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Abstract

:

A low carbon, high efficiency and high quality power supply scheme for Distributed Generation (DG) in a micro-grid is presented. A three-phase, four-leg DG grid-interfacing converter based on the improved structure of a Unified Power Quality Conditioner (UPQC, including a series converter and a parallel converter) is adopted, and improved indirect and direct control strategies are proposed. It can be observed that these strategies effectively compensate for voltage sags, voltage swells and voltage distortion, as well as voltage power quality problems resulting from the nonlinear and unbalanced loads in a micro-grid. While solving the coupling interference from series–parallel, the grid-interfacing converter can achieve proper load power sharing in a micro-grid. In particular, an improved minimum-energy compensation method is proposed that can overcome the conventional compensation algorithm defects, ensure the load voltage’s phase angle stability, improve the voltage compensating ability and range, reduce the capacity and cost of converters, and reduce the shock of micro-grid switching between grid-connected mode and islanded mode. Moreover, the advantages/disadvantages and application situation of the two improved control strategies are analyzed. Finally, the performance of the proposed control strategies has been verified through a MATLAB/Simulink simulation under various operating conditions.
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1. Introduction


A micro-grid is an effective way to develop low-carbon energy (such as wind power or photovoltaic power). Compared with the conventional centralized power grids, the micro-grid has the advantages of high efficiency energy utilization, excellent reliability and flexibility. However, the micro-grid environment is extremely complex due to its large randomness. Marnay [1] proposed a corresponding control strategy to meet users’ various demands for power quality in which the load of the micro-grid is modeled as a pyramid structure: the loads on the bottom require lower quality power, and the ones at the top require higher quality power. Large nonlinear and unbalanced loads in a micro-grid will increase the degree of voltage imbalance, the total harmonic distortion rate, and produces a severe impact on the micro-power quality. Furthermore, the voltage distortion and voltage sags in the utility grid may produce a severe impact on the voltage and current quality at the point of common coupling (PCC) between the micro-grid and the utility grid, and they also impact the power sharing on the micro-grid. Li et al. [2] proposed an architecture of a series-parallel converter in view of the utility grid voltage imbalance and current-limiting demand in case of a grid fault. This structure could effectively eliminate the negative-sequence current caused by a utility grid voltage imbalance, but it fails to consider the impact of nonlinear and unbalanced loads on a system in the micro-grid. In view of the fundamental negative sequence problem of the utility grid voltage, the dq0 double-sequence control strategy, which could efficiently eliminate the fundamental negative sequence voltage but could not resolve the problem of voltage distortion was proposed [3]. A converter architecture composed of three single-phase inverters for a micro-grid with unbalanced and nonlinear loads was presented in [4,5]. This architecture was suitable for a high power grid but did not consider the impact of voltage distortion and voltage sags on the PCC in a utility grid. Wang et al. [6] proposed compensating for the negative sequence voltage by changing the negative sequence current to search and compensate for the minimal value of the voltage amplitude by changing the output current amplitude and phase of the grid-connected converter but did not consider the capacity of the compensation power. In [7,8] a degraded-order compensation algorithm and reduced a third-order system to a first-order system to avoid system resonance was proposed. To improve the transient response in a micro-grid, Papadimitriou et al. [9] presented a fuzzy control theory that could restrain the power imbalance during the transition of the micro-grid from grid-connected mode to islanded mode. Zamani et al. [10] proposed a closed-loop control strategy that enabled the micro-grid to maintain good power quality without switching modes. In [11] the control strategy of power sharing between the utility grid and the micro-grid based on a back-to-back converter that suppresses the interference on the micro-grid caused by the frequency change at the PCC was proposed. In view of the energy storage problem in the micro-grid, Shi et al. [12] proposed a novel extended-single-phase shift control strategy based on an efficient bidirectional full-bridge DC-DC converter; meanwhile, Zhang et al. [13] presented a coordination control strategy of solid oxide fuel cells and superconducting energy storage.



