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Abstract

:

As renewable energy sources connecting to power systems continue to improve and new-type loads, such as electric vehicles, grow rapidly, direct current (DC) microgrids are attracting great attention in distribution networks. In order to satisfy the voltage stability requirements of island DC microgrids, the problem of inaccurate load power dispatch caused by line resistance must be solved and the defects of centralized communication and control must be overcome. A hierarchical, coordinated, multiple-mode control strategy based on the switch of different operation modes is proposed in this paper and a three-layer control structure is designed for the control strategy. Based on conventional droop control, a current-sharing layer and a multi-mode switching layer are used to ensure the stable operation of the DC microgrid. Accurate load power dispatch is satisfied using a difference discrete consensus algorithm. Furthermore, virtual bus voltage information is applied to guarantee smooth switching between various modes, which safeguards voltage stability. Simulation verification is carried out for the proposed control strategy by power systems computer aided design/electromagnetic transients including DC (PSCAD/EMTDC). The results indicate that the proposed control strategy guarantees the voltage stability of island DC microgrids and accurate load power dispatch under different operation modes.
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1. Introduction


The microgrid has played an important role in providing reliable access to distributed generation in recent years [1,2,3]. There are three types of microgrid, namely the DC microgrid, the alternating current (AC) microgrid, and the alternating current/direct current (AC/DC) hybrid microgrid, defined in terms of the difference in bus voltage forms [4]. In comparison with AC microgrids, the advantages of DC microgrids, such as efficient energy conversion, low loss and without conversion of multi-level converters and without considering reactive power loss and frequency, attract constant attention [5,6]. Meanwhile, a large number of flexible technologies and pieces of equipment based on power electronics are applied to the distribution network. It is crucial to understand the coordinated control of each unit of a DC microgrid in order to recognize reasonable load power dispatch and stable voltage [7,8].



The coordinated control strategies of DC microgrids mainly include centralized control, distributed control, and decentralized control. Under the centralized control strategy [9,10], the power balance of various units in the DC microgrid is realized with the help of central controller. A bidirectional and high-bandwidth communication line is required to establish a connection between the central controller and each unit. The microgrid is highly dependent on the central controller and this may lead to communication block. Decentralized control [11,12] has no communication requirement and each agent completes its control objective independently. However, owing to the lack of exchange of necessary information, the overall control objective cannot be completed. The maximum advantage of distributed control [13,14,15] is that it has no need to rely on the central controller to achieve point-to-point information exchange. With a sparse communication network, each unit can complete control in terms of its own information and that of the adjacent unit. This may overcome the disadvantage of centralized control, while also achieving the objective of overall control. Even when some units break down or the communication structure changes, stable operation can still be guaranteed. In a parallel-operated microgrid, current-sharing is achieved by means of distributed droop control, so as to meet the plug-and-play requirement of system. However, considering that system load dispatch precision is affected by line parameters, power dispatch errors may occur under the traditional droop control strategy and, consequently, system stability may be affected [16,17].



To understand power coordination control of each unit in a system and guarantee bus voltage stability, a DC microgrid real-time power coordinated strategy was proposed [18]. The system was designed in multi-mode operation in terms of common bus voltage fluctuation. In this way, the DC microgrid can be operated stably. However, the power flow may cause an inequality of bus voltage at different nodes due to the influence of line resistance. In addition, the influence of line resistance on load power dispatch was not considered, which may have caused an overload of some energy storage units and even system breakdown. As a major control mode of DC microgrid operation, droop control is usually adopted in parallel connection with the multi-converter in a DC microgrid. Researchers [19] put forward a coordinated control strategy for an autonomous DC microgrid with a dynamic load power dispatch. The microgrid coordinately operated under different working modes in terms of adaptive droop control. Nevertheless, it failed to consider the influence of factors, such as the inconformity of outlet parameters and the internal resistance of the converter on load power dispatch. Furthermore, the precision of the mode switch may have been reduced due to line resistance. Researchers [20] put forward a decentralized control method for DC microgrids with improved current-sharing accuracy. However, the charge–discharge capacity of the energy storage unit was not considered, which can lead to a power imbalance in the system and consequent system breakdown. Researchers [21] proposed an accurate power dispatch and zero steady-state error voltage-control strategy based on adaptive droop characteristics. This overcame the defects of centralized communication and the system disorders caused by communication breakdown, achieving bus voltage stability and accurate load power sharing. However, the distributed generation capacity may not have been fully utilized and the influence of bus piecewise resistance on load power dispatch was not considered.



