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Abstract

:

In order to ensure the reliable power supply of the local load in the micro-grid (MG), a seamless switching control technology (SSCT) suitable for grid-connected converter (GCC) is proposed. This technology includes silicon-controlled rectifiers (SCR) forced shutdown control strategy (SCR-FSCS) and three-loop control strategy (TLCS). The SCR-SSCT adjusts the load voltage in real time to form a back voltage at the grid-connected inductor, which greatly reduces the SCR shutdown time and ensures the reliability of local load power supply. The TLCS can easily realize the switching between the current source mode and the voltage source mode of the GCC. An experimental platform is established to carry out the relevant experiments. The experimental results show the rationality and effectiveness of the theoretical analysis and the proposed control technology.
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1. Introduction


1.1. General Context


In order to solve the problem of global climate change, renewable energy sources such as wind energy and photovoltaics have developed rapidly [1,2]. micro-grid (MG) is an effective form of renewable energy utilization has become the consensus of the scientific community [2]. MG is a small power generation and distribution system that connects wind power, photovoltaic and other power generation types, energy storage, and loads through power electronic equipment. MG can not only improve the utilization efficiency of renewable energy but also accurately track load changes to ensure the stable power supply of the load [3,4]. Based on the concept of MG, various countries have carried out demonstration projects. The Consortium for Electric Reliability Technology Solutions (CERTS) of the United States built a demonstration project at the Dolan Technology Center [5]. The goal of this project is to verify the stability of voltage and frequency under islanding conditions, as well as seamless switching between operating modes [5]. There are many MG projects built by the European Union [5]. The main goal of the Labein project in Spain is to verify the performance of the system control strategy under grid-connected conditions. Japan has built the Sendai MG project [6]. The project provided uninterrupted power supply to the loads in its service area during the 2012 Japanese earthquake. This experience is of great significance to the development of MG. The Bulyansungwe MG project in Uganda is of great significance to the discussion of power supply modes in areas with insufficient power and abundant sunlight resources [5].




1.2. Motivation


MG have various working modes [7,8,9,10]. They can work in the grid-connected mode (GCM) to exchange energy with the grid and in the off-grid mode (OGM), when grid maintenance is needed or grid faults have occurred, to independently supply power to local loads and ensure the continuity of the load power consumption. This requires the GCC in the MG to ensure the continuity of the load voltage and phase in the process of grid-connection/off-grid switching. That is, it must have a seamless switching function between GCM and OGM. Therefore, it is of great significance to carry out the research on the SSCT.




1.3. Brief State of the Art


Scholars at home and abroad have carried out a lot of research on seamless switching control technology for inverters. In [11], an optimal design scheme for grid-connected controllable switches in MG was proposed, but the scheme realized seamless switching by adding passive networks, which increased the difficulty of coordinated control and the cost of the equipment. In [12], the causes of voltage and current impacts in the process of the dual-mode switching of inverters between GCM and OGM were analyzed, and a seamless dual-mode switching method of inverters based on a nonlinear droop curve, which can suppress the impact and distortion of voltage and current during the switching process was proposed. In [13], control models of an electric vehicle charging/discharging/storage integrated power station in the V2G mode, independent mode, and switching mode were established, and a centralized multi-mode unified operation control strategy was proposed to realize seamless switching of operation modes. Based on virtual synchronous generator control technology, a pre-synchronization control strategy for GCM and OGM, which realized seamless switching between different operation modes, was proposed in [14,15,16,17,18]. However, the strategy mainly realized smooth switching between different modes from the perspective of software control, without considering the coordination with the control switch of GCM and OGM. In [19], considering the islanding detection problem during the seamless switching of GCC, an anti-islanding detection method was proposed to improve the adaptability of the islanding detection method, but further research on how to control the inverter after islanding detection remains necessary. In [20], considering the problem that voltage is uncontrollable during islanding detection when the GCM of a master-slave MG is switched to OGM, a voltage and current cooperative control strategy was proposed to ensure the continuity of the control mode. A SSCT based on positive sequence extractor was proposed in [21]. A SSCT based on a virtual synchronous machine was proposed in [22]. The pre-grid-connected mode was introduced. However, during the switching process, the power required by the load was provided by the power grid, which had an adverse effect on the grid. Based on the instantaneous power theory, model predictive control technology was introduced in [23] to improve the dynamic performance of the GCC. In [24], a seamless switching inverter for a MG was designed, and strategies, such as sine wave pre-detection, fast commutation current compensation, and predictive conversion voltage control, were proposed to realize SSCT. In [25], four typical operation modes of an AC/DC hybrid MG with multi-bus structures were designed, and corresponding mode switching strategies and implementation logic were proposed. However, the switching strategy mainly focused on the upper-level energy management of the system, and no specific implementation form of seamless switching of grid-connected equipment was proposed. According to the working characteristics of the energy storage converter in MG [26], a SSCT was proposed. However, the coordination control problem of the software control strategy and hardware switch was not studied in this scheme, which influenced the control effect of the strategy. A master–slave coordinated control strategy for distributed new energy power generation units connected to the common connection point through two parallel inverters was proposed in [27,28]. However, the strategy mainly focused on the coordinated control of parallel inverters, and the seamless switching process of a single inverter was not analyzed in detail.



In the field of multi-loop strategies for GCC, A multi-loop control technology for GCC was proposed in [29]. It was mainly used to suppress harmonic distortion and frequency variation, and the application of this strategy to a seamless switching control has not been studied [30,31] proposed a multi-loop control framework for voltage source GCC using LCL filters. A sliding mode controller was used in the inner loop to make the inverter become a current source inverter with CL filter. For the voltage source inverter adopting the LCL filter, the damping characteristic of the inverter is improved by adopting multi-loop control, and the stability of the system was enhanced [32]. For the boost inverter, a multi-loop control strategy based on sliding mode control was proposed to improve the output voltage quality of the inverter and reduce the voltage stress of semiconductor switch [33].



