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Abstract

:

This paper presents a power flow control strategy for a hybrid control architecture of the DC microgrid (DCMG) system under an unreliable grid connection considering the constraint of electricity price. To overcome the limitation of the existing schemes, a hybrid control architecture which combines the centralized control and distributed control is applied to control DCMG. By using the hybrid control approach, a more optimal and reliable DCMG system can be constructed even though a fault occurs in the grid or a central controller (CC). The power flow control strategy for the hybrid DCMG control architecture also takes the constraint of electricity price into account for the purpose of minimizing the electricity cost. In the proposed hybrid control, the high bandwidth communication (HBC) link is used in the centralized control to connect the CC with DCMG power agents. On the other hand, the low bandwidth communication (LBC) link is employed to constitute the distributed control. A small size of data is used to exchange the information fast between the agents and CC, or between each agent and its neighbors, which increases the reliability and robustness of the DCMG system in case of a fault in the communication link of the centralized control. A DCMG system with 400-V rated DC-link voltage which consists of a wind power agent, a battery agent, a grid agent, a load agent, and a CC is constructed in this study by using three power converters based on 32-bit floating point digital signal processor (DSP) TMS320F28335 controller. Various simulation and experimental results prove that the proposed scheme improves the system stability and robustness even in the presence of a fault in the communication link of the centralized control. In addition, the proposed scheme is capable of maintaining the DC-link voltage stably at the nominal value without severe transients both in the centralized control and distributed control, as well as both in the grid-connected case and islanded case. Finally, the scalability of the DCMG system is tested by adding and removing additional wind power agent and battery agent during a certain period.
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1. Introduction


Environmental concern and economic factors make microgrid (MG) research more intense lately. In general, an MG is a small power system which integrates loads, sources, and storage devices in an electric network by connecting them through power electronic converters [1]. MGs are supplemented by the distributed generation (DG) power from renewable energy sources such as photovoltaic (PV), wind turbine, and hydroelectric. The output from renewable energy sources often fluctuates from time to time as the renewable energy is highly dependent on natural conditions. To overcome this power fluctuation, an energy storage system (ESS) is usually added into the MG system [2]. In addition to the ESS, technology developments also make it possible to connect many power sources into MG. In [3], a supercapacitor is employed to alleviate the voltage transient during load changes. The research in [2] considers an electric vehicle with PV and ESS in a coordinated control to suppress the system frequency fluctuation in an MG system.



Depending on the bus voltage type, MGs can be classified as DC microgrids (DCMGs) and AC microgrids (ACMGs). Between them, recent interest is focused on DCMG because of its attractive feature [4]. DCMGs have several advantages over ACMGs since some constraints in ACMGs such as transformer inrush current, reactive power flow, frequency synchronization, current harmonics, and power quality can be avoided in DCMG systems [5]. Furthermore, as most DGs generate DC power or are inevitably converted to DC first, the integration process is much easier in the DCMG system, which leads to a construction of a more efficient MG system [6,7]. DCMG can also reduce the power conversion loss in the consumer sector because new electronic loads are dominated by DC loads [8]. Moreover, several AC loads like induction motors can be supplied by DCMGs using inverter-fed drive systems [9].



In order to guarantee that the MG system works effectively and efficiently, a coordination of power agents such as DGs, ESSs, and grid is needed in MG. Coordinated control of MG can be classified into three categories based on the MG architecture: the distributed control, decentralized control, and centralized control. In the distributed control approach, all the agents communicate with their respective neighbors and the operating conditions are decided based on the internal information of the agent and the external information of other agents. In the decentralized control scheme, all the agents determine their operating conditions by using only the internal information of the agent without any information from other agents. Meanwhile, in the centralized control method, all the agents send data to a central controller (CC), and then, CC decides the operating conditions of all the agents based on the acquired data.



All the coordination control architectures have their own advantages and disadvantages. By integrating the energy management system (EMS) to CC in the centralized control, it is possible to reach a global optimum solution while satisfying some constraints at the same time [10]. The centralized control approach also increases MG stability [11] and optimizes the power exchange [12] as well as the economic dispatch of DG units with high accuracy and controllability [13]. In spite of these advantages, there exist several disadvantages in the centralized control architecture. It is difficult to integrate many power units in this scheme. As the number of power units is increased, the computational burden of the CC is also increased [14]. The communication link between the CC and DG agents also becomes more fragile to communication failure [15]. Moreover, the centralized control mode is faced with a single point of failure issue because it highly relies on the CC to control the entire system of MG. In the centralized control, a fault detection delay caused by the fault in the communication link creates another problem in the MG system. With the aim of improving the system reliability of MG, the research in [16] proposes to install the local emergency mode in each DCMG agent in the centralized control architecture. In this local emergency mode, each agent determines its operating mode instead of the CC. However, this approach still has the limitations of the centralized control.



As for the decentralized control approach, the number of the power agents can be increased or decreased easily in the MG system. However, this scheme is lack of coordination to achieve an optimum solution [17] because the communication link does not exist.



On the other hand, the power units can be easily added or removed in the distributed control approach. This scheme has more robustness in terms of the communication link than the centralized control architecture. In addition, the existence of the communication links makes the MG system more probable to reach an optimum solution. In [18], an improved power management strategy is presented for multi-agent system (MAS)-based distributed control of DCMG. In this scheme, the DC-link voltage restoration algorithm is also developed to ensure the system power balance even under communication network problems. However, it is well known that the distributed control achieves only a sub-optimum solution since the objective of the distributed control is only to improve the reliability of MG [10]. Moreover, it is difficult to anticipate all the operating scenarios in a large MG system with many DGs [10].



To overcome such a limitation in each coordination control, a hybrid control architecture that combines two or more coordination control methods is introduced. The study in [19] proposes a hybrid control architecture to combine the centralized and distributed architectures for an islanded DCMG. In this work, the distributed control is used only as a backup plan when a fault occurs in the CC. However, excessive generated power from the DG units is not effectively utilized in this scheme when the DCMG operates in the distributed control mode. In addition to that, the DCMG system experiences a moderate transient period in the transition between the distributed control and centralized control. A combination of the centralized and decentralized architectures in a hierarchical control strategy is also presented in [20]. This study allows a robust and seamless transfer between the grid-connected and islanded cases in the ACMG operation.



