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Abstract

:

Regarding different challenges, such as integration of green energy and autonomy of microgrid (MG) in the multi-microgrid (MMG) system, this paper presents an optimized and coordinated strategy for energy management of MMG systems that consider multiple scenarios of MGs. The proposed strategy operates at two optimization levels: local and global. At an MG level, each energy management system satisfies its local demand by utilizing all available resources via local optimization, and only sends surplus/deficit energy data signals to MMG level, which enhances customer privacy. Thereafter, at an MMG level, a central energy management system performs global optimization and selects optimized options from the available resources, which include charging/discharging energy to/from the community battery energy storage system, selling/buying power to/from other MGs, and trading with the grid. Two types of loads are considered in this model: sensitive and non-sensitive. The algorithm tries to make the system reliable by avoiding utmost load curtailment and prefers to shed non-sensitive loads over sensitive loads in the case of load shedding. To verify the robustness of the proposed scheme, several test cases are generated by Monte Carlo Simulations and simulated on the IEEE 33-bus distribution system. The results show the effectiveness of the proposed model.
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1. Introduction


Over the past decade, energy demand has considerably increased because of energy-dependent lifestyle of humans, industries, and electric vehicles (EVs) [1]. Conventional power systems are traditionally designed and operate on key reliability principles of security and adequacy [2]; they cannot meet these enormous rising demands adequately. The up-gradation of power systems to smart grids has been considered to address the energy shortage problem, improve reliability, and facilitate the integration of renewable energy sources (RESs). One of the significant ideas in smart grid is microgrids (MGs). An MG is comprised of a segment of distribution framework, including distributed energy resources (DERs), and diverse end clients. An MG can operate in two modes: grid-tied and islanded modes. The MG generally works in grid-tied mode. In grid-tied mode, there is bidirectional flow of energy and information between an MG and different MGs or the power grid, i.e., an MG can absorb or supply power. In stand-alone mode, it only acts as a source, i.e., only supplies power to the connected load. DERs include distributed generator (DG) and distributed storage (DS) units with various limits. The DG can be controllable DG (CDG) or renewable DG (RDG): PVs and WTs. Integration of RESs (PVs and WTs) participates in cost minimization and reduction in load shedding. In an MG, energy is generated near the point of demand which reduces transmission and distribution losses, as well as grid expansion deferral. The whole operation of the MG is supervised by the MG energy management system (EMS) which incorporates power generation, energy storage, and load management programs. A fast energy management strategy is required for sound functioning of the MG with various DERs especially in autonomous mode [3,4,5]. The EMS performs optimal scheduling of all available energy resources and energy storage systems (ESSs) to meet load demands [6]. The optimal operation of smart grid is a great challenge due to uncertainties in the DGs’ generation, load requirement, real-time prices, and penetration of EVs. The MMGs system, the combination of different MGs, can deal with these uncertainties, to a large extent. The main objectives of considering MMGs are cost optimization and the reliability of the system.



Significant research has been conducted to put forward different algorithms and optimization models for MMG-EMS. However, these studies have some limitations in comparison to the vast literature available on the energy management of a single MG. A multi-step hierarchical optimization algorithm based on a multi-agent system considering adjustable power and demand response (DR) was proposed in Reference [6]. In Reference [7], authors proposed energy management of islanded DC MG with dual active bridge converter-based power management units and control interface. The optimized and coordinated strategies for energy management in MMGs were proposed, and a 69-bus system was used for case study in Reference [8]. According to References [9,10], the MGs could transfer energy and coordinate with each other to make the entire system reliable and stable. In Reference [11], the impact of DR, which was synchronous with the MMG-based operation of active distribution networks, was investigated, and the optimization problem was solved with non-dominated genetic algorithm-II (NSGA-II) and tested on an IEEE 69-bus distribution system. A multi-period optimal dispatch model was suggested for a distribution network with clustered MGs in Reference [12]; a modified hierarchical genetic algorithm was used to solve bi-level optimization problem and tested on IEEE 14-bus distribution system. A hierarchical decentralized system of systems has been studied for coordinating multiple autonomous microgrid systems with grid connection in Reference [13]. In Reference [14], a hierarchical multi-agent EMS was proposed to increase the utilization of RES based on the DR programs (DRP) and BESSs within the MG. Interconnected MMGs (IMMGs) have numerous benefits over the single MGs. First, IMMGs have good economic characteristics both in grid-tied [15,16] and in islanded modes [1,17] because energy sharing fulfills load demands of the MGs with their own cheap RESs, thus reducing the cost of generation based on fossil fuels and the power losses occurred in distant transference by trading energy among the MGs which are close to each other. Second, the IMMGs are more reliable than the single MG in reducing stress on the main grid.



In all of the aforementioned papers, the main focus of the research was to maximize the utilization of the cheapest controllable DG (CDG) by considering its generation price. Few papers considered the price of RESs to ensure maximum utilization of renewable sources. Most of the papers have sufficiently discussed the DRP or demand-side management (DSM) schemes to meet load demands. Moreover, some researchers have considered islanded individual MG, islanded MMG system and grid-connected MMG system for their studies. However, they overlooked the different combinations of MGs. The MMG system is the most optimized network and can operate in two ways: either as a cooperative or as an autonomous system. In the cooperative MMG system, the benefits of overall system will be considered in that it is not necessary that each individual MG is getting profit, whereas, in the autonomous MMG, each MG will consider and prefer its own benefit in that it is not necessary that the overall system is in the most optimized form. Therefore, it is possible that an MG is getting more benefit individually than to be a part of the cooperative MMG system, and vice versa. Furthermore, the types of loads and the load shedding of sensitive load have not been considered so far in the literature.