It can be seen, from the above analysis, that the existing studies in this field focus on the software control strategy, and there are few studies on software–hardware coordinated control and the hardware control strategy. After the control command is issued, the switch will not act immediately due to the influence of the working characteristics, and there is a delay effect on the time scale, which causes the quality of the power supply to decline and even threatens the safety of the local load.




1.4. Contribution and Scope


To solve the existing problems in current research, this paper proposes a new type of SSCT to solve the problem of sudden voltage changes in the process of GCM and OGM. The main contributions of this paper can be summarized as follows:




	(1)

	
Aiming at the zero-crossing shutdown characteristics of SCR, the SCR-FSCS is proposed, which significantly compresses SCR turn-off time. This strategy avoids sudden changes in the load voltage.




	(2)

	
This paper proposes to adopt a TLCS to realize the rapid conversion between GCM and OGM. This strategy can carry out real-time control of the current, has a fast response speed, and provides software guarantee for SSCT.




	(3)

	
This paper uses the GCC platform to carry out related experiments, such as SCR switching characteristics, the influence of SCR switching characteristics on the load voltage, and the SSCT of GCC different load types.










1.5. Organization of the Document


The other parts of the paper are arranged as follows. In Section 2, the typical results of MG are introduced. In Section 3, the preconditions for SSCT of GCC are introduced. In Section 4, the influence of the switching characteristics of SCR on the local load and the specific realization method of the SCR-FSCS are analyzed. In Section 5, the design method of the TLCS is introduced and the stability of TLCS is analyzed. In Section 6, combining the SCR-FSCS and the TLCS, the specific implementation method of the proposed SSCT is introduced. In Section 7, the effect of SSCT is verified through experiments. In Section 8, the main conclusions of this paper are given.





2. Topology of the MG and GCC


The typical MG topology is shown in Figure 1. Photovoltaic cells are connected to DC bus through a DC converter. The DC bus provides power to the local sensitive load through a GCC. The GCC is connected to the power grid through a GCC, circuit breaker, and transformer to realize energy exchange with the power grid. The energy storage system is connected to the DC bus through a bidirectional DC/DC converter.



Considering the need for unbalanced loads, a three-phase four-wire topology based on a flying capacitor is adopted for the GCC, and an LCL filter is also applied, as shown in Figure 2. Two filter capacitors are connected in a series on the DC side to obtain a stable DC bus voltage. The midpoint of the two capacitors is taken as the midpoint of the system output voltage. The topology includes three single-phase half bridges, so the circuit can work in a three-phase state and single-phase state. Because the three-phase control of the topology is realized independently, it has a strong ability, with an unbalanced load.




3. Preconditions for the Seamless Switching of a GCC


In the ideal state, the power grid supplies a constant frequency, sinusoidal waveform, and standard voltage to the load. However, due to the influence of various power quality problems, so the ideal waveform does not exist. In the MG, a large number of distributed renewable energy power generation units are connected to the grid, making the power quality problem of the grid more serious. To ensure the power safety of the load, the switching of the GCC from GCM to OGM needs to meet the following conditions:



	(1)

	
The fluctuation range   Δ U   of the grid voltage amplitude of any one phase is not more than ± x%.




	(2)

	
The time   Δ t   taken to switch from the GCM to the OGM should be short enough to ensure uninterrupted power supply to the load, which can be set as   Δ t < z  .







When the grid voltage recovers from the fault, the GCC should switch from the OGM to the GCM. During the grid-connection process, it is necessary to ensure that no impulse current is generated, and a smooth transition of the load voltage is realized. Therefore, the following conditions should be met for the switching of the GCC from the OGM to the GCM:



	(1)

	
The grid voltage is normal.




	(2)

	
The Voltage phase difference   Δ θ   between the grid voltage and the load voltage is small enough, not exceeding   ± ε  .




	(3)

	
The Voltage amplitude difference   Δ  U 1    between grid voltage and load voltage is small enough, not exceeding   ± σ  .







A logic diagram for the seamless switching of the GCC is shown in Figure 3, which includes the control command, operation mode switching, and control effect. The control commands can be sent by the upper management system or the local controller. Both of them manage the operation mode of the GCC through the logic, “or”. The operation mode includes two steady-state operation modes of OGM and GCM, as well as their switching process and switching conditions. The control effect is the control goal of the whole switching process, that is, in the switching process, the continuity of load voltage-time should be ensured, and instantaneous power interruption should not occur. When this occurs, the switching process is called seamless. At the same time, the waveform quality of the local load voltage should be ensured, that is, the amplitude and phase should not have large fluctuations.




4. Control Strategy of the GCCS


4.1. Operation Characteristic Analysis of the GCCS


The GCC needs to be connected to the grid through switch equipment. The switch equipment must have the ability to allow large currents to pass and turn off reliably. Therefore, in the selection of switch equipment, the action time and current carrying capacity need to be considered. As shown in Figure 4, SCR is the ideal choice for a grid-connected control switch.



It can be seen, from Figure 4, that since two cells in reverse parallel are integrated into the die, the SCR switch can be controlled by one gate, G, in turn. When the GCC is connected to the grid, a high-level signal is applied to the gate. Within the half cycle of the grid voltage, there is one SCR inside each switch that bears the forward bias voltage, that is, the two SCRs turn on alternately to realize the connection control of the MG and the grid. However, SCR can only be controlled by a gate signal, but it cannot be turned off. When the gate trigger signal is removed, the SCR will not be turned off immediately. The off time depends on the time when the gate trigger signal is removed. As shown in Figure 5, after the trigger signal is removed, the three-phase current through SCR is turned off in turn.