In order to solve the problems mentioned above, a hierarchical, coordinated control strategy for an island DC microgrid based on multi-mode smooth switch is proposed in this paper. It aims at fully utilizing distributed generation and guaranteeing stable operation of the system. A three-layered control structure is designed. Based on conventional droop control, a current-sharing layer control for the purpose of accurate load power dispatch and a multi-mode smooth switch layer control aiming at guaranteeing voltage stability are proposed. By means of real-time monitoring of virtual bus voltage information, the smooth switch among various modes of each unit is completed. At the same time, each unit conducts information among adjacent units under different operation modes. Utilizing a difference discrete consensus algorithm (DDCA), accurate load power dispatch and stable operation of the DC microgrid are guaranteed. This paper introduces the DC microgrid mode in Section 2 and puts forward island DC microgrid multi-mode. Furthermore, it presents the hierarchical, coordinated control strategy based on multi-mode smooth switch. Finally, it utilizes PSCAD/EMTDC to verify the effectiveness of the proposed control strategy.




2. DC Microgrid Structure


The structure of the island DC microgrid is shown in Figure 1. The island DC microgrid contains photovoltaic arrays, energy storage units, common DC loads, and converters.



	(1)

	
Photovoltaic array (PV): Integrated into the DC microgrid bus via a one-way DC/DC converter. PV usually adopts the maximum power point tracking (MPPT) mode to fully utilize PV energy.




	(2)

	
Energy storage system (ESS): The energy storage system utilizes multiple group battery energy storage (BES) to meet generation and load fluctuation and integrates this with the DC microgrid bus via a two-way DC/DC converter to adjust the power balance of the system.




	(3)

	
Common DC load: The common DC load can be integrated into the DC microgrid bus. In addition, it is possible to carry out constant voltage control for important loads through a double closed-loop DC/DC control system. In this way, the voltage fluctuation is reduced and power-supply stability is improved.




	(4)

	
Direct current/direct current converter (DC/DC): This is utilized to achieve connections between various generation units in the grid and important loads, which facilitates power exchange of various units.








3. Multi-Mode of Island DC Microgrid


The island DC microgrid operation is divided into three modes in this paper, as indicated in Figure 2. It aims at fully utilizing photovoltaic energy and safeguarding the power balance of the PV-BES load in the island DC microgrid.



	(1)

	
Mode 1: PV utilizes MPPT control to fully use the photovoltaic energy and maintain a power balance in the system with the help of BES. The power relationship between photovoltaic energy and storage load in the system at this point is indicated by the following formula:


∑i=1NPBES.i+∑j=1MPPV.jMPPT = Ploadsum+PL,



(1)




where PBES.i refers to the developed power of BES i, PPV.jMPPT indicates the maximum power point tracking power of PV j, Ploadsum represents the common DC overall load of the system, and PL indicates the power consumed by line resistance.




	(2)

	
Mode 2: In case of the power required by the system exceeding BES safe output capacity with excess power, the system power balance is guaranteed by reducing PV output power. At this point, the system power satisfies the following formula:


∑i=1NPBES.imax+∑j=1MPPV.j=Ploadsum+PL,



(2)




where PBES.imax indicates the maximum safe output power of storage i.




	(3)

	
Mode 3: When the bus voltage plummets due to the power vacancy of the system, it is necessary to carry out load-shedding control to guarantee the power supply quality of important loads. At this time, the system power satisfies the following formula:


∑i=1NPBES.imax+∑j=1MPPV.jMPPT=Pload+PL,



(3)




where Pload indicates the residual load after load shedding.