The electricity generation by DG units and power flow control strategy mainly determine the power injected into or absorbed from the main grid. The power from the grid affects the electricity price which consumers should pay. The time-of-use pricing (TOU), real-time pricing (RTP), and stepwise power tariff (SPT) methods have been used to determine electricity bills worldwide [21]. The TOU and RTP tariffs have been used in optimal battery sizing in smart home systems [22,23]. The TOU pricing divides daily electricity bills into three different levels such as on-peak rate, mid-peak rate, and off-peak rate [22]. The TOU policy has been adopted in Ontario, Canada to calculate the electricity bill for in-home energy management systems which use the wind turbine and battery energy storage system (BESS) [24]. The RTP method has been implemented in the U.S. and Australia for years [25]. Compared to the TOU, the RTP method that depends on the real market cost of delivering electricity offers a higher variability of electricity bill [26]. The SPT policy divides monthly electricity bills based on consumer electricity consumption. In this method, higher electricity consumption leads to higher electricity price [27]. China is one of the countries to use the SPT method to determine electricity bills [28].



Considering the limitation of the existing coordination control architectures, this paper presents a hybrid control architecture of DCMG which combines the centralized control and distributed control. By using this hybrid control approach, a more optimal and reliable DCMG system can be constructed even though a fault occurs in the grid or the CC. The power flow control strategy of the hybrid DCMG control architecture is also developed by taking the constraint of electricity price into account. In the proposed hybrid control architecture, the high bandwidth communication (HBC) link is used in the centralized control to connect the CC with DCMG power agents. Based on the information from all the agents, the CC determines the operating modes of all the agents. On the contrary, the low bandwidth communication (LBC) link is employed to constitute the distributed control. To reduce the communication burden, only one-bit binary data is used to exchange the information between the agents via the LBC link. For fast data transfer between the agent and CC, or, between each agent, a small size of data is exchanged in both the HBC link and LBC link. A small size of exchange data in the HBC and LBC links facilitates the reliability of the DCMG system as is stated in [29]. DCMG system considered in this study consists of a wind power agent, battery agent, grid agent, and load agent. The operating modes of the agents are determined based on the wind power generation, battery state-of-charge (SOC) level, grid availability, and electricity price constraint. To verify the proposed hybrid control scheme, the simulation is conducted by using the Powersim (PSIM) software (9.1, Powersim, Rockville, MD, USA) under three different levels of SOC, two grid conditions, and two electricity price levels. The simulation results validate that the proposed scheme can stably and reliably maintain the DC-link voltage at the nominal value irrespective of the control mode transition between the centralized control and distributed control. In addition, the system scalability is tested to allow the addition and removal of additional DG source and battery during a certain period. Finally, experimental results are presented to validate the simulation results by using a prototype of the DCMG system. The contributions of this paper are as follows:




	(i)

	
A power flow control strategy for a hybrid DCMG control architecture is proposed by combining the centralized control and distributed control. The proposed hybrid DCMG control scheme stably maintains the DC-link voltage at the nominal value with high reliability and robustness against the communication link fault and the absence of utility grid.




	(ii)

	
The proposed hybrid power flow control provides a stable and smooth DCMG operation during the transition between the distributed control and the centralized control, which overcomes the limitations such as the common single point of failure in the centralized control as well as the limitations related with the lack of information exchange in the decentralized control.




	(iii)

	
The proposed scheme can be implemented by the exchange of only a small size of data through the HBC and LBC links, which reduces communication burden and helps the DCMG system reach the optimum solution.




	(iv)

	
This study also focuses on minimizing the electricity cost on the consumer side by introducing a power flow control for a hybrid DCMG system with the consideration of electricity price constraint.









This paper is organized as follows: Section 2 describes the configuration of DCMG and each power agent. Section 3 describes the proposed hybrid DCMG architecture and power flow control strategy under various conditions. Section 4 and Section 5 present the simulation and experimental results. Finally, Section 6 concludes the paper.




2. Configuration of DCMG System


Figure 1 shows the configuration of the DCMG system considered in this study. The DCMG system consists of four agents, which are the grid agent, battery agent, wind power agent, and load agent. The grid agent and battery agent can export or import the power from the DC-link, while the wind power agent only provides the power to the DC-link and the load agent only absorbs the power from the DC-link. In this figure, PG, PB, PW, and PL denote the power from or into the grid agent, the power from or into the battery agent, the power from the wind power agent, and the power into the load agent, respectively. Figure 1 also shows the current direction of each power agent. For convenience, the reference direction of all the currents are taken as out of the DC-link. In order to connect the main grid source to the DCMG system, a transformer and a bidirectional AC-to-DC converter are employed. To supply the power from the wind turbine into the DCMG system, a permanent magnet synchronous generator (PMSG) and a unidirectional AC-to-DC converter are used. A battery is connected with a bidirectional DC-to-DC converter to exchange the power with the DCMG. In the load agent, load shedding or reconnection is achieved through electronic switches.



2.1. Grid Agent


Figure 2 shows the configuration of the grid agent. In order to damp the harmonic currents caused by the main grid source, an inductive-capacitive-inductive (LCL) filter is placed between the grid transformer and AC-to-DC converter. The parameters R1, R2, L1, L2, and Cf represent the filter resistances, filter inductances, and filter capacitance, respectively. The inverter-side current and grid-side current are denoted as i1 and i2, respectively. To regulate the currents in bidirectional way, an integral state feedback current controller with a full state observer is employed based on only the measurements of the grid currents and grid voltages [30]. The detailed control design process and observer implementation for the integral state feedback current controller in the grid-connected inverter is presented in [30,31,32].



