponding error are expressed as follows:


[image: image]
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The improvement of forecasting value is defined as the difference of forecasting error between two adjacent time [image: image] and [image: image] is expressed as follows:


[image: image]


Assuming that the current wind power forecasting value is accurate ([image: image]), based on Eqs. 4–6, the following equation can be obtained.


[image: image]


Based on Eqs. 1
Eqs. 7 the forecasting value [image: image] can be expressed by the actual value and the improvement value, which is shown as follows:


[image: image]


The above formula can be transformed into the following equation:


[image: image]



Eq. 9 shows that, as time progresses from [image: image] to [image: image], the forecasting value [image: image] will update constantly as [image: image] updates.




The MMFE


In the MMFE, the forecasting improvement value [image: image]
[image: image] can be expressed as follows:


[image: image]


In the MMFE model, [image: image] describes the uncertainty of wind power with four kinds of assumptions (Heath and Jackson, 1994): 1) The mean value of [image: image] is zero (i.e., unbiased assumption), 2) [image: image] obeys normal distribution (i.e., Gaussian distribution), 3) [image: image] is independent with [image: image] (i.e., temporal independence assumption), and 4) the distribution of [image: image] does not change over time (i.e., stationarity assumption). On the basis of the above assumptions, the MMFE model can be expressed using the variance-covariance (VCV) matrix as follows:


[image: image]


Given that [image: image] is a positive semi-definite matrix, it can be decomposed into the product of matrix [image: image] and its transpose by Cholesky decomposition (i.e., [image: image]). The vector [image: image] can be expressed through a mathematical transformation as follows:


[image: image]


where [image: image] is the independent random variable with the same standard normal distribution, [image: image] is the variance-covariance matrix of vector [image: image], [image: image] is the variance of [image: image], and [image: image] is the covariance between [image: image] and [image: image]. After obtaining [image: image] and [image: image], combined with Eq. 9, the wind power forecasting value can be generated synthetically.





COORDINATED OPERATION MODEL OF THE WIND-HYDROPOWER-PUMPED STORAGE SYSTEM


The multi-power system investigated in this study is composed of hydropower, wind power, and pumped storage. The relationship among different members is shown in Figure 1. The hydropower output is a wide range. The pumped storage has flexible schedulability. The hydropower and pumped storage can ensure the smooth and stable output curve when wind power is strongly uncertain. Wind power and flexible loads form a region, when wind power output is greater than the load, the net power in the region is positive, this region can be considered as power supply. When wind power output is less than the load, the net power generation is negative, this region can be considered as the load. Three regions trade with one another firstly. If no balance is achieved after trading, power is purchased or sold from hydropower and grid in the day-ahead stage. In the real-time stage, the deviation of wind power and the load between the real-time and day-ahead stages are considered. The pumped storage, which can start and stop quickly, is used to balance the deviation. The power shortage in the region can be supplemented effectively by the above method, and the grid’s ability to wind power consumption would be improved.
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FIGURE 1 | 
Relationship among different members.





Modeling of the Wind-Hydropower-Pumped Storage Complementary Power Generation System


(1) Modeling of the Hydropower Station

The hydropower station has flexible regulation performance. The output can be expressed as the product of a constant, the generation efficiency of hydropower station, the net head, and the average power generation flow of the corresponding period. The output model can be expressed as follows:


[image: image]


where [image: image] is the output of hydropower station [image: image] at time [image: image], [image: image] is the average power generation flow, [image: image] is the net head, and [image: image] is the power generation efficiency of the hydropower station [image: image].

Transformational relationship of hydropower station

The storage capacity of cascade hydropower stations should consider interval water. The interval water of the reservoir contains the natural water, generation flow, and the abandoned water of the upstream reservoir. The relationship equation is as follows:


[image: image]



[image: image]



[image: image]


where [image: image] is the storage capacity of the reservoir [image: image] at time [image: image], [image: image] is the storage capacity of the reservoir [image: image] at time [image: image], [image: image] is the interval water of the reservoir at time [image: image], [image: image] is the volume of natural water, [image: image] is the initial water level, [image: image] is the final water level of the reservoir [image: image], [image: image] is the variance of storage capacity, [image: image] is the volume of abandoned water, [image: image] is the volume of generation flow, and [image: image] and [image: image] are the volume of abandoned water and the generation flow of the upstream reservoir, respectively.

Inequality constraint of hydropower station

The output, storage capacity, and flow of the hydropower station have upper and lower limit constraints:
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where [image: image] and [image: image] are the minimum and maximum output of hydropower station [image: image], respectively; [image: image] and [image: image] are the minimum and maximum storage capacity, respectively, and [image: image] and [image: image] are the minimum and maximum flow, respectively.

Volume conversion constraints of pumped storage station

The pumped storage station can utilize the characteristics of power generation and pumping to realize the transfer of power generation and rapid regulation of the total output. The pumped storage station contains the upstream and downstream reservoirs, and their constraints are the same. Generally, only the upstream reservoir is constrained as follows:


[image: image]


where [image: image] is the volume of pumped storage [image: image] at time [image: image]; [image: image] is the volume of pumped storage [image: image] at time [image: image]; [image: image] and [image: image] are the power/water conversion coefficient at pumping and generation conditions, respectively; [image: image] and [image: image] are the pumping and generation power of the pumped storage station, respectively.

Volume constraints of pumped storage station

The volume of the pumped storage station should be within a certain range, and it is the same at the beginning and end of the day. It can be expressed as follows:
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where [image: image] and [image: image] are the maximum and minimum volume of the pumped storage, respectively, and [image: image] and [image: image] are the initial and final volume of the pumped storage during the scheduling period, respectively.

Working condition constraints of the pumped storage station

The working condition constraints of the pumped storage are generation and pumping, and the two kinds of condition never exist at the same time. The detailed constraint is as follows:


[image: image]


When [image: image], the pumped storage station is in the pumping condition. When [image: image], the pumped storage station is in the generation condition. When [image: image], the pumped storage station is idle.

Output constraints of pumped storage station


[image: image]


where [image: image] and [image: image] are the minimum and maximum pumping power of pumped storage k, respectively, and [image: image] and [image: image] are the minimum and maximum generation power, respectively.

Pumping/generation condition conversion downtime constraints

Generally, the continuous start and stop of pumped storage station is not carried out under pumping or generation conditions. For economic reasons, the pumped storage should be shut down for at least 1 h. The corresponding constraint is as follows:
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Constraints of load in a region


[image: image]


where [image: image] is the minimum value of load and [image: image] is the maximum value of the load.

Constraints of tie line’s volatility ratio
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where [image: image], [image: image] is the trading power with the grid at time [image: image], [image: image] is the trading power with the grid at time [image: image], [image: image] is the maximum value of trading power with the grid, [image: image] is the tie line’s volatility ratio, [image: image] is the generation power of hydropower, and [image: image] is the net power of regions. The smaller the value of [image: image], the better the complementary effect of the complementary power generation system.




Objective Function





(1) Day-ahead stage

The coordinate operation of WHPS system uses multi-source complementary characteristics fully. Each kind of power supply is encouraged to play its role, and the goal of the economy and the stability of system operation are realized. In the day-ahead stage, considering the large peak regulation capacity and strong regulation capacity of the cascade hydropower stations, its joint operation with wind power is an effective way to solve large-scale wind power consumption. The power generation in the region meets the load in the region. If the power generation and load are unbalanced, different regions would trade with each other. After that, if power is redundant, the power is sold to the grid. If a power shortage is still experienced, the hydropower and grid can provide power. The specific objective of the economic operation is to minimize the generation cost in the dispatching period. The corresponding day-ahead objective function is as follows:


[image: image]


where [image: image] is the state variable of region [image: image]. When redundant power exists in this region, the state variable is 1. When it is short of power, the state variable is 0. [image: image] is the bidding price of region [image: image], [image: image] is the purchase or sale power of region [image: image], [image: image] is the state variable of grid, [image: image] is the power price in the day-ahead stage, [image: image] is the purchase or sale of power of the grid, [image: image] is the price of hydropower, [image: image] is the output of hydropower, and [image: image] is the cost of abandoned water. According to the understanding of its load regulation ability, each flexible load can predict the lower and upper limits of its total load in a certain period in the future, the minimum value of the load is express as [image: image], and the maximum value of the load is expressed as [image: image]. The flexible load needs to report its load range [image: image] to the stage organizer. [image: image] represents the fluctuation of power that the load can bear. The flexibility indicator of the load is defined as follows:
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The net power generation or the load of region [image: image] as power supply or load is as follows:


[image: image]


where [image: image] is the wind power output of region [image: image] at time [image: image] and [image: image] is the load of region [image: image] at time [image: image]. If [image: image], region [image: image] is the power supply. The bidding of each region is related to its flexibility. The higher the flexibility, the higher the bidding. The equation is [image: image], where [image: image] is the basic price. If [image: image], region [image: image] is the load. The higher the flexibility, the lower the bidding. The corresponding equation is [image: image]. To reflect the relationship between regional flexibility and the final transaction price, the final transaction price is the data after the bidding and market clearing price are processed in proportion. The transaction price further reflects the flexibility of each region.

(2) Real-time stage

In the real-time stage, the pumped-storage, which is as a flexible power, can operate jointly with multiple regions containing wind farms to smooth the deviations of wind power and load between day-ahead and real-time stages. The optimization model is to optimize the trading power of pumped storage, grid, and three regions simultaneously. The optimization strategy considers the spot price, the start-up and shutdown cost of pumped storage, and other factors. The objective shown as follows minimizes the total operation cost of the system.


[image: image]


where [image: image] is the net revenue in the real-time stage, [image: image] is the revenue from selling to the grid, [image: image] is the cost of pumped storage.

Although the pumped storage unit starts and stops quickly, the working condition can be adjusted flexibly. However, physical loss will be caused in the process of frequent start-up and shutdown. The cost of pumped storage contains the start-up cost of generation and pumping and can be expressed as follows:


[image: image]


where [image: image] is the start-up/shut-down cost of pumping and [image: image] is the start-up/shut-down cost of generation. The revenue that sold to the grid can be expressed as follows:
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where [image: image] is the power sold to the grid in the real-time stage, [image: image] is spot price at time [image: image], [image: image] is the net power in the day-ahead stage, [image: image] is the net power in the real-time stage, [image: image] is the power generation of pumped storage, and [image: image] is the value of pumping.





BENEFIT ALLOCATION MODEL BY THE IMPROVED SHAPLEY VALUE METHOD




Cooperative Game Theory


Game theory is mainly used to study how to choose the best decision or group decision-making when interesting relations or conflicts between multiple decision-makers are observed (Yang et al., 2020). This method focuses on how many people cooperate to maximize the benefits of the alliance and how to distribute the benefits. A single agent participating in the market is faced with uncertain risks, such as its output and market price. However, given that the cooperative game alliance is composed of multi-agents, the multi-power complementary system can reduce its risk through internal regulation. Thus, additional benefits (i.e., cooperation surplus) are obtained. How to allocate the cooperative surplus reasonably is the key factor that affects whether different agents can reach a cooperative relationship.

Regarding the alliance [image: image] of [image: image] members, [image: image] is a subset of [image: image], which represents a kind of combination. Assuming that the revenue of member [image: image] after the distribution is [image: image], [image: image] is the revenue of [image: image], and [image: image] is the revenue of member [image: image] without cooperation. Generally, an alliance can maintain cooperation needs to meet three conditions: 1) the individual revenue of each member is increased after cooperation, 2) the total revenue of alliance is increased after cooperation, and 3) the total benefit remains steady before and after benefit allocation.
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The Traditional Shapley Value Method


The Shapley value method focuses on the marginal revenue of each member and determines the benefit that should be shared by all members by calculating the expected value of the marginal contribution of each member. Assuming [image: image] members in the alliance, they can be expressed as [image: image], the formula for calculating the benefit allocated to member [image: image] is as follows:
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where [image: image] is the weighting factor, [image: image] is the revenue of set [image: image], [image: image] is the revenue when member [image: image] is deleted from set [image: image], and [image: image] is the number of members in set [image: image].




Improved Benefit Allocation Model


The traditional Shapley value method has some shortcomings. The risks of different members in the alliance are regarded as equal, and other factors that need to be considered in the benefit distribution are simplified and ignored. In the actual cooperation alliance, the risk and cost factors of different members are different, and their willingness to participate in the alliance is also different. If all members are regarded as the same, the rationality of the final benefit allocation is affected. To make up for the shortcomings of the traditional Shapley method, in this study, the risk and cost factors are considered in the adjustment of the traditional Shapley value, and an improved benefit allocation model considering multi-factors is proposed.



Risk Factor


Risk sharing is a key problem in the process of the WHPS integrated power system. The greater the risk the participants take in the process of cooperation, the greater the expected benefits. The different risks of different members lead to the difficulty of benefit allocation in the system. Therefore, introducing the risk factor for reasonable benefit distribution is crucial.
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where [image: image] is the total revenue, [image: image] is the difference between the risk taken by member [image: image] and the average risk (i.e., [image: image]), [image: image] is also known as the risk correction factor, [image: image] is the allocated benefit of member [image: image] by traditional Shapley method, and [image: image] is the benefit allocation result by the improved Shapley method with considering risk factor.




Cost Factor


The proposed cost factor focuses on the costs of all members in the actual operation process of the multi-power system. The benefit allocation of the participants is also affected by their cost. Generally, the higher the cost, the higher the expected benefits. The addition of the cost factor is beneficial to the rationality of benefit allocation. The equation is as follows:


[image: image]


where [image: image] is the total revenue, [image: image] is the difference between the cost of member [image: image] and the average cost (i.e., [image: image]), [image: image] is also known as the cost correction factor, and [image: image] is the benefit allocation result by the improved Shapley method with the cost factor.






SOLUTION METHOD


Based on the martingale model, the scenario of the wind power output considering the evolution uncertainty of wind power forecasting is generated. In the day-ahead stage, the power supply and load demand of each region are analyzed, and the net power of this region can be calculated. Three regions trade with each other. If the power after trading remains unbalanced, it can be adjusted by purchasing power from hydropower or selling power to a large power grid. In the real-time stage, pumped storage is used to balance the deviation of wind power and load between the real-time and day-ahead stages quickly. An improved benefit allocation method that considers the risk and cost factors of each subject on the basic of Shapley value is put forward, which can reasonably allocate the benefits generated by the cooperation of multi-regions, the hydropower, and pumped storage. Using the uncertainty analysis formula of wind power in Eqs. 9–12, the revenue of the day-ahead stage shown in Eqs. 30–32, the revenue of the real-time stage shown in Eqs. 33–37, the improved benefit allocation of multi-members shown in Eqs. 41–44. Using the above model, Lingo is used to solve the problem. The revenue of each region after trading among the three regions in the day-ahead stage is obtained. The revenue, which is from three regions and the hydropower sale to the grid after hydropower is engaged in cooperation, can be obtained. In the real-time stage, the revenue of regions and pumped storage that sell to the grid can also be obtained. The result of the benefit allocation is obtained using the improved Shapley value method. The flowchart of dispatching and benefit allocation is shown in Figure 2.


[image: Figure 2]



FIGURE 2 | 
Flowchart of dispatching and benefit allocation.



The specific steps are as follows:

Using the MMFE to synthesize the ensemble wind power forecasting, this method keeps the statistical moments of the generated wind power sequence, such as mean and variance, and considers the evolution of wind power uncertainty over time.

