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Accelerating the penetration of renewable energy (RE) in energy consumption is an important method to realize the promotion of CO2 emission peaking and carbon neutrality. The energy transaction between two microgrids (MGs) makes up for the limitations that a single MG cannot deal well with the intermittence and fluctuation of RE in the real-time scheduling of the system. Multi-microgrids (MMGs) composed of multiple MGs have become an effective supplement to China’s power system. However, extreme weather and natural disasters can easily cause fault shutdown of wind turbines (WTs) and photovoltaics (PVs) in the microgrid (MG). To better balance the flexible load curtailment and satisfaction of MMGs, this paper proposes a coordinated scheduling model for MMGs. This model covers the WT, the PV, the fuel cell (FC), the energy storage system (ESS), and flexible load curtailment. First, the energy management system (EMS) of MMGs collects information on all the distributed generators’ output and three types of loads. The contribution bargaining game is applied to realize the energy transaction between each two MGs. Second, balancing multi-microgrid satisfaction and the profit of each MG is taken as the objective function, and the scheduling strategy of each MG is formulated. Also, an improved optimization method is applied to solve the amount of flexible load curtailment of each MG and realize the reasonable scheduling of MMG in the fault state. In the case study, the superiority of the model and the proposed method has been verified.
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INTRODUCTION
To achieve peaking CO2 emissions by 2030 and carbon neutrality by 2060, China is improving the generation structure of the power system. To achieve peaking CO2 emissions by 2030 and carbon neutrality by 2060, China is improving the generation structure of the power system. In the power system, increasing the penetration of renewable energy (RE) in energy consumption can not only reduce CO2 emissions but also solve the problem of fossil energy shortages (Ghenai and Bettayeb, 2019). However, large-scale RE integration into the distribution network will affect the stability of the system, reduce the peak shaving ability of the system, and affect the power quality (Khenissi et al., 2020). The use of microgrids (MGs) can not only solve this problem but also advance the further development of RE (Güney, 2019). The promotion of microgrids (MGs) is an important way to absorb more RE, but a single MG cannot deal well with the intermittence and fluctuation of RE in the real-time scheduling of the system. For example, if the RE is in the intermittent period, wind turbines (WTs) or photovoltaic (PVs) will not work, which is defined as the fault shutdown state of WTs or PVs (Cao et al., 2021). The fault shutdown state of WTs or PVs usually results in an imbalance between the supply and the demand of the MG (Novoa et al., 2019). At this time, to balance the supply and demand of the MG, the system will curtail flexible load or use fuel cells (FCs), micro-turbines (MTs), and diesel generators (DGs). However, curtailing too much flexible load will reduce the electrical comfort of the consumers; excessive use of FCs and other equipment that consumes fossil fuels to generate electricity will not only reduce the economic benefits of the system but also cause environmental pollution (Mohandes et al., 2020). A smart distribution system consisting of multiple MGs has huge advantages in solving the above problem. In multi-microgrids (MMGs), the energy transaction among MGs not only reduces the power purchased by the faulty MG from the distribution network but also continues to provide power to users to a greater extent.
In Kong t al. (2020) and Liu et al. (2020), the cost-effective scheduling of the MMG in the normal status had been studied. At present, some scholars had turned their attention to the load recovery of MG after natural disasters (Wang et al., 2019; Nazemi and Dehghanian, 2020), but MG operation inevitably encountered other faults. The energy management system (EMS) could deal with the fault problems in the dispatching process (Marquez et al., 2021). Handling such problems can be divided into island division, load curtailment, economic dispatching of MG, etc. Islanding division divides the fault MG into its internal available parts. In the literature Oboudi et al. (2020), the probability model of MG was proposed under the islanded operation mode to divide the MG into self-sufficient islands. In Hosseinnezhad et al. (2018) and Beyza and Yusta (2021), the optimal division of MG for load curtailment after a power shortage caused by serious interference in the distribution network was discussed. A two-stage solution method was proposed to determine the division and removal of load, and the load priority and controllability were considered. In Rodrigues et al. (2020), it was studied that, in the case of MG fault, the longest operation time of island MG is the goal to improve the autonomy of island MG. The longest operation time meant that the satisfaction of MG needed to be sacrificed. As shown in Bagdadee and Zhang (2020) and Zhang et al. (2020), the MG reconfiguration scheduling method was used to reduce load interruption and power generation costs. Islanding division can divide the load according to the power provided by each region, but MG division will cause a great risk of power grid reconstruction, and islanding division is only to ensure the safety of the system. When islanding division, it is necessary to ensure that the number of switch changes is as few as possible; otherwise, it will cause multiple divisions, resulting in the satisfaction of the load that cannot be guaranteed.