4. Hierarchical, Coordinated Control Strategy Based on Multi-Mode Smooth Switch of an Island DC Microgrid


When the microgrid is affected by the line resistance, traditional droop control cannot achieve precise load power dispatch. In addition, considering that line resistance is hard to measure precisely and the line current is constantly changing, it is difficult to find the precise value of PL. Therefore, it is hard to achieve accurate mode switching in terms of system power fluctuation, as mentioned in Section 3. In order to solve the problem, a hierarchal, coordinated multi-mode control strategy for island DC microgrids is put forward in this paper, as indicated in Figure 3. This strategy fully considers the maximum charge–discharge capacity of BES, as well as the fluctuation of PV and load. In Section 4.1, the influence of line resistance on precise load power dispatch is analyzed on the basis of traditional droop control. To address the influence of line resistance, current-sharing layer control is introduced in Section 4.2, where the difference discrete consistency algorithm is illustrated in detail. The DDCA implements real-time tracking DC/DC converter output voltage and iteratively converges to rapidly average the values. The average value is utilized as the virtual bus voltage, so as to provide a unified reference input for each DC/DC converter, thus achieving current-sharing control. In Section 4.3, virtual bus voltage information is used as a criterion for multi-mode smooth switching of the system. A smooth switch between different modes can be achieved with voltage information only using real-time monitoring of voltage fluctuation. With the help of the strategy mentioned above, voltage stability of the system and precise load power dispatch can be guaranteed. Flow diagrams of island DC microgrid current-sharing based on Figure 3 and voltage stability control strategy are shown in Section 4.2.



4.1. The First Layer: The Equipment Layer


In the island DC microgrid system, the voltage regulation units are connected to the DC microgrid bus through a DC/DC converter, i.e., a DC microgrid voltage stability controller (VSC). To accelerate the speed of the dynamic response of droop control [22], the current-voltage (I-U) droop control structure, as indicated in Figure 4, is adopted in the system.



In Figure 4, the transfer function of the PI controller is kpi+kii/s. Let kpi and kii represent the proportion and integral terms of current PI controller, respectively. Uiref is the no-load voltage of VSC, i.e., the reference voltage of droop control. UVSC.i and IVSC.i represent the output voltage and the current of the DC/DC converter, respectively. Ki refers to the droop coefficient of VSC. D represents the pulse width modulation (PWM) duty ratio.



The PV-BES load DC microgrid model utilized in this section, which takes line resistance into consideration, is indicated in Figure 5. UPCC is the voltage of the common connection point and Ri refers to the total resistance of the integrated line, i, the value of which is equal to the sum of the equivalent virtual resistance, Ri1, of the droop coefficient and the integrated line resistance, Ri2.



Without taking the influence of the bus piecewise resistance into consideration, the simplified structure of the island DC microgrid with a double VSC parallel operation is shown in Figure 6. In terms of conventional droop control, the output current IVSC.i of VSC, i, is calculated as follows:


IVSC.i=Uiref−UpccRi1+Ri2i∈[1,2].



(4)







According to Equation (4), load power dispatch is affected by line resistance and virtual resistance. In the case of the line resistance being equal to 0 and the droop curve reference voltages of VSC being identical, the output current and droop coefficient of VSC satisfy the following proportions to achieve accurate power sharing:


R11IVSC.1=⋯Ri1IVSC.i⋯=RN1IVSC.N=K,i∈[1,N].



(5)







Due to the influence of line resistance, the converter Ri1 + Ri2 is not equal in Equation (4). Considering that both the virtual resistance and line resistance under a closed-loop state are relatively low, the obvious deviation of the two resistances may lead to a considerable power imbalance and an inaccurate load power dispatch. Considering that the units in the system are connected to the DC microgrid bus in the distributed way, the bus piecewise resistance may aggravate the unbalanced dispatch of power in the system.




4.2. The Second Layer: The Current-Sharing Layer


According to the analysis in Section 4.1, the output voltages, UVSC.i, of VSC are different from each other because of the existence of line resistance, thus, there is no unified voltage input for VSC droop control, which results in a failure to achieve precise power dispatch. To address the influence of line resistance on the current-sharing system, researchers using traditional practices tried to increase droop coefficient to improve current-sharing [23]. This method leads to a relatively larger voltage deviation and it may still be impossible to achieve precise power dispatch. Therefore, a current-sharing layer control based on the difference discrete consistency algorithm is adopted in this paper, as indicated in Figure 3. KBES.i refers to the droop control coefficient of i-th VSC, UBESref indicates the no-load voltage of droop control of VSC, IBES.i represents the output current of BES i, IBES.imax refers to the maximum safety output current of BES, and Uavg indicates the average value of the terminal voltage UVSC.i of each VSC, which are iteratively converged through DCCA.



