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Abstract

:

This paper investigates the operation of each power conversion system (PCS) for efficient energy management systems (EMSs) of microgrids (MGs). When MGs are linked to renewable energy sources (RESs), the reduction in power conversion efficiency can be minimized. Furthermore, energy storage systems (ESSs) are utilized to manage the surplus power of RESs. Thus, the present work presents a method to minimize the use of the existing power grid and increase the utilization rate of energy generated through RESs. To minimize the use of the existing power grid, a PCS operation method for photovoltaics (PV) and ESS used in MGs is proposed. PV, when it is directly connected as an intermittent energy source, induces voltage fluctuations in the distribution network. Thus, to overcome this shortcoming, this paper utilizes a system that connects PV and a distributed energy storage system (DESS). A PV-DESS integrated module is designed and controlled for tracking constant power. In addition, the DESS serves to compensate for the insufficient power generation of PV. The main energy storage systems (MESSs) used in MGs affect all aspects of the power management in the system. Because MGs perform their operations based on the capacity of the MESS, a PCS designed with a large capacity is utilized to stably operate the system. Because the MESS performs energy management through operations under various load conditions, it must have constant efficiency under all load conditions. Therefore, this paper proposes a PCS operation algorithm with constant efficiency for the MESS. Utilizing the operation algorithm of each PCS, this paper describes the efficient energy management of the MG and further proposes an algorithm for operating the existing power grid at the minimum level.






Keywords:


microgrid (MG); energy management system (EMS); power conversion system (PCS); PV-DESS integrated module; main energy storage system (MESS)












1. Introduction


The system configuration of a microgrid (MG) can be categorized into three types: AC MGs, DC MGs, and AC/DC hybrid MGs [1]. Recently, the proportion of renewable energy sources (RESs) in existing power systems has been gradually increasing. Among them, the proportions of photovoltaics (PV) and wind turbines (WTs) are the greatest [2]. In the early stage of MG development, many studies were conducted, mainly on the AC MG [3,4,5]. However, due to the recent increase in load and intermittent energy sources, such as PV and WTs, batteries are concurrently used [6,7]. Thus, by reducing the steps of power conversion, a system configuration with DC MG has many advantages in terms of energy efficiency. Power conversion losses occur in the range of 5–15% of the total power generation, depending on the number of power conversion steps [8]. Accordingly, systems are being upgraded to DC MGs and AC/DC hybrid MGs to reduce the power conversion loss.



Reference [9] proposed power control based on the battery state of charge (SoC) of the energy management system (ESS) to maintain the stability of the DC MG. In the SoC-based MG operation, the converters of the RESs perform operations according to the battery’s state. This is disadvantageous, in that it is difficult to maximize the utilization rate of the RESs. Reference [10] proposed predictive control for secondary and tertiary control for the efficient energy management of an MG. It is highly useful to learn the change in power generation through time from the system. However, power grid operation is complex and variable due to increasing loads [11]. A paper was also presented to increase the utilization rate of RESs in MGs [12]. Through the generation of such RESs, energy is stored and power is supplied to the load and users, which is advantageous in that the system does not utilize the conventional power grid and that the amount of use of RESs can be maximized. However, the system is unstable, because the battery is charged through the power generation of the RESs, and the power is supplied to the load using the charged ESS. Thus, to stably operate the system, the battery is charged in the DC MC by using a voltage source converter (VSC) [13]. In addition, surplus power can be sold or used for the AC load by using a voltage source inverter (VSI) [14]. Due to its linkage with several RESs, an MG requires efficient energy management. This paper proposes an EMS for reducing the operating cost of MGs by increasing the utilization rate of RESs and minimizing the use of the conventional power grid through the MG EMS.



ESS is used for the energy management of MGs. The battery, which accounts for most of the cost [15] in the ESS, requires stability. Furthermore, the ESS is utilized for power management through the power generation of several RESs of an MG [16]. Reference [17] constructed a household ESS using Li-ion batteries, and there are studies on the MG using Li-ion batteries [18], the characterization of Li-ion batteries [19,20], and thermal runaway of batteries [21]. Because the isolated MG should be able to supply power to the load using the ESS alone, it is related to the load carrying capacity of the MG [16,22]. Typically, the ESS of an MG is designed to have a significantly larger capacity compared to the PCS of other RESs [23,24]. The EMS of an MG is operated based on the battery SoC [9]. In addition, the power generation through each RES and the power supplied to the load are measured for the EMS. This amount of power is used to calculate the charge/discharge power of the ESS. However, the aforementioned capacity difference in the PCS results in the significantly long operation of the ESS under light load conditions. A typical power conversion device has low efficiency under light load conditions. Thus, when the power generated from the RES is stored in batteries, significant losses occur. Because these losses are detrimental to the MG’s surplus power management, the MESS must maintain high efficiency under various load conditions. Given this, an algorithm with high efficiency under a light load for the MESS is proposed in this paper.