The grid agent has three operating modes in the DCMG system, which are VDC control converter (CON) mode, VDC control inverter (INV) mode, and IDLE mode. The grid agent operates as VDC control CON mode when the wind power cannot supply the load demand, or the wind power cannot supply both the load demand and battery power in the charging mode of battery. In this operating mode, the grid agent maintains the DC-link voltage at the nominal value by injecting the required power from the grid to the DCMG. The second operating mode, namely, VDC control INV mode is used when the wind power is sufficient to supply the load demand. The grid agent also operates in this operating mode when the wind power can supply both the load demand and the maximum charging power of the battery (PB,Max,chr). In VDC control INV mode, the grid agent absorbs the surplus power from DCMG to inject it to the main grid, while regulating the DC-link voltage at the nominal value. The grid agent operates in IDLE mode instead of VDC control CON mode when the CC operates under the condition of high electricity price. In IDLE mode, the grid agent avoids the use of additional power from the grid to reduce utility cost.



When the grid agent regulates the DC-link voltage both in VDC control CON mode and VDC control INV mode, the grid agent implements two cascaded control loops as shown in Figure 2. In the outer control loop, the DC-link voltage controller is designed by using the proportional-integral (PI) controller to generate the current reference. Otherwise, the current reference is also generated as zero according to the operating modes of the grid agent. The inner control loop is designed to control the grid-side currents by using the integral state feedback control and full state observer. The full state observer estimates the system states from the system model and the measurement of the grid currents and grid voltages in the synchronous reference frame (SRF). The voltage references from the inner control loop are applied through the space vector pulse width modulation (PWM) modulation to generate the converter drive signals.




2.2. Battery Agent


Figure 3 shows the configuration of the battery agent. The battery is connected to the DCMG system with an inductive (L) filter and interleaved bidirectional DC-to-DC converter for the purpose of reducing current ripples. The battery agent has four operating modes which are VDC control by charging, VDC control by discharging, charge with the maximum allowable current (IB,Max), and IDLE mode. The battery agent operates in VDC control mode by charging if a fault occurs in the grid, and the wind power generation PW is higher than load demand PL. This operating mode is also chosen when the battery SOC is lower than the minimum SOC level, SOCmin, and PW is lower than PL. Under the condition that PW is lower than PL, and the grid agent cannot operate in VDC control CON mode, the battery agent operates in VDC control mode by discharging. When the battery SOC is less than the maximum SOC level (SOCmax) and the grid agent is connected to the DCMG, the battery operates in charge with IB,Max. This operating mode increases the battery SOC as fast as possible. The battery agent operates with IDLE mode when the battery SOC is greater than SOCmax and other power agents operate with VDC control mode. This operating mode maintains the battery SOC level without exchanging the power with the DCMG.



To implement the power flow control, the battery agent uses two PI controllers in the outer control loop and inner control loop. Similar to the grid agent, the outer control loop regulates the DC-link voltage stably and produces the current reference of the battery agent. The inner control loop controls the battery charging/discharging currents in a bidirectional way. In addition to the battery current reference, the inner control loop uses the information on the battery current feedback, the battery SOC, and the operating modes of the battery agent. If the battery agent operates in VDC control mode by charging or discharging, the battery current reference is determined from the outer PI control loop for the DC-link voltage regulation. The battery current reference is selected as IB,Max when the battery agent operates in charge with IB,Max. Otherwise, the battery current reference is set to zero for IDLE mode operation of the battery agent.




2.3. Wind Power Agent


Figure 4 shows the configuration of the wind power agent. An L filter is interfaced between the PMSG and unidirectional AC-to-DC converter, and the output of AC-to-DC converter is connected to the DC-link. The wind power agent has two operating modes which are the maximum power point tracking (MPPT) mode and VDC control mode. The MPPT mode in which the wind power agent operates mostly aims to draw the maximum power from the wind turbine. On the other hand, when the wind power is higher than the load demand and other power agents cannot absorb the surplus power from the wind power, the wind power agent initiates VDC control mode to maintain the DC-link voltage of DCMG reliably. The VDC control mode is implemented by two cascaded control loops, i.e., the outer loop PI controller for the DC-link voltage regulation and inner loop synchronous PI decoupling current controller. The MPPT mode is implemented by the MPPT algorithm, PI speed controller, and inner current control loop.




2.4. Load Agent


Figure 5 shows the configuration of the load agent. In a critical situation, the load agent can shed unnecessary load to prevent the DCMG from collapsing. After the termination of a critical situation, the load agent may reconnect the shedded load through the load reconnection algorithm. The load shedding algorithm is activated when all the agents cannot provide the demanded power of load. In this condition, the load agent disconnects load one by one from the least important load. This process lasts until the system power balance of DCMG is ensured by supplying the necessary load demand at some point. When the grid is reconnected to DCMG or the battery has a sufficient SOC level, the load reconnection algorithm is initiated to reconnect the shedded load [16].





3. Proposed Hybrid DCMG Control Architecture and Power Flow Control Strategy


3.1. Hybrid DCMG Architecture


Figure 6 shows the concept of a hybrid control architecture in the DCMG system. In the hybrid control architecture, the centralized and distributed control schemes are combined. In this figure, the blue dashed line represents an HBC link for the centralized control architecture, while the black solid line represents an LBC link for the distributed control architecture. The exchange of information between the CC and power agents in the centralized control architecture is achieved through the HBC link. On the contrary, all the power agents exchange the information with adjacent neighbors in the distributed control architecture by using one-bit binary data format through the LBC link. In the centralized control of DCMG, the CC collects the information from all the power agents, processes the acquired data, and determines the operating modes of all the power agents to achieve a global optimum solution of the DCMG system. On the other hand, the distributed control of DCMG aims to improve the system reliability and robustness against a fault in the communication link.



In this study, the control mode transition between the centralized control and distributed control is determined based on the availability of the CC. Figure 7 describes the control mode transition in the hybrid DCMG architecture. During the normal condition without the CC fault, the CC operates the entire DCMG system by the centralized control architecture. Once a fault occurs in the CC, the distributed control takes control to operate the DCMG system.



In the centralized control mode, the data is exchanged between the CC and all power agents. All the power agents send specific data to the CC through the HBC link. At the same time, the CC also investigates the electricity price condition from the external sources like the internet. Based on the acquired information, the CC makes the best decision for the operating mode of all agents. Finally, the CC sends data which contains the agent operating mode along with a control signal (CS) to all the agents. Each power agent uses the CS value to determine the operation by the centralized control mode (CS signal is high) or distributed control mode (CS signal is low). When the CS signal is high, all the agents obviously use the operating mode given by the CC. On the other hand, when the CS signal is low, all the agents determine the operating modes based on the agent internal data and received information through the LBC link. In the distributed control mode, all the agents send specific data in a one-bit binary format to the adjacent neighbors. In this scheme, the data transfer by the HBC and LBC methods is accomplished every control period.