In this paper, a hierarchical EMS for the optimal operation of MMGs is proposed; the MGs are in islanded or MMGs connected mode. A two-level optimization, local and global, has been formulated. In local optimization, each MG acts autonomously and maximizes the utilization of RESs to meet load demand. In global optimization, there is a cooperative operation between the MGs which optimizes the overall system. This optimization strategy maximizes the utilization of cheap renewable energy, minimizes total cost, and reduces the load shedding. The total loads have been divided into two sets: sensitive and non-sensitive loads. The penalty prices of these loads are considered much higher than all other prices to avoid load shedding, whereas the penalty prices of sensitive loads are considered higher than that of non-sensitive loads to provide uninterrupted supply to sensitive load during load shedding. The proposed model is tested on the IEEE 33-bus test system, and the presented optimization problem is solved by differential evolution (DE) algorithm. Moreover, we have studied the proposed methodology for selected cases in order to check the robustness of the proposed scheme. For this purpose, we have used Monte Carlo Simulations (MCS) to generate the random cases of all total possible cases and run the numerical simulation of the proposed algorithm. Some of the major contributions of this study are summarized as:




	
A new energy management model to formulate day-ahead energy management problem for optimal operations of MGs is proposed which allows autonomous operation mode; each MG incorporates DG units (CDG, PV, and WT), a battery ESS (BESS), and its own EMS.



	
A two-step optimization problem is proposed. In the first step, each MG-EMS considers maximum local consumption of renewable energy, whereas, in the second step, the central EMS (CEMS) monitors the power mismatch, achieves optimal energy trading among MGs, and reduces load shedding.



	
A hierarchical EMS is developed in which the algorithm makes price-based decisions and selects the optimized options from the available resources. A methodology for the assessment of the energy management strategy is illustrated, which enables marking and examining the characteristics of MMGs.



	
Different scenarios and cases have been generated by MCS and tested on modified IEEE 33-bus distribution system; the results represent the stability of proposed algorithm and advantages of energy management system.








The rest of the paper is organized as follows. Section 2 focuses on the proposed MMG model and mathematical modeling of wind turbine and photovoltaic DGs. Section 3 explains the optimization formulation of the strategy: local and global. Section 4 refers to the simulations and case study of the modified IEEE 33-bus distribution system. Section 5 discusses the results, including the proposed scenarios and the cases generated by MCS. The conclusion is summarized in Section 6.




2. System Model


2.1. Configuration of Proposed MMG System


Figure 1 shows the proposed hierarchical two-step energy management system model. Each MG includes CDG, PV, and WT units which have sufficient power generation to fulfill its MG demands, BESS to reserve surplus energy in off-peak hours and utilize it in on-peak hours to avoid load shedding, and an EMS to make all this management possible. The EMS at the MG level ensures optimized energy management by utilizing all energy and ancillary services. In this paper, two sets of loads are taken into consideration: sensitive loads (SLs) and non-sensitive loads (NSLs). If a customer, in the event of low power generations, requires to shed loads due to shortage of power, the NSL is curtailed, and the SL gets uninterrupted supply. The CEMS is connected to each MG-EMS, central BESS (CBESS), and to the grid to coordinate the overall system to make it reliable and minimize emergency load shedding, which lowers the chance of system-collapse. The CEMS at the MMG level ensures interconnection of different autonomous MGs. The EMS of every single MG is also connected to the EMS of every other neighboring MG via power lines for power flow when needed. The MMG system, presented in Figure 1, has the following benefits: (i) they share reserves in on-peak hours or in crucial condition (e.g., faults on generation side or sudden increase in the load demand); (ii) economic dispatch in the whole system, either islanded or grid-connected; and (iii) a CBESS can serve critical loads after utilizing all available options and increases the resilience of the system.



For the purpose of simulations, wind speed and solar irradiance are modeled by implementing the Weibull [18] and beta probability distributions, respectively. Each MG has the freedom to take part in the MMG system. Otherwise, it can operate as an autonomous single islanded entity.




2.2. Wind Turbine DGs


2.2.1. Wind Speed Modeling


Different probability distributions are used to model variations in the wind speed. Weibull probability distribution is often used [19] and is also used in this paper. The probability density function of this distribution is given in (1).


  f  (  s w  | a , b )  =       b  a b    s w  b − 1    e  −   (   s w  a  )  b    ,  for  x > 0       0 ,  for  x ≤ 0      ,  



(1)




where a and b are the scale and shape parameters of the Weibull distribution, respectively. Maximum likelihood estimation (MLE) method is used to find these parameters.




2.2.2. Wind Power Model


The wind power DG-model used for obtaining electrical energy from the generated wind speed data is given in (2) [19].


