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Abstract

:

In the transient process of the grid-connected converter (GCC), the existing research mainly focuses on the impact of the control loops. Little attention is paid to the transient stability issues driven by the imbalance between the input power and output power of GCC. This paper shows that the transient stability issues will still exist even if ignoring the dynamics of phase-locked loop (PLL) and current loop. In this paper, the models of the AC grid and the GCC are built under the assumption that the dynamics of the PLL and current loop are ignored. Then, by analyzing the transient process of GCC under non-severe remote voltage sag, the effects of the imbalance power on the transient stability of GCC are discussed. Moreover, for the GCC to operate stably after the transient process, there should be a maximum input power limit (MIPL) for GCC, and the imbalance power equation is applied in this paper to determine the transient stability of GCC. Furthermore, the effects of the current limitation on the transient stability of the GCC are also discussed. Finally, the theoretical analysis has been verified by means of simulations.






Keywords:


grid-connected converter; imbalance power; non-severe remote voltage sag; maximum input power limit (MIPL); current limitation; imbalance power equation












1. Introduction


With increasing environmental problems and a severe energy crisis, the proportion of renewable energy in the power system is increasing each year. Wind power and photovoltaic are the two main forms of renewable energy generation in the power system [1]. A large part of these two renewable energy sources are connected to the transmission grid by the grid-connected converters (GCCs) [2,3,4]. Thus, the stability of the power system is largely influenced by the GCC. In some places of the world, such as in China, these renewable energy resources are usually located in remote areas, which leads to GCCs connected to a weak AC grid. The weak grid condition makes the stability of GCC face a greater challenge [5,6,7].



In order to avoid the renewable energy generation disconnecting with the AC grid during the grid faults, the GCC must maintain transient stability. However, when the grid faults happen, even when it is a non-severe grid fault, the GCC may become unstable and the renewable energy generation will be cut off from the grid, which will lead to the loss of renewable energy. To avoid such a situation, the transient process of GCC under the grid faults requires deeper research.



Most of the previous studies pay attention to the influence of the control system during the transient process of GCC. Different control strategies and different control parameters will lead to the different performance of the control loops.



The influence of the parameters of the phase-locked loop (PLL) on the transient stability of the GCC is analyzed in References [8,9,10]. Based on the mathematical analysis of the PLL, the transient responses of the GCC with different PLL parameters are analyzed in Reference [8]. In Reference [9], by comparing with the rotor motion model of the synchronous generator, a nonlinear model of the PLL is developed and the equal-area criterion is carried out to analyze the transient stability of GCC. In Reference [10], by analyzing the behavior of the PLL under different grid impedance, a general quasi-static model of PLL is built and the influence factors on the stability of GCC are presented.



In References [11,12], the impact of the parameters of the inner current loop is analyzed. Reference [11] investigates the mechanism of the electrical oscillations in the GCC connected with weak grid system by analyzing the damping characteristics of the current controller and PLL, while Reference [12] holds the view that the current loop does not have a significant impact on the transient stability of the power system since it is much faster than other control loops. The current limitation, which is being introduced in GCC to protect the switching devices from being damaged by the overcurrent, also have effects on the transient stability of GCC [13,14,15].



These previous studies above mainly focus on the influence of the PLL and the current loop [16,17]. However, the influence of the PLL and the current loop is not the only influence factor on the transient stability of the GCC. Actually, even if the dynamics of the PLL and the current loop are ignored, the system stability issues will still exist because of the imbalance power caused by the grid faults. As for the influence of the current limitation on the transient stability of GCC, the main reason why current limitation has an impact on the transient stability of GCC is that current limitation will affect the imbalance power, while the imbalance power will affect the transient stability of GCC. Therefore, none of these previous studies shows the impact of the imbalance power, although the imbalance power is a vital influence factor on the transient stability of GCC. Moreover, since the main function of the GCC is to perform power conversion, the most basic characteristics of the GCC are mainly reflected in its capability of power conversion. Thus, when the GCC becomes unstable during the transient process, perhaps it is because of the imbalance power, but not the parameters of the control loops.



Except for the PLL and the current loop, References [18,19,20] analyze the transient stability of GCC, including the outer voltage loop by using the nonlinear analysis method. The nonlinear analysis method is a kind of commonly used mathematical method in transient stability problems and this kind of method can get an accurate result [21]. However, the full-order models of the GCC applied in these papers are complex. When these kinds of models are applied to analyze the transient stability of GCC, the analysis process becomes very complicated and it is not easy to figure out the key influence factors on these transient stability issues. The impact of the imbalance power during the transient process of GCC cannot be intuitively reflected in these models.