Among RESs, PV as an intermittent power source induces abnormal voltage and frequency variations in the conventional power grid [25]. In addition, there is a likelihood of surplus power, because power generation proceeds regardless of the load state of the system. For these reasons, previous studies have proposed systems linked with batteries [26,27]. Linkages with a supercapacitor [28] and hybrid systems [29,30] have also been applied. A hybrid system has the advantage of maximizing battery life, while a high unit price is inevitable due to the PV, battery, and supercapacitor. Thus, to minimize the intermittent characteristics of the MG grid voltage, this paper configures a system by utilizing PV and DESS, as well as a two-stage system. DESS serves to compensate for the insufficient maximum power generation of PV, and this paper proposes a constant power tracking algorithm for PV-DESS.



This paper describes the efficient energy management of an MG by using the high-efficiency operation of all areas of the MESS, as well as the constant power tracking algorithm for the PV-DESS. Efficient energy management of MGs aims to increase the energy consumption of RESs and reduce the operating cost of MGs by minimizing the conventional power grid.




2. Proposed Operation Method of the Microgrid PCS


This chapter describes the various PCSs constituting an MG. MGs are classified as grid-connected mode or islanded mode [31]. In the former, electricity can be purchased or sold by using the existing power grid. Thus, maximum profitability can be obtained in the operation of the MG. Because PV is an intermittent energy source, insufficient power generation can be overcome by linking PV to ESS, thereby enhancing MG system stability [32]. Figure 1 shows a block diagram of the MG proposed in this paper. VSC is utilized to maintain a stable MC system. VSC uses a two-level AD/DC converter and performs battery charging and power supply provision to the load. In addition, surplus power can be sold to the existing power grid. Thus, the operating cost of the MG should be minimized.



The MESS uses a three-module PCS in a parallel structure. A buck–boost converter was used, and the number of modules changed depending on the amount of charge/discharge power of the MESS. Furthermore, to implement a high-efficiency PCS, a SiC MOSFET device was used. PV-DESS consists of two stages. PV uses a boost converter, and the DESS operates bidirectionally by utilizing a dual active bridge (DAB) converter. The DESS supports the maximum power generation at time period 13:00–15:00, which is the maximum power generation interval of PV. The charge/discharge cycle and C rate of the DESS can thus be minimized. For the load, a load supplying constant power and a charger load requiring high instantaneous power were used. A boost converter was used to supply constant power, and a phase shift full-bridge converter was utilized as a charger that requires high instantaneous power. Primary control was performed by the controller of each PCS, which is involved in voltage and current control. Thus, this is the lowest and fastest control level, and it typically operates with local measurements [33,34,35]. Secondary control is performed by supervising the tasks of the primary control, and the time scale is at the several-minute level [33,34,35]. Tertiary control is involved in the performance of the optimal energy management of an MG. Thus, it has the lowest level of control [33,34,35]. In addition, information from the sub-controllers and external data, such as power prices and the power consumption trends of the existing power grid, can be reflected for operation. The load management system handles the power consumption of the MG to reach predefined goals, such as the minimization of MG costs and the peak-to-average ratio. The consumers of MGs can directly change the power patterns used by the load through a load management system or financial incentives. The basic technology applied by the load management system operates based on clipping, filling, and modifying [36].



The Vdc bus, which is the distribution network voltage of the MG, is 380 V, and the hosting capacity [33,34] is determined by the capacity of the MESS. The MG must stably supply the amount of power required by the load. PV, which is an intermittent energy source, is not able to stably supply the power to the load due to the difference in power generation, depending on many external environments. Thus, the load carrying capacity of the MG is related to the capacity of the MESS.



Among RESs, PV is a highly intermittent energy source and induces instability in frequency and voltage [35]. Thus, the battery is utilized to minimize the effects on the user and the power distribution network. This paper proposes a system that combines PV and a DESS to minimize these adverse effects. The PCS of a typical PV uses a one-stage boost converter. This configuration has the advantage of high efficiency and low price for the system. In addition, PV controls the input power to target the maximum power generation, which simultaneously acts as a factor affecting the voltage of the power distribution network in the MG. Thus, in this study, we applied a two-stage system to minimize its effect on the distribution network and enable this system to control the voltage of the MG. Moreover, the DESS supplements the insufficient amount of electricity in the maximum power generation of PV. This is a method to extend the DESS replacement cycle due to a deteriorated battery by minimizing the charge/discharge cycle and C rate of the DESS.



The MESS of an MG is a crucial factor in carrying capacity and energy management. The ratings of PCS used in most MGs are the same as those provided in previous studies [36,37]. The ESS to be installed has a relatively large capacity, whereas the PCSs of other renewable energy sources have a relatively small capacity. A typical power conversion device has low efficiency at light load, and high efficiency at heavy and rated loads [38,39]. Efficiency deviation is present as an error in predicting the battery state by measuring the RES power generation of the MG and the amount of power supplied to the load. This error increases the utilization rate of the existing power grid and the operating costs of the MG. Therefore, an MESS requires a PCS operation algorithm that maintains high efficiency across all load areas.



This chapter describes the control method and operation algorithm of each PCS.