   P w  =       P r  ×    s w  −  s  c i      s r  −  s  c i     ,  for   s  c i   ≤  s w  ≤  s r         P r  ,  for   s r  ≤  s w  ≤  s  c o         0 ,  otherwise       .  



(2)




where   P w   and   P r   are power generated from a WT and rated capacity of a WT, respectively;   s w  ,   s  c i   ,   s  c o    and   s r   are current, cut-in, cut-out and rated wind speeds, respectively.





2.3. Photovoltaic DGs


2.3.1. Solar Irradiance Modeling


The beta distribution is usually used for modeling of the variations in the solar irradiance [20]. For  α ,  β  > 0, the pdf of Beta distribution is given as (3).


  f  (  s  i r d   | α , β )  =        γ ( α + β )   γ ( α ) γ ( β )   ×    s  i r d     ( α − 1 )         ×   ( 1 −  s  i r d   )   ( β − 1 )   ,  for  0 ≤  s  i r d   ≤ 1       0 ,  for   s  i r d   < 0      ,  



(3)




where  γ  is the gamma function;  α  and  β  are known as the shape parameters of the beta distribution. Both parameters are estimated by the MLE method.




2.3.2. Solar Power Model


The model of a PV panel given in (4)–(8) provides electric power obtained from the generated solar irradiance samples [20].


      T  c e l l   =  T  a m b   +   s  i r d   ×    T  n o t   − 20   0.8    ,     



(4)






     I =  s  i r d   ×  (  I  s c   +  K i  ×  (  T  c e l l   − 25 )  )  ,     



(5)






     V =  V  o c   −  K v  ×  T  c e l l   ,     



(6)






     F F =     V  m a x p   ×  I  m a x p      V  o c   ×  I  s c      ,     



(7)






      P s  =  N  t o t a l   × F F × V × I .     



(8)




where   s  i r d   ,   F F  ,   N  t o t a l   ,   P s  ,   T  c e l l   ,   T  a m b    and   T  n o t    are solar irradiance, fill factor, total number of PV modules, power generated from a PV panel, temperature of a cell, ambient temperature and nominal operating temperature of a cell, respectively;   I  s c   ,   I  m a x p   ,   K i  ,   V  o c   ,   V  m a x p    and   K v   are short circuit current, current at maximum power point, temperature coefficient for current, open circuit voltage, voltage at maximum power point and temperature coefficient for voltage, respectively.






3. Optimization Formulation


In this section, a day-ahead energy management problem for proposed MMGs model is formulated based on the DE algorithm. The objective function is to minimize the total operational cost of the MG network whether it is operating as a single islanded or grid-tied MG system; the MMGs islanded or grid-connected network makes the system reliable by giving uninterrupted supply of energy and minimizes curtailment of loads. The elements of bi-level optimization model are shown in Figure 2 including decision input variables, constraints, objective function and optimal output variables. A constraints-handling technique is used in the presented DE algorithm to get the best fitness value of the decision variables, and penalty factor technique is used to attain the most feasible and optimized value of objective function. The proposed model is figured for a twenty-four-hour scheduling horizon with a time period of ‘t’; ‘t’ can be any uniform interval of time. However, in the suggested model, ‘t’ has been considered to be one hour. As mentioned earlier, it is a two-step optimization strategy: local and global. Step-wise detailed mathematical models are developed in the following subsections.



3.1. Local Optimization


At local level, the EMS of each MG generates energy management strategy based on the proposed model, load/generation data, prices, and constraints. The objective function is given by (9) and includes CDG generation cost, RDG generation cost, prices of buying/selling power from/to the grid, and penalty prices of SL/NSL curtailments. The penalty price of curtailment of the SL is considered higher than that of the NSL. Therefore, in case of load shedding, only a part of NSL will be shed, and the SL will get continuous supply.


  m i n    ∑  i = 1  I   ∑  t = 1  T   (  C  i , t   C D G   ·  P  i , t   C D G   +  C  i , t   R D G   ·  P  i , t   R D G   )  +  ∑  t = 1  T   ( P  R  t   B u y   ·  P  t   D e f   + P  R  t   S e l l   ·  P  t   S u r   )  +  ∑  t = 1  T   (  C  t   P e n S L   ·  P  t   S h e d S L   +  C  t   P e n N S L   ·  P  t   S h e d N S L   )  ,  



(9)




where P is respective power value being multiplied with corresponding cost/price (i.e., C = cost and   P R   = price) for time from   t = 1   to   t = T   and for DGs (CDGs and RDGs) from   i = 1   to   i = I   in an MG.



Subject to:


      c  i , t   ·  P  i    C D G   m i n    ≤  P  i , t   C D G   ≤  c  i , t   ·  P  i    C D G   m a x      ∀  i ∈ I , t ∈ T ,     



(10)






      P  t   P V   +  P  t   W T   +  ∑  i = 1  I   P  i , t   C D G   +  P  t   D e f   +  P  t   B −   =  P  t  L  +  P  t   S u r   +  P  t   B +     ∀  t ∈ T ,     



(11)






     0 ≤  P  t   B +   ≤  P  B   C a p   ·   1 − S O  C  t − 1  B    η B     ∀  t ∈ T ,     



(12)






     0 ≤  P  t   B −   ≤  P  B   C a p   ·  S O  C  t − 1  B   ·  η B    ∀  t ∈ T ,     



(13)






      S O  C  t  B   =  S O  C  t − 1  B   −  1  P  B   C a p    ·    P  t   B −    η B   −  P  t   B +   ·  η B   ,     



(14)






     0 ≤ S O  C  t  B  ≤ 1   ∀  t ∈ T .     