To reduce the requirement for the communication system, the VSC in the system only allows adjacent communication units to interact. The output voltage, UVSC.i, of each VSC is tracked in real time through DDCA and the information is rapidly converged into an average value, Uavg. The average voltage, Uavg, reflects real-time fluctuation of the DC bus voltage and provides a unified reference input for the droop control of each VSC. Thus, it is regarded as a virtual bus voltage in this section and provides a unified reference input for droop control of each VSC to achieve a balanced dispatch of load power in the system. The current-sharing layer control strategy based on DDCA is indicated in Figure 7.



By utilizing the output voltage, UVSC.i, of each VSC in the island DC microgrid system as an information node and only allowing communication with adjacent VSC nodes, we find the average value, Uavg, of UVSC.i through DDCA iteration. The discrete consistency algorithm is expressed as [24]:


xi(k+1)=xi(k)+∑j∈Niaij(xj(k)−xi(k)) i=1,2,⋯,N,



(6)




where N is the total number of agent nodes, k refers to the Kth iteration, xi(k) refers to the output of unit i after the kth iteration, xj(k) indicates the output of unit j after the kth iteration, aij is the edge weight between node i and node j, aij = 0 when the nodes i and j are not neighboring nodes, and Ni refers to the set of indexes of the agents that are connected with agent i.



If we consider each VSC as an agent node, then xi(k) in Equation (6) is represented as UVSC.i(k) and xj(k) is represented as Uvsc.j(k).



After consolidation, Equation (6) can be expressed as:


xi(k+1)=xi(k)(1−∑j∈Niaij)+∑j∈Niaijxj(k).



(7)







It can be further indicated as:


xi(k+1)=Wii(k)xi(k)+Wij(k)xj(k),



(8)




where Wii(k) and Wij(k) refer to the weight factor of the kth iteration, respectively.



The iterative algorithm of Equation (8) is adapted as:


X(k+1)=W⋅X(k).



(9)







After the kth iteration:


X(k+1)=Wk+1⋅X(0),



(10)




where X(k)=[x1(k),x2(k),⋯xN(k)]T and X(0)=[x1(0),x2(0),⋯xN(0)]T. W refers to weight matrix of the communication network:


W=[1−∑j∈N1a1j⋯a1N⋮⋱⋮a1N…1−∑j∈NaNj].



(11)







If the constant edge weight, a, is always adopted [25], then Equation (11) can be further indicated as:


W=E−aL,



(12)




where E indicates the N-order unit matrix, L indicates the Laplacian matrix, a refers to the constant edge weight, and L refers to the undirected connected graph composed of the output voltage N information nodes of VSCs.


Lij={|Ni|i=j−1j∈Ni0other},



(13)




where |Ni| indicates the number of nodes involved in communication coupling with node i.



To guarantee that all information nodes in Equation (10) achieve iterative convergence, the following requirements must be met:


limk→∞Wk=1N1⋅1T,



(14)




where 1 refers to all column vectors with element of 1.



To guarantee the convergence after iteration, Equation (14) holds only if [26]:


1TW=1T,



(15)






W1=1,



(16)






ρ(W−1N1⋅1T)<1,



(17)




where ρ refers to the spectral radius of matrix.



The fast convergence is achieved by adjusting the value of a, which is valued as [25]:


a=2λ1(L)+λn−1(L),



(18)




where λ1 (L) refers to the maximum eigenvalue of the Laplacian matrix, L, and λn−1 (L) indicates the second minimum eigenvalue of L.



The system stability of low-bandwidth communication (LBC) under different delays is analyzed and the results indicate that the distributed control based on LBC maintains stability, even when a relatively larger communication delay is adopted [27]. Considering that the island microgrid is relatively small, the influence of communication delay is not taken into consideration. In order to accelerate convergence and reduce fluctuation, which is caused by changes in communication topological structure and node state values, smooth convergence of the consensus algorithm is utilized. Based on the discrete consensus algorithm (DCA), the difference values of two contiguous iterations are introduced to predict future state changes. In this way, the update value for each time indicates a mixture of the predicted value and the node adjacent side calculated value. This process accelerates to skip the intermediate state of the iteration and speed up the convergence rate further. Regarding the β times of the difference value, namely β(X(k)−X(k−1)), which is the predicted value in Equation (19), the DCA is updated as:


X(k+1)=WX(k)+β(X(k)−X(k−1)).