The optimal dispatching of the day-ahead stage is carried out. First, according to its flexible load demand and wind power generation, the net power of each region is calculated. Next, if excess or shortage of power is experienced in the three regions, they will trade with each other. Then, if the three regions are balanced in power, the real-time stage is entered; if not, a shortage of power is experienced in the three regions, which can be supplemented by hydropower or by purchasing power from the grid. When the three regions have excess power, they can sell to the grid.

In the real-time stage, the deviation of wind power and load between the real-time and day-ahead stages is calculated. Considering the deviation and the spot price, the power generation and pumping of pumped storage are optimized, and the trading power between multi-regions and the grid is obtained. Through this method, the deviation is made up, the economy is improved, and the risk is reduced.

Considering that part of the interests of hydropower and pumped storage have been reduced to stabilize the fluctuation of wind power, the benefit generated after cooperation should be distributed among regions, hydropower, and pumped storage. Given that the traditional Shapley method does not consider the difference of different members, the risk and cost factors are introduced to obtain the improved benefit distribution scheme.




CASE STUDY




Basic Data


To show the change of wind forecast uncertainty over time, the proposed MMFE model is used to generate the ensemble forecasts of wind power synthetically. The time scale of wind power synthetic ensemble forecasts is 24 h, and the time interval is 1 h. Figures 3–5 show the value of wind power in different regions over time in a day. As can be seen, with the increase of forecast lead time, the variance of wind power forecasting is also increased. Most of the time, the values of forecasted wind power are evenly distributed on both sides of the average value. As time progresses, the amount of data on two sides of the mean value gradually varies because of the increased uncertainty of the forecast over time. Three typical scenarios are then selected from the generated wind power for the later analysis. The first one is the value of the upper quartile, which is shown in red. The second one is the mean value, which is shown in yellow. The third one is the value of the lower quartile, which is shown in blue. Figure 6 shows the mean value and the range of flexible load in the three regions.
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FIGURE 3 | 
Generated ensemble forecasts of wind power of region 1.
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FIGURE 4 | 
Generated ensemble forecasts of wind power of region 2.
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FIGURE 5 | 
Generated ensemble forecasts of wind power of region 3.
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FIGURE 6 | 
Flexible load of three regions.






Result Analysis




Trading Result in the Day-Ahead and Real-Time Stages


In the day-ahead stage, scenario 1 is taken as an example. The total net power of three regions, hydropower generation, trading power between multi-regions, and trading power of hydropower and multi-regions to the grid are shown in Figure 7.


[image: Figure 7]



FIGURE 7 | 
Trading power in the day-ahead stage.



As shown in Figure 7, when the regional total net power is negative, the value of hydropower output is greater than the value of power trading with a large power grid. It illustrates that part of the hydropower output is to supplement the power shortage in the region and part of the power is sold to the grid, therefore, the role of hydropower is demonstrated. When the regional total net power is positive, the output of hydropower is less than that of power trading with the grid. The regional excess power will be sold to the grid, and the hydropower generation will also be sold to the grid. Furthermore, the fluctuation of tie lines trading with the grid will be reduced after hydropower is added, which indicates that hydropower can suppress the fluctuation of wind power effectively. The maximum and mean values of tie-line volatility under the three scenarios are shown in Table 1.





TABLE 1 | 
Comparison of tie-line volatility.

[image: Table 1]


As shown in Table 1, after adding hydropower, the tie line volatility would be decreased in each scenario, which prove the function of multi power operation. The average of maximal tie line volatility with hydropower is reduced by 0.2463 after adding hydropower, and the average of mean tie line volatility with hydropower is reduced by 0.1831 after adding hydropower, which indicates the positive role of hydropower. The harmful impact on the grid is reduced. In the day-ahead stage, the revenue of transaction between hydropower and three regions is shown in Figure 8.


[image: Figure 8]



FIGURE 8 | 
Revenue of transaction between hydropower and multi-regions.



As shown in Figure 8, the revenue of transaction between hydropower and multi-regions is the highest under scenario 3. The revenue under scenario 1 is the lowest because of the minimum wind power output in scenario 3 and the additional hydropower output needed to supplement the regional power shortage. From 3:00 to 9:00, the revenue is zero, which indicates that the regions do not trade with hydropower. The regions and hydropower experience shortage of power or have excess power. Thus, they would purchase or sell power from the grid. From 11:00 to 15:00 and 21:00 to 23:00, the trading power suddenly increases because of the increase of load that residents use during this period. In the day-ahead stage, the revenues of each region when the three regions trade with one another are shown in Figure 9. The yellow column represents the revenue of region 1, the green column represents the revenue of region 2, and the purple column represents the revenue of region 3.


[image: Figure 9]



FIGURE 9 | 
Revenues of each region when the three regions trade with one another under scenario 1.



As shown in Figure 9, in the first several hours of the day, the revenue of regions 1 and 2 is positive, and the revenue of region 3 is negative. It illustrates that the wind power output in regions 1 and 2 is greater than the corresponding load and the wind power output in region 3 is less than the load. Thus, the excess power in region 1 is sold to region 3. From 11:00 to 16:00 and 22:00 to 24:00, the revenue of the three regions is zero, which illustrates that not trading occurs among regions at theses time, the regions all are in a state of excess or shortage of power, and they need to purchase or sell power from hydropower or grid to overcome the regional imbalance between the power supply and the load. From 17:00 to 21:00, the revenue of regions 1 and 3 is negative, and the revenue of region 2 is positive, illustrating that regions 1 and 3 are in the state of power shortage and region 2 has excess power. The sum of the income of the three regions is zero, meeting the balance of income and expenditure. In the real-time stage, the net power of regions in the day-ahead and real-time stages, the generated power of pumped storage, and the trading power with the grid are shown in Figures 10–12. The deviation of power between the day-ahead and real-time stages is shown by the yellow shadow, and the deviation of power between the output of pumped storage and the trading power of the grid is shown by the blue shadow.


[image: Figure 10]



FIGURE 10 | 
Trading power in the real-time stage of scenario 1.
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FIGURE 11 | 
Trading power in the real-time stage of scenario 1.
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FIGURE 12 | 
Trading power in the real-time stage of scenario 1.



As shown in Figures 10–12, the total net power of regions between the day-ahead and real-time stages has some deviation. When the total net power of regions in the real-time stages is more than that in the day-ahead stage, the generation of pumped storage is less than the trading power with the grid, which illustrates that the excess power caused by forecasting error and the generation of pumped storage would be sold to the grid. When the total net power of regions in the real-time stage is less than that in the day-ahead stage, the generation of pumped storage is more than the trading power with the grid, one part of the pumped storage generation is sold to the grid, and another part of the pumped storage generation is used to make up the shortage of power in regions.




Benefit Allocation


The benefit allocation method based on the traditional Shapley value only considers the number of power traders. The positive effects of hydropower and pumped storage on wind power are not considered, for example, stabilizing wind generation fluctuation, reducing the fluctuation of tie line with grid, and supplementing the power shortage caused by the uncertainty of wind power. Thus, this section compares the basic Shapley value method and the improved Shapley value method.




Benefit Allocation Result by Traditional Shapley Value Method


The results of different members’ benefits in the day-ahead and real-time stages, which are calculated by Eqs. 7, 8, are shown in Table 2. Symbols {1}, {2}, {3}, {4}, and {5} represent regions 1, 2, 3, hydropower, and pumped storage, respectively. The total benefit after cooperation is greater than the sum of individual benefits of each member before cooperation. The constraints of the cooperative game are satisfied.





TABLE 2 | 
Result of benefit allocation.

[image: Table 2]





Improved Benefit Allocation Method


To show the performance of risk factor and cost factor in benefit allocation intuitively, the weighting coefficients of two factors are 1/2. Taking scenario 1 as an example, the benefit allocation results after adding the risk and cost factors are shown in Table 3.





TABLE 3 | 
Comparison of revenue by different benefit allocation methods.

[image: Table 3]


As shown in Table 3, in the day-ahead stage, compared with the traditional Shapley method, the benefits of the three regions are reduced by 220.2, 310.2, and 680.2 yuan. The benefit of hydropower is increased by 1210.6 yuan. In the real-time stage, the benefit of pumped storage is also increased, which is in line with their role. The addition of hydropower and pumped storage has suppressed the fluctuation of renewable energy in regions but has lost part of its interests, which has a great risk. However, the benefit allocation scheme based on the traditional Shapley value method ignores the positive effects of hydropower and pumped storage. The improved Shapley method can promote the cooperation of all participants, and the allocation scheme is more reasonable.

Taking the day-ahead stage as an example, compared with the situation of noncooperation, the benefits of region 1, region 2, region 3, and hydropower are increased by 55230.9, 7035.28, 14637.8, and 12599.58 yuan, respectively. Considering the risk factor, the benefits of region 1, region 2, region 3, and hydropower are increased by 5010.7, 6725.06, 13957.6, and 13810.2 yuan, respectively. The benefit of each region and hydropower before and after adding hydropower in cooperation is shown in Figures 13–15.
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FIGURE 13 | 
Comparison of benefit before and after adding hydropower.
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FIGURE 14 | 
Comparison of benefit before and after adding hydropower under scenario 2.
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FIGURE 15 | 
Comparison of benefit before and after adding hydropower under scenario 1.



As shown in Figures 13–15, the revenue of each participant after cooperation is greater than that before cooperation, which proves the rationality and effect of the cooperation. The revenue of the three regions is positive or negative in one day, which indicates that the difference between wind power output and load is fluctuating. When the revenue of a region is negative, it illustrates that power shortage is experienced after three regions trade with each other, and power should be purchased from the grid. When the revenue of a region is positive, which illustrates that the region has excess power, excess power would be sold to the grid. From 17:00 to 21:00 in region 2, the revenue of the region before adding hydropower is zero, which illustrates that the power shortage or excess in this region is just balanced by the other two regions, and no excess power would be traded with the grid.