(15)







In (10), the inequality constraint related to the generation of CDG unit ‘i’ is given, which shows that the output of a CDG is between its minimum and maximum generating capacities. The power generated by all DGs units, deficit power, and power from battery must be adjusted with demand, surplus power, and power to the battery at each interval and is represented by (11). During charging, the storage system is considered as a load, and it acts as a source during the discharging of power. The constraints of the BESS of an MG, which include the charging, discharging, and SOC, are given by (12)–(15). The SOC is updated in each interval.



In single grid-tied mode, the MG adjusts surplus/deficit power by trading with the main grid, whereas, in the case of single islanded mode, the surplus power is balanced by ramping down the dispatchable generating units. Likewise, a load curtailment mechanism is employed for balancing the deficient amount of power. If the MG network is islanded or grid-tied MMGs system, after finalizing local optimization by every single MG-EMS at the first step, every MG-EMS delivers the information to the CEMS agent about the surplus and deficient amount of powers calculated from the local optimization algorithm.




3.2. Global Optimization


After being informed by each MG-EMS about surplus/deficit powers and connection/disconnection of that MG with the grid in the MMGs network, the CEMS carries out the global optimization in this step. The objective function of the MMGs network is given by (16). It contains buying-selling energy prices of all the MGs and the grid. In this paper, the CBESS is considered in subservient mode in that it will act under the command of the CEMS, instead of acting in autonomous mode. Therefore, the costs of charging and discharging of CBESS are not added in the objective function.


  m i n    ∑  k = 1  K   ∑  t = 1  T   ( P  R  k , t   R e c   ·  P  k , t   R e c   + P  R  k , t   S e n d   ·  P  k , t   S e n d   )  +  ∑  k = 1  K   ∑  t = 1  T   ( P  R  t   B u y   ·  P  k , t   B u y   + P  R  t   S e l l   ·  P  k , t   S e l l   )  ,  



(16)




where P is respective power value being multiplied with corresponding price (i.e.,   P R   = price) for time from   t = 1   to   t = T   and for the MGs from   k = 1   to   k = K   participating in the MMG system at that time.



Subject to:


      ∑  k = 1  K   P  k , t   R e c   +  ∑  k = 1  K   P  k , t   B u y   +  ∑  k = 1  K   P  k , t   S u r   +  P  t   C B −   =  ∑  k = 1  K   P  k , t   S e n d   +  ∑  k = 1  K   P  k , t   S e l l   +  ∑  k = 1  K   P  k , t   D e f   +  P  t   C B +     ∀  t ∈ T ,     



(17)






     0 ≤  P  t   C B +   ≤  P  C B   C a p   ·   1 − S O  C  t − 1   C B     η  C B      ∀  t ∈ T ,     



(18)






     0 ≤  P  t   C B −   ≤  P  C B   C a p   ·  S O  C  t − 1   C B    ·  η  C B     ∀  t ∈ T ,     



(19)






      S O  C  t   C B    =  S O  C  t − 1   C B    −  1  P  C B   C a p    .    P  t   C B −    η  C B    −  P  t   C B +   ·  η  C B    ,     



(20)






     0 ≤ S O  C  t   C B   ≤ 1   ∀  t ∈ T .     



(21)







The power bought from the neighboring MGs and the main grid, surplus power from each MG, and the CBESS discharging must be adjusted with the amount of sold power to the neighboring MG and the grid, deficit from each MG, and the CBESS charging demand as represented in (17). The limitations related to the CBESS charging, discharging, and the SOC are given by (18)–(21). In this cooperative model, selling/buying power to/from other MGs of the MMGs system is preferred. If further power is required, trading with the CBESS will be performed. If it is grid-tied MMGs system, the last option will be to trade with grid if required. Similarly, an MG with surplus energy after fulfilling its own demand and charging its BESS will sell power to other deficit MGs, charge the CBESS, and will sell power to the grid in the end. To make this strategy possible, the prices are introduced interval-wise, which will help the algorithm to make a quick, and optimized decision.


  m i n    ∑  i = 1  I   ∑  t = 1  T   (  C  i , t   C D G   ·  P  i , t   C D G   +  C  i , t   R D G   ·  P  i , t   R D G   )  +  ∑  t = 1  T   ( P  R  t   R e c   ·  P  t   R e c   + P  R  t   S e n d   ·  P  t   S e n d   )  +  ∑  t = 1  T   ( P  R  t   B u y   ·  P  t   B u y   + P  R  t   S e l l   ·  P  t   S e l l   )  ,  



(22)




subject to:


   P  t   P V   +  P  t   W T   +  ∑  i = 1  I   P  i , t   C D G   +  P  t   B u y   +  P  t   R e c   +  P  t   B −   +  P  t   C B −   =  P  t  L  +  P  t   S e l l   +  P  t   S e n d   +  P  t   B +   +  P  t   C B +     ∀  t ∈ T .  