The essence of the switching control that allows the GCC to switch from the GCM to the OGM is the ability to switch from the current source to the voltage source. Only when the three-phase SCR is completely turned off can the GCC switch from the GCM to the OGM. Therefore, when the three-phase SCR starts to turn completely turn off, the GCC is still in the current source mode. As shown in Figure 6a, taking a single phase as an example, when the energy emitted by the MG exceeds the load demand, the excess energy is injected into the grid. Before SCR disconnection, the following equation holds:


   i 1  =  i   l , o , a , d    +  i g   



(1)




where    i 1    is the output current of the GCC;    i   l , o , a , d      is the load current, and    i g    is the grid current, because


   i 1  ≥  i   l , o , a , d     



(2)






  v ≈ e  



(3)




where  v  is the voltage of load, and  e  is the voltage of grid.



Equation (4) can be obtained from Equations (1) and (3):


  v =  i   l , o , a , d    * R = (  i 1  −  i g  ) * R  



(4)




where  R  is the local load.



When the SCR of this phase is disconnected, the GCC still adopts the current source control mode because the SCRs of other two-phase has not been completely disconnected. At this time, the following equations are valid:


   i   l , o , a , d    =  i 1   



(5)






  v =  i   l , o , a , d    * R =  i 1  * R  



(6)







It can be seen from Equations (1), (3), and (6) that


  v > e  



(7)






  Δ v =  i g   * R   



(8)




where   Δ v   is voltage fluctuation amplitude.



It can be seen, from Equations (7) and (8), that the local voltage of this phase will rise abruptly after the SCR of a certain phase is first turned off, and the amplitude of the sudden rise in voltage is linearly related to the grid-connected current. When the voltage amplitude rises to a certain extent and exceeds the regulation range of the converter, the converter will be oversaturated, and the load voltage amplitude will become half of the DC bus voltage. Such a high voltage will threaten the power supply safety of the load.



As shown in Figure 6b, when the energy emitted by the MG is less than the load demand, insufficient energy is provided by the grid. Under this condition, when the SCR is not disconnected, the following equations are valid:


   i   l , o , a , d    =  i 1  +  i g   



(9)






   i   l , o , a , d    ≥  i 1   



(10)






  v =  i   l , o , a , d    * R = (  i 1  +  i g  ) * R  



(11)







When this phase SCR is disconnected, the other two-phase SCR is not completely disconnected, and the GCC still adopts the current source control mode. At this time, the following equations are established:


   i   l , o , a , d    =  i 1   



(12)






  v =  i   l , o , a , d    * R =  i 1  * R  



(13)







It can be seen from Equations (9), (10), and (13) that


  v < e  



(14)






  Δ v = −  i g   * R   



(15)







It can be seen, from Equations (14) and (15), that in the process of the GCC switching from the GCM to the OGM, when the SCR is not completely turned off, the phase voltage will sag after the SCR of a certain phase is first turned off. The amplitude of the voltage sag is linearly related to the grid current, and the voltage sag will affect the power supply stability of the local load.




4.2. The Control Strategy of Forcing the SCR to Shutdown


During the time when the three-phase SCR is turned off sequentially, the problem of a sudden rise or sag of the load voltage will occur. Therefore, the turn-off time of SCR must be shortened as much as possible to prevent sudden rise or sag in load voltage. A converter circuit is usually added to apply reverse voltage, which allows the current flowing through SCR to be adjusted, and the conductive SCR is forced to turn off quickly. However, adding a converter circuit will increase the volume and cost of the GCC and the coordination control difficulty. Therefore, this paper proposes a novel SCR-FSCS, without adding any converter circuit. The SCR-FSCS is completely implemented by digital programs, forcing the three-phase SCR to be turned off before the load has over-voltage or under-voltage.



As shown in Figure 7, the grid-connected current    i g    is injected into the power grid through the    L g    and SCR. When the SCR trigger signal changes from high to low, as long as the counter voltage is formed in the inductance    L g   , the SCR can be turned off quickly. Since the grid voltage is relatively fixed, the core idea of the SCR-FSCS is to adjust the load side voltage to form a back voltage on    L g   . The back voltage forces    i g    to decrease rapidly, which makes the SCR quickly change from the on state to the blocking state, thus breaking the connection with the grid. Because the grid voltage is an alternating current, the amplitude and phase angle change in real time. To force the SCR to shut down, it is necessary to study how to change the load voltage to form back voltage at both ends of    L g   , as well as the factors affecting the off time.



As shown in Figure 7, according to the Kirchhoff voltage law, the following equation holds:


   v  L , g   = v − e  



(16)




where  e  is the grid voltage;    v   L , g      is the voltage of    L g   , and  v  is the load voltage.



The phase  e  is set to 0 and the amplitude to E, and the following equation holds:


  e = E sin ω t  



(17)







The phase of    i g    is set as  α , and the amplitude is    I g   , the following equation is valid:


   i g  =  I g  sin ( ω t + α )  



(18)







The phase of  v  is set as  θ , and the amplitude is V, and the following equation holds:


  v = V sin ( ω t + θ )  



(19)







From Equations (16)–(19), it can be seen that:


   {      V =    E 2  − 2 w  L g   I g  E sin α +  ω 2   L g    2   I g    2          θ = arctan   ω  L g   I g  cos α   E − w  L g   I g  sin α          



(20)







The voltage    v   L , g      at both ends of    L g    is


   v  L , g   = V sin ( ω t + θ ) − E sin ω t  



(21)







After the change of the load voltage, the amplitude is set as    V ′   , and let    V ′  = x V  . To facilitate the theoretical analysis,   x ∈ ( 0 , 1 ) ∪ ( 1 , 2 )  , and the voltage    V   L , g      ′    at both ends of    L g    is


   v   L , g      ′  = x V sin ( ω t + θ ) − E sin ω t  



(22)







A large actual load voltage fluctuation should not occur, and the value range of  x  should be determined according to the tolerance of the local load to voltage fluctuation. In this paper, the voltage fluctuation range is not more than 20%. That is,   x ∈ ( 0.8 , 1 ) ∪ ( 1 , 1.2 )  .