In consideration of the drawbacks of the systems presented in the above papers, a micro-grid control strategy based on an improved UPQC structure is proposed, whose physical architecture includes a Dynamic Voltage Restorer (DVR) added to the left side of the conventional UPQC architecture to improve the robustness of the micro-grid operation by coordination control. The control strategies proposed in this paper are divided into improved indirect control and improved direct control, and both can reduce the degree of voltage unbalance, achieve current harmonic compensation and provide proper power sharing in the micro-grid. They can also eliminate the impact of voltage sags, voltage swells, and distortions in the utility grid on the micro-grid when transitioning from grid-connected mode to islanded mode. In particular, an improved minimum-energy method for voltage sag compensation is proposed by improving the UPQC architecture at the PCC in the micro-grid to overcome the defects of the conventional compensation algorithm and to ensure that the phase angle jump will not occur on the load voltage. The proposed system could improve the capability and scope of a DG compensating voltage and reduce the capacity and cost of converters. The effectiveness of the proposed control strategy has been verified with a MATLAB/Simulink simulation under various operating conditions.




2. The Application of a Three-Phase Four-Leg Series—Parallel Converter in a Micro-Grid


This paper mainly studies how a micro-grid can provide an efficient and high quality power supply in the presence of external and internal interferences; the former refers to the interference of voltage sags, voltage swells and voltage distortion at the PCC on the micro-grid; the latter refers to the interference of non-linear loads and unbalanced loads on the micro-grid. The DG position and capacity in the micro-grid are essential to the stability of the micro-grid operation and differ from the existing micro-grid architecture [13,14,15]. In [16,17] a micro-grid architecture based on UPQC to solve these problems, as shown in Figure 1 was proposed (this paper targeted a three-phase four-wire 380 V system).
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Figure 1. Application of series–parallel converters in a micro-grid. 
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After comprehensive analysis, three typical topological architectures are found and shown in Figure 2 (for the sake of simple analysis, a single phase architecture design is shown in the figure, and the nonlinear and unbalanced loads are local loads of the DG in the figure). Among them, the left-series right-parallel is the most widely used.



The left-series right-parallel topological structure is adopted in this paper. Similar to the control of the UPQC, its control strategies are mainly divided into indirect control and direct control. In the indirect control strategy, the series converter is controlled as a non-sinusoidal voltage source. It can produce the corresponding vector difference caused by a fault voltage in the utility grid, which satisfies the requirement that the grid-connected voltage is parallel and symmetrical as well as the requirement for a three-phase voltage in the same phase of the fundamental positive sequence of the utility grid voltage. The parallel inverter is controlled as a non-sinusoidal current source, and it can eliminate the harmonic current caused by a nonlinear and unbalanced load in the micro-grid to maintain the unit power factor in grid-connected mode. In the direct control strategy, the series converter is controlled as a sinusoidal current source, and it can use the current source nature with stronger impedance to harmonic voltage to block its interference with the voltage in the load terminal. The parallel converter is controlled as a sinusoidal voltage source and uses the voltage source nature with smaller impedance to harmonic current, which can absorb the harmonic and reactive current while maintaining the rated voltage in the load terminal. A direct control strategy is adopted in [7], and its primary drawback is the inability to solve the problems of voltage sags with a phase angle jump. Considering the above problem, the improved indirect control strategy and the improved direct control strategy are adopted, and a comparison is made between the two methods.
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Figure 2. Three types of typical structures: (a) left-series right-parallel structure; (b) right-series left-parallel structure; (c) hybrid structure. 
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3. The Structure and Control Strategy of a Micro-Grid


3.1. Existing Micro-Grid Architecture Based on UPQC


The existing micro-grid architecture based on UPQC is shown in Figure 1. Figure 3a,b are single-line equivalent circuit diagrams with indirect control and direct control, respectively. The dashed part in Figure 3b indicates the isolation voltage of the series converter and the harmonic current absorbed by the parallel converter, among which the series parallel converters display the problem in the form of a voltage source and a current source to be solved in the main circuit.
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Figure 3. Single-line equivalent diagram: (a) indirect control; (b) direct control. 