(19)







According to Equation (19), the output voltage of each VSC satisfies:


UVSC(k+1)=WUVSC(k)+β(UVSC(k)−UVSC(k−1)),



(20)




where UVSC(k)=[UVSC.1(k),UVSC.2(k),⋯UVSC.N(k)]T.



According to Equation (20), the output voltage of each VSC after convergence satisfies:


Uavg=UVSC.1=UVSC.2=⋅⋅UVSC.i⋯=UVSC.N=1N∑iNUVSC.i.



(21)







By DDCA, the droop control curve indicated in Equation (22) is developed from the conventional droop control.


Uavg=UBESref−KBES.iIavg.i,



(22)




where, taking into account the maximum capacity of the BES, Iavg.i is the BES i, output current under current-sharing control, namely the reference current, IBES.iref.



Under the identical reference voltage, UBESref, and the input voltage, Uavg, in the case of the output current, IBES.i, of BES being inversely proportional to the droop coefficient, KBES.i, current-sharing control is achieved.




KBES.1Iavg.1=⋯=KBES.iIavg.i=⋯=KBES.NIavg.N



(23)





After DDCA, the island DC microgrid model, which considers the line resistance in Figure 5, is improved, as shown in Figure 8.



When DDCA current-sharing control is achieved, the average current, Iavg.i, of BES, I, and the maximum output current, IBES.imax, shall satisfies the following equation:


Iavg.iun=Iavg.iIBES.imax,



(24)




where Iavg.iun is the average unit current under current sharing control, which is used to indicate the load rate of BES.




Iavg.1un=Iavg.2un=⋅⋅Iavg.iun⋯=Iavg.Nun=Iavgun



(25)





To verify the effectiveness of the current-sharing strategy, a topological structure with five information nodes, as indicated in Figure 9a, is established in the paper. Figure 9b shows the corresponding Laplacian matrix, L, of this structure.



The system starts with X(0)=[1,2,3,4,5]T. The eigenvalues of L are [0,1.382,1.382,3.618,3.618]T. The convergence when a=2/5, a=1/5, and a=1/10 is verified in this paper by Matlab simulation.



Figure 10 shows that a = 2/5 has the fastest iteration speed and the lowest fluctuation.




4.3. The Third Layer: The Multi-Mode Smooth Switch Layer


Considering that the power consumption of line resistance, PL, is hard to acquire accurately, it is not appropriate to utilize the real-time power of the system units in Section 3 as the criterion for the multi-mode smooth switch layer, which may lead to serious deviation. When using DC bus voltage as the key index for the system operation, the power status of the DC microgrid system is reflected in real time. The DC bus voltage is of great significance for the multi-mode smooth switch. Meanwhile, the average voltage, Uavg, introduced in Section 4.2, reflects the true level of bus voltage. Thus, average voltage, Uavg, is regarded as a virtual bus voltage in this section to provide a unified voltage criterion for mode switching of the system units. At the same time, it provides a unified reference input for all VSCs. A multi-mode smooth switch control strategy, based on virtual bus voltage information, is proposed in this paper, as indicated in Figure 3. Among them, UBESref refers to the no-load voltage of BES-VSC, UBES1L and UBES1H indicate the scope of the droop voltage regulation of BES-VSC, UPVref represents the no-load voltage of droop control of PV-VSC, UPV1L indicates the minimum voltage of droop control of PV-VSC, and PPV refers to the output power of PV.



The multi-mode smooth switch strategy based on the virtual bus voltage information is shown in Figure 11.



(1) Mode 1: BES-VSC droop control



According to Figure 11, to fully utilize photovoltaic energy, MPPT control is adopted under this mode and the bus voltage is regulated through droop control of BES-VSC. As indicated in the figure, the admissible fluctuation scope of bus voltage is between UBES1L and UBES1H. The virtual bus voltage, Uavg, is introduced as the criterion for the multi-mode smooth switch and the reference input for each VSC. Thus, the I-U droop control adopted under this mode is expressed as:


Iavg.i=UBESref−UavgkBES.i=IBES.iref.