3.2. Power Flow Control Strategy


The power flow control strategy in the hybrid DCMG architecture is autonomously and reliably determined under both the centralized control and distributed control by using the relationship of supply-demand power. To determine the operating modes of power agents, several conditions and key parameters such as the availability of the CC and grid agent, battery SOC level, generated power from the wind power agent, and electricity price are primarily considered. In the proposed hybrid DCMG control scheme, the distributed control mode is composed of ten operating modes as the power flow control strategy. In the centralized control mode, an additional operating mode is added for the power flow control to consider explicitly the constraint of electricity price. Figure 8 shows the power flow control strategy in the distributed control mode. The detailed operating modes of each power agent for power flow control are listed in Table 1.



The power flow control strategy of DCMG in the distributed control mode is explained as follows.



	
Operating mode 1: This operating mode occurs when the generated wind power PW is higher than the required load power demand PL and the battery SOC is higher than SOCmax under a fault in the grid agent. Because PW cannot be absorbed by other agents, the operating mode of the wind power agent is changed into VDC control mode while the battery agent is in IDLE mode.



	
Operating mode 2: This operating mode is selected when the generated wind power PW is higher than the required load demand PL, and the battery is not fully charged (SOC < SOCmax) under the grid fault. This operating mode also requires an additional condition that PW is less than the sum of load demand PL and the maximum charging power of battery PB,Max,chr. In this case, the wind power agent operates with the MPPT mode and the battery agent operates with the VDC control mode by charging to regulate the DC-link voltage.



	
Operating mode 3: This operating mode is used when the grid agent is normal, the generated wind power PW is higher than the required load demand PL, and the battery has been fully charged. In this case, the grid agent operates in VDC control INV mode to absorb the surplus power from the wind power agent which operates in the MPPT mode, while the battery agent operates in IDLE mode.



	
Operating mode 4: This operating mode requires the conditions that the grid agent is normal and the generated wind power PW is higher than the required load demand PL. Additional conditions to select this operating mode are the battery SOC is less than SOCmax, and PW is less than the sum of load demand PL and the maximum charging power of battery PB,Max,chr. In this mode, the wind power agent operates in the MPPT mode, the battery agent charges the battery with the maximum current IB,Max, and the grid agent provides the insufficient power from the grid by operating in VDC control CON mode.



	
Operating mode 5: This operating mode requires the conditions that the generated wind power PW is less than the required load demand PL and the battery SOC is less than SOCmax without a fault in the grid agent. The wind power agent draws the maximum power by operating in the MPPT mode, the battery agent charges the battery with the maximum current IB,Max, and the grid agent provides the insufficient power from the grid by operating in VDC control CON mode.



	
Operating mode 6: Operating mode 6 follows the same flow with the operating mode 5. The only difference is that this mode is used with the condition of SOC > SOCmax. In this operating mode, while both the wind power agent and grid agent maintain their operations with the same as in the operating mode 5, the battery agent changes its operation into IDLE mode.



	
Operating mode 7: When the generated wind power PW is less than the required load demand PL and the battery SOC is higher than SOCmin under a fault in the grid agent, the operating mode 7 is chosen. In this mode, the wind power agent operates in the MPPT mode and the battery agent regulates the DC-link voltage by operating in VDC control by discharging.



	
Operating mode 8: Operating mode 8 follows the same flow with the operating mode 7. The only difference is that this mode is used with the condition of SOC < SOCmin. When the DCMG system operates in operating mode 7 for a long period, the battery SOC is gradually decreased and reaches the threshold level of SOCmin. In this case, the battery agent can not supply the power any more. To avoid the DCMG system collapse under this critical condition, the load shedding algorithm is activated by the load agent. The load agent removes less important loads, the battery agent is in IDLE mode, and the wind power agent changes its operating mode into VDC control mode to regulate the DC-link voltage.



	
Operating mode 9: Operating mode 9 is selected by following the same flow with the operating mode 4. The difference is that this mode is determined when the generated wind power PW is greater than the sum of load demand PL and the maximum charging power of battery PB,Max,chr. In this mode, the wind power agent still operates in the MPPT mode, the battery agent charges the battery with the maximum current IB,Max. However, contrary to operating mode 4, the grid agent provides excessive power into the grid by operating in VDC control INV mode.



	
Operating mode 10: Operating mode 10 follows the same flow with the operating mode 2. The only difference is that this mode is chosen with the condition of PW > PL + PB,Max,chr. In this condition, the generated wind power PW is higher than the required load demand PL, and the battery is not fully charged (SOC < SOCmax) under the grid fault. In addition, since PW can supply additional charging power of battery, the battery agent charges the battery with the maximum current IB,Max, and the wind power agent changes its operating mode into VDC control mode to regulate the DC-link voltage.






Figure 9 shows the power flow control strategy in the centralized control mode. The detailed operating modes of each power agent for power flow control are listed in Table 2. In the centralized control, all the operating modes are the same as those of the distributed control except for the operating mode 11. The study in [33] shows that 40% of the world wide energy usage comes from the energy consumption in building area. As the number of building is increased, many researchers have been interested in the optimization of energy savings by considering electricity price [21,22,23,24,25,26]. The research in [34] reports that an effective algorithm on EMS can reduce electricity price with the average of 23.1%. Another study in [10] shows that the use of EMS in the centralized control mode leads to cheaper electricity price than in the distributed control mode. Generally, the electricity cost saving is influenced by many factors such as the load profile, distributed power generation, pricing method, optimization algorithm, and total usage of grid power during high electricity cost condition. In spite of such a difficulty, a particular study in [35] shows the electricity cost saving up to 28% by restraining the electricity injection from the grid during high electricity cost period.