It can be seen that the previous studies either only consider PLL and current loop, or establish overly complex full-order models. However, how to analyze the transient stability of GCC and its key influence factors when the dynamics of the PLL and the current loop are ignored is still a big issue. Therefore, a simple and clear mathematical model of GCC that can show the key influence factors of the transient stability of GCC is needed, which is a big challenge. This paper is going to discuss these issues from the perspective of imbalance power, which is rarely done according to these previous studies.



When analyzing the transient process of GCC, it can be compared with the synchronous generators (SG). The conventional SGs transfer the mechanical power into electromagnetic power through the rotation of the rotor [22,23], while the GCC keeps power balancing through its DC capacitor. Although the energy transmission media of the SG and GCC are different, the effects of the imbalance power may be similar [24,25,26]. Thus, the rotor motion equation of SG can still be referred when building the mathematical model of GCC [27]. Actually, in the later part of this paper, it can be seen that the form of the mathematical model of GCC is similar with the rotor motion equation of SG.



In this paper, a mathematical model of GCC is developed, and the effects of the imbalance power are presented. A greater imbalance power will have a greater impact on the transient stability of GCC. Therefore, to keep the GCC maintain transient stability under the grid faults, the input power should be limited. Meanwhile, the current limitation will also have some influence on the transient stability of GCC since the current limiter will have some effects on the imbalance power. It is also discussed in this paper. Moreover, the imbalance power equation is proposed in this paper to determine the transient stability of GCC.



The rest part of this paper is organized as follows. In Section 2, based on the analysis of the equivalent AC circuit of the power system with GCC and the output power characteristics, the modeling of the AC grid and the mathematical model of GCC are discussed. In Section 3, the details about the transient process of GCC with non-severe grid faults are analyzed. The imbalance power equation of GCC is carried out in Section 4. The simulations and experimental verifications in Section 5 prove the correctness of the theoretical analysis. Finally, the conclusions are drawn in Section 6.




2. Modeling of the AC Grid and the Grid-Connected Converter


The power system with a single GCC can be separated into two parts, one is the AC grid, and another is the GCC. Thus, in this part, the modeling of the AC grid and the mathematical model of GCC will be discussed. Since the characteristics of the output power are essential for analyzing the impact of the imbalance power, the following section will focus on them.



A typical control diagram of GCC connected to the AC grid is shown in Figure 1. The control strategy of GCC consists of the inner current loop, outer DC voltage loop, and the PLL. The active power flow of GCC is controlled by the DC voltage loop and active current loop. The reactive current loop aims at tracking reactive current commands, for the sake of simplicity, ignoring the outer AC-voltage loop or reactive power loop. PLL is used to synchronize GCC with the AC grid. The d-axis of the synchronous reference frame is oriented on the point of common coupling (PCC) voltage vector Ut by PLL. It has to be mentioned that the AC grid here refers to the transmission grid. Distribution network is not considered. Therefore, only inductive grids are considered in this paper.



2.1. Modeling of the AC Grid


By ignoring the dynamics of the AC grid, the fundamental frequency equivalent AC circuit of GCC connected to the AC grid can be obtained from the control diagram. Considering that the d-axis and q-axis components of AC current, Itd and Itq, are fully controllable by the current control loop, the GCC can be equivalent to a current source. Figure 2 shows the equivalent circuit.



According to the equivalent AC circuit of GCC connected to the AC grid, the relationship of different vectors is shown in Figure 3. Grid voltage Ug falls behind the PCC voltage Ut by an angle of δt. Taking the phase of Ut as a reference, and Ut can be expressed as Ut < 0, while Ug can be expressed as Ug < -δt.



According to Figure 3, the mathematical relationship between the amplitude of the PCC voltage and the grid voltage can be expressed as Equation (1), and the expression of output power can be expressed as Equation (2).


   U t  =    U g 2  −  I  t d  2   X g 2    −  I  t q    X g   



(1)






   P  o u t   =  3 2   (   U  t d    I  t d   +  U  t q    I  t q    )   



(2)







In Equation (2), the Utd, and Utq are the d-axis and q-axis components of PCC voltage, respectively. As mentioned before, the d-axis is oriented on the PCC voltage by PLL. Thus, if ignoring PLL dynamics, the q-axis component of PCC voltage Utq should be equal to zero. That means when substituting Equation (1) into Equation (2), the expression of output power can be derived as Equation (3).


   P  o u t   =  3 2   (     U g 2  −  I  t d  2   X g 2    −  I  t q    X g   )   I  t d    



(3)







From Equation (3), it can be known that the output power is determined by the grid voltage, grid-side equivalent impedance, and d-axis and q-axis components of the AC current. Since the fluctuations of the grid voltage and grid-side equivalent impedance cannot be large during the transient process, the grid voltage and the grid-side equivalent impedance are considered constant in the power system. Therefore, the relationship between the output power and the AC current can be defined as the output power characteristics. Figure 4 shows the output power characteristic curve under the condition that Itq = 0, so the output power characteristic curve can also be called the Pout-Itd curve.