Figure 3. Single-line equivalent diagram: (a) indirect control; (b) direct control.
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PCC denotes the point of common coupling, and Vs denotes the voltage in the utility grid; “1” denotes the fundamental components; “0” denotes the zero sequence components; “+” denotes the positive sequence components; “-” denotes the negative sequence components; and “h” denotes all harmonic components. “Ser” represents the series converter; “Par” represents the parallel converter; Is represents the grid-connected current; Vc represents the compensation voltage of the series converter; Il represents the current of the load; ZLd represents the non-linear and unbalanced load; ZCLd represents the common load; and Zg represents the impedance of the transmission line of the utility grid. All signs in this paper refer to the above denotations.




3.2. Conventional Voltage Sag Control Strategies of UPQC


Voltage sag is often accompanied with a phase-angle jump and is a means of judging whether the phase of the load voltage changes before and after compensation. The control strategies are divided into three methods: the constant-phase voltage compensation, the in-phase voltage compensation, and the minimum-energy compensation (advanced-phase voltage compensation). The common feature of the three compensation methods is that the amplitude of the load voltage remains constant after the compensation (as shown in Figure 4).       U s   ·     is the voltage before the utility grid voltage sag;      U  ´ s   ·     is the voltage after the voltage sag;       U l   ·     is the load voltage after compensation;       U c   ·     is the compensation voltage of the series converter; δ is the phase of the voltage sag in the utility grid; δ’ is the phase difference between       U l   ·     and      U  ´ s   ·    ; φ is the load equivalent phase angle; β is the phase between the compensation voltage       U c   ·     and the voltage sag      U  ´ s   ·    ; and Is is the grid-interfacing current. Through control strategies, the voltage amplitude on the load terminal remains constant. As shown in Equation (1), the compensation voltage Uc, the active power Pc and the apparent power Sc can be deduced from Figure 4.
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Figure 4. Vector diagram of voltage sags. 






Figure 4. Vector diagram of voltage sags.
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(a) The Constant-Phase Voltage Compensation


The constant-phase voltage compensation is shown in Figure 5a, where the load voltage amplitude and phase remain constant after compensation. It can be found from Equation (1) that this method needs a larger apparent power and compensation voltage; therefore, the converter needs a larger compensation range and capacity. In addition, when the jump-angle δ is larger, a reactive power over-compensation may occur. However, restricted by the DG capacity and the converter power rating, this method can only compensate for a limited voltage sag amplitude and jump angle. As shown in Figure 5b with Ucmax being the maximum amplitude of the DG compensation voltage,    U  ´ s     being the amplitude after voltage sag, and δ being the random jump angle, the range of compensation voltage       U c   ·     is from      U ·   c 1      to      U ·   c 2     , whose compensation angle is θc. Although the phase of load voltage is compensated, the voltage amplitude is not fully compensated. What’s worse, compensation angle θc will become increasingly smaller when jump angle δ becomes larger. If the load voltage amplitude and phase remain constant after constant-phase voltage compensation, the allowed maximum dropout amplitude    U  ´  s   m a x      and the allowed maximum jump angle δmax are analyzed in Figure 5c and in Equation (2):
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Figure 5. The constant-phase voltage compensation: (a) relations of U’s, Uc and Ul; (b) the range of load voltage after compensation while keeping phase angle constant; (c) the allowed maximum dropout amplitude and jump angle of U’s to keep Ul amplitude and angle constant. 
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(b) In-Phase Voltage Compensation


In-phase voltage compensation is shown in Figure 6. It can be found from Equation (1) that this method needs the minimum apparent power and voltage amplitude but provides the maximum active power; in addition, at the start of compensation, the phase angle of the load voltage changes by δ; namely,       U l   ·     becomes      U  ´ l   ·     and       I l   ·     becomes      I  ´ l   ·    , which can cause serious consequences to a load that is rather sensitive to phase jump.
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Figure 6. The in-phase voltage compensation. 






Figure 6. The in-phase voltage compensation.