A commercial solver was used to solve the mixed-integer linear programming to minimize the operation cost and coordinate multiple power carriers in the island mode (Li and Xu, 2018). This paper mainly studied the impact of output device on MG economy in the island mode. In the island mode, the load was fully supplied, and the full supply of load caused the economic loss of MG. In Moslehi and Reddy (2018) and Mishra et al. (2020), modeling the recovery capability of fault MG could better improve the recovery capability of the system, but the fairness of removal was not mentioned. Two stages were used to restore the critical load of the distribution network as much as possible when events with high impact and low probability occurred (Kahnamouei and Lotfifard, 2021). As discussed in Lei et al. (2019) and Afrakhte and Bayat (2020), the backup power supply such as the energy storage system (ESS) and electric vehicles was used to reduce load curtailment. Although load curtailment was improved, the backup power supply increased the installation and operation costs. Load curtailment was usually related to MG satisfaction. Curtailing too much flexible load reduced the MG satisfaction, and curtailing too little flexible load increased the cost of MG. To meet MG satisfaction or the economic profits of MG operators, it is necessary to balance the flexible load curtailment of MG and the economic profits of MG operators.
The economic scheduling of MG dispatches the internal output device with the economic operation of MG as the core, to meet the constraints and cut off the load. Nelson et al. (2020) studied the economy of MG from the perspective of the generator set and showed that, under island operation, the hybrid MG was more economical than pure generator MG, which improved the resilience of MG. In the case of the island, the charge state of the ESS will supplement the fault of the generator set and affect the resilience of MG. As discussed by Goyal and Ghosh (2016) and Hamzeh Aghdam et al. (2018), the emergency problem of the fault of distribution network operators was considered, and the power complementarity between MMGs was studied to reduce unnecessary load curtailment. The article did not consider the problem of load curtailment caused by insufficient energy. Wang and Wang (2015) proposed a two-stage stochastic rolling optimization model, which maximized the profit of MG during fault operation by scheduling the output of controllable distributed generation and ESS. In the fault period, the economic dispatching of MG meant that the power provided by the operator for the load could not affect its profit; otherwise, the load would be cut off to ensure the profit of MG, and the relationship between MG satisfaction and profit should not be ignored (Xu et al., 2020; Chen et al., 2021).
Bi-level programming is one of the commonly used methods to solve MGs. In Lyu et al. (2020), the upper layer reduced the power loss of energy mutual assistance between MGs by optimizing the use of controllable power supply of MG, and the lower layer suppressed the impact of power fault on MMGs through the economy of MG. Lai et al. (2019) studied the impact of ESS on emergencies to reduce the load of the system. Bi-level programming was used to improve the economy of the system. Bi-level programming needed information iteration between attackers and schedulers, which enhanced the complexity of the system. Ahmadi et al. (2020) studied the schedulable distributed generator and emergency load shedding self-healing scheduling method of MMG. The upper EMS was responsible for the optimization of MMG, and the lower EMS was responsible for the self-healing of MG in case of fault. The use of bi-level optimization simplified the calculation of the target, but the information was needed to be transmitted back and forth between the MMG EMS and the MG EMS, which improved the complexity of system calculation and was easy to cause the problem of information leakage. In addition, Jiang et al. (2020) and Qiu et al. (2020) carried out the recovery process in stages to reduce the operation cost and load curtailment of MG.