CONCLUSION


In this study, the framework of two-stage dispatching about wind power, which contains the day-ahead and real-time stages, is proposed. The MMFE is used to generate synthetic ensemble wind power forecasts. The forecasted values show that the uncertainty of wind power forecasting would be increased over time, which is coincident with the actual situation, and the rationality of the proposed MMFE model is proven. Three typical scenarios are selected for analysis. In the day-ahead stage, the regions trade with one another. If excess power is generated, it is sold to the grid, but if a power shortage is experienced, hydropower would provide power. Based on the first-stage optimization, in the real-time stage, deviations of wind power output and load between the day-ahead stage and the real-time stage are observed because of their uncertainty. The pumped storage, which has the advantages of flexible schedulability, is used to make up for the shortage of power or purchase the excess power caused by the deviation. In the day-ahead stage, after adding hydropower for cooperation, the revenue of regions and hydropower all increase, and the average growth of the revenue is 3.87%. In the real-time stage, after adding the pumped storage, the revenue of all participants increase, and the average growth of the revenue is 2.17%, which proves the positive effect of hydropower and pumped storage. Considering the positive effect, the region should give some economic compensation to hydropower and pumped storage. An improved Shapley value method is proposed for benefit allocation. The risk and cost factors are added to the traditional Shapley method. Compared with the traditional Shapley method, the allocated benefit of hydropower and pumped storage is higher, which is more in line with the actual situation.
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This work proposes a method to analyze distributed generation (DG) accommodation in a flexible distribution network (FDN). Firstly, the DG-load matching degree is proposed to quantitatively describe the power balance degree of DG and load in a distribution network. Secondly, the accommodation ratio of DG is proposed and divided into a DG-load accommodation ratio and DG-network-load accommodation ratio, to distinguish whether the index takes the network operational constraints into account. We derive the DG-load accommodation ratio directly from the matching degree and propose the simulation model of sequential production to solve the DG-network-load accommodation ratio. Finally, the cases of FDN under the scenarios of different matching degrees are studied and compared with those of the traditional rigid distribution network. The results show that the improvement of the accommodation ratio by upgrading the rigid distribution network to an FDN is conditional, which is related to not only the matching degree of the whole network but also that of each local network. The DG-network-load accommodation ratio will tend to the DG-load accommodation ratio if proper planning or optimization measures are taken. We find that the capacity of branches adjacent to the DG bus mainly limit the DG accommodation in the FDN, and it is recommended to relocate the DGs and enlarge the capacity of those branches.
Keywords: accommodation ratio, distributed generation, flexible distribution network, matching degree, DG-load accommodation ratio, DG-network-load accommodation ratio
INTRODUCTION
The installed capacity of distributed generations (DGs) is rapidly increasing in distribution networks in recent years. Due to the intermittency and uncertainty of DGs, it is difficult to accommodate a large number of DGs in the traditional distribution networks (Stram, 2016).
The development of power electronics technology provides a new idea to solve this problem (Huang et al., 2011; Rueda-Medina and Padilha-Feltrin, 2013). The flexible power electronic equipment, such as the soft open point (SOP) (Zhu et al., 2018), is with great power flow control capability. SOPs refer to the flexible switches in distribution networks usually using back-to-back voltage source converters. SOPs are installed previously at normally open points (NOPs) of the distribution network (Cao et al., 2016). An SOP is able to provide the dynamic and continuous active/reactive power flow controllability and limit the short current (Escalera et al., 2020). The application of the SOP will promote the flexibility and controllability of the distribution system. The SOP improves the capability of the distribution network to host high-penetration DGs (Shafik et al., 2019). The SOP relives the negative effect of intermittent DGs on the operation of distribution networks (Guo et al., 2020). In addition, through controlling the SOPs, the network losses can be reduced and the voltage levels can be well maintained (Flottemesch and Rother, 2004) without involving open/close switch operations. The SOPs can also avoid the power outage when the system is in fault and improve the system reliability (Barragan et al., 2012). Some pilot projects have demonstrated that the SOP is beneficial to a distribution network in many aspects, such as optimal power flow, load balancing, voltage regulation, power supply restoration, and accommodation of DG, which indicates its potential in the future distribution network (Western Power Distribution, 2016; SP Energy Networks, 2016).
The article (Xiao et al., 2018b) proposes the system-level concept of the flexible distribution network (FDN). An FDN is defined as the distribution network with flexible power flow controllability using multiterminal SOPs (including two-terminal SOPs). The article (Xiao et al., 2017a) proposes the total supply capability (TSC) of the FDN. The articles (Xiao et al., 2017b) and (Xiao et al., 2020) adopt the region method to observe the FDN and propose the model and observation approach of the dispatchable region of the FDN. However, the DG accommodation in the FDN has not been studied yet in the existing researches. This work analyzes the DG accommodation in the FDN, which will provide fundamental results for the planning scheme of the FDN to accommodate more DGs.
As for the assessment of the DG accommodation capability of distribution networks, the classical indices include the maximum admissible wind/solar power, wind/solar curtailment rate (Liu and Chu 2018; Ye et al., 2019), etc. However, these indices cannot reflect the essence of DG accommodation capability, which is determined by the location and power balance of DG and load, as well as network operational constraints. This paper proposes the concept of DG-load matching degree, to quantitatively describe the relative value of the power energy output from DG and load consumption in a distribution network. The DG accommodation ratio is proposed and divided into two subindices, including the DG-load accommodation ratio and DG-network-load accommodation ratio. DG-load accommodation ratio is derived directly from matching degree and DG-network-load accommodation ratio is solved by simulation model of sequential production. The proposed DG accommodation analysis method is simple and effective. It directly reflects the effect of DG accommodation capability caused by location and power balance between DG and load, as well as network operational constraints. The accommodation ratio of the traditional rigid distribution network and FDN are calculated and analyzed on case studies. The results discover the bottleneck of DG accommodation in the FDN, and the measures are proposed to remove these bottlenecks.
CONCEPTS OF MATCHING DEGREE AND ACCOMMODATION RATIO
The primary constraint of DG accommodation capability is to keep the real-time power balance of production and consumption. For an ideal distribution system without network operational constraints (i.e., thermal capacity constraints and voltage profile constraint), the DG accommodation capability is determined only by the load power. Therefore, the core idea of DG accommodation is to utilize load. The concept of DG-load matching degree is proposed in this section. Furthermore, the DG-load accommodation ratio and DG-network-load accommodation ratio are proposed to assess the influence of load on the DG accommodation.
Matching Degree
It is said the DG and load are “matched” in a distribution network during a period T only if the following condition is satisfied:
[image: image]
Otherwise, it is said the DG and load are “unmatched” if
[image: image]
In Eqs. 1, 2, T is the period of observation, and the unit is hour. [image: image] is the sum of maximum available output power of all the DGs at the moment t. [image: image] is the sum of consumption power of all the load at the moment t. [image: image] is usually influenced by the weather conditions, such as light intensity and wind speed, as well as by the installed capacity. Equations 1, 2 show that if the DG and load are unmatched, definitely, there is a moment t, the output power of DGs has to be limited.
If the DG and load are matched in a distribution network, that is, Eq. 1 is satisfied, the matching degree, represented by EΩ, is defined as
[image: image]
where, [image: image] means the sum of maximum available output power energy of all the DGs during period T. [image: image] means the sum of consumption power energy of all the load during period T. The value range of EΩ in Eq. 3 is [0%, 100%]. Particularly, when [image: image], EΩ = 100%. When [image: image], EΩ = 0%. The DG and load will be better matched if EΩ is larger.
If the DG and load are unmatched in a distribution network, that is, Eq. 1 is not satisfied, the matching degree is defined as
[image: image]
where [image: image] means the sum of the actual power energy curtailment of all the DGs during period T. [image: image] means the sum of the power energy curtailment of all the DGs assuming that the power outputs of all the DGs keep their maximum value (installed capacity) during period T. The value range of EΩ in Eq. 4 is [−100%, 0%). Particularly, when [image: image], EΩ = −100%.
According to Eqs. 1-4, it can be seen that “EΩ ≥ 0” is equivalent to “matched,” while “EΩ < 0” is equivalent to “unmatched”.
The DG output power is characterized by intermittency and uncertainty due to the uncertain weather conditions. Therefore, it is necessary to take uncertain weather conditions into account in the DG-load matching degree, which makes it to be calculated by an integral expression. Generally, the calculation speed can be improved by simplifying the integral. For example, the DG output curve can be simplified by assuming the DG output power is constant during a certain time. The result is relatively conservative, but the calculation speed is improved. In practical application, the speed and accuracy of calculation can be reasonably balanced according to the requirement of planning issues.
In distribution network planning, the DG-load matching degree can be applied to the primary capacity planning for the DG integrated in distribution networks. On the basis of the typical load curve of the distribution network, DG installed capacity can be obtained with the goal of maximum DG-load matching degree. The result is the maximum DG installed capacity such that the output power of the DG can be totally accommodated. When DGs are connected to the distribution network, the DG locations can be optimized by taking them as variables of the DG planning model.
Accommodation Ratio
The accommodation ratio is used in this work to assess the DG accommodation capability of a distribution network. The accommodation ratio, represented by λDG, is defined as the proportion of the actual output power energy to the maximum available output power energy of all the DGs in a distribution network during period T, as is shown in the following equation:
[image: image]
where [image: image] is the sum of the maximum available output power energy of all the DGs during period T. WDG is the sum of the actual output power energy of all the DGs during period T, which is also called accommodation power energy of the DG. [image: image] is the actual output power of all the DGs at the moment t. λDG ∈[0,1]. The DG accommodation capability of a distribution network will be better if λDG is larger.
Load power and network operational constraints are the key influences of DG accommodation capability. To analyze the influences separately, the accommodation ratio is divided into two subindices, including the DG-load accommodation ratio and DG-network-load accommodation ratio.
The DG-load accommodation ratio, represented by λGL, is equal to the accommodation ratio without any network operational constraints. The definition of the DG-load accommodation ratio is consistent with the matching degree, which reflects the overall DG-load power balance. The concept of DG-load accommodation ratio is similar to the “substation capacity-load ratio” (Xiao et al., 2018a), which is a classical index for distribution network planning, and also neglects the network operational constraints.
The DG-network-load accommodation ratio, represented by λGNL, is equal to the accommodation ratio considering network operational constraints. The definition of the DG-network-load accommodation ratio reflects the effects of network operational constraints on the DG accommodation capability, which is effective supplementary to the DG-load accommodation ratio.
The DG-load accommodation ratio (λGL) and DG-network-load accommodation ratio (λGNL) are depicted in Figure 1. The area between the blue dot line (λDG = 100%) and red curve (λGL) is the power energy curtailment of the DG due to the load power limit. The area between the red curve (λGL) and green curve (λGNL) is the power energy curtailment of the DG due to the network operational constraints limit.
[image: Figure 1]FIGURE 1 | Influences on DG accommodation of load power and network operational constraints.
The DG-network-load accommodation ratio curve will tend to the DG-load accommodation ratio curve if proper planning or optimization measures are taken, such as regulating voltage and expanding feeder capacity. Particularly, λGNL = λGL if the network operational constraints are completely eliminated.
The proposed accommodation ratio is similar to the existing DG penetration (Anderson et al., 2009). The DG penetration can be divided into power penetration, capacity penetration, and energy penetration. The power penetration and capacity penetration are the power ratios of DG to load (Anderson et al., 2009); the energy penetration (Moghaddam et al., 2018), which is most similar to the concept of accommodation ratio, is the energy ratio of DG to load. The accommodation ratio and energy penetration both utilize the power energy of the DG and load to analyze the DG accommodation capability. The difference is that the accommodation ratio, which reflects the utilization of DG, is the proportion of the actual output power energy to the maximum available output power energy of the DG, while the energy penetration, which reflects the supply capability of the DG in the distribution network, is the proportion of the maximum available output power energy of the DG to load consumption. Compared with energy penetration, the accommodation ratio can separately reflect the effects of load power and network operational constraints on the DG accommodation capability directly.
CALCULATION OF THE DG-LOAD ACCOMMODATION RATIO
Since the network operational constraints are not considered in the DG-load accommodation ratio, it can be directly deduced from the matching degree.
Firstly, a distribution network is usually not fully connective. However, it can be divided into several fully connective local networks. The division boundary is the normally open tie switches. As shown in Figure 2, the distribution network is divided into four local networks Ω1, …, Ω4.
[image: Figure 2]FIGURE 2 | Schematic diagram of the distribution network division.
For a fully connective local network Ω, based on Eqs. 3-5, the DG-load accommodation ratio (λGL) can be formulated as
[image: image]
where C is a constant. The detailed deduction is shown as follows:
(1) When EΩ ≥ 0, that is, the DG and load are matched, [image: image].
[image: image]
(2) When EΩ < 0, that is, the DG and load are unmatched, [image: image].
[image: image]
where C is a constant, [image: image].
It can be seen from Eq. 6 that
(1) when EΩ ≥ 0, that is, the DG and load are matched, the output power of the DG can be totally accommodated, and the DG-load accommodation ratio is 100%.
(2) when EΩ < 0, that is, the DG and load are unmatched, the DG-load accommodation ratio is determined by the matching degree and sum of the maximum available output power energy of DGs.
The FDN is fully connective because all the mechanical normally open tie switches are replaced with SOPs. Therefore, the DG-load accommodation ratio of the FDN can be directly calculated with Eq. 6.
However, for a rigid distribution network, which is not fully connective, the DG-load accommodation ratio should be calculated as follows. Assuming that a rigid distribution network is composed of N fully connective local networks Ω1,…, Ωi,…, ΩN,
(1) the DG-load accommodation ratio of each local network is calculated according to Eq. 6, and [image: image] is obtained.
(2) [image: image] is applied to Eq. 5, and [image: image] is obtained, where WDG,i is the sum of the actual output power energy of DGs in local network i during period T. Then, WDG of the rigid distribution network can be calculated as
[image: image]
(3)WDG is applied to Eq. 5, and the DG-load accommodation ratio of the rigid distribution network is obtained.
CALCULATION OF THE DG-NETWORK-LOAD ACCOMMODATION RATIO
Since the DG-network-load accommodation ratio takes the network operational constraints into account, it cannot be directly obtained based on the matching degree, which is different from the DG-load accommodation ratio. The simulation model of sequential production (Shu et al., 2017), which is usually used for the transmission network planning issue, is used here to solve the DG-network-load accommodation ratio. In this section, the calculation of the DG-network-load accommodation ratio of the FDN will be studied. The DG-network-load accommodation ratio of the rigid distribution network is just a bit different from that of the FDN in the network operational constraints (Wang et al., 2017) of the simulation model of sequential production.
Assumptions
This work is mainly focused on the urban distribution network, which is featured as high load density and short power supply range. Thus, the following assumptions are used:
(1) DC power flow (Purchala et al., 2005) is used. First, the network loss can be included in the power flow of the feeder outlets (Xiao et al., 2011) because the feeders are usually short in length and the network loss ratio is small in the urban power grid. Second, the voltage constraints can be neglected because the system and the DGs are all capable of regulating the bus voltage; thus, the voltage can be kept within the security limits (Shi et al., 2016).
(2) The power cannot flow reversely from 10 kV feeders to an upper-level substation because the upper-level power grid needs great changes for reverse power flow, such as relay protection settings, which is hardly realized in the short term (Fernandez et al., 2020).
Simulation Model of Sequential Production of the FDN