2.1. Constant Power Tracking Algorithm for the PV-DESS Integrated Module


Because PV is a source of intermittent energy, its power generation fluctuates, resulting in surplus electricity depending on the load state. Therefore, extensive research has been conducted to manage the surplus electricity using batteries with PV. Reference [40] optimized the components of PV-ESS and the size of other design parameters. The authors discussed the effects of parameters such as the size of the battery bank and depth of discharge (DoD) on the battery life. Among batteries used in ESSs, lithium-ion batteries are widely used owing to their high power density [41,42]. Although the lithium-ion battery is capable of high C-rate discharge, it negatively affects the battery life [43]. The general type of integrated PV-DESS uses PV to store energy in batteries, which is consumed during the highest electric rate or peak load [44,45]. Therefore, it can maintain maximum power generation during peak load and the highest electric rate until the minimum SoC of the battery. However, the integrated PV-DESS module proposed in this study comprises two stages, with the aim to supply a constant level of output to the DC distribution network. Furthermore, the DESS supplements the insufficient power generation of PV. The DESS only supplies the electricity required to maintain PV power generation for an hour, thus minimizing the charge and discharge cycles of the battery.



Figure 2 shows the operation algorithm for the PV-DESS integrated module depending on the EMS of the MESS. The P&O MPPT method, which is commonly used to perform MPPT control to maximize power generation, is used in the PV module. The P&O MPPT method tracks the MPP by varying the input voltage reference by a certain amount in comparison to the output power.



Vpv (the voltage of PV) and Ipv (the current of PV) are monitored through sensors to control MPPT, and the VDESS and IDESS are sensed to determine the battery state of the DESS. Furthermore, after each mode operation, Ppv (the amount of electricity generated by PV) is estimated. The battery state of the DESS is determined by the SoC. SoCDESS represents the current battery state of the DESS, whereas SoCDESS_min and SoCDESS_max are limited to 20% and 80%, respectively. The battery’s SoC was limited to 20–80%, at which the battery is most efficient [46,47]. Therefore, the mode is changed based on the electricity generated by PV and the battery state, and the size of the charge/discharge current of the DESS is determined at this time. IDESS_discharge* is the target discharge current of the battery, and IDESS_scharge* is the target charge current. The battery of the DESS can be charged by PV and the MESS. IMESS_discharge_ref is the target current required to charge the DESS using the MESS.



When the DESS receives the operation signal of the MESS from each mode to perform the auxiliary role of PV, it determines the amount of charge/discharge depending on the state of PV. PV performs MPPT control, which is further involved in charging and discharging, depending on the PV output state based on the SoC. The operation algorithm of the PV-DESS integrated module operates in four main modes.



2.1.1. PV-DESS Operation Mode A


In the case where the PV output has not decreased because no insolation drop occurs, the PV module alone operates, whereas, for a constant output of the PV-DESS integrated module, the connected DESS does not operate.




2.1.2. PV-DESS Operation Mode B


In the case where discharging can be performed based on the SoC of the DESS because the PV output has decreased due to an insolation drop, the connected DESS operates to maintain constant power of the PV-DESS integrated module.




2.1.3. PV-DESS Operation Mode C


Mode C operates under two situations. The first is where the output of PV decreases, and the associated DESS must operate while the DESS cannot perform discharging because the SoC of the DESS is low. The second is where an operation signal to charge the DESS has been received from the EMS of the MESS in a period where PV power generation is not available. In the latter case, the charging of the DESS operates with the charging current reference received from the EMS of the MESS.




2.1.4. PV-DESS Operation Mode D


If PV can no longer generate electricity, mode D is activated. It can be determined by the SoC of the DESS. If the SoC of the DESS is no longer dischargeable, mode C is activated. If the SoC of the DESS is dischargeable, the discharge current reference received from the EMS of the MESS is compared to the dischargeable current considering the DESS’s SoC, and then the final discharge current reference is determined. The PV operates based on the determined discharge current reference.



Figure 3 presents the power flow diagram of the PV-DESS integrated module proposed in this paper. The proposed module outputs constant power of the DC MG and compensates for the shortcomings of the intermittent power source of PV.





2.2. MESS Algorithm with High Efficiency at Light Load


Typically, power conversion devices have significantly lower efficiency at light load. PCSs operate as a bidirectional converter, showing similar efficiencies in the buck and boost modes. Thus, a PCS shows inherent efficiency characteristics, as well as low efficiency under light load conditions. PCSs constituting ESSs are used with large capacities when designing and manufacturing systems. PCSs designed for large capacities also exhibit very similar efficiency characteristics. Thus, regardless of the capacity of the PCSs, their efficiency characteristics are very similar [9,10]. The ESS determines the operation mode based on the SoC of the battery. The magnitude of the charge/discharge current in the battery is determined by the preceding determined operation mode and the SoC of the battery. When the capacity of the battery is significantly higher than that of the PCS, a significantly shorter time is consumed for a light load condition. However, when the capacity of the PCS is high, the efficiency of the ESS is lowered because the time for the occurrence of the light load condition is prolonged. This reduction in efficiency requires a longer time for the charging of the battery, and it may occasionally fail to satisfy the power required by the load during discharge. Thus, an MESS requires high efficiency in all sections.



