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Abstract

:

Renewable power generation has increased in recent years, which has led to a decrease in the use of synchronous generators (SGs). These power plants are mainly connected to the power system through electronic converters. One of the main differences between electronic converters connected to power systems and SGs connected to the grid is the current contribution during faults, which can have an impact on protection systems. New grid codes set requirements for fast current injection, but the converters’ maximum current limitation during faults make it challenging to develop control strategies for such current contribution. This paper presents a positive and negative sequence current injection strategy according to the new Spanish grid code requirements for the novel grid-forming converter control algorithm based on virtual-flux orientation. The behavior of the proposed strategy is tested in a hardware in the loop (HiL) experimental set-up under balanced faults, meaning that the fault is symmetrically distributed among the three phases, and unbalanced faults, where the fault current is distributed asymmetrically between the phases.
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1. Introduction


The power generation landscape is widely recognized to have undergone a significant transformation as a result of the extensive integration of renewable energy sources (RES) into power systems around the world. The integration of RES into power systems has significantly transformed the electrical generation model, with more renewable power capacity added to the grid annually than all fossil fuels and nuclear power combined.



According to recent studies [1], some electricity systems are experiencing scenarios of close to 100% hourly penetration of RES into the grid. This trend, as reported by the International Renewable Energy Agency (IRENA) [2], shows that power systems are increasingly dominated by renewable power plants that use inverter-based resources (IBRs) for grid connection rather than conventional SGs.



A decentralized power system, characterized by the integration of RES at the distribution level, is replacing the traditional centralized system that relied on large SG for stability and robustness. Within this new generation model, IBRs can be grouped into two categories: grid-forming (GFM) converters and grid-following (GFL) converters, which are the most commonly used type in grid-connected systems.



GFMs are based on maintaining the internal voltage phasor angle and modulus during the subtransient and transient periods, replicating the same behavior as an SG [3]. Inertial response and damping of power oscillations can be provided by GFMs [4], which are also capable of operating in islanded mode and low-system-strength conditions.



On the other hand, GFL relies on a phase-locked loop (PLL) to synchronize their internal voltage and current signals with the grid voltage, as well as a fast-current controller to regulate the active and reactive power injected into the grid. However, the control structure of GFLs can become unstable under certain low-inertia systems [5,6]. Additionally, GFL converters may not be able to provide inertial response and do not support islanded operation, meaning they may not be able to help restoring power in case of a blackout [7]. Consequently, GFMs have arisen as a powerful alternative to overcome the limitations of GFLs.



Three main categories of GFM controllers have been proposed in the literature, classified according to their operating principles [8]. These include droop controls, which allow parallel operation of several converters, simulating the governor action of synchronous generators [9,10,11]. Another category is synchronous machine-based control, which incorporates the inertia and damping properties of synchronous generators [12,13,14,15]. Finally, nonlinear methods, such as the virtual oscillation-based method [16,17,18], are also included in this category.



The ability to limit current in GFMs is a crucial aspect to consider in their design. During events such as voltage dips or major grid disturbances, the current may exceed the converter’s nominal value, and the power electronics, unlike the SGs, can only withstand small over currents (usually in the range of 1.1–1.3 p.u.) [19,20]. Various strategies have been proposed in the literature to address this issue, such as adding current-limiting blocks between voltage and current control loops [21,22,23], switching to a GFL control mode during faults [24], or utilizing virtual impedances [25,26,27].



In addition, the integration of renewable energy sources into power systems has resulted in the need for these generators to help maintaining voltage during faults in the electric power system, as outlined in grid codes [28,29,30].



Some grid codes only require positive sequence current injection under balanced and unbalanced faults [31], but this can provoke an overvoltage in healthy phases during asymmetrical faults and negatively impact the safety of the system [32]. Furthermore, the absence of negative sequence current injection can also have a detrimental impact on the performance of protective systems, as several functions of the protection relays depend on negative sequence magnitudes, which signify imbalanced system conditions [33,34,35].



The latest grid regulations, such as Greece or Germany, have established the requirement for both positive and negative sequence current injections in order to overcome drawbacks [36,37]. Another example of this can be seen in the Spanish transmission system operator (Red Eléctrica de España, REE) Operating Procedure 12.2 [38], which describes the requirements for positive and negative sequence current injection during faults.