(26)







To fully utilize the voltage regulation capacity of BES, in case of the virtual bus voltage Uavg exceeding the fluctuation scope, all VSCs implement multi-mode smooth switching simultaneously. This means that, when Uavg reaches the bounds of the droop voltage regulation area of BES-VSC, the output current of each BES, Iavg.iun, meets the following equations:


{Iavg.1un=⋅⋅Iavg.iun⋯=Iavg.Nun=Iavgun=1Uavg=U1L.BESIavg.1un=⋅⋅Iavg.iun⋯=Iavg.Nun=Iavgun=−1Uavg=U1H.BES}.



(27)







To achieve multi-mode smooth switching, the BES-VSC droop coefficient, KBES.i, is set as:


KBES.i=UBESref−UBES1LIBES.imax=UBESref−UBES1HIBES.imin.



(28)







(2) Mode 2: PV-VSC droop control



According to Figure 11, when there is a surplus of power in the system, the virtual bus voltage exceeds the maximum value of energy storage in the droop voltage regulation area and the system voltage enters into the PV-VSC droop voltage regulation area. Under this mode, BES adopts a constant output current, IBES.imin, and the bus voltage is under the droop control regulation of PV-VSC. The fluctuation scope for the virtual bus voltage under the droop control voltage regulation of PV-VSC is between UPV1L and UPVref. As Figure 3 shows, to achieve a smooth switch between mode 1 and mode 2, when PPV.i reaches PPV.iMPPT, namely:


PPV.i/PPV.iMPPT=1,



(29)




the virtual bus voltage, Uavg, satisfies the following equation:


Uavg=UBES1H=UPV1L.



(30)







Similarly, to achieve multi-mode smooth switching between mode 1 and mode 2, the droop control coefficient, KPV.i, satisfies the following equation:


KPV.i=UPVref−UPV1LPPV.iMPPT=UPVref−UBES1HPPV.iMPPT.



(31)







(3) Mode 3: Load shedding



According to Figure 11, in the case of the system having power vacancy and this leading to a reduction in bus voltage, the multi-mode switch strategy is initiated when the virtual bus voltage is lower than UBES1L. A load with a lower priority level is shed to complete load-shedding control and guarantee stable operation of the system. When load-shedding control is implemented, the total load power of the system is reduced and the system operation returns to the droop control voltage regulation area of BES-VSC, as indicated in Figure 3.





5. Example Simulation Analysis


To verify the effectiveness of the hierarchical, coordinated control strategy of the island DC microgrid under multiple modes proposed in this paper, the island DC microgrid indicated in Figure 5 is established in PSCAD/EMTDC. This DC microgrid contains four groups of battery energy storage units, from BES1 to BES 4, including one group of common DC load and one group of photovoltaic power generation array, and achieves integrated operation through a DC/DC converter. The communication topological structure among the four groups of the energy storage system is indicated in Figure 12. Its communication matrix eigenvalue λ is [0,2,2,4]. The value of a is obtained from Equation (18) as 1/3. The energy storage maximum current output ratio is 1:2:3:4. In addition, the bus piecewise resistances are 0.5, 0.2, and 0.4 Ω, respectively, and the energy storage no-load voltage, UBESref, is 380 V. Furthermore, the voltage range of the multi-mode switch from UBES1L and UBES1H is between 370 and 385 V and for UPV1L and UPVref. the range is between 385 and 390 V. The operational situation of this DC microgrid is indicated in Table 1. Simulation analysis is carried out for this DC microgrid in terms of the source load fluctuation. To verify the effectiveness of the control strategy proposed in this paper under different situations, the simulations of all six situations listed in Table 1 are achieved within 0–8 s sequentially.



5.1. Situation 1


When the DC microgrid operates normally under Situation 1, the photovoltaic array uses MPPT control and the four groups of energy storage units adopt droop control to regulate the voltage. Before 1.8 s, both the photovoltaic array output and common load are 0, therefore the system is under a no-load state. At 1.8 s, the common DC load increases to 8 kW, with the four groups of energy storage units adopting droop control voltage regulation, consequently reducing system voltage. After 2 s, the DDCA is initiated to complete current-sharing control.