When the grid-connected current drops to 0, and the time   Δ t   is short enough, the following formula holds:


  Δ t =  L g    Δ  i g    Δ  v   L , g      =  L g    0 −  i g     v   L , g      ′  −  v   L , g       



(23)




where   Δ  i g    is the fluctuation amplitude of    i g   , and   Δ  v   L , g      is the fluctuation amplitude of    v   L , g     .



By introducing Equations (21) and (22) into Equation (23), we can obtain the following results:


  Δ t =  L g     I g  sin ( ω t + α )   ( 1 − x ) V sin ( ω t + θ )    



(24)







According to Equation (24), there are two cases, which are as follows:



	(1)

	
When    i g  ⋅ v > 0  , i.e.,    i g    and  v  are in phase, the amplitude of the load voltage was reduced to make it lower than  e .




	(2)

	
When    i g  ⋅ v < 0  , i.e.,    i g    and  v  are in the inverse phase, and the amplitude of the load voltage is increased to make it higher than  e .







As shown in Figure 8, in regions    t 1    and    t 3   , the two are in an the inverse phase, and the amplitude of  v  needs to be increased; in areas    t 2    and    t 4   , both are in phase, and the amplitude of  v  needs to be decreased.



The sine component in Equation (24) is ignored, because the time is short enough:


  Δ t =  {       L g     I g    V ( 1 − x )   x ∈ ( 0 , 1 )        L g     I g    V ( x − 1 )   x ∈ ( 1 , 2 )        



(25)







The maximum    I   g , m , a , x      is determined by ground short-circuit current of the load voltage as shown in Equation (26).


   I  g , m , a , x   =  V  ω  L g     



(26)







It is assumed that    I g    is  y  times the maximum value    I   g , m , a , x     , i.e.,    I g  = y  I   g , m , a , x     , where   y < 1  . From Equations (25) and (26), we can get


  Δ t =  {       y  ω ( 1 − x )   x ∈ ( 0 , 1 )        y  ω ( x − 1 )   x ∈ ( 1 , 2 )        



(27)







Figure 9 can be obtained from Equation (27); according to the size of    I g   , the time that it takes for the grid-connected current to drop to 0 in a different range of load voltage amplitude can be obtained. When the amplitude of the load voltage changes from 10% to 20%, the time that it takes for the grid-connected current to drop to 0 is within 3 ms, which is significantly shorter than when the SCR is free to turn off. When the amplitude of the load voltage changes in a certain range, the turn-off time of the SCR depends on    I g   . The larger the grid current is, the longer the turn-off time is. It should be emphasized that, in Figure 9, when   x = 1  , the turn off time   Δ t   is infinite. In fact, in Equation (27),   x = 1   is not in the defined region. When   x = 1  , the scope of the strategy of forcing the SCR to shutdown is beyond the defined region, and the SCR is free to turn off.





5. The Control Strategy of GCC


5.1. The Novel Three-Loop Control Strategy for GCC


As shown in Figure 2, Equation (28) can be obtained from the Kirchhoff voltage law for the grid-connected inductor    L g   .


   {       L g    d  i   g , a      d t   =  v a  −  e a         L g    d  i   g , b      d t   =  v b  −  e b         L g    d  i   g , c      d t   =  v c  −  e c         



(28)




where    i   g , a     ,    i   g , b     , and    i   g , c      are the three phases current of    L g   ;    v a   ,    v b   , and    v c    are the three phases load voltage; and    e a   ,    e b   , and    e c    are the power grid voltage. Park transform was used to obtain the following results.


   {       v d  =  L g    d  i   g , d      d t   + ω  L g   i   g , q    +  e d         v q  =  L g    d  i   g , q      d t   − ω  L g   i   g , d    +  e q         



(29)







In the   dq   coordinate system,    v d    and    v q    are the components of  v  in the  d  and  q  axes;    i   g , d      and    i   g , q      are the components of the    i g    in the  d  and  q  axes;    e d    and    e q    are the components of  e  in the  d  and  q  axes.



The voltage of the grid-connected inductor is defined as Equation (30):


   {       v   L , g , d    =  L g    d  i   g , d      d t   + ω  L g   i   g , q           v   L , g , q    =  L g    d  i   g , q      d t   − ω  L g   i   g , d           



(30)







As shown in Figure 10, It can be seen from Equation (30) that the real-time control of the    v  L , g     can be realized by the direct control of    i g   , which is completed by the current controller. Then according to Equation (30), the feedforward of the grid voltage    e   d , q      is introduced, and their sum is set as the voltage of the voltage controller    e *      d , q     . Then, the inductor current control at the converter side is introduced to form a TLCS for the GCC, as shown in Figure 10. The control strategy maintains a good continuity with the dual-loop control system in independent operation, which is useful for realizing the seamless switching control of the GCC.



The TLCS is shown in Figure 11. It is an optimized combination of voltage source control and current source control, which has the advantages of both. It can directly control the grid-connected current in real-time, with a fast response speed, and it is not affected by system parameter changes and grid voltage fluctuations. When the GCC changes from GCM to OGM, the back voltage can be formed at both ends of    L g    by changing the given value of the voltage loop. The SCR-FSCS proposed in the previous section can be realized to make SCR turn off quickly and complete the mode switching of the GCC. When the GCC changes from the OGM to the GCM, the given voltage loop value can be adjusted in real-time to keep it consistent with the grid voltage all the time and avoid the impact of the grid-connected current during mode switching.




5.2. Design and Stability Analysis of the New Three-Loop Control Strategy


After the GCC adopts the TLCS, it is a high-order system. In order to reduce the difficulty of control parameter design, the strategy is designed by using the equation of state in the synchronous rotating coordinate system. The specific flow is shown in Figure 12. Firstly, the state space equations of the open-loop and three-loop control of the GCC are established and linearized. Then, the closed-loop control state equation of the GCC is integrated. According to experience, the three-loop control parameters are selected, and stability analysis is carried out. If the system stability meets the requirements, this group of parameters will be selected; otherwise, the next group of control parameters will be selected, and stability analysis will be carried out before the selected parameters will be considered to have met the stability requirements.