Due to the requirements established by the newest grid codes, negative sequence current injection strategies during unbalanced faults have been extensively covered by the literature for GFL converters [39,40,41,42]. However, this has not yet been achieved with GFM converters. Considering their importance as an alternative to overcome the limitations of GFL converters in terms of instability, inertial response, and islanding capability, effective methodologies must be developed to comply with the guidelines established by the new grid codes. A recent publication [43] has introduced a novel control scheme for GFMs. This scheme presents an innovative solution that regulates a state variable, referred to as virtual flux, calculated as a function of the output current and the integral of the voltage measured at the converter’s terminals. Furthermore, the publication proposes a new method for limiting both active and reactive current, which does not rely on internal current control loops.



The main objective of this paper is to propose for this novel type of grid-forming converters a balanced and unbalanced faults control strategy based on REE Operating Procedure 12.2, which states that the amount of positive and negative sequence reactive current injected during the fault must be proportional to the depth of the voltage dip.



To achieve this purpose, first, a sequence extraction algorithm has been added to the original model. In addition, the ACC+ and RCC+ blocks for control of the positive sequence active and reactive currents during the faults have been developed in a novel way, directly affecting the control angle and the reference virtual flux modulus, respectively, as will be seen below.



On the other hand, ACC- and RCC- blocks have been designed to provide the necessary negative sequence active and reactive currents during the faults. Lastly, the calculation of the voltage setpoints through the reference voltages of each sequence has also been included.



This article is organized as follows. Section 2 provides a description of the voltage source converter (VSC) system. Section 3 summarizes the requirements of the Spanish grid code for balanced and unbalanced faults. The control system for GFMs based on the virtual-flux orientation and a novel strategy for handling balanced and unbalanced faults is introduced in Section 4. Section 5 presents the results obtained and a comparison with the original control strategy. The final section presents the conclusions.




2. System Description


This section presents the components of a GFM converter connected to the grid. The single line diagram shown in Figure 1 illustrates a grid modeled as a three-phase voltage source of constant frequency and an internal impedance. The VSC is connected to the grid through an LCL filter with parameters    R f  ,  L f   , and    C f   , which includes a step-up transformer. The constant voltage source at the DC bus terminals is    V  d c     and the input current is    I  d c   .  



The GFM is controlled by measuring the three-phase voltage    v a  ,  v b   ,   v c   , and currents    i a  ,  i b   ,     i c    at the AC side. To generate the switching patern    S  1 … 6    , which determines the state of the switches of the converter, the voltage measure    V  d c     is also requiered. Furthermore, the GFM can be controlled as a PQ node by setting the positive sequence active    P  ∗ +     and reactive    Q  ∗ +     power setpoints. Alternatively, the converter can be controlled as a PV node by setting a voltage reference    v  ∗ +     instead of a reactive power setpoint. Finally, Figure 1 shows point F, where the balanced and unbalanced faults of the tests performed are provoked.




3. Spanish Grid Code Requirements under Balanced and Unbalanced Faults Review


According to [38], generating modules are classified into four types depending on its maximum capacity and/or the voltage at the connection point (PCC): Type A, Type B, Type C, and Type D. Table 1 shows this classification.



Type A generating modules are not considered in this paper because it is not a requirement for them to provide low-voltage ride-through (LVRT) control. In addition, as this paper is focused on generating modules that are connected to a medium-voltage distribution grid, Type D generating modules are excluded because these modules operate at voltages above 110 kV. Therefore, only Type B and Type C have been considered for the tests performed in this document.



The Spanish grid code published in July 2020 describes the current injection requirements for Type B and Type C modules during balanced and unbalanced faults. Figure 2 shows the positive sequence and negative sequence reactive current injection/absorption to be provided by the converter during faults.



When the fault is balanced, the module must inject or absorb a certain positive sequence reactive current additional to the existing reactive current before the fault,   Δ  I 1     (p.u.), proportionally to the positive sequence voltage error,   Δ  U 1    (p.u.). The value of the    K 1    constant is adjustable between 2 and 6, 3.5 being its usual value. Additionally to the total reactive current, the module must inject active current until reaching the value of the rated current.



On the other hand, when the fault is unbalanced, the module must inject or absorb the positive sequence reactive current   Δ  I 1    and a certain negative sequence reactive current,   Δ  I 2    (p.u.), proportionally to the negative sequence voltage error,   Δ  U 2    (p.u.). The value of the    K 2    constant is also adjustable between 2 and 6, 3.5 being its usual value. In the same way as for balanced faults, the converter must additionally inject positive sequence active current until the rated current value is reached.



Finally, Figure 2b shows the limit for the total reactive current, where the default values are Ir_limU = 0.9 p.u. and Ir_limU = −0.9 p.u, allowing a maximum value of 1 p.u.