(23)







In the proposed MMGs model, the CEMS notifies all MG-EMSs about their commitments and schedulings. Each MG-EMS reschedules its generation after global optimization via local optimization again (rescheduling). Now, the objective function of local optimization of an MG in MMGs network is (22). It includes the CDG generation cost, RDG generation cost, and prices of buying/selling power from/to other MGs and grid. The load balancing constraint is presented in (23). In addition to this constraint, objective function constraints (10)–(15) are also considered. The complete optimization procedure for the proposed MMGs network is illustrated in Figure 3.





4. Case Study


The proposed scheme has been verified on the IEEE 33-bus distribution system. The detailed specifications of the test system can be found in Reference [21]. We have modified the test system and constructed four autonomous MGs, as shown in Figure 4. For MCS, the wind speed and solar irradiance data of four seasonal data of six years (2007–2012) and seventeen years (1998–2014) have been taken [22,23].



Four different load curves, presented in Figure 5a, are used as daily load demands of MGs of the modified test system. The load curves of NYISO-CAPITAL zone, NYISO-N.Y.C. zone, ERCOT, and ISO-NE are used as demands of MG1, MG2, MG3, and MG4, respectively [24]. The parameters of a PV panel and a WT are same as considered in Reference [25]. Each MG has its own CDG, PV, WT, BESS, and EMS. Figure 5b shows the daily forecasted curves of output percentage of solar and wind DGs. The following three scenarios have been studied for the simulations. In Scenario 1, all four MGs are participating in the MMGs network; MG2 and MG3 are grid-tied. Only MG2 and MG3 can trade energy with the grid after sending or receiving power from other MGs. In Scenario 2, three MGs are participating in the MMGs grid-tied network, while the MG1 is in single islanded MG mode. In Scenario 3, three MGs are participating in MMGs grid-tied network, while MG3 is in single islanded MG mode.



It can be observed that there can be many possible combinations of the MGs. In the proposed model, an MG can be in State 1: islanded single MG entity; State 2: grid-tied single MG; State 3: islanded MMGs system or State 4: grid-tied MMGs system, as shown in Figure 6a. Depending on these four possible states of an MG, there are total 256 cases for our test system. In order to verify the robustness of the scheme, 10% of the total cases are generated by MCS, and their details are provided in the next section. To understand the connection of MGs in different states, Cases 07 and 11 from Table 1 are illustrated in Figure 6b,c, respectively. State 1 refers to a single islanded entity, i.e., it has to fully depend on its resources, and no external source is available as MG4 in Figure 6b. In State 2, the MG is a single autonomous entity but has the grid as an external resource, as is MG1, in Figure 6c. In State 3, the MG is connected to other MGs that are also taking part in the MMG system. Other MGs may be connected with the grid depending on their respective states, but this MG is not connected to the grid, as depicted MG2 in Figure 6c, which is connected with other MGs but has no connection with the grid. In State 4, the MG is also connected to the grid besides the connection with other MGs in the MMG system. The connections of other MGs with the grid depend on their respective states. For instance, MG3 in Figure 6b is in the MMG system with MG2, and both are also grid-connected, whereas MG3 in Figure 6c is in MMG system with MG2 and MG4; MG3 and MG4 are connected to the grid, but MG2 is not depending on their states.




5. Results Analysis


5.1. Proposed Scenarios


Figure 7, Figure 8 and Figure 9 show total generation, total demand, charged/discharged powers of the BESS, trading with grid and other MGs of the MMG system, and load curtailment of each MG. In the first scenario, as it can be seen in Figure 7a, MG1 has sold the surplus power from 5:00 a.m. to 7:00 a.m. to others deficit MGs. From 5:00 p.m. to 9:00 p.m., MG1 needed to discharge the BESS after utilizing the maximum capacity of its resources. In Figure 7b,c, MG2 and MG3 were selling their surplus energy to the grid from 12:00 a.m. to 4:00 p.m. and utilizing the stored-BESS-energy from 5:00 p.m. to 9:00 p.m. MG2 was charging the BESS from 10:00 p.m. to 11:00 p.m., but MG3 was still deficient in energy, and its BESS was completely discharged already, and no neighboring MG had energy to sell the power. Therefore, it was receiving the discharged power from the CBESS for these two hours. MG4 was considered with the demand more than the generation to study the behavior and impact of the proposed scheme for worst-case scenario of any practical MG. In Figure 7d, from 12:00 a.m. to 4:00 a.m., the demand was being fulfilled by the storage system, which was completely discharged at 5:00 a.m. Therefore, it had to buy the energy from other MGs from 5:00 a.m. to 7:00 a.m. Later, it started charging the storage system from 8:00 a.m. to 12:00 p.m.; at 12:00 p.m., it was completely charged. From 4:00 p.m. to 7:00 p.m., the local energy storage was completely utilized, and no other MG had extra energy to sell. As a result, from 7:00 p.m. to 11:00 p.m., MG4 was using the discharged energy of the CBESS, and there was no load shedding in the whole day. This is the benefit of the proposed MMG system.