The stability of the GCC is analyzed, and the open-loop state-space equation and control link state-space equation of the GCC are established, as shown in in Appendix A. Moreover, the meaning of each variable is shown in Table A1 in Appendix A. The state matrix of the GCC can be obtained by linearization and integration, as shown in Equation (A3) in Appendix A. The eigenvalues of the GCC can be obtained using Equation (A3). As shown in Table A2, the real part of each eigenvalue is negative. It is far away from the imaginary axis, which had a sufficient stability margin. This indicated that the selected control parameters can meet the control and stability requirements of the GCC.





6. Seamless Switching Control of GCC


6.1. Control Technology for Switching from the GCM to the OGM of GCC


Combined with the SCR-FSCS and TLCS, the control technology for switching the GCC from the GCM to the OGM is proposed. As shown in Figure 13, 0 represents the OGM, and 1 represents the GCM. The states of the grid voltage are represented by 0 and 1, 0 representing fault and 1 representing a normal state. When the GCC works in the GCM, the SCR switch trigger signal is high. The    S 2    selects GCM 1. When the grid fails or the operation command is changed to the OGM, the trigger signal of the SCR switch changes to a low level, and the mode selection switch    S 2    selects the OGM 0. The off-grid control strategy of the GCC is the load voltage outer loop and inductor current inner loop. According to SCR-FSCS, when    S 2    selects mode 0, the given load voltage    v   d , q   *    changes from   (  k p  +    k i   / s  ) (  i   g , d , q   *  −  i   g , d , q    ) +  e   d , q      to   x ·  e   d , q     . A back voltage is formed at    L g   . The GCC completes the conversion from the GCM to OGM. At this time, the load voltage setting selection switch    S 1    is changed from   x ·  e   d , q      to    v   d , q , r , e , f     , and the load voltage quickly returns to a normal level. The phase of  e  when in the OGM must be considered in connection with the given value of the load voltage    v   d , q , r , e , f     . If the phase of  e  when in the of OGM is set as  θ , then


   [       v   d , r , e , f           v   q , r , e , f         ]  =  [      V cos θ       − V sin θ      ]   



(31)




where  V  is the rated amplitude of load voltage, and  θ  is the initial phase.




6.2. Control Technology for Switching from OGM to the GCM


When the grid voltage returns to normal, GCC needs to be re-connected to the grid. The control strategy conversion and SCR connection should be realized at the same time to ensure that the SCR will not produce a grid-connected current impact at the moment of connection and realize a smooth transition of the load voltage.


   i g  =   v − e   j ω  L g     



(32)







The grid-connected current can be expressed by Equation (32). The grid-connected current value at the moment of grid-connection depends on the difference between  v  and  e . The equivalent impedance of the    L g    is very small, and the slight will cause a great impact on    i g   . Therefore, when the GCC is switched from the OGM to the GCM,  v  should first be adjusted to allow it to gradually synchronize with  e . Unlike the strict requirements for the conversion time, when switching from GCM to OGM is carried out, the conversion time is not strictly limited to switching from OGM to GCM. This is mainly due to the need for maintaining a smooth transition of the load voltage waveform and phase.



The control strategy of the GCC from OGM to GCM is shown in Figure 14. Mode 0 represents the OGM, and mode 1 represents GCM. A 0 command represents a fault, and a 1 command represents a normal power grid. When the GCC receives the grid-connection command, it will gradually adjust the given load voltage    v   d , q , r , e , f      to track the grid voltage step-by-step. When the error is small enough, a high-level trigger signal will be send to the SCR, and    S 2    changes to GCM 1. The GCC control strategy is changed from the double-loop voltage source control to three-loop current source control strategy. The GCC turns into a grid-connected operation mode. It should be noted that we would rather make the tracking time of t v  to  e  longer, rather than shorter, because the phase should be adjusted slightly to prevent the phase-sensitive load from being affected. The given value    v   d , q , r , e , f      of the load voltage can be expressed by Equation (31).





7. Experimental Research of GCC


As shown in Figure 15, a 100 kW GCC is built for the relevant experimental verification. The main control chip model of the GCC is TMS320F28335 (Texas Instruments, Dallas, TX, USA). The SCR model is MCC162-16io1 (IXYS Corporation, Milpitas, CA, USA), and Table 1 shows the specific parameters. Table 2 shows the main parameters of the GCC.



7.1. Experimental Analysis of Operating Characteristics of the SCR


The parameters of SCR are shown in Table 1. It is connected to the three-phase circuit for the on-off test, as shown in Figure 16. When the SCR trigger pulse achieves a low level, the three-phase current will not be turned off immediately, rather, it will turn off naturally with the zero-crossing point of each phase current. The time taken to turn off the three-phase current depends on the time it takes for the driving pulse to achieve a low level.



When the GCC adopts the current source grid-connected control strategy, the SCR trigger pulse achieves a low level, and the voltage of load experimental waveform is shown in Figure 17. If the GCC injects energy into the grid at this time, when SCR trigger signal achieves a low level, the load voltage will jump. If the GCC absorbs energy from the grid and supplies power to the load together, when the SCR trigger signal achieves a low level, the load voltage will sag. A voltage surge or sag will affect the power quality of the load voltage, which proves the rationality and correctness of the theoretical analysis in this paper.




7.2. Experimental Study of Switching the GCC from the GCM to the OGM


The experimental waveforms of the load voltage and grid current are shown in Figure 18. When the SCR trigger signal changes from high to low, load voltage still exists. Its phase is also consistent with that during grid connection, thus ensuring the continuity and reliability of the load power supply. Under the action of SCR-FSCS, all three phases of the grid-connected currents are rapidly reduced to zero, and the GCC then converts to the OGM. The grid-connected current, total harmonic current distortion (THDi), is shown in Figure 19. It is 3.0%, thus, meeting the grid-connection standard.