[image: Energies 06 04924 g006]






(c) The Minimum-Energy Compensation


The minimum-energy compensation method [18,19,20] can exceed the voltage sag      U  ´ s   ·     by a certain phase β and reduce the       U c   ·     component on       I s   ·     to reduce the injected active power via the injecting compensation voltage       U c   ·    . However, this method’s greatest drawback is that it sometimes needs a larger amplitude compensation voltage, and it is easy to cause a large jump angle of the load voltage phase, which can lead to a great loss to power users.






4. The Improved Indirect Control Strategy Base on an Improved Structure of the UPQC


4.1. Micro-Grid Based on an Improved Structure of the UPQC


For the disadvantages of the conventional constant phase voltage compensation method, in-phase voltage compensation method and the minimum-energy compensation method, a DVR is added on the left of the conventional UPQC architecture to improve the UPQC architecture at the PCC of the micro-grid. An improved minimum-energy compensation method is also proposed. After the comprehensive analysis, there are two structures available for reference, as shown in Figure 7.
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Figure 7. The diagram of two types of improved structures. (a) topological structure 1; (b) topological structure 2. 
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PCC denotes the point of common coupling, DG denotes the Distributed Generation, and ES denotes the Energy Storage system. Figure 7a,b are similar in voltage compensation by DG1 and DG2, but differ in the position of other DGs. Compared with Figure 7b, Figure 7a has the advantage of only accounting for the impact of the fault voltage at the PCC on the micro-grid once. Thus, Figure 7a is adopted in this paper, and the simplified main circuit wiring drawing is shown in Figure 8.
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Figure 8. Employed configuration of the grid-interfacing converter system. 
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Therein, before the voltage sag at the PCC, the converter on the left of DG1 is controlled as a sinusoidal current source in grid-connected mode. The concrete control principals of this converter are shown in Figure 16 in Section 5.1, and its role is to provide current for other DGs in the micro-grid or to store energy for DG1’s energy storage system. After a voltage sag at the PCC, the converter on the left of DG1 is switched to be a voltage source to apply control. The control block diagram of this converter is shown in Figure 9. First, determine if there is a phase jump in the case of a voltage sag. If there is a phase jump, DG1 and DG2 coordinate the compensation; their control procedures are shown in Section 4.2.1 below; if there is not a jump (δ = 0), it is necessary to judge the amplitude of the voltage sag and whether it is beyond the DG compensation limit (ΔU > ΔUref, ΔU is the amplitude of voltage sags, ΔUref is compensation limitation of DG). If so, it is necessary for DG1 and DG2 to conduct in-phase compensation jointly.
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Figure 9. Block diagram of the coordination control. 






Figure 9. Block diagram of the coordination control.
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Through the coordination control of series-parallel converters, the objective to be accomplished by its improved control strategy is shown in Figure 10 (the voltage and current correspond to vectors in dq0 coordinate in Figure 8).





[image: Energies 06 04924 g010 1024] 





Figure 10. Block diagram of the overall control targets. (a) Block diagram of the series converter control targets; (b) Block diagram of the parallel converter control targets. 
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4.2. Control of the Series Converter


After voltage sags at the PCC, the DG1 and DG2 series converter are controlled as a non-sinusoidal voltage source whose control principle diagram is shown in Figure 11. N denotes the transformer ratio; PR denotes the proportion resonant controller, which can track the different frequency components for obtaining zero steady-state errors and the control equation is shown in Equations (3) and (4) in the dq0 coordinate (ωcutm denotes low-frequency cutoff).
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Figure 11. Control diagram of the series converter. 
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[image: Energies 06 04924 g011]







 [image: Energies 06 04924 i003]



(3)
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4.2.1. The Improved Indirect Control Strategy