(1) Objective function
The objective is to maximize the sum of the actual output power energy of all the DGs during period T,
[image: image]
where [image: image] is the actual output power of the DG installed on node k at the moment t. G is the set of all the DG nodes.
(2) Network operational constraints
The network operational constraints include power flow constraints and security constraints. The power which flows out of bus, such as load consumption power, is noted as positive, while the power which injects into of bus, such as DG output power, is noted as negative. The power which flows from a substation to a feeder terminal is noted as positive. The power which flows from a feeder to the connected SOP is noted as positive. Due to the assumptions in Assumptions, the constraints are simplified as follows.
The branch flow PBi,j can be expressed as the algebraic sum of the net power of downstream nodes and the power injected into the downstream SOPs. The power flow equations are formulated as follows:
[image: image]
[image: image]
[image: image]
where Bi,j is the branch j of feeder Fi. [image: image] is the power flow of Bi,j. [image: image] indicates the direction of power. [image: image] represents the set of downstream nodes and SOPs of Bi,j. L and G represent the sets of all the load and DG nodes, respectively. [image: image] is the net power of node k. [image: image] is the load power of node k. [image: image] is the power flow between Fi and SOPm. [image: image] represents the set of feeders connected to SOPm. Equation 11 is the power flow calculation of the branch. Equation 12 is the node power equation. Equation 13 is the equilibrium of active power from each terminal of the SOP.
Due to the assumptions in Assumptions, the voltage constraints are neglected. The security constraints of the FDN with DG installed are mainly thermal capacity constraints, including the feeder capacity constraints, node power constraints, DG output constraints, SOP capacity constraints, and the reverse power flow constraints.
[image: image]
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where [image: image] represents the capacity of Bi,j. B is the set of all the branches. [image: image] is the maximum permitted power of node k. [image: image] is the maximum available output power of the DG installed on node k. [image: image] is the capacity of the SOPm terminal. S is the set of all the SOPs. [image: image] is the power flow of the outlet of Fi. Equation 14 is the constraint of branch capacity. Equation 15 is the constraint of node power. Equation 16 is the constraint of DG output. Equation 17 is the constraint of SOP capacity. Equation 18 is the constraint of reverse power flow.
Algorithm
The model in Simulation Model of Sequential Production of the FDN is linear, which can be solved by the linear programming software after identical deformation (Xiao et al., 2011). The detailed deformation is shown in Supplementary Material 1. In this paper, LINGO is used to solve the model to obtain WDG. WDG is applied to Eq. 5, and the DG-network-load accommodation ratio is obtained.
CASE STUDY
In this section, cases of FDN with different matching degrees are studied. For three scenarios with different DG planning, the DG-load accommodation ratio and DG-network-load during 1 h are calculated, and their trends during one day are analyzed. Meanwhile, the DG-load accommodation ratio and DG-network-load accommodation ratio of a rigid distribution network are also analyzed as a comparison. The bottlenecks of the FDN to improve DG accommodation capability are analyzed, and the improvement measurements are proposed.
Case Grid
The case grid of the FDN is shown in Figure 3. For comparison, the case grid of a rigid distribution network (RDN) with the same topology is used, and the FDN is divided into two local networks corresponding to the RDN. The total daily power energy of the load is 597.8 MWh for both the FDN and rigid distribution network, and the details are shown in Supplementary Tables S1 and S2. For both the FDN and rigid distribution network, each DG capacity is 8 MW and the distribution transformer capacity is 10 MVA. For the FDN, each terminal of the SOP is 10 MVA.
[image: Figure 3]FIGURE 3 | Case grid of the FDN and RDN.
However, considering the uncertainty of DG output power caused by weather conditions, three typical scenarios are designed to represent the different matching degrees, as is shown in Table 1.
TABLE 1 | Three typical scenarios of case grids.
[image: Table 1]Scenario 1
Matching Degree Calculation
The daily curve of the maximum available output power of DGs and actual consumption power of the load is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Scenario 1: daily curve of the available output power of DGs and consumption power of the load.
According to Figure 4, the matching degree (MD) is calculated using Eqs. 3, 4. For the whole network, MD = 70.3%. For local network 1, MD = −5%. For local network 2, MD = −5.3%.
Daily Trend of the Accommodation Ratio
According to Figure 4, for the case grids of both the FDN and rigid distribution network (RDN), the DG-load accommodation ratio and DG-network-load accommodation ratio during each hour are calculated using Eqs. 6, 9. Then, the DG-load accommodation ratio (GLAR, represented by λGL) and DG-network-load accommodation ratio (GNLAR, represented by λGNL) of all 24 h are used to form the daily accommodation ratio curve, as is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Scenario 1: daily GLAR and GNLAR curve of both the FDN case and RDN case.
It can be seen from Figure 5 that
(1) the DG-load accommodation ratio of the FDN is higher than that of the rigid distribution network during 66.7% of a day’s period. The reason is that the FDN can adjust the power flow flexibly to increase DG accommodation.
(2) the DG-network-load accommodation ratio of the FDN is higher than that of the rigid distribution network during 58.3% of a day’s period. The reason is that the FDN increases the DG accommodation by adjusting the power flow, while the increase extent of DG accommodation is limited by network operational constraints. For the PV accommodation of local network 1, it is focused in midday that the DG-network-load accommodation ratio of the FDN is higher than that of the rigid distribution network. For the WT accommodation of local network 2, it is focused from dusk to the next morning such that the DG-network-load accommodation ratio of the FDN is higher than that of the rigid distribution network.
(3) the DG-load accommodation ratio of the FDN can reach 100% anytime. The reason is that the FDN is capable to fully accommodate the DGs by adjusting the power flow flexibly, when the load and DG of the whole network are matched.
(4) the DG-network-load accommodation ratio of the FDN is lower than the DG-network-load accommodation ratio during 37.5% of a day’s period. The reason is that network operational constraints limit the FDN adjusting power flow.
Analysis of the Daily Accommodation Ratio
According to Figure 4, for the case grids of both the FDN and rigid distribution network (RDN), the DG-load accommodation ratio (GLAR) and DG-network-load accommodation ratio (GNLAR) during a whole day are calculated using Eqs. 6, 9, which is shown in Table 2.
TABLE 2 | Matching degree and daily accommodation ratio of scenario 1.
[image: Table 2]It can be seen from Table 2 that
(1) since matching degree of scenario 1 is positive, the daily DG-load accommodation ratio of the FDN is 100%.
(2) due to the network operational constraints, the daily DG-network-load accommodation ratio of local network 1 and local network 2 of the FDN case is reduced by 4.6% and 1.2%, respectively. The daily DG-network-load accommodation ratio of the whole network of the FDN is reduced by 2.9%.
(3) since matching degrees of local network 1 and local network 2 are all negative, the rigid distribution network case cannot fully accommodate all DGs, and the daily DG-load accommodation ratio of the rigid distribution network is lower than 100%.
(4) due to the network operational constraints, the daily DG-network-load accommodation ratio of local network 1 and local network 2 of the rigid distribution network case is reduced by 4.8% and 0.7%, respectively. The daily DG-network-load accommodation ratio of the whole network of the rigid distribution network is reduced by 2.7%.
(5) compared with the rigid distribution network, the FDN can improve the daily DG-load accommodation ratio by 9.1% and daily DG-network-load accommodation ratio by 8.9%.
Scenario 2
Matching Degree Calculation
The daily curve of the maximum available output power of DGs and actual consumption power of the load is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Scenario 2: daily curve of the available output power of DGs and consumption power of the load.
According to Figure 6, the matching degree (MD) is calculated using Eqs. 3, 4. For the whole network, MD = −16.8%. For local network 1, MD = −20.3%. For local network 2, MD = −48.2%.
Daily Trend of the Accommodation Ratio
According to Figure 6, for the case grids of both the FDN and rigid distribution network (RDN), the DG-load accommodation ratio and DG-network-load accommodation ratio during each hour are calculated using Eqs. 6, 9. Then, the DG-load accommodation ratio (GLAR, represented by λGL) and DG-network-load accommodation ratio (GNLAR, represented by λGNL) of all 24 h are used to form the daily accommodation ratio curve, as is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Scenario 2: daily GLAR and GNLAR curve of both the FDN case and RDN case.
It can be seen from Figure 7 that
(1) the DG-load accommodation ratio of the FDN is higher than that of the rigid distribution network during 83.3% of a day’s period. The reason is that the FDN can adjust the power flow flexibly to increase DG accommodation.
(2) the DG-network-load accommodation ratio of the FDN is higher than that of the rigid distribution network during 83.3% of a day’s period. The reason is that the FDN increases the DG accommodation by adjusting the power flow, while the increase extent of DG accommodation is limited by network operational constraints. For the PV accommodation of local network 1, it is focused that the DG-network-load accommodation ratio of the FDN is just a little higher than that of the rigid distribution network in daytime. For the WT accommodation of local network 2, it is focused from dusk to the next morning that the DG-network-load accommodation ratio of the FDN is much higher than that of the rigid distribution network.
(3) the DG-load accommodation ratio of the FDN cannot reach 100% during 70.8% of a day’s period. The reason is that the FDN cannot fully accommodate the DGs by adjusting the power flow, when the load and DG of the whole network are unmatched.
(4) the DG-network-load accommodation ratio of the FDN is lower than the DG-load accommodation ratio during 37.5% of a day’s period. The reason is that network operational constraints limit the FDN adjusting power flow.
Analysis of the Daily Accommodation Ratio
According to Figure 6, for the case grids of both the FDN and rigid distribution network (RDN), the DG-load accommodation ratio (GLAR) and DG-network-load accommodation ratio (GNLAR) during a whole day are calculated using Eqs. 6, 9, which is shown in Table 3.
TABLE 3 | Matching degree and daily accommodation ratio of scenario 2.
[image: Table 3]It can be seen from Table 3 that
(1) since the matching degree of scenario 2 is negative, the daily DG-load accommodation ratio of the FDN is 81.9% (<100%).
(2) due to the network operational constraints, the daily DG-network-load accommodation ratio of local network 1 and local network 2 of the FDN case is reduced by 2.2% and 3.5%, respectively. The daily DG-network-load accommodation ratio of the whole network of the FDN is reduced by 3.0%.
(3) since matching degrees of local network 1 and local network 2 are all negative, the rigid distribution network case cannot fully accommodate all DGs, and the daily DG-load accommodation ratio of the rigid distribution network is lower than 100%.
(4) due to the network operational constraints, the daily DG-network-load accommodation ratio of local network 1 and local network 2 of the rigid distribution network case is reduced by 1.3% and 0.4%, respectively. The daily DG-network-load accommodation ratio of the whole network of the rigid distribution network is reduced by 0.8%.
(5) compared with the rigid distribution network, the FDN can improve the daily DG-load accommodation ratio by 16.3% and daily DG-network-load accommodation ratio by 14.1%.
Scenario 3
Matching Degree Calculation
The daily curve of the maximum available output power of DGs and actual consumption power of the load is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Scenario 3: daily curve of the available output power of DGs and consumption power of the load.
According to Figure 8, the matching degree (MD) is calculated using Eqs. 3, 4. For the whole network, MD = 46.4%. For local network 1, MD = 33.3%. For local network 2, MD = 63.1%.
Daily Trend of the Accommodation Ratio
According to Figure 8, for the case grids of both the FDN and rigid distribution network (RDN), the DG-load accommodation ratio and DG-network-load accommodation ratio during each hour are calculated using Eqs. 6, 9. Then, the DG-load accommodation ratio (GLAR, represented by λGL) and DG-network-load accommodation ratio (GNLAR, represented by λGNL) of all 24 h are used to form the daily accommodation ratio curve, as is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Scenario 3: daily GLAR and GNLAR curve of both the FDN case and RDN case.
It can be seen from Figure 9 that
(1) the DG-load accommodation ratio of the FDN is equal to that of the rigid distribution network anytime. The reason is that the rigid distribution network is capable of accommodating the DGs; thus, the FDN cannot increase DG accommodation by adjusting the power flow.
(2) the DG-network-load accommodation ratio of the FDN is higher than that of the rigid distribution network during 16.7% of a day’s period. The reason is that DG accommodation in the rigid distribution network is limited by network operational constraints, and it is increased in the FDN by adjusting the power flow. For the PV accommodation of local network 1, it is focused in midday that the DG-network-load accommodation ratio of the FDN is higher than that of the rigid distribution network. For the WT accommodation of local network 2, it is focused from dusk to the next morning that the DG-network-load accommodation ratio of the FDN is higher than that of the rigid distribution network.
(3) the DG-load accommodation ratio of the FDN can reach 100% anytime. The reason is that the FDN is capable of fully accommodating the DGs, when the load and DG of the whole network are matched.
(4) the DG-network-load accommodation ratio of the FDN is lower than the DG-load accommodation ratio during 20.8% of a day’s period. The reason is that network operational constraints limit the FDN adjusting power flow.
Analysis of the Daily Accommodation Ratio
According to Figure 8, for the case grids of both the FDN and rigid distribution network (RDN), the DG-load accommodation ratio (GLAR) and DG-network-load accommodation ratio (GNLAR) during a whole day are calculated using Eqs. 6, 9, which is shown in Table 4.
TABLE 4 | Matching degree and daily accommodation ratio of scenario 3.
[image: Table 4]It can be seen from Table 4 that
(1) since the matching degree of scenario 3 is positive, the daily DG-load accommodation ratio of the FDN is 100%.
(2) due to the network operational constraints, the daily DG-network-load accommodation ratio of local network 1 and local network 2 of the FDN case is reduced by 2.0% and 1.0%, respectively. The daily DG-network-load accommodation ratio of the whole network of the FDN is reduced by 1.4%.
(3) since matching degrees of local network 1 and local network 2 are all positive, the daily DG-load accommodation ratio of the rigid distribution network is 100%.
(4) due to the network operational constraints, the daily DG-network-load accommodation ratio of local network 1 and local network 2 of the rigid distribution network case is reduced by 7.2% and 3.2%, respectively. The daily DG-network-load accommodation ratio of the whole network of the rigid distribution network is reduced by 4.8%.
(5) compared with the rigid distribution network, the FDN cannot improve the daily DG-load accommodation ratio under scenario 3.
Overall Analysis for 3 Scenarios
In Figure 10, the results of the FDN and rigid distribution network (RDN) in three scenarios are summarized, including DG-load matching degrees (MDs, represented by EΩ), DG-load accommodation ratios (GLARs, represented by λGL), and DG-network-load accommodation ratios (GNLARs, represented by λGNL).
[image: Figure 10]FIGURE 10 | MDs, GLARs, and GNLARs of all 3 scenarios for both the FDN and RDN.
According to the conclusion of Scenarios 1–3 and Figure 10, it can be seen that
(1) the DG-load accommodation ratio of a distribution network is determined by the matching degree of each local network. Particularly, since the FDN is overall connective, the DG-load accommodation ratio of the FDN is only determined by the overall matching degree.
(2) Only when at least one local network of a distribution network is DG-load unmatched can the DG-load accommodation ratio of the FDN be larger than that of the rigid distribution network. The increase extent of the DG-load accommodation ratio is determined by the matching degrees of the whole network and local networks together. Particularly, if the load and DG of every local network are matched, that is, the DG-load accommodation ratio of every local network reaches its maximum value 100%, it is evident that the DG-load accommodation ratio cannot be further improved by any measures, including the FDN upgrading. In this case, the rigid distribution network is capable of accommodating the DGs due to the perfect DG-load coordinated planning, although it is unusual in a real rigid distribution network.
(3) the increase extents of the hourly DG-load accommodation ratio and hourly DG-network-load accommodation ratio by the FDN fluctuate during one day. It can be seen that the improvements of the hourly DG-load accommodation ratio and hourly DG-network-load accommodation ratio are more obvious in midday and night because the output power of PVs and WTs is sequentially complementary and PVs and WTs are just located in different local networks in the cases.
(4) the DG-network-load accommodation ratio is always lower than the DG-load accommodation ratio in a real FDN. This is because the network operational constraints, such as thermal capacity constraints, limit the DG accommodation. According to the analysis of all three scenarios, we find that it is the branches adjacent to the DG bus that mainly limit the DG accommodation.
Measures to Improve the DG-Network-Load Accommodation Ratio of the FDN
To remove the bottlenecks of DG accommodation in the FDN, the following measures are proposed:
(5) If the locating of DGs is under discussion, it is recommended that the DGs should be integrated to the areas with enough load to ensure the output power of DGs can be accepted instead of exporting.
(6) If the locating of DGs is finished or measure 1 is not enough to remove the bottlenecks of DG accommodation, it is recommended that the capacity of branches adjacent to the DG bus should be properly enlarged according to the maximum output power of DGs. Besides, the capacity of SOP terminals should not be smaller than that of adjacent feeders.
For the cases in this work, the specific measures are as follows:
Measure 1: change the location of DGs, enlarge the capacity of feeders, and increase the capacity of the SOP terminal to 10.5 MVA, as is shown in Table 5.
TABLE 5 | DG location and feeder capacity improvement measures.
[image: Table 5]Measure 2: based on measure 1, adjust the incremental capacity. The capacity of branch B1,5 is increase by 0.9 MVA, B1,7 0.4 MVA, B1,8 4.8 MVA, B2,4 0.7 MVA, and B2,7 8.8 MVA. The capacity of the rest of the branches is increased as shown in Table 5. The details are shown in Supplementary Table S3.
The cases with overall higher capacity of DGs are also studied to verify the conclusion mentioned above, as is shown in Supplementary Material 4.
CONCLUSIONS
The FDN is a looped-operational distribution network using advanced power electronics technology, such as the SOP. This article studies the intermittent DGs accommodation in the FDN and makes comparison with the rigid distribution network. The main contributions are as follows:
(1) The matching degree is proposed to describe the relation of the load and location and size of the DG.
(2) The proposed index, accommodation ratio, is further divided into the DG-network-load accommodation ratio and DG-load accommodation ratio, to distinguish whether the index takes the network operational constraints into account.
(3) The calculation of the DG-load accommodation ratio is proposed based on the matching degree; the calculation of the DG-network-load accommodation ratio is proposed based on the simulation model of sequential production.
(4) The accommodation ratio of the FDN and rigid distribution network is studied on cases with different matching degrees, and it is concluded that:
(a) the DG-load accommodation ratio is determined by the matching degree only. The DG-load accommodation ratio of the FDN is determined by the overall matching degree of the whole network. The DG-load accommodation ratio of the rigid distribution network is determined by the overall matching degree of the whole network, as well as the matching degrees of local networks.
(b) when at least one local network of a distribution network is DG-load unmatched, the DG-load accommodation ratio of the FDN will be larger than that of the rigid distribution network because the SOP can redistribute the power flow among different local networks.
(C) the DG-network-load accommodation ratio is determined by the matching degree and network operational constraints. The DG-network-load accommodation ratio will tend to the DG-load accommodation ratio if proper planning or optimization measures are taken, such as regulating voltage and expanding feeder capacity.
(d) the branches adjacent to the DG bus mainly limit the DG accommodation in the FDN. It is recommended to relocate the DGs and enlarge the capacity of feeders.
Compared with traditional distribution network analysis, the proposed DG accommodation analysis method can reflect the essence of DG accommodation capability clearly, which is determined by the location and power balance of the DG and load, as well as network operational constraints. Under the guidance of DG-network-load coordination and planning, the advantages of the FDN can be maximized. Future research will consider the reverse power flow in the 35 kV and 110 kV network and the influences of voltage constraints and energy storage.
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NOMENCLATURE
Variables
[image: image] accommodation ratio of the DG
[image: image] DG-load accommodation ratio
[image: image] DG-load accommodation ratio of local network i
[image: image] DG-network-load accommodation ratio
[image: image] DG-load matching degree of distribution network Ω
[image: image] sum of maximum available output power of all the DGs at the moment t
[image: image] maximum available output power of the DG installed on node k
[image: image] actual output power of all the DGs at the moment t
[image: image] actual output power of the DG installed on node k
[image: image] sum of consumption power of all the load at the moment t
[image: image] power flow of Bi,j
[image: image] power flow of the outlet of Fi
[image: image] net power of node k
[image: image] load power of node k
[image: image] power flows between Fi and SOPm
T period of observation (unit is hour)
[image: image] sum of the maximum available output power energy of all the DGs during period T
[image: image] sum of the actual output power energy of all the DGs during period T (accommodation power energy of the DG)
[image: image] sum of the actual output power energy of DGs in local network i during period T
Indices and sets
[image: image] direction of power
Ωi local network i
Ω∑ whole network
Bi,j branch j of feeder Fi
Fi feeder i
SOPm SOP m
B set of all the branches
G set of all the DG nodes
L set of all the load nodes
S set of all the SOPs
[image: image] set of downstream nodes and SOPs of Bi,j
[image: image] set of feeders connected to SOPm
Parameters
[image: image] capacity of Bi,j
[image: image] capacity of the SOPm terminal
[image: image] maximum permitted power of node k
[image: image] maximum output power (installed capacity) of all the DGs
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The intermittency of wind and solar power generation brings risks to the safety and stability of the power system. In order to maximize the utilization of renewables, optimal control and dispatch methods of the Distributed Energy Resources including the generators, energy storage and flexible demand are necessary to be researched. This paper proposes an optimization and dispatch model of an aggregation of Distributed Energy Resources in order to facilitate the integration of renewables while considering the benefits for dispatchable resources under time-of-use tariff. The model achieves multi-objective optimization based on the constraints of day-ahead demand forecast, wind and solar generation forecast, electric vehicles charging routines, energy storage and DC power flow. The operating cost, the renewable energy utilization and the revenues of storages and electric vehicles are considered and optimized simultaneously through the min–max unification method to achieve the multi-objective optimization. The proposed model was then applied to a modified IEEE-30 bus case, demonstrating that the model is able to reconcile all participants in the system. Sensitivity analysis was undertaken to study the impact of initial states of the storages on the revenues to the resource owners.
Keywords: flexible demand, multi-objectives optimal dispatch, renewable power utilization, distributed energy resouces, time-of-use tariff, min–max unification
INTRODUCTION
The continuous climate change is expediting the energy reform worldwide in order to develop a greener and sustainable future. In the power sector, the installation capacity of renewables, e.g. solar and wind, has been increased dramatically. According to the Renewables 2020 by IEA, 90% of the newly increased generation resources are renewable energy in 2020. The net increase of renewable generation capacity was predicted to be 7% in 2021 as historical high (IEA, 2020). China, as the second largest economy in the world, has announced the “China carbon-neutral Target” recently. By 2030, the non-fossil fuel resource will reach 25%. This indicates great market for renewables, i.e., the solar and wind generation reach 1200 GW by 2030 and hence approximately 75 GW new installation per year. By 2060, the carbon-neutral target will be reached.
However, the generation output from wind and solar relies on natural resources availability, which are usually intermittent and uncontrollable. Moreover, the substitution of fuel generation plants with renewable resources plants will threaten the power system transient stability by curtailing system inertia, since the renewable resources plants are electrically isolated from grid (Seneviratne and Ozansoy, 2016). With the foreseeable high integration of renewables, two main challenges remain to be solved in order to operate the power system securely and efficiently. One is to enhance the utilization of renewable output, and the other is to maintain the system stability as a result of the uncontrollable generation output. It can be seen that the power system requires sufficient reserve with fast response to mitigate the impact of high renewable penetration.
Traditional power systems provide a unidirectional energy flow from generation to consumption as showed in Figure 1. Generation adjusts the power outputs in accordance to the variations of consumption, and in the meantime provides ancillary service to maintain the power system balance. Following the increasing integration of renewables, the replacement of conventional fossil-fuel generation reduces the available reserve capacity to flexibly adjust the generation output. The integration of renewables at the distribution level changes the power flow from unidirectional to bidirectional. The operation of power system is hence more complex to maintain the balance between generation and consumption.
[image: Figure 1]FIGURE 1 | Schematic diagram of the traditional power system.
In order to maintain the balance between generation and consumption, other mechanisms have been proposed in addition to the flexible regulation of conventional generators.
Energy storage is considered as a flexible and high-efficient dispatchable resource to maintain the power balance and hence improve the system security and reliability. The flexible charging and discharging of storage will counteract the instability of renewable generation, and in the meantime improve the renewable utilization. Castillo and Gayme (2014) listed the various ancillary services the energy storage is able to offer within economic-effective system penetrated by non-dispatchable renewable energy resources based on the definition of “grid-scale energy storage”. Su and Abbas El Gamal (2013) modeled the exact power imbalance gap caused by wind power intermittent output, leading to a specific value of energy storage capacity needed to cover the imbalance through stochastic control. Wang et al., 2013 aggregated the battery energy storage and super-capacitor to stabilize the solar power output variations. Previous research study verified the necessity and feasibility to apply the energy storage with renewable integration.
In addition, flexible regulation of power consumption from the demand is also considered as an alternative option to maintain the power balance. One of the flexible demand regulation solutions is demand response (DR), which achieves customers shifting power usage following dispatch needs. Typical types of DR include industrial production lines (Alkadi et al., 2013) and temperature-controlled demand (Zhang et al., 2013).
Following the decarbonization in the transport sector, the Electric Vehicles (EVs) have been largely deployed and considered as a flexible demand as the power consumption of charging of an EV can be adjusted according to power system conditions.
Except for the technical feasibility evaluation, the business model of renewable generation, storage and flexible demand has also drawn attentions by researches. The economic dispatch at present always packaged or collaborated the storage and renewable generation when they used identical grid port and achieved the comprehensive revenue maximum. Chen and Zhao (2020) treated the storage-wind power integration as a single market participant, and the objective function included the profit of the integration to reach a maximum. Li et al., 2015 modeled different scenarios to compare the case of storage and wind power generation as one entity in the electricity market with the case of running storage and wind power generation independently. The results showed that the integrated case held a remarkable profit increase. Ge et al., 2020 established a solar power generation-storage cooperative game model. The offer-bid actions for the solar and storage to participate in electricity market were simulated. Yuan et al., 2016 proposed an economic dispatch model of virtual power plant consisting of wind and solar generation, gas and storage. The conclusion turned out that the storage is able to reduce the generation cost and improve the renewables utilization.
Likewise, DR encourages the end-users to curtail load during peak load period in response to financial incentives. PJM divided DR into Emergency Response and Economic Response based on dispatch needs and response capability, and accordingly provides different levels of compensation. DR resources are allowed to bid and compete with power market to achieve economic dispatch results (PJM INT, 2020). Similarly, the vehicle-to-grid technology (V2G) allows EV to adjust behaviors under electricity market circumstance for revenues. Ma et al., 2012 built the model of EV benefit, showing that the EV had minor impact to power system with significant profit gained. Ansari et al. (2015) introduced a bidding strategy of EV in ancillary service market based on the autoregressive integrated moving average model, which fully considered the uncertainties of market environment.
Considering the optimal dispatch of the energy storage and flexible demand, the future power system will be a system of friendly interaction among the generation source, load and energy storage, as present in Figure 2 and named as an Integrated Energy System (IES). Through the continuous improvement in the electricity market mechanism and the digital technologies, most of the IESs are operated by aggregators, who host multiple types of generations and flexible resources, supplying power for the load within regions, and seeking for the profit maximum. Under the energy dispatch of aggregators, the energy internet will be formulated which enables the generation, load and energy storage to participate in the energy trading and system operation to improve the utilization level of renewables efficiently and economically.
[image: Figure 2]FIGURE 2 | Basic formation of integrated energy system.
According to the literature review, a number of the studies have presented the technical feasibility of flexible resources coupling with PV or wind turbine for renewable energy utilization. There are also studies on the trading strategies based on system forecasting within electricity markets. However, most of the studies were focusing on the simple cooperation between one type of flexible resource with the conventional energy system. The interactions and dispatch of multiple energy resources under the regional energy aggregator have hardly been discussed in depth. Based on the discussion above, this paper established a coordinated optimal day-ahead dispatch model for regional IES based on the time-of-use (TOU) tariff considering the participation for the energy aggregator, energy resource owners, and the power flow distribution in grid. The model contains the distributed generators, storages and EVs. A multi-objective mixed-integer linear programming (MILP) problem was formulated considering the maximization of the whole system profit, maximization of renewable energy outputs and the maximization on revenues of storage/EVs’ simultaneously based on the optimal method. Case studies on a modified IEEE 30-bus system were undertaken to verify the benefits of the proposed optimal dispatch method.
TYPICAL DISPATCH RESOURCES FOR OPTIMIZATION
The dispatchable resources of the IES in the model are depicted as follows.
Thermal generation: As the main supplier of electricity, the thermal power output can be flexibly adjusted in order to achieve supply-demand balance of power in real time. Thermal generation plays an essential role for the stability and safety of power system.
Wind generation: Wind power output is related to wind speed, thus presents significant volatility and uncertainty. In the meanwhile, the typical output curve usually shows an inverse-peak characteristic. As a result, storage devices are usually needed to mitigate the output variations of wind generation.
Photovoltaic power stations: PVs typically operate and generate power output during daytime and reach the peak at midday. The operational cost of PVs is relatively low, compared with the fixed cost of PV equipment.
Storage device: As the flexible dispatching device, energy storage plays an important role in the utilization of renewables, which supports to maintain the safety and efficient operation of power system. Energy storage devices can not only absorb the redundant power, but also play the role of reserve power during the peak period and achieve the load shifting of the power system.
Load: Load is the consumer of electricity. Typical load curves reach a peak during midday and a valley in the evening. Various kinds of load show different external characteristic curves. Power system operations need to forecast the load variations, allowing the generation schedule to meet the load power requirements.
Electric vehicles: Electric vehicles (EVs) can be treated as a special load, and the charging load behaviors are usually hard to predict in long time scale. Meanwhile, EVs can also be treated as energy storage device following the development of V2G technology. Incentive signals such as real-time price may encourage EV users to discharge during peak period in the daytime and charge during the valley load period at night. EVs will play an important role in terms of load shifting and improving system operating efficiency in the future.
FORMULATION OF THE OPTIMAL DISPATCH MODEL
Based on the operational constraints and distributed energy equipment mentioned above, this paper establishes an optimal day-ahead dispatch model and formed a MILP problem considering multiple objectives, including maximizing the total system profits, storage and EV profits, and renewable utilization level. The details of the optimization model are formulated as follows.
Objective Functions
Objective 1: Maximize the Profit of the Entire System
The total system profit is the interest of the aggregator, equal to the difference between revenue from load and energy cost. The revenue consists of the payment from load consumption and storage/EV electricity charge. The cost consists of the marginal costs, operating costs, start-up costs of thermal generators (Liu and Du, 2018), the levelized cost of electricity (LCOE) for wind turbines and PVs, and the cost of electricity sold to the system from storage and EVs. The expression of objective 1 is as follows.
[image: image]
where T is the total dispatch horizon, equal to 24. D represents the number of load buses. ES and E denote the number of storage devices and EVs respectively. [image: image] represent the number of thermal generator units, wind turbines and PVs. [image: image] is the predicted power of the load d at period t. [image: image] is the electricity price at period t. [image: image] is the charging power of the storage device es at period t. [image: image] is the charging power of the EV cluster e at period t. [image: image] represents the generation output of the thermal power unit f at period t. [image: image] indicates the output of the wind generation w at period t. [image: image] represents the output of the PV panel s at period t. [image: image] is the discharge power of the storage device es at period t. [image: image] is the discharge power of the EV cluster e at period t. [image: image] indicates the operation cost of the thermal unit f. [image: image] indicates the start-up cost of the thermal unit f. [image: image]denotes the marginal cost of thermal units at period t. [image: image] is the LCOE for wind turbines at period t. [image: image] is the LCOE for PVs at period t. [image: image] is the discharge price of storage at period t. [image: image] is the discharge price of EV cluster at period t.
Objective 2: Maximize the Profit of Storage/EV Owners
In order to encourage the storage/EV owners to integrate the dispatch of energy, the profit of storage/EV owners is considered to be one of the objective functions during dispatch.
[image: image]
Objective 3: Maximize the Generation Output From Renewables
Considering the popularity of clean energy consumption, the generation output from renewable resources owners is considered to be one of the objective functions during dispatch.
[image: image]
Constraints
System Constraints
Constraint 1: Power Balance
The real-time total power generation is required to meet the power consumption of demand.
[image: image]
Constraint 2: Line Flow Capacity Limit
Line flow capacity refers to the allowable maximum power flow for a branch, which is decided by the power losses, wire temperature and system stability.
For clarification, the transmission line in this paper is modeled as a classical direct current (DC) power flow model (Stott et al., 2009). Thus the line voltage P.U. value is considered as 1, and the line flow capacity limit is considered a fixed constant value. The details of the approximations is briefly explained in the Appendix.
[image: image]
[image: image] represents the line flow capacity of line l. SF is the shift distribution factor. Map is the position transformation matrix for the components (branches or nodes) of system.
Thermal Power Unit Constraints
Thermal power unit constraints include maximum/minimum output level constraints in Eqs. 6 and 7, ramping up/down constraints in Eqs. 9, minimum on/off time constraints in Eqs. 10 and 11, and start-up cost constraint in Eq. 12. Constraints (13)–(17) represent the thermal unit commitment status and the coupling relationships.