The PCS of the ESS is divided into a single PCS and a modular PCS. The former has the advantages of a simple system configuration and high maximum efficiency; the latter can achieve high efficiency in all sections by adjusting the number of PCS modules, depending on the output of the ESS.



A typical modular PCS operates by uniformly sharing a certain amount of power. In this method, it is easy to increase the capacity, because the control is simple, depending on the increase in the number of modules. However, it has efficiency characteristics similar to a system composed of a single PCS. Thus, its efficiency curve has the same problem as a single PCS, with low efficiency at light load.



This section describes the algorithm with high efficiency under light load for the modular PCS.



Figure 4 shows the efficiency characteristics depending on capacity and the PCS module control. The modular PCS constitutes a system that uses several single PCSs with small capacity. The modular PCS, which performs the load share function, is easy to control by allowing each module to control the same output, and the capacity of the ESS can be raised by simply adjusting the number of modules according to the increase in battery capacity. However, above a certain load, the efficiency increases. The maximum efficiency tracking PCS performs control to ensure operation at maximum efficiency.



Figure 4 shows the efficiency characteristics of the PCS that performs the load share function. By equating the load sharing ratio between PCSs, the deviation between them is minimized. There is no temperature deviation between PCSs in this operation method. Equation (1) is a formula for the efficiency curve of the PCS performing the load sharing function. Despite an error in the efficiency due to the parasitic component of the PCS, the PCS can be regarded as the same from η1 to ηN.


     P  L o a d _ s h a r e _ o u t   =    P  L o a d _ s h a r e _ i n   (  η 1  + ⋯ +  η N  )   P C  S N         η  L o a d _ s h a r e   = 1 −    P  L o a d _ s h a r e _ o u t      P  L o a d _ s h a r e _ i n        



(1)




where



  P C  S N    = the number of PCS modules;



   η N    = efficiency of the last module.



The PCS performing the load sharing function shows a constant output in all modules. Thus, it can have high efficiency from a certain area. However, the MESS operates in a wide range of load areas, depending on the load state and on the generation state of renewable energies. In this respect, the MESS must have high efficiency whether under light, heavy, or rated load, which is a means of increasing the energy efficiency of the DC MG.



Equation (2) is a formula for the efficiency curve of the PCS that produces the maximum efficiency. Assuming that the efficiency of the PCS is the same as that of the parasitic component excluded, the efficiency is determined according to the input power of each PCS. Thus, the efficiency is determined by how the input power is divided and controlled:


     P  M E T _ o u t   =  P  M E T _ i n _ 1   ⋅  η 1  +  P  M E T _ i n _ 2   ⋅  η 2  + ⋯ +  P  M E T _ i n _ N   ⋅  η N       η  M E T   = 1 −    P  M E T _ o u t      P  M E T _ i n _ 1   + … +  P  M E T _ i n _ N        



(2)







Figure 5 shows the proposed algorithm to ensure that the PCS operates with maximum efficiency. The power control of a DC MG is determined through the EMS. The EMS also determines the charge/discharge mode of the MESS, as well as the magnitude of the current. These modes and the magnitude of the current are utilized to select the maximum number of modules of the PCS. Furthermore, the temperature of all PCSs is measured before PCS operation, to determine whether there is any abnormality. The appropriate temperature for the PCS was selected to be 20–80 °C. The rated capacity of the PCS in one module is 6.6 kW. However, the maximum efficiencies and rated capacities of many PCSs are different. Although the number of modules is determined based on the rated capacity of the PCS, these modules do not reach this rated capacity. Thus, after one module operates up to its maximum efficiency point, the next module is operated. After the maximum number of modules operate at maximum efficiency, they reach the rated capacity through load sharing.



Most of the MESSs are designed with large capacity. When configuring a modular PCS, the smaller the module capacity, the higher the number of PCSs used. For when multiple PCSs are used and one module fails, a system can be designed to enable the operation of the MESS through the fault diagnosis algorithm. Moreover, the maximum efficiency point can be advanced through the algorithm proposed in this paper. There is a high likelihood that multiple loads and RESs would be additionally installed for a DC MG. Thus, an algorithm that can operate with maximum efficiency by utilizing a modular PCS capable of responding to various states is required.





3. Algorithm for Efficient Energy Management of Microgrids


The energy flexibility of an MG is determined by the EMS algorithm. The EMS manages the control system, load management system, and energy management system of the MG. The EMS of the MG manages energy flexibly. In addition, there is a grid-connected mode to improve the insufficient energy state of the MG and the reliability of the system. The MG can reduce the system operating costs through the grid-connected mode, necessitating flexible energy management.



PV has a fixed time period for power generation. Typically, the time period when PV is generated tends to be under high load of the AC grid. Thus, the EMS should increase the utilization rate of RESs and lower the utilization rate of the AC grid.