Compared with the existing studies, the main contributions of this paper are listed as follows:
• The MMG satisfaction model is established so that the MMG with different load types can cut off the flexible load according to the MG satisfaction.
• A contribution bargaining game is established to make the energy transaction between MGs fairer and enable MGs to actively participate in the transaction.
• Combining the two objective functions of MMG satisfaction and MG profit, the optimization method is used to balance the removal of MG flexible load and MG profit.
• The utilization rate of RE is improved, and the output of traditional generator sets is reduced.
The rest of this paper is organized as follows. Multi-Microgrid Model describes the MMG model. In Optimization Model, the objective function and constraints are given. Results and Discussion analyzes and discusses the results. Conclusion concludes this paper.
MULTI-MICROGRID MODEL
Distributed generations are the basic component of MMG, and it is necessary to analyze their output characteristics and working principles to establish the corresponding models. In this paper, the MMG includes the WT, PV, FC, and ESS. The following is the analysis and modeling of distributed generation in the system.
WT Model
WT is a device that can convert wind energy into electric power, which can realize RE to replace traditional power generation and effectively realize the goals of peaking CO2 emissions and carbon neutrality. The blade rotation of the WT drives the generator set to generate electricity. The blade rotation is affected by the wind speed, and the control system adjusts the working state according to the power generated by the wind turbine generator. For example, when the generator output is above 15% of the rated power for 10 min and above 50% of rated power for more than 2 s, the wind speed is lower than 3 m/s and the mechanical brake stops power generation. However, the wind speed is intermittent and uncertain, which changes with the changes of meteorological and topographic factors such as temperature, landform, and atmospheric pressure. The relationship between the actual power generated and the wind speed is shown as follows (Guofa, 2020):
[image: image]
where [image: image] and [image: image] are the actual output and rated output power of the WT, respectively, and [image: image], [image: image], and [image: image] are the rated, cut-in, and cut-out wind speed of the WT, respectively. It can be seen from Eq 1 that when the current wind speed is between the cut-in and cut-out wind speed, the WT outputs according to the rated power [image: image]. It outputs according to the given model when the wind speed reaches [image: image]. When [image: image], to avoid damage to the unit equipment due to excessive wind, the WT is in the fault halting work state.
PV Model
A PV generator is a device that can convert solar energy into electric power. Like the WT, it could reduce carbon emissions. In addition, it has no noise pollution and has free location distribution. It can be installed in buildings, houses, and other places. Similarly, PV output is affected by natural conditions such as light intensity and ambient temperature; under standard temperature and light intensity, the light intensity is less than 20%, PV is in a fault shutdown state, and power generation is stopped. The relationship between actual PV output [image: image] and light intensity [image: image] is shown as (Guofa, 2020)
[image: image]
where [image: image] is the standard light intensity; [image: image] is the maximum output power under standard conditions; [image: image] and [image: image] are the actual temperature and reference temperature, respectively; and [image: image] is the power temperature coefficient.
FC Model
FC is a device that converts the chemical energy of fuel and oxidant into electrical power by chemical reaction. Compared with the WT and PV, the FC has the advantages of fast response and stable power supply, while the disadvantage is that it will produce pollution while burning natural gas to provide power. However, the output cost and conversion efficiency will affect the output of FC, as shown by
[image: image]
where [image: image] is the power generation cost of the FC, [image: image] is the output power of the FC, [image: image] is the fuel cost, and [image: image] and [image: image] are the low calorific value of natural gas fuel and the conversion coefficient, respectively.
ESS Model
The ESS converts power into other forms or the same form through chemical or physical methods, stores it in the equipment, and releases it when necessary. In the power system, the combination of distributed generation and ESS can not only improve the consumption of RE but also overcome the intermittence and uncertainty of RE. When the battery is in use, the charge state is used to represent the electric quantity. The charge state during charge and discharge is shown as
[image: image]
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where [image: image] and [image: image], respectively, represent the state of charge (SOC) of the battery at time [image: image] and [image: image]; [image: image] is the self-discharging rate; [image: image] and [image: image], respectively, represent the charging power and discharge power; [image: image] and [image: image], respectively, represent the charging and discharge efficiency; and [image: image] is the rated capacity of the battery.