In the coordinate compensation of DG1 and DG2, there are two coordination methods: (1) DG1 adopts the improved minimum-energy compensation method and compensates voltage sags       U s   ·     to      U  ´ s   ·     by compensation voltage      U  ´  c 1    ·    ; DG2 adopts the in-phase voltage compensation and compensates the voltage      U  ´ s   ·     to       U l   ·     by compensation voltage      U  ´  c 2    ·    . The control method is shown in Figure 12a; (2) DG1 adopts the in-phase voltage compensation approach, and DG2 adopts the improved minimum-energy compensation method, whose control method is shown in Figure 12b. After comparison with Figure 12c, the active voltage Ucp and reactive voltage Ucq of the two compensation methods are the same. Compared with method 2, method 1’s advantage is that after DG1 compensation, the voltage sag       U s   ·     is compensated to      U  ´ s   ·    , which makes the sag jump angle δ = 0. For this reason, compensation method 1 is adopted in this paper.
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Figure 12. Compensation strategies and comparison: (a) Compensation method 1; (b) Compensation method 2; (c) Comparison between compensation method 1 and method 2; (d) Comparison between compensation method 1 and the conventional compensation method. 
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4.2.2. Comparison between Conventional Minimum-Energy and Improved Minimum-Energy Compensation


In the conventional minimum-energy compensation approach, β' is dynamic and may approach 90° as far as possible by finding the optimal point. In the case of Ulcosφ < Us ≤ Ul, the optimal point can be found to obtain β' = 90° to make the active power of the injection system be zero, whose corresponding reactive voltage is Uq and the apparent power is Sc = Pc = IsUq.



The improved minimum-energy compensation method can apply compensation by the coordination control of DG1 and DG2, as shown in Section 4.2.1. According to Figure 13d,  [image: Energies 06 04924 i005] can be obtained and its apparent power is  [image: Energies 06 04924 i006]. As shown in the figure, Uq > U'c, which means Sc > S'c. After comparison between this method and the conventional minimum-energy compensation method, although the active power ΔP = IsUcp increases, the apparent power S'c decreases. Specifically, the load voltage       U l   ·     has no phase angle θ change, which is of vital importance to the protection of a load that is rather sensitive to phase jump. In combination with Figure 4, the coordination control of DG1 and DG2 can enlarge the compensation range of the voltage sag, decrease the DG capacity and decrease the power level of the converter. Its cost drops compared with the architecture in Figure 6 in paper [7].



When the micro-grid feeder line has a short circuit, the DG1 converter is controlled as a voltage source that outputs the voltage component of the lag failure current 90° to increase the resistance value on the feeder line and restrict the failure current. When transitioning from grid-connected mode to islanded mode in the micro-grid, the DG1 converter switches from a current source to a voltage source and provides rated voltage support at the PCC. Because of the limited space, the detailed control will not be explained here.





4.3. Control of a Parallel Converter


The control diagram of a parallel converter is shown in Figure 13. In dq0 coordinates, Equation (5) is its control equation and applies feed-forward control on the load voltage, where Gf(s) is the feed-forward function, Rp is the equivalent resistance on both ends of Cp, and Tc is the switching cycle of the converter.
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Figure 13. Control diagram of the parallel converter. 






Figure 13. Control diagram of the parallel converter.
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Therein, the load current Ild goes through the low pass filter and then passes through the PI regulator to obtain a more precise load fundamental current. After adjusting the value of λ, the amplitude of the grid-interfacing fundamental current can be changed.



In [21] a strategy for power delivery based on symmetric components during voltage sags was proposed. Through the adjustment of the control parameters, the magnitude of the oscillating power can be smoothly regulated. In this paper, the compensations of harmonic current, reactive current, active current and power sharing are combined and controlled by the DG2 parallel converter. Figure 14 is a simplified single-phase equivalent diagram of Figure 7a, where Iser1 denotes that DG1 is controlled as a sinusoidal current source; Vser2 denotes that the DG2 series converter is controlled as a non-sinusoidal voltage source; Ipar2 represents that the DG2 parallel converter is controlled as a non-sinusoidal current source; Vpar3 represents that DG3 is controlled as a sinusoidal voltage source; Z'Ld represents the DG3 local load; Zline1 and Zline2 represent the transmission line impedance between DG1 to DG2 and DG2 to DG3; and In2 represents the current flowing past Zline2.
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Figure 14. Single-line equivalent diagram. 