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[image: image] is the binary on/off indicator for thermal power unit f. [image: image] and [image: image] represent the start-up/shutdown indicators of thermal power unit f. [image: image] and [image: image] represent the maximum/minimum output level constraints of thermal power unit f. [image: image] and [image: image] represent the ramping up/down limit of thermal power unit f. [image: image] and [image: image] represent the minimum on/off time limit of thermal power unit f.
Wind Generation Constraints
Wind generation constraints include the maximum/minimum output constraints in (18), (19).
[image: image]
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[image: image] and [image: image] represent the maximum/minimum output constraints of wind generation w.
PV Constraints
PV constraints include the maximum/minimum output constraints in (20)(21).
[image: image]
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[image: image] and [image: image]represent the maximum and minimum output of PV s.
Storage Constraints
Storage constraints include the state of charge (SoC) constraints in (22), charge/discharge power constraints in (23)(24), charge/discharge efficiency in (25), and the cyclic balance constraint in (26), which requires the SoC of energy storage to return to the initial status in the final interval.
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[image: image]is the capacity of storage device es. [image: image] is the state of charge of storage device es in t.[image: image] is the charging/discharging energy of storage device es in t.[image: image]and [image: image] denote the limits on charging/discharging power of storage device es. [image: image] and [image: image]are the charging and discharging efficiency of storage device es. [image: image] is the initial state of charge of energy storage.
EV Constraints
For computational convenience, the optimization model assumes that EVs can participate in the dispatch throughout the whole 24 h horizon, and the battery material features of all EVs are same. The model considers the EVs as clusters based on geographical locations of EV charging stations. The constraints on EVs include the state of charge (SoC) constraints of EV clusters in (27), charging/discharging power limits in (28)(29), the efficiency constraints on charging and discharging in (30), the constraints that simulate the driving habits of EV users in (31)(32), and the cyclic balance constraint in (33), which requires the SoC of EV cluster to return to the initial status in the final interval. In order to meet the travel demand of EV users, EVs is pre-set to guarantee more than 80 and 60% of battery charge at 7am and 16pm in this paper.
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[image: image] is the energy capacity of EV cluster e. [image: image] is the state of charge of EV cluster e in t.[image: image] is the charging/discharging power of EV cluster e in t.[image: image] and [image: image] represent the ramping up/down limits of EV cluster e. [image: image] and [image: image] are the charging and discharging efficiency of EV cluster e. [image: image] is the initial state of charge of EV cluster.
Formulation of the Multi-Objective Problem
Many researches have been applying multi-objective optimization problem (MOP) as IES solution approaches. An elaborate literature review of MOP researches is present in Jing et al., 2019, which listed and summarized previous studies by objective considerations, modeling types, decision-making methods, and solving engines. The top 2 popular MOP solving methods are still genetic algorithm and weighted-sum algorithm. A figure of statistical results on occurrence frequency of MOP solving strategies and decision-making approaches, pointing out that most of the existing researches have been only focusing on problem modeling and algorithm formulation, while ignoring the decision-making discussion. Among the papers that have considered decision-making process, the most frequent method is still subjective decision-making.
This paper considers a weighed-sum algorithm in MOP with subjective decision-making on the weighing factors. The min–max unification on the objectives is applied to transfer the multi-objective problem to a single objective problem. It is necessary to standardize each objective function which neglect the magnitude differences of each objective function so that the weighting factors can be defined.
The min–max unification process is given below.
Minimum objective unification:
[image: image]
Maximum objective unification:
[image: image]
[image: image] and [image: image] represent the actual value and the standardizing value of objective i. [image: image] and [image: image] are the maximum value and minimum value of objective i.
The reformulated problem with weight coefficient method is:
[image: image]
[image: image] (i = 1,2,3, … n) are the weights of objectives set by the system operator, presenting the importance of each objective, where the sum of weights [image: image].
Solution Approach
The flow chart in Figure 3 depicts the proposed multi-objective optimization model and the solution process. Major steps of this method are summarized as follows.
[image: Figure 3]FIGURE 3 | Flowchart of the proposed multi-objective optimization model and the solution process.
Step 1 : Input data of forecasting values, system data and resources parameters. The forecasting values include the forecasting wind power output, forecasting solar power output, and forecasting demand power output. The system data includes the network topology and line flow capacity limits. The resources parameters include the capacity limits, ramping limits, start-up costs, marginal costs, operational costs, and minimum on/off time requirements of thermal units. The capacity limits and LCOE for wind turbines and PVs, the state of charge capacity limits and charging/discharging power limits on energy storages and EVs are also the input data.
Step 2 : Set system constraints including the power balance constraint, power flow limit constraints, maximum output capacity limits and ramping up/down limits for thermal units, wind generators and PVs, maximum capacity limits, charging/discharging limits and charging/discharging efficiency limits for energy storages and EVs, and EV driving habit limits.
Step 3 : Solve each single-objective problem and calculate the upper and lower boundaries for all objective values. If the one or more optimization problems are infeasible, the input data needs to be modified and the whole process starts again.
Step 4 : Combine the single objective problems using the min–max uniformization to formulate the one multi-objective problem with the pre-set weighting factors.
Step 5 : The multi-objective problem is solved with the mix-integer programming solver.
CASE STUDY
Case Overview
The case study was undertaken based on a modified standard IEEE-30 bus case, including 2 thermal generators, 2 PVs, 2 wind generators, 2 storage devices, and 4 EV clusters. The dispatch horizon span is 24 h, with each time interval of 1 h. The parameters of thermal generators and renewables are shown in Table 1. The parameters of storage devices and EVs are displayed in Table 2. Figure 4 presents the system information of the modified IEEE-30 bus case. Figure 5 shows the forecast of wind power, solar power and the load curve.
TABLE 1 | Parameters of thermal generators and renewables.
[image: Table 1]TABLE 2 | Parameters of storage and EV.
[image: Table 2][image: Figure 4]FIGURE 4 | Modified IEEE-30 bus system.
[image: Figure 5]FIGURE 5 | Forecast Variation of Renewable Power and load level.
The MILP optimization problem contains 1,056 variables, including 144 binary variables. All algorithms are implemented in Yalmip based on MATLAB. The problem solved with CPLEX 20.1. The MILP gap is set as 0.1%.
The marginal generation costs on fuel generators, the levelized cost of electricity for wind turbines and PVs, utilization payment rates and storage/EV selling rate are present in Table 3. The levelized cost of electricity for wind power and solar power are based on the price from National Development and Reform Commission in China (National Development and Reform Commission., 2019; National Development and Reform Commission., 2020), and the marginal cost for fuel generation is the procurement price of fuel generation (National Energy Administration., 2018). While the production cost of wind and solar power is close to zero, the levelized cost of electricity for wind and solar power represents the average net present cost over equipment life time circle and tends to be raised to cover the fixed investments (e.g. equipment investment, installation fees, labor cost).
TABLE 3 | Generation marginal cost.
[image: Table 3]The utilization payment rate follows the industrial TOU tariff, showing in Table 4. It is assumed that the storage/EV can sell power to the system with 0.8 times of the tariff.
TABLE 4 | Electricity price and storage/EV Selling Rate with TOU Tariff.
[image: Table 4]Results and Analysis of Multi-Objective Optimization
As aforementioned, the optimization model is first standardized by solving three single-objective optimization problems to maximize system profit, maximize the profits of storage and EV owners, and maximize the output of renewables. The function values under different objectives optimized with mentioned constraints and data are shown in Table 5. The upper and lower bounds for the three single-objective optimization problems are [image: image], [image: image], [image: image], [image: image], [image: image], [image: image].
TABLE 5 | Function values with different optimization objectives.
[image: Table 5]Table 5 shows that F1 and F3 are positively correlated, showing that maximizing system profit will increase the output of renewables as a result of the lower costs of renewables. F1 and F2 are negatively correlated, namely the strategy of maximizing grid profits will reduce the profits of storage devices and EVs, and vice versa. If the profit of storage devices and EVs owners takes the priority, the grid will first purchase power from storage devices and EVs instead of the cheaper thermal power units during peak hours. The profit of generators is hence decreased. Therefore, the single-objective optimization of F1 and F2 is incompatible.
The results shown in Table 4 are used as input parameters to solve the multi-objective optimization model which is a mixed-integer programming problem solved by CPLEX. The weighting factors are set as [ω1, ω2, ω3] = [0.3,0.3,0.4] for F1, F2, and F3, representing their importance in the objective function (35). The optimization result is shown in Table 6, demonstrating this multi-objective optimization method can fully take the factors of different subjects into account.
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TABLE 6 | Objective values under multi-objective optimization.
[image: Table 6]Figures 6 and 7 show the charging/discharging schedule obtained from the multi-objective optimization, which demonstrates the energy storage and EVs are quite active under the incentive of TOU tariff to gain much profits from charging/discharging behaviors. The TOU tariff is present as broken line, and the changing/discharging power is showed as bar.
[image: Figure 6]FIGURE 6 | Charging and discharging of storage.
[image: Figure 7]FIGURE 7 | Charging and discharging of EV clusters.
Another two case studies were carried out to verify the benefits of the optimal dispatch with various dispatchable resources. The case settings are given below, where Scenario 3 is the identical case mentioned above.
Scenario 1: Thermal power units are included in the system, without renewables, storage devices, or EVs.
Scenario 2: The system includes thermal power units and renewables, without storage devices or EVs.
Scenario 3: Thermal power, renewables, storage and EVs are all included in the system.
The profits of power system and the owner of storage devices/EVs in each scenario are compared in Table 7. Considering scenarios 1 and 2, the cost of power supply dramatically decreases with the participation of renewables, which holds a comparative lower cost and leads to higher revenue. Scenarios 2 and 3 show that with the participation of storage devices and EVs, the profit of the power system slightly decreases. It is because a part of the profit of the power system is transferred to the owner of storage devices and EVs. Moreover, the total profit of the power system and storage/EV increases slightly.
TABLE 7 | Profits of grid and storage/EV under each scenario.
[image: Table 7]With the renewable generation penetrated in scenario 2 and 3, the storage/EV may stabilize the variation of renewable generation output, as well as a flatter output of fuel generation output. Figure 8 shows the overall output curves of thermal power units with and without storage device/EV. Due to the lower LCOE for renewable generation, the thermal units tend to be utilized after renewable generation reaches the maximum output capability, leading to the severe fluctuation of thermal output in scenario 2 synchronized with the fluctuation of wind/solar forecasting. With the participation of storage and EVs in scenario 3, it can be seen that the output of the thermal power units is smoother due to storage and EVs buffering the variations of renewable output. The system peak-valley gap is also reduced significantly, and thus improves the operating efficiency of the power system.
[image: Figure 8]FIGURE 8 | Comparison of thermal power output curves.
Impacts of the Initial Charging Status of Storage Device
The initial charging status of the energy storage device will impact the charging behaviors of the storage device over the whole dispatch horizon, which in turn affects the overall profitability of the grid and storage/EV. Figure 9 shows the evaluation of various initial charge of storage on the profits of different entities based on Scenario 3. The storage/EV profit is almost constant when the initial SoC is less than 0.4, while shows a linear decrease with the increase of initial charging status. The generation profit shows a completely opposite trend with storage/EV profit. Thus, from the perspective of storage/EV owners, an initial SoC lower than 0.4 would promise a better revenue from the dispatch of energy aggregator.
[image: Figure 9]FIGURE 9 | Influence of initial charging status of storage/EV on profits.
Figure 10 presents a further proof of the conclusion made above, which compared the charging/discharging activities of two cases: initial SoC = 0.3 and initial SoC = 0.7. The magnitudes of charging/discharging activities in the former case present a more active storage in the dispatch, leading to better revenue and profit for the owner.
[image: Figure 10]FIGURE 10 | Charging and discharging behaviors under different initial charging status.
CONCLUSION
This paper proposes an optimization and dispatch model of the energy aggregator of DERs including generators, flexible electric charging loads and energy storages in order to facilitate the integration of renewables while considering the benefits for all energy resources under the time-of-use tariff. A multi-objective optimal dispatch model was developed considering the constraints of the DER operational requirements, power network flows and the end user comforts. Based on the IEEE 30-bus system, by integrating significant renewable resources, case studies were carried out to verify the benefits of the proposed model and dispatch methods.
The multi-objective optimization results were obtained in the case studies, which verifies that both the benefits of the aggregation and the storage device/EV were optimized. Results also showed that through the dispatch of the energy storage devices and EVs, the fluctuations of renewables were smoothed, the peak-valley difference of the system was reduced. In the meantime, the frequent regulations of conventional generators were reduced. A sensitivity analysis was undertaken which indicates that the initial state of charge for the storage has an impact on the charging/discharging schedules, thus may impact the profit of the storage/EV owners for participating in the dispatch.
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APPENDIX
The typical alternating current (AC) transmission model is showed in Appendix Figure A1. The expressions of AC transmission line power flow are in Eq. 38.
[image: image]
[image: image]and [image: image]represent the real power injections in nodes. [image: image] and [image: image] represent the voltages. [image: image] and [image: image] represent the phase angles. z, y, r, x, [image: image] and [image: image] represent the impedance, admittance, resistance, reactance, conductance, and susceptance respectively.
[image: Figure A1]FIGURE A1 | AC transmission line model.
The DC power flow derivation is showed in Knight et al., 1972, which is based on multiple approximation: line conductance ignored, phase angle close to zero, line voltage P.U. set as constant, and line susceptance equal to the reciprocal of reactance. The formations are present in (39)-(42). The DC transmission line power flow is Eq. 43. Appendix Figure A2 shows the DC transmission line model.
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[image: Figure A2]FIGURE A2 | DC transmission line model.
NOMENCLATURE
T total dispatch horizon, equal to 24
[image: image] the line flow capacity of line l in MW
SF the shift distribution factor matrix
Map the position transformation matrix for branches of system
D the number of load buses
ES the number of energy storage devices
E the number of EV clusters
[image: image] the number of thermal units
[image: image] the number of wind turbines
[image: image] the number of PVs
[image: image] the predicted power of the load d at period t in MW
[image: image] the output of the thermal unit f at period t in MW
[image: image] the output of the wind turbine w at period t in MW
α efficiency factor of wind generator
[image: image] wind power at period t in MW
[image: image] the output of the PV panel s at period t in MW
β the efficiency factor of PV
[image: image] solar power at period t in MW
[image: image] the charging/discharging energy of storage device es at period t in MWh
[image: image] the charging power limit of the storage device es at period t in MW
[image: image] the discharge power limit of the storage device es at period t in MW
[image: image] the charging/discharging energy of the EV cluster e at period t in MWh
[image: image] the charging power limit of the EV cluster e at period t
[image: image] the discharge power limit of the EV cluster e at period t
[image: image] the electricity price at period t in RMB/kWh
[image: image] the operation cost of the thermal unit f in RMB
[image: image] the start-up cost of the thermal unit f in RMB
[image: image] the marginal cost of thermal units at period t in RMB/MWh
[image: image] the levelized cost of electricity for wind turbines at period t in RMB/MWh
[image: image] the levelized cost of electricity for PVs at period t in RMB/MWh
[image: image] the discharge price of storage at period t in RMB/MWh
[image: image] the discharge price of EV cluster at period t in RMB/MWh
[image: image] the binary on/off indicator for thermal unit f
[image: image],[image: image] the start-up/shutdown indicators of thermal unit f
[image: image], [image: image] the output upper/lower bound of thermal unit f in MW
[image: image], [image: image] the ramping up/down limit of thermal unit f in MW
[image: image], [image: image] the minimum on/off time limit of thermal unit f
[image: image], [image: image] the output upper/lower bound of wind turbine w in MW
[image: image], [image: image] the output upper/lower bound of PV s in MW
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[image: image] the state of charge of storage device es at period t
[image: image], [image: image] the charging/ discharging efficiency of storage device es
[image: image] the energy capacity of EV cluster e in MWh
[image: image] the state of charge of EV cluster e at period t
[image: image], [image: image] the charging/discharging efficiency of EV cluster e