2.2. Mathematical Model of GCC


Ignoring the power loss of GCC, then Pdc = Pout, and Equation (4) can be derived from the DC side of GCC according to Figure 1.


  C   d  U  d c     d t   =  i  i n   −  i  d c   =    P  i n   −  P  d c      U  d c     =    P  i n   −  P  o u t      U  d c      



(4)







According to the DC voltage loop shown in Figure 1, Equation (5) can be derived based on the assumption that ignoring the dynamics of the current loop. The kvp and kvi are the proportion and integration parameters of the DC voltage loop PI controller.


   I  t d   =  (   U  d c   −  U  d c r e f    )   (   k  v p   +    k  v i    s   )   



(5)







Converting Equation (5) into the time-domain expression, Equation (6) can be obtained.


    d  I  t d     d t   =  k  v i    (   U  d c   −  U  d c r e f    )  +  k  v p     d  (   U  d c   −  U  d c r e f    )    d t    



(6)







Combining Equations (4) and (6), the mathematical model of GCC can be obtained and it is shown as Equation (7).


   {        d  I  t d     d t   =  k  v i    (   U  d c   −  U  d c r e f    )  +  k  v p     d  (   U  d c   −  U  d c r e f    )    d t         C ⋅  U  d c     d  U  d c     d t   =  P  i n   −  P  o u t          



(7)







The active power control is considered in Equation (7). If the reactive power is considered, the order of the mathematical model of GCC will be higher, which will make the analysis become more complex. In order to simplify the analysis, the reactive current Itq is not taken into consideration.



According to the mathematical model of the GCC and the modeling of the AC grid, the stable operating point of GCC can be analyzed. As shown in Figure 4, two intersections of input power Pin and the output power characteristic curve are the possible operating points. At point s, when a small disturbance occurs, the output power Pout will be influenced and it will have a slight change. If Pout increases, both the DC voltage Udc and the active current Itd will begin to decrease according to Equation (7). Later, since dPout/dItd > 0 at point s, Pout will decrease with the decrease of Itd. As a result, the operating point will return back to the point s, which means the point s is a stable operating point. However, since dPout/dItd < 0 at point u, the DC voltage loop will become a positive feedback loop when a small disturbance occurs, which means that point u is an unstable operating point. Therefore, if the system operates stably, the operating point must satisfy the condition that dPout/dItd > 0.





3. Analysis of the Transient Process of Grid-Connected Converter Driven by the Imbalance Power


When the remote voltage sag happens, there will be a sudden voltage drop of the AC grid as shown in Figure 5, which will lead to a sudden change of the output power while the output current keeps unchanged. From Figure 6, it can be known that under a severe voltage sag fault, there will be no intersections between the input power Pin and the Pout-Itd curve. In such a case, there is no chance for GCC to operate stably, because there is no operating point for GCC after the fault. Only when the grid fault is not very severe, the input power and the output power characteristic curve will have intersections. Furthermore, since the non-severe voltage sag will not make the PCC voltage have too much change, the control strategy of GCC will not switch to the LVRT control strategy and it will maintain the typical control strategy as shown in Figure 1. Only under such a condition, there is the possibility for GCC to operate stably. Thus, only non-severe grid faults are discussed here.



As shown in Figure 5, before the remote voltage sag occurs (defined as stage I), the system operates normally, and the corresponding output power characteristic curve is PoutI as shown in Figure 6. After the remote voltage sag occurs (defined as stage II), the corresponding output power characteristic curve changes into PoutII. The imbalance power caused by the fault will lead to an oscillation of the active current Itd and DC voltage Udc, which may make the power system become unstable. The details about the transient process are explored in the following parts.



3.1. Analysis of the Stable Transient Process


As mentioned before, when the system operates stably, the operating point must meet the condition that dPout/dItd > 0. Thus, in stage I, the operating point should be the point a as shown in Figure 6. When the remote voltage sag occurs, considering that Itd is the AC current flowing through the grid-side equivalent inductor so Itd cannot change instantly after the fault occurs. Thus, the operating point will suddenly change from a to b. Since the input power Pin is now larger than the output power Pout, the DC side capacitor C begins to charge and store energy and DC voltage Udc will increase.