4. Sequence Control Strategy


This section presents the control strategy proposed to comply with the Spanish grid code during unbalanced faults. First, the sequences extraction algorithm is explained. Next, the positive sequence control is summarized, which is quite similar to the one proposed in [43] but with some slight modifications to control the amount of active and reactive current setpoints during the fault.



Then, a detailed scheme of the proposed control for the negative sequence components, which only acts during the fault, is presented. Finally, once the converter voltage references of both sequences    e d +   ,    e q +   ,    e d −    and    e q −    are obtained, the switching pattern    S  1 … 6     can be generated.



4.1. Sequences Extraction Algorithm


In order to obtain the positive and negative sequences’ voltage and current components, the algorithm illustrated in Figure 3 has been employed. Both sequences, as shown in Figure 3, are obtained from the   α β   components and the components delayed one quarter of the period.



Thus, the positive sequence voltages are obtained as:


   v α +  =  1 2     v α  −  v β ′       



(1)






   v β +  =  1 2     v β  +  v α ′     



(2)




and the negative sequence components yield:


   v α −  =  1 2     v α  +  v β ′       



(3)






   v β −  =  1 2     v β  −  v α ′     



(4)




where    v α    and    v β    are the   α β   components and    v α ′    and    v β ′    are these componentes delayed. The same process is applied to extract the current sequence components.




4.2. Positive Sequence Control Scheme


The proposed GFM control scheme for the positive sequence is shown in Figure 4, which is composed of four blocks. The virtual-flux measurement (VFM) block calculates the positive sequence variable state for each phase,    ψ  k v  +  ,   by integrating the positive sequence voltage,    v k +   , plus the product of the positive sequence current,    i k +   , and the filter inductance. The calculation is expressed as follows, where k = a,b,c denotes the phase:


   ψ  k v  +  =  L f   i k +  + ∫  v k +  d t  



(5)







Afterwards, a Clarke transformation is applied to obtain the   α β   components of the positive sequence virtual flux, yielding:


   ψ  α v  +  =  L f   i α +  + ∫  v α +  d t  



(6)






   ψ  β v  +  =  L f   i β +  + ∫  v β +  d t  



(7)







In addition, within this block, the value of the positive active power    P +    and positive reactive power    Q +    are obtained as follows:


   P +  =  3 2     v α +   i α +  +  v β +   i β +     



(8)






   Q +  =  3 2     v β +   i α +  −  v α +   i β +     



(9)







The positive active power controller (  A P  C +   ) block depicted in Figure 4 is shown in Figure 5. This block calculates the control angle θ along which the positive sequence virtual-flux vector     ψ →  v +    must be oriented to reproduce the SG’s swing equation. The internal frequency    ω ′    +    is obtained from the equation:


   P  + ∗   −  P +  =  T m      d  ω ′    +    d t   + D    ω ′    +  −  ω 0     



(10)




where the reference active power is represented by    P  + ∗    , the measurement of the active power is denoted by    P +   , and the inertia is represented by    T m     , given in seconds and defined as twice the inertia constant H (   T m      = 2H). The damping factor, in per unit, is denoted by  D  and    ω 0    represents the rated frequency in rad/s.



As is depicted in Figure 5, the angle θ is obtained by the integration of the frequency    ω +   , which can also be expressed as the internal frequency    ω ′    +    minus    ω 1 +    plus    ω 2 +    and    ω 3 +   , yielding:


  θ = ∫  ω +  d t = ∫    ω ′    +  −  ω 1 +  +  ω 2 +  +  ω 3 +      d t  



(11)




where     ω ′    +    is the internal frequency obtained from the swing equation.    ω 1 +    is the ouput of the power system stabilizer (PSS) block, which is added in order to compensate the insufficiently damped active power response when the inertia constant is significant and the damping factor is low.    ω 2 +    is the output of the positive active current limiting (  A C  L +   ) block, which ensures that the maximum active current value,    I  a c t   m a x    , is not exceeded. When this limit is approached, the   A C  L +    block restricts the control angle θ, thereby limiting the active current module [43].



As a new feature in this control loop, the positive active current controller (  A C  C +   ) block shown in Figure 6 has been added, which only acts when a voltage fault is detected (  S a  g  d e t     signal equals to 1). The output of this block is the frequency    ω 3 +   .