Figure 14. Single-line equivalent diagram.
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In dq0 coordinates, the instantaneous power can be controlled by the control of the instantaneous current Id, Iq and I0 [22], assuming that ILdav and ILqav are the average active power and average reactive power of the DG2 local load, respectively. P2, Q2, P'2 and Q'2 are reactive power and active power provided by DG2 and the utility grid, respectively. λ2P, λ2Q, λ'2P and λ'2Q are, respectively, the corresponding active and reactive power fractions, as shown in Equation (6):
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According to the Kirchhoff Current Law, it can be deduced in dq0 coordinates that:
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(7)







In consideration of the DG2 capacity and the necessary power of the local load, there are two situations [4]: (1) the power generated by DG2 cannot meet the demand of local power, and the insufficient power should be provided by DG3 and the utility grid; or (2) the power provided by DG2 is sufficient. It can meet the demand of the local load power. In addition, the surplus power is provided for the local energy storage system and the nearest non-local loads of DG3 (considering the real-time communication protocol and the loss on transmission lines). Therein, I'*DG is the reference current of I'DG in Figure 14 and Idc is the charging current of capacitance C on both ends of DG2 in Figure 8; I*l1 is the fundamental current of load; P'2 and Q'2 are the power values provided to other local loads, respectively. Therein, the DG3 converter control is a sinusoidal voltage source and its control principles are shown in Figure 17 in Section 5.1.



(1) λ2P + λ'2P < 1 and λ2Q + λ'2Q < 1
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(2) λ2P + λ'2P ≥ 1 and λ2Q + λ'2Q ≥ 1
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Similarly, when λ2P + λ'2P < 1 and λ2Q + λ'2Q > 1, or under other conditions, the power sharing can be analyzed. Due to the limited documentation, the specific control is not described here.





5. The Improved Direct Control Strategy Based on an Improved Structure of the UPQC


5.1. The Improved Direct Control Strategy


The direct control strategy is stated in Section 1, and the improved direct control strategy is to compensate voltage sags with phase jumps by the coordination control between DG1 and DG2. When DG1 and DG2 coordinate the compensation in the attempt to solve the problem of voltage sags with phase jumps, the DG1 compensation mode is presented in Figure 12a in Section 4.2.1, and the specific control block diagram is shown in Figure 15.



The series converter of DG2 is controlled as a sinusoidal current source, and it applies the principle that the current source produces a larger impedance towards the harmonic voltage and can block the interference on the load voltage. The control schematic diagram is shown in Figure 16, and the control equation is shown in Equation (10). In terms of the influence caused by non-linear, unbalanced and dynamic loads, [23] proposed a method for voltage and frequency control through the combination of deadbeat control and repetitive control in islanded mode.
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Figure 15. Block diagram of coordination control. 






Figure 15. Block diagram of coordination control.
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Figure 16. Control diagram of the series converter. 






Figure 16. Control diagram of the series converter.



[image: Energies 06 04924 g016]







 [image: Energies 06 04924 i012]



(10)







In this paper, the DG2 parallel converter is controlled as a sinusoidal voltage source, and it applies the principle that the voltage source produces less impedance towards the harmonic current. When maintaining the rated voltage on the load terminal, it can absorb harmonic and reactive current. The control schematic diagram is shown in Figure 17 and the control equations are shown in Equations (11) and (12). DG2 and DG3 converters distribute the power based on the principles in Section 4.3. In Figure 15, special attention shall be paid when the voltage drops significantly (ΔU > ΔUref) and the capacity of DG1 is not sufficient for compensation. The series-parallel converter of DG2 is switched to indirect mode, and the voltage sag is compensated by the coordination control of DG1 and DG2.
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Figure 17. Control diagram of the parallel converter. 






Figure 17. Control diagram of the parallel converter.
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5.2. The Comparison between Improved Indirect Control and Improved Direct Control Strategies


Compared with the conventional compensation strategy for voltage sags, the improved indirect control strategy and improved direct control strategy can ensure that the phase angle of the voltage on the load terminal will not change and can decrease the DG capacity and the cost of the converter. In conclusion, the function is more diverse than the conventional compensation method, as shown in Figure 10 in Section 4.1. See Table 1 for the effect comparison between the two improved control strategies.
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Table 1. Effect comparison between the two approaches.