Then, the active current will increase under the action of the DC voltage loop. When the active current reaches Itd_c, Pin is equal to Pout but Udc is still larger than its reference value Udcref. Hence, with the control of the DC voltage loop, the active current will keep increasing, and Pout begins to be larger than Pin. As Pout begins to be larger than Pin, the DC side capacitor starts to release energy and Udc begins to decrease. When Udc decreases to Udcref, the active current reaches its peak value Itd_d and the operating point runs to the point d.



Since Pout is still larger than Pin at point d, the DC side capacitor continues to release energy and Udc will keep decreasing. As Udc continues to decrease, Udc begins to be smaller than Udcref and the active current begins to decrease. When the active current decreases to Itd_c, Pin begins to be larger than Pout, and Udc starts to rise. When Udc increases to Udcref, the operating point runs to the point f and the system starts the second oscillation process.



If there is no energy loss during the oscillation, the operating point will keep running indefinitely between the point f and the point d on the output power characteristic curve PoutII. Considering the existence of various damping effects in this transient process, the oscillation amplitude will gradually decay, and the GCC will finally operate at a stable operating point c.




3.2. Analysis of the Unstable Transient Process


It can be seen from Figure 6 that the point e is another intersection of Pin and Pout II. The analysis above is based on the condition that the active current cannot reach Itd_e in the first oscillation process. However, if the active current increases beyond Itd_e in the first oscillation process, Udc will continue to increase and will never return back to its reference value since Pin is larger than Pout after point e. This can also be explained from a more intuitive perspective: the energy gained by the DC capacitor has not yet been completely released when the operating point reaches point e. Consequently, Udc is still larger than its reference value Udcref and it continues to increase. Then, Udc will rise fast under the imbalance power and it can never return back to its reference value Udcref. Finally, the system becomes unstable.



To maintain stable operation during the transient process, the operating point of GCC cannot run over the point e in the first oscillation process. The larger the input power, the easier it is for the operating point to run across the point e. Therefore, there should be a maximum input power limit (MIPL) for the GCC to keep stable after the transient process. If the input power is larger than the MIPL, the GCC cannot maintain stable operation after the grid fault.



Defining the imbalance power ΔP = Pout-Pin. Although the waveforms of ΔP, Udc, and Itd cannot be computed, their changing tendencies can be obtained through the analysis above. Then, their theoretical waveforms can be drawn qualitatively. By drawing these theoretical time-domain waveforms, the transient process will be much more intuitive. Based on the analysis above, the theoretical oscillation waveforms of ΔP, Udc, and Itd during the transient process are shown in Figure 7.




3.3. Analysis of the Transient Process with the Current Limiter


In the situation of real application, the current references limiter is always adopted to avoid the overcurrent of the converter. Since the value of the current limitation usually depends on the ability of the GCC to withstand overcurrent, the effects of the current limitation on the imbalance power need to be discussed. The analysis of the transient process in the above two parts is based on the situation that the current does not reach the limit value. When the current reaches the current limitation, the influence of the current limiter during the transient process is analyzed as follows.



As shown in Figure 6, if the value of the current limitation is larger than Itd_e, such as Itd_g. When the current reaches the current limitation, Pin is larger than Pout. Since the current is limited to a constant, Pout also becomes a constant and the imbalance power ΔP becomes a constant. Thus, DC side capacitor will continue to be charged. The Udc will continue to increase and never return back to its reference value. Finally, the converter will definitely become unstable. In this condition, the only way to keep GCC operating stably is to let the input power be smaller than the MIPL.



Nevertheless, if the current limitation is smaller than Itd_e, such as Itd_h. When the current reaches the limitation, the current will be limited and become a constant. According to Equation (3), the output power will also become a constant and the operating point will stay on point h as shown in Figure 6. Since the output power is always larger than the input power, the DC side capacitor will continue to release energy and Udc will keep decreasing. When the output of the DC voltage loop is smaller than the current limitation, the current limiter will stop working and the current will decrease. Then, the operating point will oscillate between point f and point h. Finally, the converter will operate stably at point c.



It can be seen that the influence of the current limitation on the transient stability of GCC is reflected on its limitation of the imbalance power. Therefore, based on the analysis of how the imbalance power will influence the transient stability of the GCC, the influence of the current limitation on the transient stability of GCC can be obtained easily. If the current limiter limits the imbalance power to a constant before Pin is larger than Pout, the GCC can maintain stable operation. Otherwise, the GCC will become unstable. Based on the analysis above, the theoretical oscillation waveforms of ΔP, Udc, and Itd during the transient process are shown in Figure 8.





4. Imbalance Power Equation


In order to determine whether the GCC will eventually become unstable or finally operate in a new stable operating point after the remote voltage sag, the imbalance power equation is proposed in this paper. On the basis of the mathematical model of the GCC, the imbalance power equation can be derived and it can be used to determine the transient stability of GCC when a non-severe grid fault occurs.