7.3. Experimental Study on the GCC Switching from the OGM to the GCM


The experimental waveform of the GCC switching from the OGM to the GCM is shown in Figure 20. The SCR trigger signal changes from low to high. At the moment of grid connection, the given value of the local load voltage changes from    v   d , q , r , e , f      to   (  k p  +    k i   / s  ) (  i   g , d , q   *  −  i   g , d , q    ) +  e   d , q     . According to the experimental waveform, the voltage of load does not change significantly during the switching process, and the grid-connected current increases gradually, which indicates that the proposed control of the switching from the OGM to GCM achieved a good control effect. The grid-connected current, THDi, is shown in Figure 21. It is 3.2%, thus meeting the grid-connection standard. The effectiveness and rationality of the strategy are therefore proved.




7.4. Experimental Study on the GCC with a Nonlinear Load


When the GCC switches seamlessly, the experimental waveform of the nonlinear load is shown in Figure 22. When the GCC changes from the OGM to the GCM, the SCR trigger signal changes from low to high, and the nonlinear load current remains continuous, which indicates that the load power supply remained continuous during the switching. The THDi of grid-connected current is shown in Figure 23. It is 3.9%, thus meeting the grid-connection standard.





8. Conclusions


In this paper, on the basis of considering the characteristics of the SCR, the SSCT for GCC is proposed. Through the research work carried out in this paper, the following conclusions can be drawn:




	(1)

	
Affected by the zero-crossing shutdown characteristics of the SCR, when the GCC in the MG switches between the GCM and the OGM, the load voltage will suddenly drop or rise, which will affect the reliability of the local load.




	(2)

	
The turn-off time of SCR is closely related to the local load voltage and grid-connected inductor current. The SCR-FSCS greatly reduces the turn-off time of the SCR by forming a back voltage at both ends of the grid-connected inductor to ensure the stability of the load power supply.




	(3)

	
The TLCS can easily switch between the current source three-loop control mode and the voltage source double-loop control mode. At the same time, the stability of the TLCS is analyzed, which provides a reference for the selection of key parameters of the control strategy.









Through the research of this paper, it can be known that after the GCC adopts the proposed SSCT, the reliability of the local load power supply is guaranteed. However, when the load is a nonlinear load, the THDi of the current is still large. Therefore, the focus of future work is to improve the adaptability of the strategy and reduce the THDi of different types of loads.
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Table A1. Variable definitions.
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	Variable
	Definition Description
	Variable
	Definition Description





	  R  
	Machine side inductance parasitic resistance
	    i *     1 , q     
	Given q-axis inner loop current



	  L  
	Machine side inductance
	    i *     1  , d , p      
	Given proportional component of the inner loop current of the d-axis



	  C  
	Filter capacitor
	    i *      1 , d , i      
	Given integral component of the d-axis inner loop current



	    R g    
	Grid-side inductance parasitic resistance
	    k   z , d , p      
	Proportional coefficient of the PI regulator in the d-axis



	    L g    
	Grid-side inductance
	    k   z , d , i      
	Integral coefficient of PI regulator in d-axis



	    i  1 , d     
	d-axis machine-side inductance current
	    v *    d    
	Given d-axis middle loop voltage



	    i  1 , q     
	q-axis machine-side inductance current
	    i *      1 , q , p      
	Given proportional component of the q-axis inner loop current



	    v d    
	d-axis capacitance-voltage
	    i *      1 , q , i      
	Given integral component of the q-axis inner loop current



	    v q    
	q-axis capacitance-voltage
	    k   z , q , p      
	PI proportional coefficient of control loop in q axis



	    i   g , d      
	inductor current of grid side in d-axis grid side
	    k   z , q , i      
	Integral coefficient of the PI regulator in the q-axis middle loop



	    i   g , q      
	q-axis grid-side inductance current
	    v *    q    
	Given voltage in the q-axis middle loop



	    d   N , d      
	d-axis duty cycle
	    v *      d , p      
	Given proportional component of voltage in the d-axis middle loop



	    d   N , d , p      
	d-axis duty cycle proportional component
	    v *      d , i      
	Given integral component of voltage in the d-axis middle loop



	    d   N , d , i      
	d-axis duty cycle integral component
	    k   w , d , p      
	outer control loop PI regulator proportional coefficient in d-axis



	    k   N , d , p      
	Inner control loop PI regulator proportional coefficient in axis
	    k   w , d , i      
	Integral coefficient of PI regulator of outer control loop in d axis



	    k   N , d , i      
	Integral coefficient of inner loop PI regulator in d axis
	    i *      g , d      
	Given d-axis outer loop current



	    i *     1 , d     
	Given d-axis inner loop current
	    v *      q , p      
	Given proportional component of the q-axis outer loop voltage



	    d   N , q      
	q-axis duty cycle
	    v *      q , i      
	Given integral component of the q-axis outer loop voltage



	    d   N , q , p      
	q-axis duty cycle proportional component
	    k   w , q , p      
	Proportional coefficient of outer loop PI regulator in q-axis



	    d   N , q , i      
	q-axis duty cycle integral component
	    k   w , q , i      
	Integral coefficient of outer loop PI regulator in q axis



	    k   N , q , P      
	Proportional coefficient of inner loop PI regulator in q-axis
	    i *      g , q      
	Given q-axis outer loop the current



	    k   N , q , i      
	Integral coefficient of inner loop PI regulator in q-axis
	
	










  A =  |       A 1       A 2         A 3       A 4       |   



(A3)




where
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Table A2. Eigenvalues of the state matrix.
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	Eigenvalue Variable
	Eigenvalue Value