Table 1. Effect comparison between the two approaches.







	
Control strategies

	
Improved indirect control strategy

	
Improved direct control strategy






	
Advantages

	
In voltage and current compensation, the amplitude of the required DG voltage is smaller; targeted at the voltage sag with the phase jump for a long time whose compensation effect is better; the effect of compensating harmonic current is better.

	
Without detection for the fault and the harmonic quantity; in voltage and current compensation, the external interference has little impact on control parameters; the applied micro-grid switching from the connected mode to islanded mode, DG2 control mode needs not to switch, and does not rely on DG1 control mode.




	
Disadvantages

	
In voltage and current compensation, the control parameter is rather sensitive to the external interference; compensation for voltage sags, voltage swells and the harmonic current, this method consumes more energy compared with the latter. The effective utilization rate of DG is relatively lower.

	
The ability of the compensating load harmonic current is little better, especially when the PCC has voltage distortion; when resolving the problem of voltage sags with a phase jump for a long time whose compensation effect is little better compared with the former.




	
Application fields

	
Small-power DG

	
Large-power DG











6. The Simulation Verification and Analysis


The performance of the proposed control arrangement has been verified through a Matlab/Simulink simulation under various operating conditions. The circuit parameters of the simulation are shown in Table 2.
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Table 2. Circuit parameters of the system.







Table 2. Circuit parameters of the system.







	
Parameter

	
Symbol

	
Value






	
Rated grid voltage

	
Vsabc / f

	
220 V/50 Hz




	
Filter inductance

	
Ls / Lp

	
2 mH/2 mH (ESR 0.01 Ω)




	
Filter capacitor

	
Cs / Cp

	
100 μF/0.5 μF




	
Series transformer

	
N

	
1:1




	
DG voltage

	
Vdc

	
790 V




	
DG-link capacitor

	
C

	
4800 μF




	
Switching frequency

	
fsw

	
10 KHz




	
Rectifier impedance

	
Zrec

	
10 + 4 j(Ω before 0.12 s)/5 + 2 j(Ω after 0.12 s)









(1) Compensation of Unbalanced Three-Phase Voltage Sags and Voltage Distortion



As shown in Figure 18a, the voltage of the PCC happens to drop at 0.02 s, and three-phase voltages (without phase-angle jump) drop 10%, 20% and 30%, and the voltage is injected at 10% of the third harmonic and 10% of the fifth harmonic at 0.2 s. After two types of control strategies for compensation, the voltage of the loads is shown in Figure 18b and Figure 18c, showing good voltage quality. As shown in Figure 18d,e, the comparison of the phase c voltage is analyzed before compensation and after compensation. The compensation effect is shown in Table 3.
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Figure 18. Voltage compensation simulation results. (a) The voltage of PCC; (b) Effect comparison with indirect control; (c) Effect comparison with direct control; (d) The comparison after indirect control compensation; (e) The comparison after direct control compensation. 
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Table 3. The ratio of the active power provided by the DG2 and the utility grid.
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Time/Fractions

	
λ2P/DG2

	
λ'2P/Utility grid






	
0< t <0.12

	
0

	
1




	
0.12< t <0.24

	
0.15

	
0.85




	
0.24< t <0.34

	
0.3

	
0.7









(2) Compensation of Harmonic Current and Power Sharing



The current of the nonlinear loads is shown in Figure 19a, and its Total Harmonic Distortion (THD) is shown in Table 3. To detect the dynamic performance of the compensation and power sharing, the three-phase rectifier load is changed at 0.12 s, as shown in Table 2 (the DG2 local loads require more power after 0.12 s). Active power fractions supplied by DG2 and the utility grid are, respectively, shown in Table 3. The power sharing between them is shown in Figure 19b. The grid-interfacing current is shown in Figure 19c and Figure 19d after two types of improved control strategies. The THD is shown in Table 4. In particular, the parallel converter not only provides a harmonic current and a reactive current but also provides 15% of the active current (0.12 < t < 0.24), as shown in Figure 19e and Figure 19f.
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Figure 19. Current compensation and power sharing simulation results. (a) The current of nonlinear loads; (b) Power sharing between DG2 and utility grid; (c) The grid-interfacing current with indirect control; (d) The grid-interfacing current with direct control; (e) The compensation current with indirect control; (f) The compensation current with direct control. 