  C ⋅  U  d c     d  U  d c     d t   =  P  i n   −  P  o u t    



(8)






    d  I  t d     d t   =  k  v i    (   U  d c   −  U  d c r e f    )  +  k  v p     d  (   U  d c   −  U  d c r e f    )    d t    



(9)







The first oscillation process lasts from ta to td as shown in Figure 7. First, analyzing the transient process from ta to tc. Rewriting the mathematical model of GCC as Equations (8) and (9). For Equation (8), by integrating Itd on both sides, Equation (10) can be derived.


    ∫    I  t d _ a      I  t d _ c      (   P  i n   −  P  o u t I I    )  d  I  t d   = C ⋅   ∫    I  t d _ a      I  t d _ c      U  d c     d  U  d c     d t   d  I  t d    



(10)







From Equation (9), Equation (11) can be derived.


  d  I  t d   =  k  v i    (   U  d c   −  U  d c r e f    )  d t +  k  v p   d  U  d c    



(11)







Substituting Equation (11) into Equation (10) and simplifying the equation, Equation (12) can be obtained. Here, the ic is the DC capacitor current as shown in Figure 1.


    ∫    I  t  d a       I  t  d c       (   P  i n   −  P  o u t I I    )  d  I  t d   −    k  v p    C    ∫    t a     t c     U  d c    i c 2  d t =  k  v i   C ⋅   ∫    U  d c _ a      U  d c _ c      U  d c    (   U  d c   −  U  d c r e f    )  d  U  d c    



(12)







The item with kvp in Equation (12) is always positive, and it can be regarded as the damping term. The right side of Equation (12) can be furtherly written as Equation (13).


    k  v i   C   ∫    U  d  c a       U  d  c c       U  d c    (   U  d c   −  U  d c r e f    )  d  U  d c      =  k  v i   C  [       (   U  d c _ c   −  U  d c r e f    )   3   3  +    U  d c r e f      (   U  d c _ c   −  U  d c r e f    )   2   2   ]    



(13)







The physical meaning of the item Udc-Udcref in Equation (13) is the change of DC voltage with respect to its reference value. Thus, the left part of Equation (13) indicates the energy change of the DC-side capacitor during the transient process.



As for the transient process from tc to td, using the same analysis method and Equation (14) can be derived.


     ∫    I  t  d c       I  t  d d       (   P  i n   −  P  o u t I I    )  d  I  t d   −    k  v p    C    ∫    t c     t d     U  d c    i c 2  d t    = −  k  v i   C  [       (   U  d c _ c   −  U  d c r e f    )   3   3  +    U  d c r e f      (   U  d c _ c   −  U  d c r e f    )   2   2   ]    



(14)







Combining Equations (12) and (14), Equation (15) can be derived.


    ∫    I  t d _ a      I  t d _ c      (   P  i n   −  P  o u t I I    )  d  I  t d   −    k  v p    C    ∫    t a     t d     U  d c    i c 2  d t =   ∫    I  t d _ c      I  t d _ d      (   P  o u t I I   −  P  i n    )  d  I  t d    



(15)







Equation (15) can also be written in the form of imbalance power ΔP = PoutII − Pin, as shown in Equation (16).


    ∫    I  t d _ c      I  t d _ a      (  Δ P  )  d  I  t d   −    k  v p    C    ∫    t a     t d     U  d c    i c 2  d t =   ∫    I  t d _ c      I  t d _ d      (  Δ P  )  d  I  t d    



(16)







According to Equation (16), the integration of the imbalance power in the left part is the area of the black shaded region abc as shown in Figure 6, which represents the energy-storage area of the DC side capacitor. The integration of the imbalance power in the right part of Equation (16) is the area of the red shaded region cdg as shown in Figure 6, which represents the energy-releasing area of the DC side capacitor. The term related to kvp in Equation (16) is the damping term of the system, and its effect on the GCC is similar to the positive damping sources’ effect on the synchronous generators. The calculation of the damping term is complicated. In order to simplify the calculation, ignoring the damping term, then Equation (16) can be simplified to Equation (17).


    ∫    I  t d _ c      I  t d _ a      (  Δ P  )  d  I  t d   =   ∫    I  t d _ c      I  t d _ d      (  Δ P  )  d  I  t d    



(17)







Equation (17) is the practical form of the imbalance power equation. It can be used to determine the transient stability of the GCC when the remote voltage sag occurs. If the operating point runs to point e as shown in Figure 6, the system will be critically stable. The input power calculated by Equation (17) will be the MIPL of the GCC under such a condition. If the actual input power of the GCC is less than the MIPL, the system will be able to keep operating stably after the transient process. If the actual input power is larger than the MIPL, the system will be unstable when the fault occurs. As for the current limitation, it can be known that the Itd_e is the critical current limitation according to the analysis in the previous part. Since Pin is equal to Pout at point e, the critical current limitation Itd_e can be calculated by equation ΔP = 0. Only when the current limitation is smaller than Itd_e, there is the possibility for the GCC to maintain transient stability.