For the purpose of minimizing the customer electricity cost in the DCMG system, the electricity price constraint is also considered in this work. In the proposed scheme, the DCMG system avoids the power supplied from the grid during periods of high electricity price, absorbing the least power only in the critical condition to prevent the system from collapsing. In the presented power flow control strategy, contrary to the distributed control, there is additional operating mode 3 (denoted by *1) in the centralized control mode by considering the constraint of electricity price. As shown in the left part of Figure 9 for the case PW > PL, the high electricity price condition in the centralized control changes the DCMG operation from operating mode 4 to operating mode 3. Whereas the operating mode 4 is selected for the DCMG operation in the normal electricity price condition, the DCMG system changes its operation into the operating mode 3 under high electricity price condition to avoid additional cost. Instead of operating converter mode to supply the power from the grid, the grid agent operates in inverter mode in operating mode 3 to avoid the power supply from the grid.



Based on the constraint of electricity price, the operating mode 11 is considered for the DCMG operation. The first condition to choose the operating mode 11 follows the same flow with the operating mode 6. The utility condition having high electricity price divides the DCMG operation into the operating mode 6 and operating mode 11. Instead of operating converter mode to supply the power from the grid, the grid agent operates in IDLE mode to avoid the use of power from the grid. The second condition to choose the operating mode 11 follows the same flow with the operating mode 5. Because of high electricity price condition, the DCMG selects the operating mode 11 rather than operating mode 5 to operate the grid agent in IDLE mode instead of converter mode. Similarly, there is additional operating mode 6 (denoted by *2) by considering the constraint of electricity price as shown in Figure 9 for the case PW < PL. In spite of high electricity price, the grid agent supplies the power into the DCMG as converter mode only when the battery has an extremely low SOC level in this additional operating mode 6 (denoted by *2).





4. Simulation Results


To verify the effectiveness of the power flow strategy in the proposed hybrid DCMG control scheme under the CC fault, unreliable grid connection, and uncertainty of electricity price, the simulation has been done using the PSIM software. Table 3 lists the system parameters used for simulation. Simulations are carried out for four cases which are low battery SOC case, safe regional battery SOC case, high battery SOC case, and high electricity price case. In addition to that, the DCMG system scalability is tested by adding and removing additional power agents during a certain period.



In the simulations for three different battery SOC cases, the grid has a fault from t = 0.5 s to t = 1.5 s. It is also assumed that the CC fault occurs from t = 0 to t = 0.25 s, from t = 0.75 s to t = 1.25 s, and from t = 1.75 s to t = 2s. Initially, the generated wind power PW is less than the required load demand PL until t = 1 s. After that, PW is increased and greater than PL until t = 2 s. In these simulations, the battery agent current, the grid agent current, the wind power agent current, and the load agent current are represented as IB, IG, IW, and IL with the reference direction as in Figure 1, in which the positive current denotes the current into the agent out of the DC-link and the negative current denotes the current from the agent into the DC-link.



4.1. Case of Low Battery SOC


Figure 10 shows the simulation results of the power flow strategy in the proposed hybrid DCMG control scheme for the case of low battery SOC level. Initially, the battery SOC is less than SOCmin and all the agents start the control operation at t = 0.05 s. Since the generated wind power PW is less than the load demand PL and the battery SOC is very small without a grid fault, the DCMG system initially starts the operation with the operating mode 5, which lasts until a fault occurs in the grid at t = 0.5 s.



From this instant, the DCMG operation is changed into the operating mode 8 because both the wind power agent and battery agent cannot provide the required load demand PL. In this case, the load shedding algorithm is activated by the load agent to remove less important load while the battery agent changes the operation into IDLE mode, and the wind power agent is changed into VDC control mode to regulate the DC-link voltage.



When PW is increased higher than PL at t = 1 s, the DCMG changes its operation into the operating mode 2. In this mode, the wind power agent operates in the MPPT mode, and the battery agent regulates the DC-link voltage by operating with the VDC control mode by charging. Because the battery SOC level is still lower than SOCmin, the load reconnection algorithm cannot be activated by the load agent.



As the grid is recovered from fault at t = 1.5 s, the DCMG operation is changed into the operating mode 4 and the load reconnection is activated by the load agent at the same time. Consequently, the wind power agent maintains its operation in the MPPT mode, the battery agent charges the battery with the maximum current IB,Max, and the grid agent supplies the inadequate power by operating in VDC control CON mode.



As stated earlier, it is assumed that the CC has a fault from t = 0 to t = 0.25 s, from t = 0.75 s to t = 1.25 s, and from t = 1.75 s to t = 2s in this simulation. During the CC fault, the distributed control scheme takes the role to operate the DCMG. As shown in this result, in spite of the transition between the distributed control mode and centralized control mode, all the agents operate stably within the DCMG system without severe transient, which validates that the proposed scheme contributes to improve the system reliability and robustness against a fault in the communication link of the centralized control.




4.2. Case of Safe Regional Battery SOC


Figure 11 shows the simulation results of the power flow strategy in the proposed hybrid DCMG control scheme for the case of safe regional SOC level between SOCmin and SOCmax. Similarly, all the agents start the operation at t = 0.05 s and the DCMG initially starts with the operating mode 5. This simulation test considers two cases of PW. Figure 11a represents the case for PW < PL + PB,Max,chr, and Figure 11b represents the case for PW > PL + PB,Max,chr.



As soon as a fault occurs in the grid at t = 0.5 s, the DCMG system operation is changed into the operating mode 7 in both cases. In this mode, the wind power agent still operates in the MPPT mode and the battery agent changes its operating mode to VDC control by discharging to regulate the DC-link voltage.



As the generated wind power PW is increased at t = 1 s, the DCMG operation shows different behavior in Figure 11a,b. Under the condition of PW < PL + PB,Max,chr, the operating mode 2 is used before the grid is recovered. In this mode, the wind power agent operates in the MPPT mode and the excessive power from PW is absorbed by the battery agent which operates in VDC control mode by charging. On the other hand, under the condition of PW > PL + PB,Max,chr, the operating mode 10 is used, in which the battery agent charges the battery with the maximum current IB,Max and the wind power agent regulates the DC-link voltage by operating in VDC control mode.