Figure 6 shows the EMS algorithm proposed in this paper, which always operates for the energy management of the MG. Several PCSs of the MG configured in this paper were designed and manufactured within the range not exceeding the maximum temperature of 80 °C. Thus, this algorithm is terminated by determining the state exceeding the maximum temperature as a failure.



The algorithm proposed in this paper has different voltage control priorities, depending on various states. When the load is connected, the priority of voltage control is primarily given to the PV-DESS. A typical PV is an energy source that induces high voltage fluctuations, which is unsuitable for controlling the voltage of an MG. However, PV-DESS can perform the voltage control of the MG through control and design with the goal of constant output.



The purposes of algorithms for energy management differ depending on the connection state of the load. In a state where the load is not connected, each battery is charged and converted to an inverter mode. ESSs can manage surplus power. Thus, an ESS can be linked to many new energy sources, including RESs. However, there is a limit to charging the ESS with these RESs alone. Thus, the AC/DC converter is used to compensate for the insufficient energy. An AC/DC converter uses the AC_Grid, which is typical, and its costs accumulate over time. This cost is related to the operating cost of the DC MG. Typically, the time period during which PV can generate power and the time period when electricity rates are high tend to be similar. In this case, the operating cost of the MG is minimized by supplying power to the AC_Grid using PV and the MESS. In addition, the smooth operation of the DC MG can be secured by charging the energy of the MESS and DESS at the time period when the electricity rate is low.



When a load is connected, the priority of voltage control is given to the PV-DESS. The power generation of the PV-DESS and that of the load are compared. If the former is higher than the latter, the remaining surplus power is charged to the MESS. If the battery SoC of the DESS is less than 40%, the charging of the MESS is paused, and power is supplied to the load alone. Second, if the power generation of the PV-DESS is lower than that of the load, another PCS is utilized to supply insufficient power. The MESS is primarily used to supply the power, and it operates up to at least 20% of the SoC. The usage range of 20–80% for the SoC was selected for the MESS. This setting has commonly been used for ESSs installed indoors, and 10–90% is common for ESSs outdoors.



The operation mode of a DC MG is determined based on various situations. Because this paper utilizes PV (an intermittent energy source) in combination with the DESS, it has the advantage of constantly controlling the voltage of the MG. This constant control of voltage is beneficial, in that it is possible to reduce the AC grid electricity consumption and cost by increasing the use of RESs.



The EMS algorithm proposed in this paper is intended for efficient energy management by applying the constant power tracking algorithm of the integrated PV-DESS module (Section 2.1) and the MESS algorithm with high efficiency at light load (Section 2.2).



The proposed EMS algorithm can be divided into six categories. Modes 1–3 are in the state where the load is connected, and the voltage control of the MG is performed by using PV-DESS. Modes 4–6 are in the state where there is no load, and each battery is charged using a PV or AC/DC converter and converted to an inverter mode. Figure 7 shows a power flow diagram for each mode of the EMS.



Each mode of the EMS is determined by the battery state of the MESS and the required load energy. Thus, the battery state of the MESS (SoCMESS) is received, and the power generation of PMESS after each mode operation is checked. Because two different loads were used in this study, the amount of electricity required for Pload1 and Pload2 was measured. PV is an intermittent energy source with a fixed generation time. In this study, PV-DESS supplied a constant amount of electricity, allowing for a stable power supply to loads. Therefore, the PV-DESS module power generation, expressed as Ppv_DESS, was measured. OPPV_DESS is the operation time of the PV-DESS’s stable power supply mode, while OPPV refers to the operation time of the PV single operation mode. The operation time of the inverter mode that operates using the electricity of the DESS or MESS can also be checked with OPInverter. To ensure the stable operation of the MG during the low consumption period of the existing power grid, each battery should be charged. OPDESS_ch is the PCS operation time during battery charging.



There are several PCSs in an MG. Following the completion of each PCS operation, the temperature of each PCS is measured to detect PCS failure. If the temperature of a PCS (PCST) exceeds 80 °C, this is considered a PCS failure and the EMS is shut down.



3.1. EMS Mode 1


In mode 1, power is supplied to the load using the PV-DESS and MESS. This section is operated when the SoC of the MESS is 20% or more, and the SoC of the DESS is 30% or more. The DESS ensures a stable PV output. Therefore, the DESS is set to operate in the range of 20–30%.




3.2. EMS Mode 2


Mode 2 is a mode that occurs when SoCMESS is less than 20% during mode 1 operation. The power is supplied to the load using the PV and AC/DC converter. Typically, the electricity rates of an AC_Grid vary, based on time sections. The time period 11:00–17:00 corresponds to the maximum load section, where the maximum electricity rate occurs. Thus, the MESS is charged, and power is supplied to the load by utilizing the AC/DC converter and PV-DESS in other time periods. PMESS_ch_ref (i.e., charging power for MESS) can be charged as much as the difference between PAC/DC_converter_max (the maximum capacity of the AC/DC converter) and PLoad. After 15 min of continuous operation using the AC/DC converter, the time section is further determined.