Although the imbalance power equation can be used to determine the transient stability of GCC under the non-severe grid fault, the ignoring of the damping term will bring some errors. If kvp ≠ 0, the damping term in Equation (16) will always be positive. Therefore, the effect of the damping term will make the actual MIPL of the system become larger than the MIPL calculated by Equation (17), which means the results calculated by Equation (17) is conservative. Furthermore, a larger kvp will make the damping term become larger. Meanwhile, the errors will also become larger.




5. Simulation and Experimental Results


To verify the theoretical analysis, a detailed simulation model of 2 MW GCC connected to the AC grid is built in MATLAB/Simulink. The simulation parameters are shown in Table 1. The imbalance power equation and the effects of the current limitation are verified in this simulation. Moreover, hardware-in-the-loop (HIL) experiments based on the SpaceR are carried out. The system parameters used in the experiments are the same with the simulation.



5.1. The Verification of the Imbalance Power Equation


If the overcurrent does not reach the current limitation and the current limiter does not work, there should be a MIPL for the GCC to operate stably. In this simulation, the grid voltage drops from 1.0 pu to 0.9 pu when the remote voltage sag happens at t = 0.5 s. Four cases are given in this simulation. In the first case, the short circuit ratio (SCR) of the system is 1.9 and kvp is 6. When the input power is 0.754 pu, the system is critically stable and Figure 9a shows the simulation waveforms of ΔP, Itd, and Udc. If the input power is slightly larger, such as when the input power is 0.755 pu, the system becomes unstable as shown in Figure 9b. Thus, the MIPL obtained by the simulation is 0.754 pu when SCR = 1.9. In the second case, the SCR and kvp of this system are 2.0 and 6, respectively. The simulation process is similar to the first case. From Figure 9c,d, it can be known from the simulation that the MIPL of the system is 0.794 pu. The SCR and kvp in the third case are 2.0 and 7, respectively. From Figure 9e,f, it can be known the MIPL is 0.795 pu in this case. In the last case, the SCR and kvp are 2.0 and 9, respectively. From Figure 9g,h, it can be known the MIPL is 0.796 pu in this case. Furthermore, when kvp is 6, the approximate relationship between the MIPL and the SCR is sketched by drawing points as shown in Figure 9i. It can be seen that as SCR becomes larger, the MIPL becomes larger, which means a stronger grid will have a stronger anti-interference ability. It can also be seen that the MIPLs calculated by the imbalance power equation are always smaller than the simulation results, which is consistent with the analysis of the effects of damping term.



Comparing with the theoretical analysis waveforms shown in Figure 7, it is clear that the critically stable waveforms of the simulation shown in Figure 9 are very similar to the waveforms in Figure 7. The changing tendencies of the ΔP, Itd and Udc in the simulation are almost the same with the theoretical analysis, which means the analysis about the transient process of GCC in Section 3 is right. Since the theoretical waveforms are drawn qualitatively according to the mathematical model of GCC, the correctness of the mathematical model of GCC can also be verified. Meanwhile, when the system is critically stable, some key data of the simulation results and the corresponding theoretical analysis results are listed in Table 2. From the comparison of the simulation results and the theoretical analysis results, the imbalance power equation can be proved to be right. It can be seen that if the kvp becomes larger, the errors become larger, too. Thus, the analysis of the effects of the damping term with kvp can also be proved to be right. The deviation mainly comes from the neglect of the effects of the damping term related to kvp. Moreover, the neglect of the controller’s dynamics will have some influence on the results.




5.2. The Verification of the Effects of the Current Limitation


When the same voltage sag fault happens in the system with a current limiter, Figure 10 shows the waveforms of ΔP, Itd and Udc under different conditions. In this case, the SCR and kvp of this system is 2.0 and 6. The input power is 0.795 pu. The critical current limitation is 1.39. According to the simulation in the previous part, the system will become unstable without a current limiter.



However, when the current limitation is smaller than the critical current limitation, such as 1.38. As shown in Figure 10a, the system finally becomes stable. Since the dynamics of the current loop exist in the real simulation, the waveforms of the ΔP, Udc, and Itd are not constant during the period of the current limitation and they will fluctuate. If the current limitation is a little larger, such as 1.40. The DC voltage will become larger and larger. Finally, the system becomes unstable as shown in Figure 10b. Therefore, from the simulation results, the theoretical analysis about the effects of the current limitation can be proved right.