When the grid is recovered t = 1.5 s, the DCMG operation is changed into the operating mode 4 in Figure 11a, and the operating mode 9 in Figure 11b. In the operating mode 4, the wind power agent maintains its operating mode, the battery agent still charges the battery with the maximum current IB,Max, and the grid agent operates in VDC control CON mode to provide the deficient power in Figure 11a. In the operating mode 9, the wind power agent operates in the MPPT mode, the battery agent maintains its operating mode, the grid agent regulates the DC-link voltage by operating in VDC control INV mode.



A smooth and reliable transition between the centralized control and distributed control caused by the CC fault is also confirmed from this simulation without affecting the overall performance.




4.3. Case of High Battery SOC


Figure 12 shows the simulation results of the proposed hybrid DCMG control scheme for the case of high battery SOC level. Because the battery has been fully charged from the beginning, the DCMG starts with the operating mode 6 and all the agents start the control t = 0.05 s. In the operating mode 6, the wind power agent operates in the MPPT mode, the battery agent is in IDLE mode, and the grid agent operates in VDC control CON mode to regulate the DC-link voltage.



In the presence of the grid fault at t = 0.5 s, while the wind power agent remains in the MPPT mode, the battery agent changes its operation into VDC control by discharging to regulate the DC-link voltage, which realizes the operating mode 7. As the generated wind power PW is increased higher than PL at t = 1 s and the battery agent is still fully charged, the wind power agent executes VDC control to regulate the DC-link voltage.



As the grid is recovered from fault at t = 1.5 s, the surplus wind power can be injected into the grid by the grid agent. At this instant, the DCMG system is controlled by the operating mode 3, in which the wind power agent changes the operation into the MPPT mode, the battery agent is still in IDLE mode, and the grid agent uses VDC control INV mode to control the DC-link voltage.



It is also evident in this simulation that the transition between the centralized control and distributed control in a hybrid DCMG structure is very smooth and stable even in the presence of a sudden fault in the CC.




4.4. Case of Electricity Price Constraint


Figure 13 shows the simulation results with the constraint of high electricity price with the assumption that the CC has the information on the time-varying price of utility. This simulation test considers two cases of PW. Figure 13a represents the case for PW > PL, and Figure 13b represents the case for PW < PL. Similar to the previous cases, all agents start the operation at t = 0.05 s in both cases.



When the generated wind power PW has the condition of PW > PL + PB,Max,chr, the DCMG starts the operation with the operating mode 4, in which the grid agent operates in VDC control CON mode. However, as soon as the distributed control is changed into the centralized control as a result of the recovery of the CC fault at t = 0.25 s, the DCMG operation is changed into the operating mode 3 as shown in Figure 13a. In the operating mode 3 of the centralized control, the battery agent changes the operation into IDLE mode to avoid the use of additional power from the grid, and the surplus power from PW is injected into the grid by operating in VDC control INV mode. If the fault occurs in the CC at t = 0.75 s, the DCMG system operation is returned to the previous operation.



With the condition of PW < PL, the DCMG starts with the operating mode 6, in which the battery agent is in IDLE mode and the grid agent operates in VDC control CON mode. As soon as the distributed control is changed into the centralized control as a result of the recovery of the CC fault at t = 0.25 s, the DCMG operation is changed into the operating mode 11 as shown in Figure 13b. As a result, the grid agent stops the converter mode operation to avoid the use of power from the grid. Instead, the deficient power in the DCMG is supplied by battery with VDC control mode by discharging. Similarly, the DCMG system operation is returned to the previous operation in case of the CC fault.




4.5. Scalability Test


The scalability of DCMG has been one of the important issues in DCMG structure. The scalability test is performed in this study based on the method in [7] by including an additional converter to the DCMG system at steady-state. Figure 14 shows the simulation result of the proposed scheme for the scalability test. In this simulation, the second battery agent is added at t = 0.3 s, and removed at t = 0.9 s. The second wind power agent is added at t = 0.4 s, and removed at t = 0.7 s. The second wind turbine operates in the MPPT mode and the second battery agent operates in charge with IB,Max mode. In addition to that, a fault occurs in the grid at t = 0.5 s, which forces the DCMG system to operate in the islanded mode. It is confirmed from this simulation that the DCMG can still maintain the DC-link voltage at the nominal value stably in spite of the addition as well as the removal of additional power agents even under the grid-connected and islanded cases.



In all the simulation tests, the maximum deviation of the DC-link voltage from the nominal value of 400 V is measured as 1.5325% in Figure 10, Figure 11a,b, Figure 12, and Figure 13b. In Figure 13a and Figure 14, it is 1.6275% and 1.5225%, respectively. The maximum deviation of the DC-link voltage from the nominal value is quite unnoticeable.





5. Experimental Results


In order to verify the effectiveness of the power flow strategy in the proposed hybrid DCMG architecture, the experiments were conducted by using a laboratory DCMG testbed system. Figure 15 shows the configuration of the experimental DCMG system. The entire system consists of a dc load and three power converters to connect the main grid source, lithium-ion battery, and wind turbine emulator to the DC-link. The wind turbine emulator is constructed by a PMSG and an induction machine drive system. DC load is composed of two 800 Ω resistors in parallel connection, and the magnetic contactor works as a switch to shed and reconnect the load. A 32-bit floating-point digital signal processor (DSP) TMS320F28335 controller is employed to implement the proposed power flow control strategy as well as to control the power converters in each agent.



5.1. Case of Low Battery SOC


Figure 16 shows the experimental results of the power flow strategy in the proposed hybrid DCMG control scheme when the battery SOC level is lower than SOCmin and the grid fault occurs. Figure 16a shows the operating mode transition from 5 to 8 caused by the grid fault. Figure 16b,c show the steady-state responses at the operating mode 5 and 8, respectively. Initially, PW is less than PL and the battery SOC level is lower than SOCmin. In the operating mode 5, the wind power agent is in the MPPT mode, the battery agent is in charge with IB,Max, and the grid agent is in VDC control CON mode for the purpose of providing the insufficient power from the grid by regulating the DC-link voltage. When a fault occurs in the grid, it is impossible for the battery agent to supply the required power to the load agent, which makes the operating mode transition from 5 to 8. As a consequence, the load agent sheds unnecessary load, the battery agent is in IDLE, and the wind power agent is in VDC control mode to maintain VDC at the nominal value. The activation of load shedding algorithm by the load agent causes 15 ms of time delay due to the coil in the magnetic contactor as is seen in Figure 16a. A small delay (3 ms) is also caused by the data transfer and observed in the experimental results. However, as can be shown in the transient response in Figure 16a, the operating mode transition is quite smooth and the DC-link voltage regulation is very stable. The steady-state responses in Figure 16b,c also validate a reliable operation of the DCMG system.