	    λ 1    
	−5.99 × 106



	    λ 2    
	−6.00 × 106



	    λ 3    
	−8.42 × 102 + 5.75 × 103i



	    λ 4    
	−8.42 × 102 + 5.75 × 103i



	    λ 5    
	−1.24 × 103 + 5.6085 × 103i



	    λ 6    
	−1.24 × 103 – 5.6085 × 103i



	    λ 7    
	−7.38 × 102



	    λ 8    
	−3.34 × 102



	    λ 9    
	−3.13 × 103



	    λ  10     
	−3.13 × 103



	    λ  11     
	−1.96 × 102 + 4.49 × 102i



	    λ  12     
	−1.96 × 102 – 4.49 × 102i










References


	



Sizhou, S.; Jiaqi, F.; Lisheng, W. Multi-Objective Optimal Dispatching for a grid-connected Micro-Grid Considering Wind Power Forecasting probability. IEEE Access 2020, 8, 46981–46997. [Google Scholar]

	



Mansour Lakouraj, M.; Shahabi, M. Comprehensive analysis of risk based energy management for dependent micro-grid under normal and emergency operations. Energy 2019, 171, 928–943. [Google Scholar] [CrossRef]

	



Chenshan, W. Microgrid Analysis and Simulation Theory; Science Press: Beijing, China, 2019; pp. 67–69. [Google Scholar]

	



Diaz, N.; Luna, A.; Vasquez, J. Centralized control architecture for coordination of distributed renewable generation and energy storage in islanded AC microgrids. IEEE Trans. Power Electron. 2017, 32, 5202–5213. [Google Scholar] [CrossRef]

	



Ustun, T.; Ozansoy, C.; Zayegh, A. Recent developments in microgrids and example cases around the world a review. Renew. Sustain. Energy Rev. 2011, 15, 4030–4041. [Google Scholar] [CrossRef]

	



Chenchen, W.; Qiuping, D. Operation of micro-grid in sendai during earthquake. North China Electr. Power 2013, 8, 56–60. [Google Scholar]

	



Jianhua, Z.; Jiaqi, S.; Dehua, Z. Development and analysis of microgrid operation and control standards of international electrotechnical commission. Autom. Electr. Power Syst. 2018, 42, 1–10. [Google Scholar]

	



Zheng, Z.; Hui, L.; Li, R. Comparison on control strategies of inverters in AC microgrids. Autom. Electr. Power Syst. 2016, 40, 142–151. [Google Scholar]

	



Chengshan, W.; Zhen, W.; Peng, L. Research on key technologies of microgrid. Trans. China Electrotech. Soc. 2014, 29, 1–12. [Google Scholar]

	



Zheng, Z.; Rongxiang, Z.; Shengqing, T. An overview on advanced grid-connected inverters used for decentralized renewable energy resources. Proc. CSEE 2013, 33, 1–12. [Google Scholar]

	



Lingxi, H.; Lin, X.; Yingdong, W. Passive network optimization design for seamless switching of controllable switches in microgrid. Autom. Electr. Power Syst. 2018, 42, 171–177. [Google Scholar]

	



Zhiqiang, N.; Hui, L.; LUO, H. Single mode grid-connected/islanded microgrid seamless transition based on nonlinear droop control technology. Power Syst. Technol. 2016, 40, 1371–1378. [Google Scholar]

	



Jiuqing, C.; Changsong, C.; Shanxu, D. Unified control of multimode operation for paralleled power conversion system in integrative station. Trans. China Electrotech. Soc. 2017, 32, 92–100. [Google Scholar]

	



Xin, L.; Guoliang, L.; Ranchen, Y. VSG control strategy with transient damping term and seamless switching control method. Power Syst. Technol 2018, 42, 2081–2088. [Google Scholar]

	



Rongliang, S.; Xing, Z.; Haizhen, X. Seamless switching control strategy for microgrid operation modes based on virtual synchronous generator. Autom. Electr. Power Syst. 2016, 40, 16–23. [Google Scholar]

	



Yalong, W.; Hui, Z.; Kai, S. Pre-synchronization method of virtual synchronous generator using virtual power. Autom. Electr. Power Syst. 2016, 40, 124–129. [Google Scholar]

	



Hailin, Z.; Qiang, Y.; Hongmei, Z. Multi-loop virtual synchronous generator control of inverter-based DGs under microgrid dynamics. IET Gener. Transm. Distrib. 2018, 11, 795–803. [Google Scholar]

	



Malek, R.; Shuhui, L.; Fariborz, M. Seamless transition of synchronous inverters using synchronizing virtual torque and flux linkage. IEEE Trans. Ind. Electron. 2020, 67, 319–328. [Google Scholar]

	



Sungyoul, P.; Minho, K.; Sewan, C. Reactive power P&O anti-islanding method for a grid-connected inverter with critical load. IEEE Trans. Ind. Electron. 2019, 34, 204–212. [Google Scholar]

	



Liming, Z.; Meiyi, H.; Guofang, Z. Seamless transfer strategy of operation mode for microgrid based on collaborative control of voltage and current. Autom. Electr. Power Syst. 2019, 43, 129–135. [Google Scholar]

	



Hong, L.; Minghao, L. A seamless transition strategy between grid-tied and stand-alone modes for inverters based on a new positive component detecto. Trans. China Electrotech. Soc. 2015, 30, 53–60. [Google Scholar]

	



Xinxing, H.; Jianhui, S.; Yong, S. Research on switch of microgrid between grid-tied and island operation modes based on virtual synchronous generation. Electr. Move 2016, 46, 50–54. [Google Scholar]

	



Xiao, L.; Haiyu, Z.; Mohammad, B. Model predictive control of a voltage-source inverter with seamless transition between islanded and grid-connected operations. IEEE Trans. Ind. Electron. 2017, 64, 7906–7918. [Google Scholar]

	



Kouyuan, L.; Yaoming, C. Design of a seamless grid-connected inverter for microgrid applications. IEEE Trans. Smart Grid 2020, 11, 194–202. [Google Scholar]

	