5.3. Experimental Results


Except for the simulation, hardware-in-the-loop (HIL) experiments based on the SpaceR are also applied. The SpaceR is a real-time simulation platform offering the complex-model-based design for an interaction with real-world environments. In the experiments, the system is simulated and the simulation of the system is separated into two parts: one is the simulated AC grid, another is the simulated GCC and equivalent line impedance. The SpaceR transfers the output of the simulated AC grid signals into real analog signals. One port of the SpaceR is used to output the analog signals of the AC grid. Taking another port of the SpaceR to act as the GCC and equivalent line impedance. Using a data line to connect the two ports and the experimental platform is built. Experimental platform is shown in Figure 11. The system model and its parameters are the same with the simulations.



To verify the imbalance power equation, four cases are given here (the same with the simulations). The grid voltage drops from 1.0 pu to 0.9 pu when the remote voltage sag happens at t = 0.5 s. In these cases, the SCR and kvp are 1.9 and 6, 2.0 and 6, 2.0 and 7, 2.0 and 9, respectively. The responses of the PCC phase A current (pu) are shown in Figure 12. The experiment results are listed in Table 3. Comparing with the simulation results, it is clear that the experiment results are consistent with the simulations.



Moreover, to verify the effects of the current limitation, one case is given here (the same with the simulations). The SCR and kvp of this system is 2.0 and 6. The input power is 0.795 pu. The responses of the DC voltage (pu) are shown in Figure 13. When the current limitation is 1.37, the system is stable. However, when the current limitation is 1.39, the system becomes unstable. That is also consistent with the simulations.





6. Conclusions


In this paper, the mathematical models of the GCC and AC grid are first developed. Then, under the condition of the non-severe remote voltage sag, the influence of the imbalance power on the transient process of GCC is analyzed. To deal with the transient stability issues of the GCC caused by the imbalance power, the imbalance power equation of GCC is proposed in this paper. Meanwhile, the effects of the current limitation are also analyzed. The following conclusions can be drawn from this paper:




	(1)

	
Based on the analysis of the equivalent AC circuit of GCC connected to the AC grid and the output power characteristics, the modeling of the AC grid is carried out. The mathematical model of the GCC that can be used to deal with the transient stability issues of GCC caused by the imbalance power is also developed. Furthermore, the transient process of GCC driven by the imbalance power is analyzed.




	(2)

	
Different from some previous studies, this paper does not pay too much attention to the influence of PLL and the current loop during the transient process of the GCC. The transient stability issues will still exist even when the dynamics of these control loops are ignored, which means the key factor that will influence the transient stability of GCC is the imbalance power but not the influence of some control loops.




	(3)

	
To keep the system operating stably after the non-severe remote voltage sag, there should be a maximum input power limit (MIPL) for the GCC. Meanwhile, the current limitation will also have some influence on the transient stability of the GCC. Based on the mathematical models of the GCC and the AC grid, the imbalance power equation of GCC is proposed in this paper and it can be used to determine the transient stability of the GCC.









In addition, the mathematical models of GCC and AC grid proposed in this paper are not only suitable for analyzing the transient stability of GCC under the condition of non-severe remote voltage sag, but they can also be applied to analyze the transient stability of GCC under other conditions, such as short circuit fault.
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Nomenclature




	Pin
	The input power of the DC side.



	Pout
	The output power of the AC side.



	Udc
	DC voltage of the DC side capacitor.



	Udcref
	Reference of the DC side capacitor voltage.



	It
	Grid side AC current vector



	Itd, Itq
	The d-axis and q-axis components of AC current under dq rotating reference frame.



	Itdref, Itqref
	The d-axis and q-axis reference value of AC current under dq rotating reference frame.



	Ut
	Point of common coupling (PCC) voltage vector.



	Ug
	Grid voltage vector.



	θpll
	Phase-locked loop (PLL) output angle in the stationary frame.



	C
	The DC side capacitor.



	Lf, Cf
	LC filter inductor and capacitor.



	Lg
	Grid-side line inductor.



	Xg
	Grid-side equivalent line impedance under the fundamental frequency.
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Figure 1. The typical control diagram of grid-connected converter (GCC) connected to the AC grid. 
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Figure 2. Equivalent AC circuit of GCC connected to the AC grid. 
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Figure 3. The relationship of various vectors under the phase-locked loop (PLL) synchronous reference frame. 
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Figure 4. Output power characteristic curve (Itq = 0). 
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Figure 5. Equivalent AC circuits of GCC connected to the AC grid under different operating stages. 
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Figure 6. Different output power characteristic curves under severe and non-severe remote voltage sag. 