OPTIMIZATION MODEL
The WT and PV are always affected by the weather in their daily work (Amirioun et al., 2019), resulting in uncertainty and intermittence in their power generation, which often stops working, bringing great trouble to dispatchers. This paper takes MG1, MG2, and MG3 as the research objects, which are composed of industrial, residential, and commercial loads, respectively. As shown in Figure 1, black lines indicate the power flow within the distribution network, the green signal flow represents the information exchange between the MG EMS and the MMG EMS, and the blue line represents the power flow between MGs, including the output information of WT, PV, FC, ESS, and load. The load can be divided into flexible load and rigid load (Wu and Wang, 2018). Rigid load refers to the part of power demand that cannot be curtailed, such as lighting, elevator, emergency light, and other electrical equipment. Flexible load refers to the load that can be coordinated or transferred according to the energy of the power grid. For example, the washing machine is arranged to wash clothes at night during low peak hours and the air conditioner is adjusted to reduce power during peak hours. When the industrial MG is intermittent and uncertain of RE, the WT and PV are stopped. At this time, the connection switch is turned on for a short time to purchase energy from other MGs. After meeting the load demand, the connection switch is turned off to prevent power flow. The coordination and interaction between MGs make the flexible load curtailment satisfaction of MMG reach a balance with the profit of MG.
[image: Figure 1]FIGURE 1 | Topology of the MMG.
MMG Satisfaction
In the fault state, due to the limitations of generator sets and power connecting lines, the EMS of MMG needs to cut off the flexible load to ensure the safety and economy of MG. However, the flexible load curtailment of MG will reduce the satisfaction of MG and affect the user experience and the safety of the MG. The more flexible loads are curtailed, the lower the satisfaction of the MG. Therefore, the satisfaction of the MMG is shown as (Kaijun and Junyong, 2018)
[image: image]
where [image: image] is the satisfaction coefficient and [image: image] and [image: image] are the power of flexible load curtailment and power demand before removal of MG [image: image] at time [image: image]. In the fault state, due to the insufficient output on the supply side, the EMS of the MMG needs to cut off the flexible load to ensure the power balance of the MG and the safe operation of the MG. However, the flexible load curtailment will reduce the satisfaction of MG, which is used to measure the capacity of the MG power supply.
Transaction Strategy Between MGs
The MG is connected through the power connection line. When there is a transaction between MGs, the logic switch of the power connection line is turned on for power transmission; otherwise, it is turned off, which can promote the consumption of RE and reduce the removal of flexible load. The transaction between MGs affects the removal of flexible load and then affects the satisfaction of MG. At the same time, if there are too many energy transactions, it will affect the profit of MG. Therefore, to reflect the fairness of the transaction between MGs, the energy transaction between MGs is carried out using a contribution bargaining game according to the power output information of each unit of MG by the EMS, as follows:
[image: image]
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where [image: image] is the transaction power demand of MG; [image: image] indicates that there is a transaction demand of MG; [image: image] is no transaction demand of MG; [image: image] and [image: image], respectively, represent the purchase and sale price and purchase and sale energy of MG [image: image] at time [image: image]; [image: image], [image: image],[image: image], [image: image], and [image: image], respectively, represent the load demand, the power purchased by MG from the distribution network, and the output of WT, PV, and FC; and [image: image] is the contribution factor, which is determined according to the [image: image] proportion of the demand of MG [image: image] at time [image: image]. [image: image] is divided by the total demand. When [image: image], it means that the power of MG [image: image] is insufficient; on the contrary, there is surplus power. The contribution factors can make the MG with higher output sell more energy. Similarly, when buying energy, those with large demand are allocated more energy. This distribution mechanism not only ensures the enthusiasm of energy surplus MG to sell energy but also enables energy-deficient MG to participate in the transaction.