According to Figure 13, current-sharing control does not occur in the first 2 s. The unit currents of IBES.1un and IBES.2un are over 1.0, which means these two energy storage units are overloaded at this point. Meanwhile, deviation exists between the bus voltages at different nodes, which makes it impossible to implement accurate multi-mode switching. After 2 s, the system initiates the current-sharing control strategy and the Iavgun of the four groups of energy storage units maintain the current at 0.7. In addition, the output current of the energy storage units is inversely proportional to the droop coefficient, allowing the system to achieve current-sharing. The virtual bus voltage gradually converges and is maintained at 373 V, which is within the range of the energy storage droop voltage regulation of mode 1.




5.2. Situation 2


At 2.5 s, the photovoltaic array output increases to 6 kW and the voltage also rises. At 3 s, the DC load increases by 8 kW while the voltage reduces to UBES1L. At 3.6 s, the DC load increases by 2 kW; at this point, the system has a power vacancy, with the voltage level lower than UBES1L. At 3.65 s, the multi-mode smooth switch strategy is initiated and the system enters into mode 3, where load-shedding voltage regulations exist, removing 8 kW load sequentially, according to priority level. After this, the bus voltage rises again to the range of mode 1 energy storage droop control.



As shown in Figure 14, at 2.5 s, the Iavgun of the four groups of energy storage units drops to 0.17, while the virtual bus voltage rises to 378.3 V and the system completes current-sharing and voltage stability control. At 3 s, the DC load increases and the Iavgun of energy storage unit increases to 1; the voltage at this point stabilizes at UBES1L. At 3.6 s, the load increase leads to a system power vacancy and the bus voltage drops continuously to a level lower than UBES1L. At 3.65 s, the multi-mode switch strategy is initiated and the system starts the load-shedding voltage regulation process to complete load-shedding control; at this point the Iavgun of the energy storage unit is maintained at 0.32 and the virtual bus voltage rises to 376.8 V. The system enters into the energy storage unit droop control range under mode 1.




5.3. Situation 3


At 4.6 s, the DC load falls by 10 kW and the virtual bus voltage rises continuously, exceeding the energy storage unit no-load voltage of UBESref; in addition, the energy storage system converts from discharge mode to charge mode. At 5.0 s, the photovoltaic output increases by 2.5 kW and the virtual bus voltage rises to UBES1H. At 5.5 s, the photovoltaic output enhances by 2.5 kW with excess system power and the virtual bus voltage exceeds UBES1H. At 5.51 s, the multi-mode switch strategy is initiated and the photovoltaic array switches from MPPT control to droop control; the virtual bus voltage is restored to the range of photovoltaic droop voltage regulation.



As shown in Figure 15, at the time of 4.6 s, the DC load drops and the four groups of energy storage units adopt droop control; the virtual bus voltage rises to 383.5 V and the Iavgun of the energy storage unit drops to −0.7. At 5.0 s, the photovoltaic output rises, with the Iavgun of the energy storage unit dropping to −1.0 and the bus voltage reaching 385 V. At 5.5 s, with the increase in photovoltaic output, the system contains excess power and the virtual bus voltage rises continuously to exceed UBES1H. At 5.51 s, the multi-mode switch strategy is initiated and the photovoltaic unit enters into a limited power mode, with the virtual bus voltage rising again to 386 V and the system voltage entering into the photovoltaic droop voltage regulation range.




5.4. Situation 4


At 6.3 s, with the DC load increasing by 12 kW, the photovoltaic output rises and the virtual bus voltage is lower than UPV1L. As the multi-mode switch strategy is initiated, the system is under the energy storage droop control range of mode 1. In addition, as the photovoltaic unit initiates MPPT control, the energy storage unit adopts the droop control voltage regulation and the output current is positive.



According to Figure 16, at 6.3 s, the DC load increases and the virtual bus voltage is lower than UPV1L. As the multi-mode strategy is initiated, the voltage locates within the droop control range of the energy storage system and is maintained at 379 V; the Iavgun of the energy storage unit is 0.1. The photovoltaic array converts from droop control to the MPPT mode and the system operates in a stable manner under mode 1.