In the Scenario 2, MG1 was the MG which had capacity to meet the demand by its own without buying any energy. This behavior can be seen in Figure 8a. Even though MG1 was in single MG islanded mode, there was no load shedding during the whole day, and it was in the most optimized form. The behavior of MG2 was same as in Scenario 1; the only difference was: it was selling the energy to MG4 as in Figure 8b. The behavior of MG3 was same in Figure 8c as in the previous scenario. In this scenario, MG4 was grid-connected, Therefore, its behavior was slightly different from Scenario 1, i.e., it was selling surplus energy to the grid from 12:00 p.m. to 3:00 p.m. in Figure 8d.



In Scenario 3, MG1 was grid-tied similar to MG2 and MG4, it was selling the surplus power to the grid in Figure 9a. Figure 9b,d show behaviors of MG2 and MG4, which were identical to Scenarios 1 and 2, respectively. MG3 was successfully meeting its demand from 12:00 a.m. to 9:00 p.m. by its own resources in Figure 9c, and there was a little amount of load curtailment from 10:00 p.m. to 11:00 p.m. of the NSL, which shows that the MG is reliable and providing uninterruptible energy to the SL.



Figure 10a compares these three scenarios for the sum of load shedding in four MGs hour-wise. In Scenarios 1 and 2, there was no load shedding, whereas, in Scenario 3, there was a small load curtailment from 10:00 p.m. to 11:00 p.m. Figure 10b compares all scenarios for the sum of total optimal cost of all MGs hour-wise. It can be seen that the costs in all scenarios were nearly the same because, in each scenario, the proposed algorithm took the decision considering minimum cost. Therefore, all three scenarios were having the most optimized costs at each hour.




5.2. Cases Generated by MCS


The 25 cases were generated by MCS, and their respective results per day for each MG are presented in Table 1.



MG1 and MG2 were modeled in such a way that, most of the time, both MGs had surplus energy and never depended on external resources, whereas MG3 and MG4 were modeled in such a way that they were frequently independent of external resources, but, for a few hours, they were deficient in energy. This type of modeling revealed the effectiveness of the proposed strategy and the stability of the presented system model. In Table 1, it can be seen that the MGs in State 4, the MMG grid-connected state, were the most optimized and reliable with the minimum total cost and maximum profit. After meeting their demands, the MGs were selling/buying energy to/from other MGs, charging or discharging the CBESS, and later selling/buying energy to/from the grid. As MG1 and MG2 were microgrids with surplus energy most of the time, they were earning maximum profit in this state by selling the energy to other deficit MGs, charging the CBESS, and selling the energy to the grid. Their buying energy and load shedding were zero for all cases. In State 4, MG3 and MG4 were buying the deficit energy from MG1 and MG2 for few hours if they were in the MMG system, discharging the CBESS, and buying from the grid. In State 4, MG3 and MG4 were selling power to the MGs, charging the CBESS, or selling energy to the grid for rest of the hours, thus also earning the profit, and there was again no load shedding in these two MGs for State 4. In State 3, all MGs could only sell/buy energy to/from other MGs and charge/discharge the CBESS, and there was no trading with the grid. Again, the MG with maximum sold energy earned maximum profit, which is ultimately making its total cost minimum. The MG with buying energy is also in profit because there is no curtailment of the load, which would increase total cost with its penalty price. Thus, it proved that the proposed MMGs scheme is beneficial for each MG, either it has more or less generation capacity than the total demand, making it reliable and curtailment-free MG. In State 2, the MGs were only connected to the grid. They could neither sell/buy energy to/from other MGs nor charge/discharge the CBESS. The MGs could sell power to the grid in surplus energy hours and buy in deficit energy hours. We can see in Table 1 that, for respective states, the total cost of the MGs was nearly equal to or slightly more than that in previous states. In State 1, the MGs had only to depend on their own resources, i.e., they were single islanded entities. MG1 and MG2 in this state were fulfilling their respective demands, whereas MG3 and MG4 needed energy for few hours. No option was available to buy the power, thus having to shed the load. Now, the algorithm preferred to shed the NSL and had provided continuous supply to the SL. In this state, the MGs had more total cost than that in all three previous states. They were still reliable because there was no curtailment in the SL which would maximize the total cost, and there would be no use of energy management scheme. It can be clearly observed from Table 1 that the participation of a large number of MGs in the MMG system will be profitable for each MG, and there will be minimum local and global total costs as in Case 1. If the lesser number of MGs will participate in the MMG system, the lesser the profit will be, and the local and global total cost will increase, as in Case 25.





6. Conclusions


This paper proposed a novel energy management strategy for the day-ahead scheduling of the MMG systems. Four MGs were considered and optimized locally and globally. Each MG was fully connected with all other MGs in the MMG system. The MG-EMS performed local optimization and, after satisfying its local demand, updated the CEMS about its surplus and deficient amount of energy, thus preserving its privacy from other MGs. Only the CEMS took decisions about the power exchange between the MGs or with the grid by considering the state of the MG, generation and trading prices. As it was a two-level management strategy, thus, it increased privacy and resilience of the network. Various test cases were generated by MCS for all possible connections of the MGs. The study was performed on the IEEE 33-bus distribution system, and it has been proven that the proposed strategy and the algorithm are able to satisfy the demands of all MGs optimally. The numerical outcomes confirmed that the proposed methodology is compatible and can be executed effectively for practical microgrid applications. In summary, the proposed method can be utilized to make the management of the MMGs easy for real-world power systems, which will eventually transform the conventional power systems.
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Nomenclature




	T
	Index of time intervals.