Anwei, C.; Yaoming, C. Coordination control and mode switching strategy for hybrid AC/DC microgrid with muti-bus structure. Autom. Electr. Power Syst. 2018, 42, 175–183. [Google Scholar]

	



Daqiang, B.; Wen, Z.; Yuxing, D. Control strategies of seamless switching for energy storage converter in hybird AC/DC microgird. Autom. Electr. Power Syst. 2016, 40, 84–89. [Google Scholar]

	



Xiangxin, L.; Junfei, H.; Beihua, L. Coordinated control method for dual-mode parallel converters in single-phase microgrid. Autom. Electr. Power Syst. 2017, 41, 130–136. [Google Scholar]

	



Wei, Z.; Hongpeng, L.; Wei, W. Seamless transfer scheme for parallel PV inverter system. IET Power Electron. 2020, 13, 1051–1058. [Google Scholar]

	



Seungjin, Y.; Kyeonghwa, K. Multiloop current control for an inductive-capacitive-filtered grid-connected inverter with frequency-adaptive capability under distorted grid environment. IET Power Electron. 2019, 12, 1521–1531. [Google Scholar]

	



Vieira, R.; Martins, L.; Massing, J. Sliding mode controller in a multiloop framework for a grid-connected VSI with LCL Filter. IEEE Trans. Ind. Electron. 2017, 65, 4714–4723. [Google Scholar] [CrossRef]

	



Martins, L.; Stefanello, M.; Pinheiro, H. Current control of grid-tied LCL-VSI with a sliding mode controller in a multiloop approach. IEEE Trans. Ind. Electron. 2019, 34, 12356–12367. [Google Scholar] [CrossRef]

	



Shuying, Y.; Xing, Z.; Chongwei, Z. Strategy design of multiple feedback loop control for grid-connected voltage source inverter with LCL filter. Autom. Electr. Power Syst. 2011, 35, 66–70. [Google Scholar]

	



Oswaldo, L.; Germain, G. Double sliding-surface multiloop control reducing semiconductor voltage stress on the boost Inverter. Appl. Sci. 2020, 10, 1–20. [Google Scholar]








[image: Electronics 09 02109 g001 550] 





Figure 1. Topological structure diagram of the micro-grid (MG). 






Figure 1. Topological structure diagram of the micro-grid (MG).



[image: Electronics 09 02109 g001]







[image: Electronics 09 02109 g002 550] 





Figure 2. Topological structure diagram of a three-phase four-wire converter based on a flying capacitor. 
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Figure 3. Logic diagram for the seamless switching of the grid-connected converter (GCC). 
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Figure 4. The silicon-controlled rectifiers (SCR) switch. 
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Figure 5. Current waveform of the SCR, when it is free to turn-off. 
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Figure 6. Schematic diagram of the mode switching of the GCC. (a) Working state 1. (b) Working state 2. 
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Figure 7. The single-phase grid connection diagram of GCC. 






Figure 7. The single-phase grid connection diagram of GCC.



[image: Electronics 09 02109 g007]







[image: Electronics 09 02109 g008 550] 





Figure 8. Schematic diagram of capacitor voltage amplitude adjustment area. 
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Figure 9. The change curve of the off time corresponding to the capacitor voltage and grid-connected current. 
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Figure 10. Schematic diagram of the connection between the GCC and power grid. 
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Figure 11. Control block diagram of three-loop control strategy (TLCS). 
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Figure 12. Flow chart of control parameter design for GCC. 
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Figure 13. Logic diagram: from the grid-connected mode (GCM) to the off-grid mode (OGM). 
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Figure 14. Logic diagram: from the OGM to the GCM. 
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Figure 15. The GCC experimental platform. 
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Figure 16. SCR, when it is free to turn off the waveform. 
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Figure 17. Load voltage waveform when the SCR is turned off. (a) Working state 1 (energy is injected into the power grid). (b) Working state 2 (energy from the power grid). 
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Figure 18. The waveform of the GCC changes from the GCM to the OGM. (a) Experimental waveform of the load voltage. (b) Experimental waveform of the grid current. 






Figure 18. The waveform of the GCC changes from the GCM to the OGM. (a) Experimental waveform of the load voltage. (b) Experimental waveform of the grid current.



[image: Electronics 09 02109 g018]







[image: Electronics 09 02109 g019 550] 





Figure 19. The THDi of the grid current. 






Figure 19. The THDi of the grid current.



[image: Electronics 09 02109 g019]







[image: Electronics 09 02109 g020 550] 





Figure 20. The waveform of GCC changes from the OGM to the GCM. (a) Load voltage waveform. (b) Grid-connected current waveform. 
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Figure 21. The THDi of the grid-connected current. 
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Figure 22. Nonlinear load current waveform during the seamless switching of the GCC. (a) Nonlinear load current waveform (from the OGM to the GCM). (b) Nonlinear load current waveform (from the GCM to the OGM). 
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Figure 23. The THDi of the nonlinear load current. 
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Table 1. The parameters of SCR switch.
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	Parameters
	Numerical Value





	Forward blocking voltage/V
	1600



	Forward rated current/A
	180



	Conduction voltage drop/V
	1.03










[image: Table] 





Table 2. The parameters of GCC.






Table 2. The parameters of GCC.





	Parameters
	Numerical Value





	Rated phase voltage at AC side/V
	220



	The rated voltage at DC side/V
	750



	Rated output power/kW
	100



	Rated frequency/Hz
	50



	Switching frequency/kHz
	6



	LCL wave filter inductance at machine side/  mH  
	0.6



	LCL wave filter inductance at grid side/  mH  
	0.5



	LCL filter capacitor/  μ F  
	60



	Outer loop parameters of grid-connected current
	Kp = 0.3; Ki = 0.313



	Middle loop parameters of local load voltage
	Kp = 0.125; Ki = 0.0078



	Current inner loop parameters of filter inductor
	Kp = 0.25; Ki = 0.313
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