Figure 6. Different output power characteristic curves under severe and non-severe remote voltage sag.



[image: Energies 14 01737 g006]







[image: Energies 14 01737 g007 550] 





Figure 7. The theoretical oscillation waveforms of ΔP, Udc, and Itd during the transient process. 
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Figure 8. The theoretical oscillation waveforms of ΔP, Udc, and Itd during the transient process with the current limiter. 
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Figure 9. The simulation results when the remote voltage sag occurs: (a) The system is critically stable (Pin = 0.754 pu, SCR = 1.9, kvp = 6); (b) The system is unstable (Pin = 0.755 pu, SCR = 1.9, kvp = 6); (c) The system is critically stable (Pin = 0.794 pu, SCR = 2.0, kvp = 6); (d) The system is unstable (Pin = 0.795 pu, SCR = 2.0, kvp = 6); (e) The system is critically stable (Pin = 0.795 pu, SCR = 2.0, kvp = 7); (f) The system is unstable (Pin = 0.796 pu, SCR = 2.0, kvp = 7); (g) The system is critically stable (Pin = 0.796 pu, SCR = 2.0, kvp = 9); (h) The system is unstable (Pin = 0.797 pu, SCR = 2.0, kvp = 9); (i) Relationship between short circuit ratio (SCR) and maximum input power limit (MIPL) when kvp = 6. 
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Figure 10. The effects of the current limitation: (a) the system is stable (current limitation is 1.38 pu); (b) the system is unstable (current limitation is 1.40 pu). 
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Figure 11. Experimental platform. 
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Figure 12. The responses of point of common coupling (PCC) phase A current (pu) when the remote voltage sag occurs: (a) The system is critically stable (Pin = 0.752 pu, SCR = 1.9, kvp = 6); (b) The system is unstable (Pin = 0.75 3 pu, SCR = 1.9, kvp = 6); (c) The system is critically stable (Pin = 0.792 pu, SCR = 2.0, kvp = 6); (d) The system is unstable (Pin = 0.793 pu, SCR = 2.0, kvp = 6); (e) The system is critically stable (Pin = 0.793 pu, SCR = 2.0, kvp = 7); (f) The system is unstable (Pin = 0.794 pu, SCR = 2.0, kvp = 7); (g) The system is critically stable (Pin = 0.794 pu, SCR = 2.0, kvp = 9); (h) The system is unstable (Pin = 0.795 pu, SCR = 2.0, kvp = 9). 
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Figure 13. Responses of the DC voltage (pu) with the current limitation: (a) the system is stable (current limitation is 1.37 pu); (b) the system is unstable (current limitation is 1.39 pu). 
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Table 1. Simulation and Experimental Parameters.
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	Symbol
	Quantity
	Value of the Quantity





	Pbase
	Power base
	2 MW



	Vbase
	RMS line voltage base
	690 V



	fbase
	Fundamental frequency
	50 Hz



	Udc
	DC voltage
	1300 V



	C
	DC side capacitance
	0.06 F



	Lf, Cf
	LC filter inductance and filter capacitance
	0.075 mH, 960 μF



	kvp, kvi
	DC voltage loop PI parameters
	6/7, 170



	kip, kii
	Current loop PI parameters
	0.2, 355



	kpllp, kplli
	PLL PI parameters
	0.15, 25



	UgI
	Grid voltage in stage I (pu)
	1.0



	UgII
	Grid voltage in stage II (pu)
	0.9
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Table 2. Comparison of the Simulation Results and the Theoretical Results.
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Quantity

	
MIPL (pu)/Simulation Results

	
MIPL (pu)/Imbalance Power Equation Results






	
kvp = 6

	
SCR = 1.9

	
0.754

	
0.734




	
kvp = 6

	
SCR = 2.0

	
0.794

	
0.773




	
kvp = 7

	
SCR = 2.0

	
0.795

	
0.773




	
kvp = 9

	
SCR = 2.0

	
0.796

	
0.773
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Table 3. Experimental Results, Simulation Results and the Theoretical Results.
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Quantity

	
MIPL (pu)/Experimental Results

	
MIPL (pu)/Simulation Results

	
MIPL (Pu)/Imbalance Power Equation Results






	
kvp = 6

	
SCR = 1.9

	
0.752

	
0.754

	
0.734




	
kvp = 6

	
SCR = 2.0

	
0.792

	
0.794

	
0.773




	
kvp = 7

	
SCR = 2.0

	
0.793

	
0.795

	
0.773




	
kvp = 9

	
SCR = 2.0

	
0.794

	
0.796

	
0.773
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