5.2. Case of Safe Regional Battery SOC


Figure 17 shows the experimental result of the power flow strategy in the proposed hybrid DCMG control scheme for the case of safe regional SOC level. Initially, the generated wind power PW is less than the load demand PL, and the battery SOC level in the middle of SOCmin and SOCmax. Without the grid fault, the DCMG starts the operation with the operating mode 5. In this mode, the wind power agent is in the MPPT mode, the battery agent is in charge with IB,Max, and the grid agent is in VDC control CON mode. When a fault occurs in the grid, the DCMG changes the operation into the operating mode 7. Figure 17a shows the operating mode transition from 5 to 7 caused by the grid fault. Figure 17b,c show the steady-state responses at the operating mode 5 and 7, respectively. As a result of the operating mode transition into 7, the battery agent executes VDC control mode by discharging to provide the load remand. These waveforms also confirm a smooth operating mode transition and stable operation of the proposed hybrid DCMG control scheme.




5.3. Case of High Battery SOC


Figure 18 shows the experimental result of the proposed hybrid DCMG control scheme for the case of high battery SOC level. Initially, the generated wind power PW is less than the load demand PL, the battery SOC is higher than SOCmax, and the grid is in the normal condition, which results in the operating mode 6. In this mode, the wind power agent is in the MPPT mode, the battery agent is in IDLE mode, and the grid agent is in VDC control CON mode. As soon as a fault occurs in the grid, the DCMG operation is changed into the operating mode 7. Figure 18a shows the operating mode transition from 6 to 7 caused by the grid fault. Figure 18b,c show the steady-state responses at the operating mode 6 and 7, respectively. As soon as the operating mode is changed, the battery agent takes the role to regulate the DC-link voltage by operating in the VDC control mode by discharging. Similarly, the usefulness of the proposed hybrid DCMG control scheme can be observed.




5.4. Case of Electricity Price Constraint


Figure 19 shows the experimental results of the proposed hybrid DCMG control scheme with the constraint of high electricity price. With the condition that the generated wind power PW is less than the load demand PL, and the battery is fully charged without the grid fault, the DCMG starts with the operating mode 6 at first. If the CC detects high electricity price condition at this instant, the grid agent operation is changed from VDC control CON mode into the IDLE mode to avoid the increase of utility cost. Instead, the battery is discharged to compensate the deficient power in the DCMG system while regulating the DC-link voltage with VDC control mode by discharging. In this case, the resultant DCMG operation is the operating mode 11. Obviously, if the electricity price is returned to the normal condition, the operation of the DCMG system is also restored into the operating mode 6. Figure 19a shows the experimental result of the DCMG operating mode transition when the CC detects high electricity price condition. Figure 19b,c show the steady-state responses at the operating mode 6 and 11, respectively.





6. Conclusions


This paper has presented an effective power flow control strategy for a hybrid control architecture of DCMG under an unreliable grid connection considering the constraint of electricity price. To overcome the limitation of the existing coordination control architectures, a hybrid control method which combines the centralized control and distributed control is applied to control DCMG. By using the hybrid control approach, a more optimal and reliable DCMG system can be constructed even though a fault occurs in the grid or the CC. The power flow control strategy is developed for the hybrid DCMG control architecture by taking the constraint of electricity price into account. In the proposed architecture, the HBC link is used in the centralized control to connect the CC with DCMG power agents. Based on the information from all the agents, the CC determines the operating modes of all the agents. On the contrary, the LBC link is employed to constitute the distributed control. To reduce the communication burden, only one-bit binary data is used to exchange the information between the agents via the LBC link. Main contributions of this paper can be summarized as follows:




	(i)

	
A power flow control strategy for a hybrid DCMG control scheme which combines the centralized control and distributed control is proposed. The proposed scheme improves the system stability and robustness even in the presence of a fault in the communication link of the centralized control. All the power agents operate stably within the DCMG system without severe transients in spite of the transition between the distributed control and the centralized control. The DC-link voltage can be also regulated stably with the proposed scheme in both the centralized control and distributed control even during transition periods.




	(ii)

	
By using the proposed scheme, the common single point of failure as in the centralized control can be avoided. Even when the distributed control takes control of the DCMG system because of a fault in the CC, the DCMG system stably works. Furthermore, the problems related to the lack of information exchange as in the decentralized control can be solved by means of a communication network.




	(iii)

	
The proposed scheme proves that the hybrid DCMG control scheme can be implemented by the exchange of only a small size of data through the HBC and LBC links to exchange the information with reduced communication burden.




	(iv)

	
In the proposed hybrid DCMG control scheme, the constraint of electricity price is also considered to develop the power flow control with the aim to minimize the consumer electricity cost.









To verify the practical usefulness of the power flow control strategy of the proposed hybrid control architecture, a prototype DCMG system has been constructed by using 32-bit floating-point DSP TMS320F28335 controller. The DCMG consists of bidirectional AC-to-DC converter to connect the grid source, unidirectional AC-to-DC converter to connect the wind turbine emulator, and bidirectional DC-to-DC converter to connect the lithium-ion battery. Comprehensive simulation and experimental results have been presented to prove the effectiveness of the proposed power flow control strategy of the hybrid control architecture, which well confirms the stable operation and overall performance of the proposed scheme.
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Figure 1. Configuration of DC microgrid (DCMG). 
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Figure 2. Configuration of grid agent. 
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Figure 3. Configuration of battery agent. 
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Figure 4. Configuration of wind power agent. 






Figure 4. Configuration of wind power agent.