Dispatching Profit of Each MG
The MG EMS receives the output information from the MMG EMS, manages the output of FC, WT, PV, and ESS, loads in the MG, and achieves the goal of maximizing its profits. The cost of purchasing reactive power and other auxiliary services from the distribution network is not considered in this paper. The management strategy is shown in Figure 2. The dispatching profit of each MG can be expressed as follows:
[image: image]
where [image: image] represents the energy sales revenue from the MG to the consumer; [image: image] represents the selling price; [image: image] is the power of the flexible load curtailment; [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], respectively, represent the energy purchase from the MG [image: image] to the distribution network, the output of FC, WT, PV, and ESS, and the energy purchase and sales between MGs at time [image: image]; [image: image] represents the purchase and sale price from the distribution network; [image: image] represents the purchase; [image: image] represents the sale of energy from the distribution network; and a, b, c, and d are the cost factors.
[image: Figure 2]FIGURE 2 | Energy management strategy diagram.
Evaluation Index of RE Utilization
To evaluate the ability of MMG to absorb RE, this paper proposes the utilization rate of RE (URRE) as the evaluation index, which can be defined as follows:
[image: image]
where [image: image], [image: image], [image: image], and [image: image], respectively, represent the output of WT and PV, the energy sold by the MG to the distribution network, and the actual maximum power generation of WT and PV.
Objective Function
The MG sends the information of each unit to the MMG EMS for optimization. There is no need to transfer information back and forth between the MG EMS and the MMG EMS, as shown in Figure 3. Using the contradictory relationship between the profit of MG and the satisfaction of MMG, a balance point needs to be found between the individual profit of MG and the overall satisfaction of MMG to ensure their rationality. Therefore, the objective function can be expressed as follows:
[image: image]
where [image: image] and [image: image], respectively, represent the satisfaction after and before load curtailment and [image: image] and [image: image], respectively, represent the profit of the MG after and before load curtailment. The decision variables are [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], and the constraint conditions meet Eqs. 13–21 in the manuscript.
[image: Figure 3]FIGURE 3 | Optimization solution flow chart.
Constraint
The EMS of MMG considers not only the flexible load curtailment of each MG but also the transaction balance constraints between MGs. Eqs. 13, 14 are the flexible load curtailment constraints of each MG:
[image: image]
[image: image]
where, [image: image] is the proportion of flexible load.
Eqs. 15–17 are the power purchase and sale constraints between MGs, that is, the energy purchase and sale shall be within the maximum acceptable range of MG, to prevent simultaneous purchase and sale of energy and earn intermediate profit:
[image: image]
[image: image]
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Eq 18 is the balance constraint. The power balance of MG is the basic condition to ensure system safety and user experience, which includes the energy purchase from the distribution network and FC, WT, and PV generator output limits:
[image: image]
To ensure the service life, safety, and reliability of the battery during use, it must also be restrained as follows:
[image: image]
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where [image: image], [image: image], [image: image], [image: image], and [image: image], respectively, represent the charge power, discharge power, rated power, and minimum and maximum SOC of ESS. Eq 21 ensures that the ESS cannot charge and discharge at the same time.
RESULTS AND DISCUSSION
Designed Scenario
This paper takes MG1, MG2, and MG3 as the research objects, which are composed of industrial, residential, and commercial loads, respectively. These loads have different demand characteristics, in which the industrial load includes 10% flexible load and the commercial load includes 20% flexible load. According to the importance of load, the satisfaction sensitivity of the three loads is also different. The industrial load sensitivity is the highest, the commercial load is the second, and the residential load is the last. The 15 min load active power demand curve is shown in Figure 4. The commercial load peak is 09:00–18:00, the residential load peak is 18:00–23:45, and the industrial load peak is 08:00–18:00. The wind speed and light intensity conditions of the three MGs are quite different. The 15 min PV and WT output curves are shown in Figure 5. The intermittent RE of MG 1 occurs at 10:00–15:00, resulting in the fault shutdown of the WT and PV generator. The installed capacity of each unit of MG is shown in Table 1. The experimental environment uses Intel (R) Core (TM) i7-6700hq CPU @ 2.60GHz, Matlab (2020) commercial fmincon solver.
[image: Figure 4]FIGURE 4 | 15 min active power demand curve.