3.3. EMS Mode 3


Mode 3 occurs for a section where power is supplied to the load and MESS by using the PV-DESS. It provides a stable power supply to the load, and it charges the surplus power with the MESS. The DESS serves to supplement the insufficient power generation of PV. Thus, to track the constant power of the PV-DESS, the SoC limit of the DESS was raised to 40%. The following is the mode selection when no load is connected. In this state, the time period when the AC_Grid’s electricity rate is high is selected.




3.4. EMS Mode 4


Mode 4 corresponds to the time section when PV can generate power and when SoCMESS is less than 50%. Mode 4 is the mode for charging each battery. When the battery SoC of the DESS is less than 80%, the DESS is charged. To primarily charge the DESS using PV, SoCDESS was selected as 80%. Mode 4 corresponds to the time period with the highest power usage. Thus, it is necessary to prepare for a stable power supply to the load. An MESS tends to be installed with large capacity compared to PV. Thus, the DESS is primarily charged to prepare for the stable operation of the PV-DESS’s constant power tracking.




3.5. EMS Mode 5


Mode 5 corresponds to the conversion to an inverter mode. DC MGs can be linked to several RESs. However, the DG or AC/DC converters are utilized to secure system reliability. In the present work, the system was configured using an AC/DC converter. Thus, when charging the battery, the AC_Grid’s electricity rate occurs, and mode 5 is converted to an inverter mode to reduce the cost. The inverter mode operates only when the AC_Grid’s electricity rate is the lowest. The voltage control priority of the MG is given to the PV-DESS. The voltage control of the PV-DESS is up to 40% of SOCDESS, and then the voltage control of the MESS is performed.




3.6. EMS Mode 6


In mode 6, each battery is charged by using the AC_Grid. The MESS is designed and installed with the largest capacity among the PCSs of the MG. Thus, a significantly long time is required to fully charge the MESS. After the MESS is fully charged, the DESS is further charged.





4. Experiment Results


Figure 8 shows how H/W was configured to verify the operation algorithms of each PCS, as well as the MG, proposed in this paper.



A resistive load and a battery load were utilized for each load. The resistance load was 0.7–13 kW, for which a variable resistor was used, and the battery load was designed to be 48 V and 105 Ah.



Table 1 shows the PCS module specifications of the MESS. This paper proposes an operation algorithm with high efficiency for a light load of the MESS. The battery of the MESS consisted of a 120-unit LiFePO4 (3.2–3.7 V) in series. The battery voltage was 384–444 V with 125 Ah and 55 kWh.



The PCS 1 module specifications for the MESS were composed of three parallel PCS modules of 12.5 kW with a maximum current of 32.6 A. The charging and discharging of the battery were performed with a 0.8 C rate or less.



Table 2 shows the efficiency measurement depending on the mode of one PCS module. The battery charging mode of the MESS is the boost mode, and the discharging mode is the buck mode. Typically, the power conversion device shows a decrease in efficiency at the rated load. Therefore, the next PCS is operated before the decrease in efficiency appears. The number of modules is sequentially raised, and when the maximum number is reached, the capacity is gradually raised to reach the target amount of power.



Figure 9 compares the efficiency measurements depending on the operation algorithm of the MESS. To verify the validity of the algorithm with high efficiency at light load, as proposed in this paper, the efficiency of a single 37.5 kW capacity PCS, that of a three-module PCS, to which the load share algorithm was applied, and that of a three-module PCS, to which the algorithm proposed in this paper was applied, were compared.



The same H/W was used for the load share and for the proposed PCS. However, the efficiency differed depending on the operation method of the module. The MESS operation algorithm proposed in this paper had an efficiency value of 92.38% from a load factor of 3% (1250 W). In addition, this efficiency value reached 96% when the load factor was 10% or more.



The PCS 1 module constituting the MESS had a capacity of 12.5 kW. However, the reduction in efficiency occurred above the 60% load section. Thus, the next module operated from 7.5 kW of the preceding PCS.



Figure 10 shows the waveform of charging the battery using the PCS of the MESS. Figure 10a shows the waveform of charging the battery with a light load, while Figure 10b shows the waveform of charging the battery with the maximum current.



During light load operation, one or two PCSs are selected and operated, depending on the PCS efficiency characteristics. The rated operation is performed in the same manner as that in the load share of the PCS. After the operation of three PCSs at maximum efficiency, the insufficient power is redressed by sharing the same amount of power.



For the verification of the constant power tracking algorithm of the PV-DESS, which was designed to be 4.89 kWh at 60 Ah, 21-unit LiFePO4 batteries were used. Moreover, each PCS utilized a boost converter for MPPT control PV at 5 kW and DAB for insulation from the MESS.



DAB 1 was connected to the DESS and PV, and DAB 2 was connected to DAB 1 and the MG’s power distribution network voltage. Table 3 shows the specifications of the batteries used in the PV-DESS and each PCS. PV-DESS consisted of two stages. Thus, the PV and DESS were boosted to 180 V, and further to 380 V (i.e., the MG distribution network voltage) by utilizing DAB 2.