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Increasing penetration of distributed generation (DG) has brought more uncertainty to the operation of active distribution networks (ADNs). With the reformation of the power system, increasingly more flexible loads access to distribution network through load aggregators (LAs), which becomes an effective way to solve these issues. Since LAs and ADNs are separate entities with different interests, the traditional centralized and deterministic optimization methods fail to meet the actual operational requirements of ADNs. Based on the linear power flow model, a robust optimal dispatching model of ADNs considering the influence of renewable DG’s uncertain output on voltage security constraints is established. Then, an independent optimal scheduling model for LAs is modeled based on the analysis of the composition and characteristics of flexible load in LAs. LAs and ADNs, as two different stakeholders, use a distributed modeling method to establish different economic optimization goals. The optimization problem is solved by decoupling the coupling exchanging power between LAs and ADNs into virtual controllable loads and virtual DGs. Finally, with the case study of a modified IEEE 33-bus system, the correctness and effectiveness of the proposed method are verified. The effects of the robust level and demand response incentive on the results are also analyzed.
Keywords: distributed generation, active distribution network, load aggregator, robust optimization, distributed optimization, demand response
INTRODUCTION
With continuously increasing penetration of renewable energy, the uncertainty and intermittency of clean energy challenge the operation of distribution network (Ehsan and Yang, 2019). With the marketization of electric power industry on the demand side and the development of new information and communication technology in recent years, flexible resources in demand side have attracted extensive attention due to its economy and flexibility (Asensio et al., 2018a; Asensio et al., 2018b), which provides a solution for the economic and stable operation of ADNs in the accommodation of renewable energy. Different from the traditional inelastic load, the flexible load, such as smart home appliances, electric vehicles, and energy storage, can respond to the dispatching requirements of the power grid by adjusting its power or transferring its power consumption time (Zhang G. et al., 2019). With Demand Response (DR) technology, the flexible load can improve the economy and stability performance of the distribution system (Parizy et al., 2019; Delavari and Kamwa, 2018) and provide auxiliary services like frequency regulation (Wang et al., 2017), voltage regulation (Zhong et al., 2019), and reserve capacity (Tomasson and Soder, 2020).
Since the low electricity consumption level and DR efficiency of an individual user (Adrian et al., 2018), the flexible load can participate in the DR program through the load aggregators (LAs) (Herre et al., 2020), which promotes the massive participation of flexible loads in the demand side and in guiding the users to consume electricity properly and economically (Wang et al., 2020).
There are many studies on the role of flexible load in the operation of ADNs. In Jiang et al. (2018), the working mode of integrated smart buildings with heating, ventilation, and air-conditioning (HVAC) systems is proposed according to the heat storage characteristics of thermostatically controlled loads. The power loss and voltage fluctuation of the ADN can be decreased by utilizing the flexibility of the smart buildings. A multi-objective scheduling model for ADN based on source-network-load coordination scheduling is proposed in the article(Yong et al., 2018). The operating cost, renewable energy utilization rate and users’ satisfaction are considered as the optimization objectives. In the study by Kong et al. (2020), interruptible loads (ILs) are applied to increase the power supply capability and renewable energy utilization rate of the ADN, considering the uncertainty of distributed generation (DG). The above studies greatly exploit and utilize the capacity of demand side resources and improve the operational status of the ADN. However, most of the present works adopt centralized optimization methods, which are hard to adapt to the widely spread and scattered regional distribution system due to their heavy computational burden and poor expansibility with the increasing access of the flexible load. And in the centralized optimization, the benefits of different subjects are hard to be reconciled. To reflect the different interests of diverse subjects and the decentralized and autonomous characteristics of ADNs, the distributed optimization methods are applied into the optimal scheduling of ADNs.
In the studies of distributed optimization, the article by Meyer-Huebner et al. (2019) proposes a distributed optimal power flow algorithm of the ADN with multiple distributed resources but ignores the different interests of diverse stakeholders. In the study by Du et al. (2018), as a new distributed demand side resource, the source-load dual characteristic of Microgrid (MG) is discussed, and cooperative game theory is applied to realize the benefit assignment between the MG and the ADN. The article by Yu and Hong (2017) proposes a novel incentive-based demand response model from the view of a grid operator to enable system-level dispatch of demand response resources by adjusting the electricity price. Those literatures take the dynamic game process between two stakeholders into consideration. However, some private information, such as cost functions and network topologies, needs to be exchanged in the bargain process, which makes it hard to guarantee the privacy of data. In the study by Wang Z. et al. (2016), the distributed optimal scheduling of the ADN is realized with merely the knowledge of each MG’s expected exchange power in case of securing privacy of each MG. However, the effect of economic incentives to DR participants has not been taken into fully consideration. In the study by Wang D. et al. (2016), the marginal cost of proper constraints is utilized to form an updated price, with which the electricity cost can be reduced and the frequent transitions between battery charging/discharging states can be avoided. However, the method is essentially “source changing with load” mode and lack of interaction, which results in a low DR efficiency.
At the same time, the risk brought by renewable energy’s uncertain output cannot be ignored. At present, stochastic programming and robust optimization are two main methods to deal with the uncertainty of DGs’ output. In the study by Zhang Y. et al. (2019), the ellipsoid set is applied to describe the uncertainty of photovoltaic (PV) and wind turbine (WT), and the terminals of the ellipsoid are introduced into the stochastic optimization as extreme scenarios. The uncertainty of WT is considered by Cobos et al. (2018), and a robust scheduling model is established, which introduces variable cost depending on the uncertain WT output into the objective function. In the study by Liu et al. (2018), a two-stage robust optimization model of the min-max-min structure is established to obtain the scheduling scheme with the lowest operating cost under the worst scenario. However, stochastic programming and robust optimization methods still have their limitations. A large amount of calculation is inevitable in stochastic optimization, and the optimization effect heavily depends on scenarios selection. The traditional robust optimization mostly adopts the Soyster framework, which is also known as the completely robust optimization, whose feasible solutions are too conservative (Wang et al., 2018). Besides, the mentioned studies mainly focus on the power unbalance problem caused by the uncertain output of renewable DG, without considering whether the power flow security constraints of the system can be satisfied under the uncertainty.
To this end, two main questions arise:
(1) The traditional centralized optimization model failed to give full consideration of the benefits and autonomous characteristics of the LA inside the ADN. Therefore, a research question is raised on how to make use of the LA’s DR ability while giving consideration to the different benefits and autonomous characteristics of both the ADN and the LA.
(2) How to reduce the conservativeness of traditional robust optimization and make the effective optimal scheduling plan for the ADN while considering the influence of uncertain parameters on the power flow constraints?
This article tries to answer these questions and presents an effective, robust, and distributed optimal scheduling for ADNs connected with multiple LAs by coordinating the controllable devices in power supply and demand sides, while addressing the uncertain DG output. The contributions of this article are summarized as follows:
(1) This study proposes a distributed optimal scheduling model with DR incentive. In this model, the ADN and LAs are modeled as several stakeholders with different benefits and solve their own optimal scheduling problem autonomously and independently.
(2) A robust optimization method is applied to deal with the uncertainty brought by renewable DG in the power flow constraints of the ADN. Via the robust optimization, the schedules with different robust levels can be obtained to make a trade-off between the voltage violation rate and power supplying cost by adjusting the robust coefficient, which can make the result less conservative.
(3) Analytical target cascading (ATC) theory is applied to solve the distributed optimization problem without the knowledge of private data inside the LA and the ADN. The impact of DR incentive on LAs and ADNs is also analyzed. The ADN can further improve DR efficiency by adjusting DR incentive to an appropriate value.
The remainder of this article is organized as follows. In Optimal Scheduling Models of Active Distribution Network and Load Aggregator, the dispatching model of the ADN and the LA and the interaction model between them are established. The Bertsimas robust optimization and ATC theory are applied to solve the proposed problem in Solution Process. In Case Study, case studies are conducted to demonstrate the correctness and effectiveness of the model. Concluding remarks are presented in Conclusion.
OPTIMAL SCHEDULING MODELS OF ACTIVE DISTRIBUTION NETWORK AND LOAD AGGREGATOR
The structure of ADNs connected with LAs is shown in Figure 1. To improve the DR capacity, the LA directly combines the flexible loads (shiftable load and interruptible load) of different users in the region, the power consumption of which is adjusted based on the DR incentive to meet the scheduling requirements of the ADN. Through direct load control (DLC) technology, the LA properly arranges the power consumption plan of each flexible load and coordinates the power exchanged with the distribution network, so as to minimize the total operation cost of itself. With the goal to minimize the total cost while meeting the total power demand, the ADN controls the operational state and output power of controllable units based on the power demand of LAs and other power demand and the renewable DGs’ output in the distribution network.
[image: Figure 1]FIGURE 1 | Architecture for the ADN with LAs.
Normally, LAs and ADNs are with their own scheduling functions and taken as different stakeholders. There is a strong coupling relationship between the LA and the ADN, because the power interaction between them makes their economic dispatching affect each other. The detailed dynamic economic dispatching models of the ADN and the LA are given below.
Optimal Scheduling Model for Active Distribution Network
Objective Function of the Active Distribution Network Optimal Dispatching
The requirement of ADNs’ optimal dispatching is to reduce its power supply cost while meeting its load. The ADN needs to decide its electricity procurement schedule and the operation state of its controllable unit. The ADN’s comprehensive cost [image: image] can be calculated as Eq. 1, and the subentry cost of Eq. 1 can be calculated as Eqs. 2–5
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[image: image] is the cost function of controllable DG in the ADN and expressed as the quadratic function of their active output [image: image]. [image: image] is the set of nodes with controllable DG. The function [image: image] represents the number of elements in the set S. [image: image] is the electricity purchase cost. [image: image] is the time-of-use (TOU) price of the main grid. [image: image] is the injected power from the main grid. [image: image] is the network loss cost and[image: image] is the unit network loss cost. [image: image] is the network losses. [image: image] is the set of branch lines. [image: image] is the interaction cost with LAs, and contains two parts: DR compensation for LAs participating in the DR program and the profit from selling electricity to LAs. The term [image: image] represents the DR compensation for LAs participating in the DR program. [image: image] is the shedding power of the LA at node i. The calculation of [image: image] and the mechanism of DR are illustrated in Constraints of the Active Distribution Network Optimal Dispatching. [image: image] is the DR incentive for unit shedding power and is set by the ADN. The term [image: image] represents the profit from selling electricity to LAs. [image: image] is the purchasing power of node i and [image: image] is the electricity price inside the ADN. [image: image] is the set of LA nodes.
Constraints of the Active Distribution Network Optimal Dispatching
(1) Constraints of controllable DG
The constraints of power output Eq. 6, ramp rate Eq. 7, and running time Eq. 8 are considered:
[image: image]
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[image: image] is the binary variable representing the running state of controllable DG at node i equal to 1 when controllable DG is on, while 0 means the DG is off. [image: image] and [image: image][image: image] are its maximum and minimum active (reactive) output. [image: image] is the maximum ramp rate. [image: image] and [image: image] are the minimum continuous working time and the minimum off time.
(2) Constraints of renewable DG
The cubic set is adopted to define the uncertain output of PV and WT (Ding et al., 2017).
[image: image]
[image: image] and [image: image] are the actual outputs of PV and WT at node i. [image: image] and [image: image] are the predicted outputs. [image: image] and [image: image] are the maximum prediction errors of PV and WT. [image: image] and [image: image] are the uncertain variables used to adjust the range of uncertain prediction error. [image: image] and [image: image] are the sets of nodes installed with PV and WT.
(3) Power flow constraints
A distribution network is normally configured to be a radial/tree-like topology, which means that each network node has only one parent node. Figure 2 shows a line diagram of a radial power network. The power flows corresponding to Figure 2 can be described by DistFlow branch equations. However, the traditional DistFlow model is nonlinear, which makes the problem difficult to solve. To make relevant problems computationally tractable and meanwhile guarantee an acceptable calculation result, the linearized DistFlow model is adopted here (Song et al., 2019).
[image: image]
[image: image] and [image: image] are the active and reactive power at the sending end of branch j, while [image: image] and [image: image] are the resistance and reactance of the same branch line. [image: image] and [image: image] are the total active and reactive load at node i, while [image: image] is the voltage magnitude. [image: image] is the rated voltage magnitude of the distribution system.
[image: Figure 2]FIGURE 2 | Diagram of a radial power network.
According to the definition of robust optimal scheduling, the voltage security must be ensured as the prediction errors of renewable DG change, which is expressed as follows:
[image: image]
Except for the voltage safety constraint, the branch current constraint is also considered in some studies. However, the current carrying capacity of the branch line is usually two to three times larger than its rated current. Besides, the voltage drop will increase as the branch current increase. Therefore, the branch current constraint will also be satisfied if the voltage security constraint is satisfied.
For node i, its total active and reactive load can be calculated as follows:
[image: image]
Since the network losses are much smaller than line flow terms [image: image] and [image: image], the node voltage is insensitive to the network loss terms which can be neglected in the voltage constraints Eq. 10 of the linear DistFlow model (Zhong et al., 2019). However, to accurately calculate the cost of the ADN, this article considers the network losses in the objective function of the ADN. By using the approximation [image: image], the network loss power of the ADN can be expressed as Eq. 13, which is a commonly used expression with the employment of the adopted linear DistFlow constraint (Fu and Chiang, 2018).
[image: image]
(4) DR constraint
When the TOU price of the main grid is higher than the selling price inside the ADN, the higher cost will be caused by the higher power purchasing price from the main grid. Therefore, the ADN hopes to reduce its cost by compensating and encouraging LAs to reduce their power consumption in the above period or to transfer their power consumption time to other periods. In this article, the ADN releases DR incentive in the corresponding period to encourage LAs to participate in the DR program. After LAs reduce their power consumption in the DR period set by the ADN, they will get DR compensation according to their reduction. The DR mechanism is shown in Eq. 14
[image: image]
[image: image] is the binary variable which represents the DR period set by the ADN, while 1 means the DR program is implemented in the period t. [image: image] is the load of LA node i before DR. Eq. 14 describes the DR mechanism: LAs will only gain DR compensation by reducing their power consumption in the DR period set by the ADN, but will not gain any DR compensation if they reduce their power consumption in other periods. This DR mechanism encourages LAs to reduce their power in the DR period or transfer their load to other periods, which will reduce the cost of the ADN by the means of peak shifting and valley filling.
There is a product form of the binary variable and continuous variable in Eq. 14. We apply the Big-M method to transfer Eq. 14 into a linear constraint Eq. 15 where M is a large enough constant.
[image: image]
Thus, in the optimal scheduling model for ADNs, the decision variables are [image: image]. The objective is to minimize Eq. 1 while satisfying the constraints Eqs. 6–13, 15.
Optimal Scheduling Model for Load Aggregator
Objective Function of Load Aggregator’s Optimal Dispatching
Based on the electricity selling price and the DR incentive of the ADN, the LA adjusts its power consumption plan of the flexible load to minimize its comprehensive cost Eq. 16, which includes electricity purchasing cost, DLC cost and the profit from participating in the DR program. The subentry cost can be calculated as Eqs. 17–19
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[image: image] is the shedding power of the interruptible load. [image: image] and [image: image] the power of the shiftable load before and after DR. [image: image] and [image: image][image: image] are the quadratic and linear cost coefficient of the interruptible load (shiftable load). It is assumed that all LAs have reached their optimal scheduling plan without DR incentive, which means that LAs cannot further reduce their cost by changing its power consumption plan without DR incentive (Guo et al., 2020). As a result, the linear cost coefficients of the interruptible load and shiftable load in Eq. 18 must obey the following constraint:
[image: image]
Constraints of Load Aggregator’s Optimal Dispatching
(1) Constraints of interruptible load
In order to meet the basic demand of users, the shedding power of the interruptible load cannot be larger than the maximum shedding power.
[image: image]
[image: image] is the consumption power of the interruptible load before DR. [image: image] is the maximum shedding ratio.
(2) Constraints of shiftable load
[image: image]
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Constraint Eq. 22 represents the power range of the shiftable load. Constraint Eq. 23 indicates that the total energy consumption of the shiftable load remains unchanged after load shifting. In order to remove the absolute value function in Eq. 18, an auxiliary variable [image: image] and a relevant constraint are introduced into the model.
[image: image]
Equation 18 can be transferred into Eq. 25
[image: image]
When [image: image] reaches its optimal value, the equality [image: image] is satisfied.
(3) DR constraint
[image: image]