[image: Figure 5]FIGURE 5 | Output curve of the 15 min PV and WT.
TABLE 1 | Installed capacity of each MG.
[image: Table 1]Analysis of Flexible Load Curtailment and Dispatching Results
According to the satisfaction of MMG and the balance of MG profit, the flexible load is cut off, as shown in Figure 6. At 10:00–15:00 MG1, the RE is intermittent, resulting in the fault shutdown of WT and PV. To ensure the safety constraints and economy of each MG, the flexible load of each MG is cut off. MG1 supplies the industrial load. At this time, the energies purchased from the distribution network, the use of FC, and the energies purchased from other MGs reach the limit. At this time, the satisfaction with the MG has been very low, so the load is restored to the limit value of 124.57kw. MG2 supplies the residential load. During this period, it belongs to the flat valley period of power consumption. In other periods, when the energy is insufficient, it is necessary to purchase energies from the distribution network or use FC to meet the load demand. Therefore, the flexible load is cut off to ensure the profit of each MG2. The supply of commercial load by MG3 belongs to the peak period of power consumption at this time. However, in order to improve the satisfaction of MG1, it is necessary to sell power to MG1, resulting in a shortage of RE. Like MG2, it is necessary to use FC or purchase energies from the distribution network to meet the load demand and ensure its own profit.
[image: Figure 6]FIGURE 6 | Flexible load curtailment curve.
The dispatching of each MG in the fault state is shown in Figures 7–9. MG1 faults during peak power generation of WT and PV, resulting in no surplus energy for MG to sell energies to other MGs. Although there is surplus RE at 03:30, 03:45, and 04:15–04:45, other MGs also have surplus RE at this time and do not trade energy. At 0:00–2:15, 05:00–06:15, and 21:45–23:45, MG1 purchases energy from MG3 and MG2, respectively, to meet their own load demand.
[image: Figure 7]FIGURE 7 | Power balance of MG1.
[image: Figure 8]FIGURE 8 | Power balance of MG2.
[image: Figure 9]FIGURE 9 | Power balance of MG3.
MG2 has surplus RE at 04:15–07:30, and at 03:00–04:45, other MGs also have surplus RE. At this time, MG2 charges the power storage. Due to the limitation of the power of the ESS, it cannot fully absorb the RE, so it sells the excess RE to the distribution grid, and at 05:00–07:30, it gives priority to selling energies to other MGs; after other MGs meet the load demand, they charge the ESS and finally sell energies to the distribution network. At 07:15–07:30, the bargaining transaction distribution mode, the energy sales to MG1 and MG3 tend to be evenly distributed. At 05:45, 06:30, and 06:45, MG3 wants to buy a large number of energies. If most RE is sold to MG3 at this time, the energy purchase revenue of MG1 will be reduced, the principle of fair bargaining is destroyed, and the negotiation breaks down. Only after the energy purchase of MG1 is satisfied, MG3 can purchase a large amount of purchase. At 00:00–00:45, MG3 has surplus RE, but the energy of MG3 cannot fully meet the demand of MG2. The ESS is used to discharge to meet the load demand. At 08:00–09:00 and 14:30–16:15, other MGs have no surplus RE and MG2 uses the energy stored by the ESS. At 21:45–23:45, MG2 is short of energy, but MG3 has surplus energy, so energy is purchased from MG3 to meet the demand of the load. From 10:00 to 15:00, to meet the load demand of MG1, MG2 sells RE to MG1 and meets its load demand through FC or purchasing energies from the distribution network.
MG3 has surplus RE at 00:00–05:30 and 21:45–23:45. Among them, 00:00–02:00 and 21:45–23:45 are insufficient, and MG3 sells energies to them. Similarly, it tends to be evenly distributed before one party fails to meet the energy purchase demand. A lot of energy can be purchased only after MG3 meets the demand, such as at 23:45. At 2:30–04:45, the energy of MG1 and MG2 can meet their own needs. At this time, MG3 charges the excess energy to the ESS; at 08:00–10:15, RE cannot fully meet the load demand, and ESS has a priority to releasing power to meet the load demand. After 10:00–15:00, MG1 fails and MG3 sells energies to MG1, and the FC is used to meet its own load demand in order to balance MG3 satisfaction and profit.