As stated in the Spanish grid code, in the event of a fault, in addition to the reactive current injected, the converter must inject positive sequence active current up to the value of the rated current of the converter if there is remaining current headroom. This will depend on fault type, voltage depth, and constant K setting. More details will be provided below. To ensure that the maximum value of the current provided by the converter is reached and not exceeded, it must be ensured that:


   I  m o d  +  +  I  m o d  −  = 1  



(12)




where    I  m o d  +    and    I  m o d  −    are the positive and negative current modulus, respectively. As during the faults and only in case of unbalanced, the negative sequence current that will exist will be the    I  r e a c t  −   , and (11) can be expressed as:


   I  m o d  +  +  I  r e a c t  −  = 1  



(13)




where    I  m o d  +    is defined as:


   I  m o d  +  =        I  a c t  +     2  +      I  r e a c t  +     2       



(14)







Therefore, replacing (13) in (12) and using the value of the current references instead of their instantaneous value yields:


         I  a c t   r e f  +     2  +      I  r e a c t   r e f  +     2    +  I  r e a c t   r e f  −  = 1  



(15)







By subtracting from the equation,    I  a c t   r e f  +    is obtained:


     I  a c t   r e f  +  =       1 −  I  r e a c t   r e f  −     2  −      I  r e a c t   r e f  +     2       



(16)







When a voltage dip is detected (  S a  g  d e t     signal equals to 1), the error between    I  a c t   r e f  +    and the positive sequence active current module    I  a c t  +    is passed through a proportional-integral (PI) regulator to obtain    ω 3 +   , which modifies the angle θ until the    I  a c t   r e f  +    is reached. The    I  a c t  +    current is calculated from:


   P +  =  3 2   v +   I  a c t  +   



(17)




where the positive sequence module of the voltage    v +    is limited to a value greater than zero (   k +   ) to avoid indeterminacies.



The positive reactive power controller (  R P  C +   ) block depicted in Figure 4 is illustrated in Figure 7. The inputs of this block, depending on whether the VSC is operating as a PQ node or a PV node, are the positive sequence reference and measured reactive power (   Q  + ∗      and    Q +   , respectively) or voltage (   v  + ∗      and    v +   ). As indicated in [43], the reactive power exchanged by the converter depends on the difference between the module of the internal voltage  e  and the grid voltage  v , where  e  is proportional to    ψ v ∗   . So, the reactive power can be controlled by a droop control where the virtual-flux module reference is obtained as:


   ψ v ∗  =  ψ  v 0     +  n q    Q −  Q ∗     



(18)




   ψ  v 0       being an initial virtual flux set to 1 p.u. and    n q    the droop gain. In this case, the positive sequence modulus of the reference virtual flux is calculated using the positive sequence components of  v  and  Q . Furthermore, there are two additional terms in the proposed control loop,   Δ  ψ  v 1   ∗ +     and   Δ  ψ  v 2   ∗ +    .



The first one is the positive reactive current limiting (  R C  L +   ) block output,   Δ  ψ  v 1   ∗ +    , which, similarly to the   A C  L +    block, ensures that the maximum positive sequence reactive current value,    I  r e a c t   m a x    , is not exceeded. When this limit is approached, the   R C  L +    block reduces the virtual-flux module reference, limiting as well the reactive current [43].



The second term is the output of the positive reactive current controller (  R C  C +   ) block,   Δ  ψ  v 2   ∗ +    , being the novelty within this control loop. This block is shown in Figure 8 and operates in a very similar way as the   A C  C +    loop. According to the Spanish grid code, when a fault occurs, the VSC must inject positive sequence reactive current additional to the pre-fault reactive current and proportional to the positive sequence voltage error (  Δ  v +   ). As the pre-fault positive sequence reactive current is very low before the fault, this is disregarded for the tests performed, assuming that    I  r e a c t   r e f  +    is equal to   Δ  I  r e a c t  +   .



Therefore, in order to obtain the    I  r e a c t   r e f  +   , a    K 1      factor is applied to the positive sequence voltage error obtained and limiting its value to 1 and −1 p.u. The values of    K 1      and    K 2      for negative sequence are fixed at a certain value but, in the event that the sum of    I  r e a c t   r e f  +    and    I  r e a c t   r e f  −    exceeds 1 p.u., their value is automatically readjusted to ensure that it always satisfies that:


   K  1 , 2     ∗   Δ  v +  + Δ  v −    ≤ 1  



(19)







Then, when a voltage dip is detected, the error between    I  r e a c t   r e f  +    and the positive sequence reactive current module    I  r e a c t  +    is passed through a PI regulator to obtain   Δ  ψ  v 2   ∗ +    , which modifies the module of the positive sequence virtual-flux reference until the    I  r e a c t   r e f  +    is reached. The    I  r e a c t  +    current is calculated from:


   Q +  =  3 2   v +   I  r e a c t  +   



(20)




where the positive sequence module of the voltage    v +    is also limited to a value greater than zero (   k +   ) to avoid indeterminacies.