The Big-M method is applied to linearize constraint Eq. 26, which is the same as the linearization of Eq. 14.
(4) Power balance constraint in LA
[image: image]
[image: image] is the inelastic load of LA.
Thus, in the optimal scheduling model for LAs, the decision variables are [image: image]. The objective is to minimize Eq. 16 while satisfying the constraints Eqs. 21–27.
SOLUTION PROCESS
Robust Counterpart for Power Flow Constraints
If node n is the leaf node of ADN, [image: image] and [image: image] can be derived according to Figure 2. As a result, the first two equations in Eq. 10 can be further expanded as follows:
[image: image]
We denote [image: image] as the set of nodes in the distribution network topology. According to Eq. 28, the linear relationship between line transmitting power and node load can be obtained:
[image: image]
The last equation in Eq. 10, which represents the relationship between the line transmission power and the node voltage magnitude, can be further expanded into:
[image: image]
According to the graph theory, we can obtain [image: image] from the radial topology of distribution network. By plugging Eqs. 12 and 29 into Eq. 30, the relationship between node voltage magnitude and each controllable resource’s power can be gained, which can be described in a matrix expression:
[image: image]
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The uncertain variables and controllable variables are separated in Eq. 31. [image: image] is a vector consisting of nodes’ voltage magnitude of the nodes except the root node (assuming that the voltage magnitude of substation node is always equal to [image: image]). [image: image] is a vector whose elements are all equal to [image: image]. [image: image] and [image: image] are the active and reactive line flow vectors. [image: image] and [image: image] are the active and reactive node load vectors. [image: image] and [image: image] are the coefficient matrixes of Eq. 30. [image: image] is the coefficient matrix of Eq. 29. We denote [image: image] and [image: image].
Soyster intially gained the solutions under the worst situation of uncertain parameters through linear robust optimization (Wang et al., 2018). The traditional robust optimization methods adopt the Soyster robust framework (Peng et al., 2014; Liang et al., 2019), which is too conservative in most situations. To reduce the conservativeness, this article adopts the Bertsimas robust optimization framework in which the result with different robust levels can be obtained by adjusting the robust coefficient. According to the principle of the Bertsimas robust optimization and Eq. 31, the voltage security constraints Eq. 11 have to be satisfied despite of the uncertainty of renewable DG’s output. As a result, the robust counterpart of voltage security constraints of node i is expressed as follows:
[image: image]
[image: image] and [image: image] are the auxiliary variables, which are introduced to remove the absolute value function in Eq. 9. [image: image] is the robust coefficient. [image: image] belongs to [image: image], where [image: image] is the set of uncertain sources. Assuming that the prediction error percentage of same kind renewable DGs at different nodes is same at the same time, we can derive [image: image]. The optimal result under different robust levels can be obtained by adjusting [image: image]. By introducing auxiliary variables, the uncertain variables in the robust counterpart Eq. 33 can be eliminated according to strong dual theory. Constraint Eq. 33 is converted into the constrain types with only deterministic variables and controllable variables, which is shown in Eq. 34. Besides, the constraints of auxiliary variable, which is shown in Eq. 35, should also be considered in the optimization model.
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[image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are the nonnegative dual variables corresponding to inequality constraint in Eq. 33.
Distributed Optimization Based on Analytical Target Cascading Method
Since the ADNs and LAs are physically connected to each other, the power interaction [image: image] between the ADN and the LA makes the optimal scheduling of the ADN and the LA affects each other and difficult to be solved independently. To decouple the problem, the exchanging power is equivalent to the virtual controllable load and virtual controllable DG. The decoupling scheme is shown in Figure 3. From the perspective of the ADN, the purchasing power of each LA [image: image] can be regarded as a virtual controllable load [image: image] which is controlled by the ADN. From the perspective of the LA, the purchasing power at the bus can be regarded as a virtual controllable generator [image: image] supplying electricity to its users and controlled by the LA at the same bus. As a result, the coupling purchasing power [image: image] can be decoupled into virtual controllable load [image: image] and virtual generator [image: image], and solved in the optimal scheduling model of the ADN and the LA, respectively.
[image: Figure 3]FIGURE 3 | Decomposition scheme of the ADN and the LA.
ATC is a parallel processing algorithm to solve the coordination problem with distributed hierarchy and performs well in convergence and stability despite the system scale. ATC can realize the parallel coordinated solution of different stakeholders and can ensure the security of private data inside each stakeholder. In the iterative process of ATC, the upper system (which is the ADN in this article) solves its scheduling problem and sends target information to the lower system (which is the LA in this article). The lower system calculates the response information according to the target information and feeds it back to the upper system. The upper system updates its scheduling problem based on the feedback results. The optimization is processed alternately in these two hierarchies, until the setting convergent condition is met. Since the ADNs and LAs only need to interact with expected exchange power with each other in the framework of ATC, the private data, like the topology parameter of the ADN and the cost functions of LAs, will not be exposed.
When the ADN solves its own optimal scheduling problem, the virtual controllable load term [image: image] is optimized by the ADN, and the optimized value [image: image] of the virtual load variable is sent to LA i in the form of parameters. While minimizing its own cost, the LA needs to consider the coordination between the virtual controllable DG and virtual controllable load. The Lagrange penalty function is introduced to the objective function of the LA to express the deviation between the virtual DG [image: image] and the virtual load [image: image] optimized by the ADN. As a result, the objective function of the LA is relaxed into Eq. 36
[image: image]
[image: image], [image: image], [image: image] are the Lagrangian multipliers. If the deviation between the virtual generator [image: image] of LA i and the virtual load [image: image] optimized by the ADN is not small enough, the Lagrange penalty function will increase the cost of LA i, which makes the result not optimal.
Similarly, if the ADN is connected with [image: image] LAs, [image: image] Lagrangian penalty functions are introduced into the objective function of the ADN, representing the deviation between the virtual load [image: image] controlled by the ADN and the optimized virtual generator [image: image] of each LA. The objective function of the ADN is relaxed into Eq. 37
[image: image]
Therefore, in the scheduling model based on ATC, the optimal scheduling of the LA consists of Eqs. 36, 21–27, and the optimal scheduling of the ADN consists of Eqs. 37, 6–13, 15. Each system solves its own optimal scheduling problem independently and exchanges boundary variables [image: image] and [image: image] until the convergence condition is satisfied.
Based on the principle of ATC, we can obtain the parallel solving process which is shown in Figure 4. The setting convergence condition of the coupling constraint is expressed as:
[image: image]
[image: image] is the convergence accuracy. k is the iteration times. When the convergence condition is not satisfied, the Lagrangian multipliers will be updated as follows:
[image: image]
Considering that LA will not participate in the DR program when there is no DR incentive [image: image],the coefficients of augmented Lagrangian penalty in LA’s optimal dispatching problem are modified as follows:
[image: image]
[image: image] is the constant whose value is larger than 1. By applying Eqs 20, 40, LA will participate in the DR program only when [image: image].
[image: Figure 4]FIGURE 4 | Flow chart of distributed economic dispatch based on ATC.
CASE STUDY
Case Introduction
This section focuses on simulation in the case of grid-tied LA. The IEEE 33-bus distribution system connected with three LAs is used as the simulation system, shown in Figure 5. The normalized daily load and forecast output of PV and WT can be found in the article by Yong et al. (2018). The ADN is a 12.66 kV system. The upper and lower limit of voltage magnitude are set to 1.05 and 0.95 pu, respectively. The total load of the ADN is 3.715 MW + j·2300 MVar. The installed capacity of PV and WT are both 300 kW. The maximum prediction error is 30% of its predicted value. The robust coefficient Γ is set to 1.2. The DR incentive is 0.4 ¥/kWh. The interruptible load and shiftable load are both 20% of the total load in LA. The trading price between the ADN and the LA is 0.55 ¥/kWh. The parameters of controllable DG and flexible load are shown in Tables 1 and 2. The TOU price of the main grid is given in the article (Liang et al., 2019). The problem is solved by adopting commercial software CPLEX 12.9.0 through YALMIP in MATLAB on a 1.8 GHz, 16 GB machine, whose convergent gap value is set to 10−4. The convergence accuracy of ATC is set to 10−4.
[image: Figure 5]FIGURE 5 | Topology of a modified 33-bus system connected with three LAs.
TABLE 1 | Parameters of controllable DG.
[image: Table 1]TABLE 2 | Parameters of flexible load in LA.
[image: Table 2]Result Analysis
Optimal Scheduling Result
Figure 6 shows the output of controllable DG. DG1 is off during 1–7 h and t = 24 h, as the TOU price in the main grid during these periods are lower than the unit cost of DG1. Due to the ramping rate constraints, DG1 gradually increases its output since t = 6 h until it reaches its maximum value before the peak period. Compared to DG1, DG2 starts increasing its output at t = 2 h due to its higher capacity. DG1 and DG2 both maintain high output during 10–21 h and gradually decrease their output since t = 21 h, with the end of the peak period. Seen from the DGs’ marginal price in Figure 7, the marginal cost of controllable DGs is higher than the TOU price in some period. This is because the controllable DGs have to generate more power to protect the ADN from voltage violation caused by the fluctuating output of renewable DG. With the increasing output of DG, the voltage drop on the distribution line will be decreased due to the less power transmitted through the distribution line.
[image: Figure 6]FIGURE 6 | Output of controllable DG.
[image: Figure 7]FIGURE 7 | Marginal cost of controllable DG.
According to the result, [image: image] is equal to 1 during 7–23 h, as the trading prices between the ADN and the LA during these periods are lower than the TOU price in the main grid. Denote [image: image] as the variation of the LA’s purchasing power after the DR program. The calculation of [image: image] is given as follows:
[image: image]
Figure 8 shows [image: image] of each LA. Under the DR incentive, the LA reduces its power consumption in the flat and peak periods and transfers part of the load from the DR period to the valley period, which demonstrates LA’s role in peak shifting and valley filling under DR incentive. The LA can obtain additional income by participating in DR, which will also help the ADN reduce its higher power supplying cost in peak and flat periods and make extra electricity selling profit in the valley period.
[image: Figure 8]FIGURE 8 | Variation of LA’s purchasing power afterthe DR program.
Performance of ATC
Figure 9 illustrates the convergence performance of the ATC algorithm for the ADN-LA power exchange. The applied distributed optimization scheduling method is stably convergent after 112 times iteration, which means it does not require many computing resources. By applying the ATC algorithm, the optimization times of the LA and the ADN and the communication burden between them can be reduced. Besides, the LA and the ADN only need to send their expected purchasing power to each other in the iteration process. The privacy data inside the LA, such as the cost function of the LA, is unknown to the ADN. As a result, the privacy and security of users’ data can be guaranteed.
[image: Figure 9]FIGURE 9 | Convergence curve of ATC.
To further demonstrate the effectiveness of the proposed method, three scheduling models are used to calculate the operating costs of the ADN and each LA. The three scheduling models are as follows:
(1) Centralized DLC model: assuming that the ADN can directly control the flexible load of users and that the ADN and LAs are regarded as the same stakeholder, the total cost of the ADN and LAs is taken as the objective function, and the centralized optimization method is applied to solve the problem.
(2) The “Source changing with load” model (Wang D. et al., 2016): LAs solve their optimal scheduling problem based on the electricity price and DR incentive of the ADN. Then the ADN makes its scheduling plan according to the result of LAs’ optimal scheduling problem.
(3) The distributed optimization method based on ATC in this article.
The results of different scheduling models are compared in Table 3. The total cost of the centralized DLC method is the lowest among Table 3, but the cost of each LA is higher than that of other methods, which means the total cost is decreased at the expense of each LA. Besides, the ADN needs to collect the relevant parameters of the flexible load under the centralized DLC model, which makes it difficult to guarantee the privacy of users. The benefits of each LA can be ensured under the “source changing with load” model. However, the cost of the ADN and total cost of this model are the highest due to the lack of enough interaction between the ADNs and LAs. Under the distributed optimization model based on ATC where the optimal scheduling problems of the ADNs and LAs are decoupled and solved independently, the economic benefits of LAs and the ADNs can be reconciled, and the privacy and security of users’ electric power data can be guaranteed. Although it takes more time to gain the results through distributed optimization due to its iterative process, the distributed method based on ATC is still fast enough to be applied in the day-ahead optimal scheduling and is more applicable than the centralized optimization for its advantage in guarantying the security of the private data inside each subject.
TABLE 3 | Comparison of cost and solving time with different methods.
[image: Table 3]Robustness and Economy Analysis
To further study the influence of robust level on the optimization results, uncertainty analysis is presented in this article. We denote the violation rate to quantitatively measure the influence of uncertain parameters on voltage security. The violation rate is calculated as Eq. 42 through the Monte Carlo simulation where all uncertain parameters are assumed to follow uniform distribution.
[image: image]
[image: image] is the set of 1,000 renewable DGs’ output scenarios generated by the Monte Carlo simulation. The randomly generated output of renewable DG and the optimal scheduling results are substituted into the topology of the ADN for power flow calculation to obtain the power flow distribution of the ADN. [image: image] is the set of scenarios where the voltage safety constraint is not satisfied.
When Γ takes different values, different solutions with different levels of robustness can be obtained (compared in Table 4). For the ADN, different levels of robustness make it possible to make trade-offs between the economy and voltage level.
TABLE 4 | The economy and violation rate of schedules under different robust levels.
[image: Table 4]It can be seen from Table 4 that the cost of the ADN increases with the increasing Γ. The rise in cost was mainly due to the increasing cost of controllable DG. Controllable DG needs to increase its output and reduce the transmission power through distribution network lines, which indicates the role of controllable DG in voltage supporting under uncertain environment. When Γ is less than 1.2, the violation rate goes on declining rapidly, while the cost of the ADN rises with the increasing Γ. This result demonstrates that the ADN has to cost more to improve its power quality under an uncertain environment. However, declining speed of the violation rate is close to 0 when Γ is larger than 1.2, which means the ADN has to cost much more to reach a higher robust level when the current robust level is relatively high.
The robust optimization model proposed in this article is equivalent to the deterministic optimization model when Γ is equal to 0. The cost of the ADN is the least in Table 4 when no uncertainties are considered. However, it does not mean that the solution obtained by deterministic optimization is better than that by robust optimization. The voltage violation rate of deterministic optimization exceeds 90%, which results in the poor power quality caused by insufficient voltage support. The robust optimization model is equivalent to the completely robust optimization model when Γ is equal to 2 in which all uncertainty is considered. While short time voltage violation is allowed in the practical operation of distribution network, the result of completely robust optimization model is too conservative for considering every possible situation, resulting in its highest cost. However, the completely robust optimization model is applicable in the system with high reliability and quality requirements. Therefore, the ADN can select the appropriate robust level according to the practical operation requirements for power supplying.
Effect of DR Incentive
Table 5 shows the effect of DR under different DR incentive. With the increase of DR incentive, the total DR power is also increasing, which means that LAs are more willing to participate in the DR program with higher incentive. LAs can help the ADN reduce power supply cost by peak shifting and valley filling. When the [image: image] is less than 0.4, the operating cost of the ADN will decrease with the increasing DR incentive. Although the ADN has to pay more compensation to LAs with the higher [image: image], more benefit will be brought to the ADN by the higher participation of LAs in the DR program. However, when [image: image] is larger than 0.4, the benefit brought by the higher DR participation is less than the compensation. As a result, the cost of the ADN starts to increase as [image: image] increases from 0.4. Therefore, the ADN can further reduce its operation cost by making the appropriate DR incentive according to the response of LAs.
TABLE 5 | Effect of DR under different DR incentive.
[image: Table 5]CONCLUSION
In this article, a distributed and robust optimal scheduling model of the ADN with LAs is proposed. The global optimal scheduling of the whole distribution system is realized by the autonomous energy management of the ADN and the LA. In the meanwhile, the influence of renewable DG’s uncertain output on the voltage security constraints is also considered in the optimal scheduling model of the ADN.
Numerical simulations on a modified IEEE 33-bus system have verified the effectiveness of the proposed method. The simulation results show that the proposed distributed optimization framework of ADN with LA performs well in convergence and reconciling the interest of the LA and the ADN compared to the traditional centralized DLC model and “source changing with load” model. Besides, the economy and the voltage violation rate of scheduling plans with different robust levels are compared quantitatively. The proposed robust optimization method allows the ADN to make a trade-off between the economy and voltage level, by choosing the schedules with different robust levels. Finally, the costs of the ADN under different DR incentive are also compared. The ADN can further reduce its operation cost by making appropriate DR incentive according to the response of LAs.
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