As shown in Figure 6 and Table 2, taking 23:00 and 23:45 as examples, at this time, MG3 has surplus RE, and the total number of RE is less than the sum of the demand for MG1 and MG2. MG1 needs a large number of RE. If MG3 sells a large number of RE to MG1 (strategy 1), MG2 has a small energy purchase and energy purchase income, which violates the fairness of bargaining, and the bargaining negotiation breaks down. At the time of 23:45, MG3 has surplus RE, and the total number of RE is greater than the sum of the demand for MG1 and MG2. Due to power restrictions, MG2 needs a little energy, so MG1 obtains more energy. This bargaining distribution model can reasonably distribute the MG3 surplus RE to other MGs.
TABLE 2 | Comparison of transactions between MGs.
[image: Table 2]As shown in Table 3, during the fault period, since the load curtailment of MG1 reaches the constraint boundary, both the strategy in this paper and the complete removal strategy reach the limit value. Although the dispatching of MG1 is in a loss state, the removal number of such flexible load can make MG1 the most satisfactory. When MG2 and MG3 are fully restored, no load is cut off to achieve the most satisfaction because their profits are sacrificed to improve the satisfaction of MMG. The strategy of this paper is to obtain more profits by balancing satisfaction and income and reducing satisfaction.
TABLE 3 | Comparison of satisfaction and profit between MGs.
[image: Table 3]The utilization rate of renewable energy is shown in the Table 4. The transaction between MG not only reduces the removal of load but also increases the utilization rate of renewable energy. Due to the fault of MG1 during the peak period of renewable energy power generation, the energy utilization rate is the highest and the wind and light abandonment are the least; MG2 and MG3 sell surplus renewable energy to MG1, increasing the consumption of renewable energy. Their energy utilization rates reached 99.81%, 98.73%, and 98.91% respectively.
TABLE 4 | Comparison of energy utilization.
[image: Table 4]COMPARISON OF SOLUTION METHODS
Comparing Figure 6 with Figure 10, the bi-level programming method curtails more flexible loads from MG2 in exchange for its profits. However, as shown in Table 5, MG2 will obtain a small number of profits by removing more flexible loads; MG3 cuts off a little flexible load in exchange for higher satisfaction. Compared with bi-level programming, the optimization solution method does not require information exchange between the MMG EMS and the MG EMS. In bi-level programming, the MGs can only coordinate their own output devices and cannot coordinate the three MGs from the perspective of the MG EMS. As a result, the total profit and total satisfaction of the MMG are not reasonably distributed. As shown in Table 5, the optimized solution method can make the income difference after the flexible load of MMG is cut off larger than that of the bi-level programming method.
[image: Figure 10]FIGURE 10 | Bi-level planning flexible load curtailment.
TABLE 5 | Comparison between optimization solution and bi-level programming solution.
[image: Table 5]CONCLUSION
In this paper, a coordinated dispatching model of MMG is proposed, which balances the two objective problems of MMG satisfaction and each MG profit in a fault state. It also effectively promotes the absorption of RE, peaking CO2 emissions and carbon neutrality. RE is uncontrollable power, which will change with the change of weather and temperature, resulting in intermittence and uncertainty of WT and PV, resulting in fault halting work. Due to the intermittent reason, an MG has to cut off the flexible load in order to meet the safety and economy; however, cutting off too much flexible load will reduce the satisfaction of MMG. This paper uses the optimization solution method to balance the satisfaction of MMG and the profit of each MG and cut off the load more reasonably. At the same time, the fair transaction between MGs can provide the necessary power for the faulty MG, overcome the intermittence of RE, increase the consumption of RE, reduce the flexible load curtailment of MGs, and improve the profit of MGs. The results of the case analysis show that the method proposed in this paper achieves a balance between the satisfaction of the MMG and the profit of each MG. Moreover, the results of the solution method used in this paper are better than those of traditional bi-level programming.
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