Figure 11 shows the output voltage, current, and power waveforms of PV when no insolation drop occurs. When an insolation drop occurs, mode B operates to compensate for the intermittent characteristics.



VPV-MPP of 140 V and IPV-MPP of 35.7 A, which are the maximum power points (MPP) of PV, were identified, and the independent operation of PV was verified through experiments.



To verify the constant power tracking algorithm, the DESS of the PV-DESS integrated module was verified. As shown in Figure 12a, (1) when there is no insolation drop, the DESS does not operate due to mode A operation; (2) an insolation drop activates mode B, which is supported by the DESS; and (3) mode D is verified, in which the DESS supplies power when the SoC of the DESS is sufficient, because the PV can no longer operate. As shown in Figure 12b, which is the same as shown in Figure 12a, PV enters the charging mode, mode C, while operating with reduced PV output, and it receives the PV output and power from the distribution network to perform charging. If the PV does not operate, then the PV will perform charging by receiving power from the power distribution network alone.



Figure 13 shows power generation vs. time. The amount of electricity by time represents the mean power generation for 1 h; however, the actual power generation varies in real time. This is linked to the DC distribution network of the MG, causing changes in the voltage of the DC distribution network.



Table 4 shows the power generation measured every 10 min between 10:00 and 11:00 and between 14:00 and 15:00. In this study, the DESS operates as a device to maintain maximum PV power generation. With the changing solar radiation, the PV power generation gradually increases and then declines after reaching its peak. The power generation can also decrease by partial shading. The DESS is input when the power generation is lower than that of the previous 10 min (to supply the same amount of power as before). Table 5 shows the ESS discharge current based on PV power generation. Because the DESS plays the role of compensating for the maximum PV output, it generates the maximum electricity of the previous time.



For efficient energy management, the EMS algorithm to which the MESS algorithm and the PV-DESS integrated module algorithm were applied was verified through experiments.



Figure 14 shows the experimentally verified waveform of the EMS algorithm depending on the MESS, PV-DESS integrated module, and load. Figure 14a shows the waveforms experimented with for the low-SoC states of each battery in the MESS and DESS. The section operating in EMS mode 1 was in the state where the load of the MG was connected, and the power required by the load was 8 kW. PV-DESS could output a total of 5 kW. Thus, both the PV-DESS and MESS were utilized to supply power to the load. However, as the minimum SoC of the MESS was reached, it switched to EMS mode 2. The existing power grid was used to supply the amount of power that was insufficient due to the conversion to EMS mode 2 to the load. Moreover, power was supplied to the load, and the remaining surplus power was utilized to charge the battery. In EMS mode 6 conversion, the load of the MG was rejected, and the battery was charged by using the AC/DC converter.



Figure 14b is the waveform for each mode conversion when the SoC of each battery in the MESS and DESS was high. The initial SoC of each battery was approximately 80%, and the load during the initial operation was 3 kW. PV-DESS outputted a total of 5 kW. Thus, it operated at EMS mode 3, which supplied power to the load by using PV alone. Subsequently, if the load of the MG varied to 18 kW and the use of PV alone could not be sustained, it was converted to EMS mode 1, which supplied power to the load by utilizing the MESS and PV-DESS. Subsequently, when the load was rejected, the battery charge/discharge mode was determined depending on the SoC of each battery.



The time period during which PV operates and that when electricity rates are high are very similar. Thus, PV is utilized in this case. When the SoC of the DESS is less than 60%, an inverter operation is performed by using the MESS.



Figure 14c shows an inverter operation, as well as a charging mode for each battery; there was no load on the MG, the minimum SoC of the MESS battery was 50%, and the battery SoC limit of the DESS was 60% at the time of an inverter operation. Thus, in this experiment, an inverter operation was performed by utilizing the MESS; when the minimum SoC of each battery was reached, the inverter operation (EMS mode 5) was terminated. In addition, in a state where PV could generate power under no load, each battery was charged by conversion to EMS mode 4. Compared to the battery of the MESS, PV has a significantly small capacity. Thus, a significantly long charging time is required. In EMS mode 4, PV was utilized to primarily charge the DESS and then the MESS.




5. Conclusions


This paper addresses the operation of each PCS for the efficient energy management of MGs. For efficient energy management, the disadvantages and problems of each PCS were supplemented.



First, to compensate for the intermittency of PV, this study proposes an operation algorithm for PV integrated with the DESS. To complement the intermittent characteristics of PV, the insufficient maximum PV power generation was compensated for based on the SoC of the DESS. An algorithm for operating the PV-DESS integrated module based on the solar radiation, the SoC of the MESS, and the SoC of the DESS was proposed and was verified through experiments.



Second, this study proposed an algorithm for tracking the maximum efficiency of the MESS in all areas. To realize highly efficient MESS in all areas, this paper proposes a control technique for achieving the same output for PCSs using the load share technique after maximum efficiency is reached. The proposed algorithm showed 92.38% efficiency from a load rate of 3% when operated with three modules, and an efficiency increase of 11–13% when the load share and singular techniques were compared.