	I
	Index of distributed generators.



	K
	Index of microgrids.



	   C  i , t   C D G    
	Production cost of a dispatchable unit ‘i’.



	   C  i , t   R D G    
	Production cost of a renewable unit ‘i’.



	   C  t   P e n S L    
	Penalty cost for shedding of a sensitive load (l) at time ‘t’.



	   C  t   P e n N S L    
	Penalty cost for shedding of a non-sensitive load (l’) at time ‘t’.



	   P  R  k , t   R e c     
	Power buying price from an MG ‘k’ at time ‘t’.



	   P  R  k , t   S e n d     
	Power selling price to an MG ‘k’ at time ‘t’.



	   P  C B   C a p    
	Capacity of a central battery energy storage system (CBESS).



	   P  i , t    C D G   m i n     
	Minimum generation limit of a dispatchable unit ‘i’ at time ‘t’.



	   P  i , t    C D G   m a x     
	Maximum generation limit of a dispatchable unit ‘i’ at time ‘t’.



	   P  k , t  L   
	Load of an MG ‘k’ at time ‘t’.



	   P  k , t   B u y    
	Power of an MG ‘k’ bought from the grid.



	   P  k , t   S e l l    
	Power of an MG ‘k’ sold to the grid.



	   S O  C  t  B    
	State-of-charge (SOC) of a BESS at time ‘t’.



	   S O  C  t   C B     
	SOC of a CBESS at time ‘t’.



	    P  P V   /  P  W T     
	Forecasted output of a photovoltaic (PV) panel/wind turbine (WT).



	   P  R  t   B u y     
	Power buying price from the grid at time ‘t’.



	   P  R  t   S e l l     
	Power selling price to the grid at time ‘t’.



	   P  B   C a p    
	Capacity of a battery energy storage system (BESS).



	    η B  /  η  C B     
	Efficiency of a BESS/CBESS.



	   P  i , t   C D G    
	Production amount of a dispatchable unit ‘i’.



	   P  i , t   R D G    
	Production amount of a renewable unit ‘i’.



	   P  k , t   S u r    
	Surplus amount of power in an MG ‘k’.



	   P  k , t   D e f    
	Deficient amount of power in an MG ‘k’.



	   P  k , t   B +    
	Power required to charge a BESS in an MG ‘k’.



	   P  k , t   B −    
	Power discharged from a BESS in an MG ‘k’.



	   P  k , t   S h e d S L    
	Amount of sensitive loads shed from an MG ‘k’.



	   P  k , t   S h e d N S L    
	Amount of non-sensitive loads shed from an MG ‘k’.



	   P  k , t   R e c    
	Power of an MG ‘k’ bought from another MG.



	   P  k , t   S e n d    
	Power of an MG ‘k’ sold to another MG.



	   c  k , i , t    
	Commitment status of a dispatchable unit ‘i’ of an MG ‘k’.
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Figure 1. Proposed energy management model. 
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Figure 2. Elements of the optimization model. 
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Figure 3. Flowchart of the proposed methodology. 
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Figure 4. Modified IEEE 33-bus distribution system with four MGs. 
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Figure 5. (a) Fixed load profile of the different MGs and (b) daily forecasted curve of output percentage of solar and wind DG. 
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Figure 6. (a) States of an MG, (b) States in case 07, and (c) States in case 11. 
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Figure 7. Scenario 1: (a) MG1, (b) MG2, (c) MG3, (d) MG4. 
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Figure 8. Scenario 2: (a) MG1, (b) MG2, (c) MG3, (d) MG4. 
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Figure 9. Scenario 3: (a) MG1, (b) MG2, (c) MG3, (d) MG4. 
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Figure 10. (a) Total Load shedding in all MGs and (b) total optimal cost of all MGs. 
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Table 1. Optimal cost and exchange powers of the MGs.
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State of Microgrids

	
MG1

	
MG2

	
MG3

	
MG4




	
Cases

	
MG1

	
MG2

	
MG3

	
>MG4

	
PS(kW)

	
PB(kW)

	
LS(kW)

	
C(Rs.)

	
PS(kW)

	
PB(kW)

	
LS(kW)

	
C(Rs.)

	
PS(kW)

	
PB(kW)

	
LS(kW)

	
C(Rs.)

	
PS(kW)

	
PB(kW)

	
LS(kW)

	
C(Rs.)