[image: Sustainability 12 07628 g004]







[image: Sustainability 12 07628 g005 550] 





Figure 5. Configuration of load agent. 
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Figure 6. Concept of the hybrid DCMG control architecture. 
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Figure 7. Control mode transition in the hybrid DCMG architecture. 
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Figure 8. Power flow control strategy in the distributed control mode. 
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Figure 9. Power flow control strategy in the centralized control mode. 
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Figure 10. Simulation results for the case of battery state-of-charge (SOC) level lower than the minimum value. 
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Figure 11. Simulation results for the case of safe regional battery SOC level: (a) Case of PW > PL and PW < PL + PB,Max,chr; (b) Case of PW > PL and PW > PB,Max,chr. 
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Figure 12. Simulation results for the case of battery SOC level higher than the maximum value. 
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Figure 13. Simulation results with the constraint of high electricity price. (a) Operating mode transition for PW > PL; (b) Operating mode transition for PW < PL. 
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Figure 14. Simulation result for scalability when other agents are added into DCMG. 
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Figure 15. Configuration of the experimental DCMG system. 
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Figure 16. Experimental results when the battery SOC level is lower than SOCmin and the grid fault occurs. (a) Operating mode transition from 5 to 8; (b) Steady-state response at operating mode 5; (c) Steady-state response at operating mode 8. 
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Figure 17. Experimental results when DCMG operates in the normal SOC level and the grid fault occurs. (a) Operating mode transition from 5 to 7; (b) Steady-state response at operating mode 5; (c) Steady-state response at operating mode 7. 
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Figure 18. Experimental results when the battery SOC level is higher than SOCmax and grid fault occurs. (a) Operating mode transition from 6 to 7; (b) Steady-state response at operating mode 6; (c) Steady-state response at operating mode 7. 
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Figure 19. Experimental results with the constraint of high electricity price. (a) Operating mode transition from 6 to 11; (b) Steady-state response at operating mode 6; (c) Steady-state response at operating mode 11. 
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Table 1. Operating modes of each agent for power flow control strategy in the distributed control.
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	Mode
	Wind Power Agent
	Grid Agent
	Battery Agent
	Load Agent





	1
	VDC control
	Fault
	IDLE
	Normal/Reconnection



	2
	Maximum power point tracking (MPPT)
	Fault
	VDC control by charging
	Normal/Reconnection



	3
	MPPT
	VDC control (inverter (INV))
	IDLE
	Normal/Reconnection



	4
	MPPT
	VDC control (converter (CON))
	Charge with IB,Max
	Normal/Reconnection



	5
	MPPT
	VDC control (CON)
	Charge with IB,Max
	Normal/Reconnection



	6
	MPPT
	VDC control (CON)
	IDLE
	Normal/Reconnection



	7
	MPPT
	Fault
	VDC control by discharging
	Normal/Reconnection



	8
	VDC control
	Fault
	IDLE
	Shedding



	9
	MPPT
	VDC control (INV)
	Charge with IB,Max
	Normal/Reconnection



	10
	VDC control
	Fault
	Charge with IB,Max
	Normal/Reconnection
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Table 2. Operating modes of each agent for power flow control strategy in the centralized control.






Table 2. Operating modes of each agent for power flow control strategy in the centralized control.





	Mode
	Wind Power Agent
	Grid Agent
	Battery Agent
	Load Agent





	1
	VDC control
	Fault
	IDLE
	Normal/Reconnection



	2
	MPPT
	Fault
	VDC control by charging
	Normal/Reconnection



	3
	MPPT
	VDC control (INV)
	IDLE
	Normal/Reconnection



	4
	MPPT
	VDC control (CON)
	Charge with IB,Max
	Normal/Reconnection



	5
	MPPT
	VDC control (CON)
	Charge with IB,Max
	Normal/Reconnection



	6
	MPPT
	VDC control (CON)
	IDLE
	Normal/Reconnection



	7
	MPPT
	Fault
	VDC control by discharging
	Normal/Reconnection



	8
	VDC control
	Fault
	IDLE
	Shedding



	9
	MPPT
	VDC control (INV)
	Charge with IB,Max
	Normal/Reconnection



	10
	VDC control
	Fault
	Charge with IB,Max
	Normal/Reconnection



	11
	MPPT
	IDLE
	VDC control by discharging
	Normal/Reconnection
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Table 3. System parameters of DCMG.
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Unit

	
Parameters

	
Symbol

	
Value






	
Grid agent

	
Grid voltage

	
    V G  r m s     

	
220 V




	
Grid frequency

	
    F G    

	
60 Hz




	
Transformer   Y / ∆  

	
T

	
380/220 V




	
Inverter-side inductance of LCL filter

	
    L 1    

	
1.7 mH




	
Inverter-side resistance of LCL filter

	
    R 1    

	
0.5 Ω




	
Grid-side inductance of LCL filter

	
    L 2    

	
1.7 mH




	
Grid-side resistance of LCL filter

	
    R 2    

	
0.5 Ω




	
Filter capacitance of LCL filter

	
    C f    

	
4.5 μF




	
Wind power agent

	
PMSG stator resistance

	
    R S    

	
0.64 Ω




	
PMSG dq-axis inductance

	
    L  d q     

	
0.82 mH




	
PMSG number of poles

	
  P  

	
6




	
PMSG inertia

	
  J  

	
0.111 kgm2




	
PMSG flux linkage

	
  ψ  

	
0.18 Wb




	
Converter filter inductance

	
    L W    

	
7 mH




	
Converter filter resistance

	
    R W    

	
0.2 Ω




	
Battery agent

	
Maximum allowable current

	
IB,Max

	
3 A




	
Maximum SOC

	
SOCmax

	
90%




	
Minimum SOC

	
SOCmin

	
20%




	
Rated capacity

	
C

	
30 Ah




	
Maximum voltage

	
    V B  m a x     

	
265 V




	
Converter filter inductance L

	
    L B    

	
7 mH




	
Load agent

	
Power of load 1

	
    P  L 1     

	
200 W




	
Power of load 2

	
    P  L 2     

	
200 W




	
Priority level: load 1 > load 2

	
-

	
-




	
DC-link

	
Nominal voltage

	
    V  D C   n o m     

	
400 V




	
Capacitance

	
    C  D C     

	
4 mF
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