5.5. Situation 5


At 7.0 s, the output of public DC loads and photovoltaic units remains unchanged and the four energy storage units complete discharge and exit the operation. The system voltage is controlled by the remaining energy storage unit by droop control.



According to Figure 17, at 7.0 s, Iavgun is reduced to 0 and the system voltage is adjusted by the droop control of the remaining three BES units. The virtual bus voltage is reduced to 378.4 V and Iavgun is raised to 0.16. The system voltage remains in the energy storage sagging pressure area.




5.6. Situation 6


Taking photovoltaic and load fluctuation into consideration in Situation 1–5, to verify the robustness of current-sharing control when the disturbance of line resistance is introduced, Situation 6 investigates the current-sharing conditions under a +20% and −30% line resistance disturbance.



Figure 18a,b indicates the response curves with disturbances of +20% and −30%, respectively.



According to Figure 18, in the case of the line resistance being disturbed, the system still achieves rapid current-sharing. This verifies the robustness of the strategy when disturbances are introduced.





6. Conclusions


A hierarchical, coordinated control strategy of an island DC microgrid based on a multi-mode switch is proposed in this paper. To solve the inaccurate load dispatch caused by line resistance and guarantee system voltage stability, this work proposes the establishment of a three-layer control structure, including an equipment layer, a current-sharing layer, and a mode switching layer, on the basis of conventional droop control. The simulation verification is carried out based on PSCAD/EMTDC and the results indicate that:




	(1)

	
In the mode switching layer, the control strategy solves the bus voltage deviation problem caused by line resistance and the influence of power loss on a multi-mode switch. Based on virtual bus voltage information, the smooth switch between different operation modes of an island DC microgrid is achieved.




	(2)

	
In the current-sharing layer, which avoids centralized control and upper energy management, the control strategy utilizes DDCA to track the output of each VSC unit in real time, eliminating the influence of line resistance and providing reliable virtual bus voltage information for the equipment layer and the mode switching layer.




	(3)

	
In the equipment layer, the output current of each unit with current-sharing control achieves accurate load power dispatch. In addition, the control strategies of each unit are regulated in terms of the fluctuation of virtual bus voltage information to achieve system voltage stability.
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Figure 1. Structure of the island DC microgrid. 
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Figure 2. Multi-mode of DC microgrid. 
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Figure 3. The hierarchical, coordinated control strategy of an island DC microgrid based on a multi-mode smooth switch. 
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Figure 4. I-U droop control diagram. 
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Figure 5. Parallel structure of the DC microgrid multi-converter. 
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Figure 6. Simplified structure of the double parallel converters. 
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Figure 7. The current-sharing layer strategy based on the difference discrete consensus algorithm. 
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Figure 8. Equivalent model of the DC microgrid current-sharing control. 
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Figure 9. Communication topology and its Laplacian matrix. (a) A topological structure with five information nodes; (b) Laplacian matrix. 
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Figure 10. Converging speed comparison under different constant weights, a. (a) Consensus dynamic at a = 2/5; (b) Consensus dynamic at a = 1/2; (c) Consensus dynamic at a = 1/10. 
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Figure 11. Multi-mode switch strategy based on virtual bus voltage information. 
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Figure 12. Topological structure of four groups of energy storage communication. 
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Figure 13. Verification for the effectiveness of DDCA convergence. 
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Figure 14. Simulation waveform of Situation 2. 






Figure 14. Simulation waveform of Situation 2.



[image: Energies 12 03012 g014]







[image: Energies 12 03012 g015 550]





Figure 15. Simulation waveform of Situation 3. 
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Figure 16. Simulation waveform of Situation 4. 
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Figure 17. Simulation waveform of Situation 5. 
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Figure 18. Simulation waveform of Situation 6. (a) +20% disturbance; (b) −30% disturbance. 
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Table 1. Operational situations of DC microgrid.
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	Situation
	Operation Mode
	Operation Time/s





	1
	1
	0–2.5 s



	2
	1-3-1
	2.5–4.4 s



	3
	1-2
	4.4–6.2 s



	4
	2-1
	6.2–6.8 s



	5
	1
	6.8–8 s



	6
	1
	0–2.5 s
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