This paper proposes an algorithm for efficient energy management, as well as an energy management system that compensates for the shortcomings of RESs. The proposed energy management system optimizes the energy flow of the MG, thereby increasing the utilization rate of RESs.
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Figure 1. The proposed hierarchical control of MG. 
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Figure 2. Operation algorithm of the PV-DESS integrated module. 
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Figure 3. Power flow diagram of the PV-DESS integrated module: (a) PV-DESS operation mode A, (b) PV-DESS operation mode B, (c) PV-DESS operation mode C, and (d) PV-DESS operation mode D. 
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Figure 4. Efficiency characteristics depending on the PCS capacity and module control. 
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Figure 5. Charging/discharging mode algorithm at maximum efficiency. 
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Figure 6. EMS operation algorithm for efficient energy management. 
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Figure 7. Power flow diagram of MESS: (a) EMS mode 1, (b) EMS mode 2, (c) EMS mode 3, (d) EMS mode 4, (e) EMS mode 5, and (f) EMS mode 6. 
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Figure 8. Proposed configuration of the DC MG hardware. 
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Figure 9. Efficiency measurement depending on the MESS PCS operation method. 
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Figure 10. Battery charging waveform of the MESS: (a) operation under a light load condition and (b) operation under a rated load condition. 
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Figure 11. PV voltage, current, and power waveforms for checking PV operation. 
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Figure 12. Experimental results on the DESS to compensate for the intermittent characteristics of PV (a) when the SoC of the DESS is sufficient and (b) when PV does not operate due to the smaller SoC of the DESS than the range. 
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Figure 13. Amount of power generated by solar power over time. 
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Figure 14. Experimental results for EMS algorithm for efficient energy management in a state where (a) the SoC of each battery of the MESS and DESS was low and (b) the SoC of each battery of the MESS and DESS was high. (c) The inverter operation and charging mode of each battery. 
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Table 1. MESS battery capacity and PCS 1 module specification.
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Parameters

	
Value (Unit)

	
Parameters

	
Value (Unit)






	
MESS battery

	
384–444 (V)

	
Output current (max)

	
32.6 (A)




	
125 (Ah)

	
Switching frequency

	
150 (kHz)




	
Vdc_bus

	
380 (V)

	
Buck–boost converter

Power device

	
C3M0025065D

25 (mΩ)
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Table 2. Measurement of MESS PCS 1 module efficiency.
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Load (% of 12.5 kW) [%]

	
Efficiency (%)




	
Boost Mode

	
Buck Mode






	
5

	
80

	
83




	
10

	
92.38

	
91.51




	
20

	
95.23

	
94.33




	
30

	
96.15

	
95.57




	
40

	
96.32

	
96.34




	
50

	
96.35

	
96.33




	
60

	
96.53

	
95.86




	
70

	
96.3

	
95.51




	
80

	
96.1

	
95.13




	
90

	
94.8

	
95.23




	
100

	
93.55

	
94.5
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Table 3. PV-DESS battery capacity and PCS 1 module specification.
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Parameters

	
Value (Unit)

	
Parameters

	
Value (Unit)






	
DESS battery

	
67.2–77.7 (V)

	
PV voltage at MPP,

	
140 (V)




	
80 (Ah)

	
PV current at MPP

	
35.7 (A)




	
DESS PCS

Maximum power output

	
5 (kW)

	
PV boost converter

Maximum power output

	
5 (kW)




	
Transformer turn ratio

	
1:2.5

	
PV PCS inductance

	
1.8 (mH)




	
Leakage inductance

	
2.5 (μH)

	
PV PCS switching frequency

	
60 (kHz)




	
DAB switching frequency

	
100 (kHz)

	
PV, DESS PCS

Power device

	
C3M0025065D

(25 mΩ)
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Table 4. The amount of electricity measured in ten-minute units of solar power generation.
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	Time(h)
	PV Power Generation (Wh)



	10:00–10:10
	3150



	10:10–10:20
	3250



	10:20–10:30
	3754



	10:30–10:40
	4046



	10:40–10:50
	4215



	10:50–11:00
	4314



	14:00–14:10
	4620



	14:10–14:20
	4300



	14:20–14:30
	4000



	14:30–14:40
	3900



	14:40–14:50
	3850



	14:50–15:00
	3600
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Table 5. ESS discharge power according to the fluctuation of solar power generation.
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Case 1

	
Case2




	
Number of

Experiments

	
PV Simulator (Wh)

	
ESS Power Generation (Wh)

	
Number of

Experiments

	
PV Simulator (Wh)

	
ESS Power Generation (Wh)






	
1

	
4600

	
0

	
1

	
3000

	
0




	
2

	
4300

	
300

	
2

	
3100

	
0




	
3

	
4000

	
600

	
3

	
3300

	
0




	
4

	
3900

	
700

	
4

	
3600

	
0




	
5

	
3850

	
750

	
5

	
3500

	
100




	
6

	
3600

	
1000

	
6

	
3600

	
0
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