	
Case 01

	
4

	
4

	
4

	
4

	
7749.82

	
0

	
0

	
46,189

	
5743.81

	
0

	
0

	
22,804

	
3965

	
0

	
0

	
11,874

	
374.44

	
408.59

	
0

	
13,511




	
Case 02

	
1

	
1

	
3

	
4

	
0

	
0

	
0

	
51,469

	
0

	
0

	
0

	
25,675

	
340.23

	
0

	
0

	
13,304

	
374.44

	
340.23

	
0

	
13,375




	
Case 03

	
1

	
1

	
3

	
3

	
0

	
0

	
0

	
51,469

	
0

	
0

	
0

	
25,675

	
340.23

	
0

	
0

	
13,304

	
0

	
340.23

	
0

	
13,647




	
Case 04

	
2

	
1

	
3

	
2

	
7749.82

	
0

	
0

	
47,594

	
0

	
0

	
0

	
25,675

	
0

	
0

	
0

	
14,352

	
374.44

	
1533

	
0

	
13,400




	
Case 05

	
4

	
2

	
1

	
4

	
7749.82

	
0

	
0

	
46,189

	
5743.81

	
0

	
0

	
22,804

	
0

	
0

	
55.73

	
14,562

	
374.44

	
408.59

	
0

	
13,511




	
Case 06

	
4

	
4

	
4

	
2

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
22,804

	
3965

	
0

	
0

	
11,874

	
374.44

	
1533

	
0

	
13,400




	
Case 07

	
2

	
4

	
4

	
1

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
22,804

	
3965

	
0

	
0

	
11,874

	
0

	
0

	
1533

	
18,759




	
Case 08

	
2

	
4

	
1

	
4

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
21,396

	
0

	
0

	
55.73

	
14,562

	
374.44

	
408.59

	
0

	
13,511




	
Case 09

	
2

	
4

	
4

	
3

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
21,396

	
3965

	
0

	
0

	
11,874

	
0

	
408.59

	
0

	
13,783




	
Case 10

	
1

	
4

	
2

	
4

	
0

	
0

	
0

	
51,469

	
5743.81

	
0

	
0

	
21,396

	
3965

	
55.73

	
0

	
11,902

	
374.44

	
408.59

	
0

	
13,511




	
Case 11

	
2

	
3

	
4

	
4

	
7749.82

	
0

	
0

	
47,594

	
408.59

	
0

	
0

	
24,064

	
3965

	
0

	
0

	
11,874

	
374.44

	
408.59

	
0

	
13,511




	
Case 12

	
4

	
4

	
1

	
4

	
7749.82

	
0

	
0

	
46,189

	
5743.81

	
0

	
0

	
22,804

	
0

	
0

	
55.73

	
14,562

	
374.44

	
408.59

	
0

	
13,511




	
Case 13

	
2

	
1

	
4

	
2

	
7749.82

	
0

	
0

	
47,594

	
0

	
0

	
0

	
25,676

	
3965

	
0

	
0

	
11,874

	
374.44

	
1533

	
0

	
13,400




	
Case 14

	
4

	
4

	
3

	
2

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
22,804

	
0

	
0

	
0

	
14,352

	
374.44

	
1533

	
0

	
13,400




	
Case 15

	
4

	
3

	
2

	
2

	
7749.82

	
0

	
0

	
47,594

	
0

	
0

	
0

	
25,676

	
3965

	
55.73

	
0

	
11,902

	
374.44

	
1533

	
0

	
13,400




	
Case 16

	
4

	
2

	
4

	
1

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
22,804

	
3965

	
0

	
0

	
11,874

	
0

	
0

	
1533

	
18,759




	
Case 17

	
4

	
3

	
1

	
1

	
7749.82

	
0

	
0

	
47,594

	
0

	
0

	
0

	
25,676

	
0

	
0

	
55.73

	
14,562

	
0

	
0

	
1533

	
18,759




	
Case 18

	
1

	
3

	
2

	
2

	
0

	
0

	
0

	
51,469

	
0

	
0

	
0

	
25,676

	
3965

	
55.73

	
0

	
11,902

	
374.44

	
1533

	
0

	
13,400




	
Case 19

	
3

	
2

	
2

	
3

	
408.59

	
0

	
0

	
49,859

	
5743.81

	
0

	
0

	
22,804

	
3965

	
55.73

	
0

	
11,902

	
0

	
408.59

	
0

	
13,783




	
Case 20

	
4

	
3

	
3

	
3

	
7749.82

	
0

	
0

	
46,189

	
0

	
0

	
0

	
25,676

	
0

	
0

	
0

	
14,352

	
0

	
408.59

	
0

	
13,783




	
Case 21

	
1

	
3

	
3

	
2

	
0

	
0

	
0

	
51,469

	
0

	
0

	
0

	
25,676

	
0

	
0

	
0

	
14,352

	
374.44

	
1533

	
0

	
13,400




	
Case 22

	
2

	
4

	
1

	
1

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
22,804

	
0

	
0

	
55.73

	
14,562

	
0

	
0

	
1533

	
18,759




	
Case 23

	
2

	
4

	
4

	
4

	
7749.82

	
0

	
0

	
47,594

	
5743.81

	
0

	
0

	
21,396

	
3965

	
0

	
0

	
11,874

	
374.44

	
408.59

	
0

	
13,511




	
Case 24

	
2

	
3

	
3

	
2

	
7749.82

	
0

	
0

	
47,594

	
0

	
0

	
0

	
25,676

	
0

	
0

	
0

	
14,352

	
374.44

	
1533

	
0

	
13,400




	
Case 25

	
1

	
1

	
1

	
1

	
0

	
0

	
0

	
51,469

	
0

	
0

	
0

	
25,676

	
0

	
0

	
55.73

	
14,352

	
0

	
0

	
1533

	
18,759








Note: PS = Power sold; PB = Power bought; LS = Load shed; C = Total optimal cost.
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