Figure 19. Current compensation and power sharing simulation results. (a) The current of nonlinear loads; (b) Power sharing between DG2 and utility grid; (c) The grid-interfacing current with indirect control; (d) The grid-interfacing current with direct control; (e) The compensation current with indirect control; (f) The compensation current with direct control.
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Table 4. Effect comparison after three types of algorithm compensation.
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Effect Compensation

	
THD of Phase a Voltage/(%)

	
THD of Phase b Voltage/(%)

	
THD of Phase c Voltage/(%)

	
THD of Phase a Current/(%)

	
THD of Phase b Current/(%)

	
THD of Phase c Current/(%)

	
Degree of unbalanced voltage/(%)






	
Before Compensation

	
14.14 (after 0.2 s)

	
14.14 (after 0.2 s)

	
14.14 (after 0.2 s)

	
13.61

	
15.45

	
17.37

	
5.79




	
Indirect Control

	
0.30

	
0.33

	
0.37

	
2.76

	
3.69

	
3.30

	
0.32




	
Direct Control

	
0.21

	
0.25

	
0.21

	
2.93

	
3.72

	
3.77

	
0.18









(3) Compensation of Voltage Sags with Phase-Angle Jumps



As shown in Figure 20a, the voltage of the PCC happens to drop 40% with a 30° jump at 0.02 s. The compensation voltage of the DG1 series converter is shown in Figure 20b. The terminal voltage A (Figure 8) is shown in Figure 20c. The voltage of the loads is shown in Figure 20d,e after improved indirect and improved direct control strategies, showing good voltage quality. As shown in Figure 20f,g,h, the comparison of the phase voltage is analyzed after improved indirect compensation, improved direct compensation and the conventional minimum-energy compensation. The effect comparison among the three methods is shown in Table 5.
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Figure 20. The compensation of the voltage sags with phase-angle jump simulation results and comparison. (a) The voltage sags of the PCC with a 30° jump; (b) The compensation voltage of DG1; (c) Terminal voltage A after DG1 compensation; (d) The voltage of the loads after improved indirect compensation; (e) The voltage of the loads after improved direct compensation; (f) The comparison after improved indirect control compensation; (g) The comparison after improved direct control compensation; (h) The comparison after conventional min-energy compensation. 
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Table 5. Effect comparison between the three types of algorithms.
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Compensation methods

	
The actual jumped angle after compensation/(°)

	
The ideal jumped angle after compensation/(°)






	
Improved indirect method

	
0.6353

	
0




	
Improved direct method

	
0.5906

	
0




	
Conventional method

	
22.3783

	
23.1301










7. Conclusions


In an attempt to solve the energy security problem, this paper proposes a power supply scheme with features of low carbon, environmental protection, efficient utilization and excellent reliability of supply. Through the reasonable allocation of DG capacity and location and the coordination control of series-parallel converters between DG, a micro-grid based on the improved UPQC architecture is proposed. The improved indirect and improved direct control strategies in this paper have overcome the defects of conventional voltage sag compensation algorithms to ensure that the load voltage has no phase-angle jumps, which cannot only increase DG compensation ability and range but also reduce the capacity and the cost of the converter. In addition, this architecture can reduce the shock of micro-grid switching between grid-connected mode and islanded mode. For the parallel converter, the combined control on the compensation of the harmonic current, reactive current, active current and power sharing is of valuable practical significance to power complementary and rational utilization of DGs in the micro-grid. Additionally, the corresponding DG application fields are proposed, depending on the advantages and disadvantages of the two improved control strategies.
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