Therefore, the module of the positive sequence virtual-flux reference    ψ v  ∗ +     is obtained as follows:


   ψ v  ∗ +   =  ψ  v 0   +   +  n q     Q +  −  Q  ∗ +     + Δ  ψ  v 1   ∗ +   + Δ  ψ  v 2   ∗ +    



(21)







In Table A1 of Appendix A, it can be seen that the PI controller gains for the ACC+ and RCC+ blocks are different. This is due to the fact that the ACC+ controller acts directly on the control angle, which can worsen the system response in case of oscillations. In contrast, the RCC+ controller acts directly on the magnitude of the virtual flux, enabling a faster response without compromising the system behavior.



Lastly, the control scheme of the virtual-flux orientation (VFOC) depicted in Figure 4 is shown in Figure 9, which calculates the positive sequence converter voltage references    e d +    and    e q +   . In order to obtain the positive sequence dq components of the virtual flux, a Park transformation (αβ-dq) is applied to    ψ  α v  +    and    ψ  β v  +   , calculated through the VFM block.



After that, the q component    ψ  q v  +    is compared to 0 to align the virtual-flux module to the d-axis. Meanwhile, the d component    ψ  d v  +    is compared to the flux module reference    ψ v  ∗ +     calculated in the   R P  C +    loop. Both error signals are passed through two PI regulators and then feedforward signals are added to compensate the cross-coupling terms.




4.3. Negative Sequence Control Scheme


To fulfill the current absorption/injection requirements during unbalanced faults of the Spanish grid code, the negative sequence control scheme shown in Figure 10 has been implemented. The proposed control is composed by three different blocks, obtaining as outputs the negative sequence converter voltage references    e d −    and    e q −   .



The    P −  ,    Q −    calculation block obtains the negative sequence active and reactive powers in a similar way to (8) and (9) but using the negative sequence voltages and currents, resulting in:


   P −  =  3 2     v α −   i α −  +  v β −   i β −     



(22)






   Q −  =  3 2     v β −   i α −  −  v α −   i β −     



(23)







The negative reactive current controller (  R C  C −   ) block is shown in Figure 11 and operates in a very similar way as the   R C  C +    loop. As required by the Spanish grid code, when an unbalanced fault occurs, the converter must inject negative sequence reactive current additional to the pre-fault reactive current and proportional to the negative sequence voltage error (  Δ  v −   ). As the pre-fault negative sequence reactive current is zero before the fault, the    I  r e a c t   r e f  −    is assumed equal to   Δ  I  r e a c t  −   .



To obtain the    I  r e a c t   r e f  −   , a    K 2      factor is applied to the negative sequence voltage error measured. In addition, the reference value is limited to 1 and −1 p.u. As with    K 1     , its value is fixed at a certain value but is automatically readjusted when the sum of    I  r e a c t   r e f  +    and    I  r e a c t   r e f  −    exceeds 1 p.u. to ensure that the converter currents always satisfy (19).



Then, when a voltage dip is detected, the error between    I  r e a c t   r e f  −    and the negative sequence reactive current module    I  r e a c t  −    is passed through a regulator to obtain    e d −   . As a particular feature of this block, the PI gain must be of a negative sign because the modulus of    I  r e a c t  −    and the current component    i d −    are of the opposite sign. The    I  r e a c t  −    current is calculated similarly to (19) from the following equation:


   Q −  =  3 2   v −   I  r e a c t  −   



(24)




where the negative sequence module of the voltage    v −    is also limited to a value greater than zero (   k +   ) to avoid indeterminacies.



The negative active current controller (  A C  C −   ) block depicted in Figure 10 is illustrated in Figure 12. This block operates as the   A C  C +    but, in this case, the reference is set to 0 in order to not inject negative sequence active current during the fault. As for the   R C  C −   , the gain of the PI regulator must be negative since the modulus of    I  a c t  −    and the negative sequence component    i q −    are opposite. The    I  a c t  −    current is calculated from:


   P −  =  3 2   v −   I  a c t  −   



(25)




where the positive sequence module of the voltage    v −    is limited to a value greater than zero (   k +   ) to avoid indeterminacies.




4.4. Converter Voltage Setpoints Calculation


Once the converter voltage references of both sequences    e d +   ,    e q +   ,    e d −   , and    e q −    are obtained, the algorithm shown in Figure 13 is applied to calculate the phase voltages of the converter    e a  ,    e b  ,    e c   . First, the Park transform is applied, using the control angle θ for the positive sequence and θ′ for the negative sequence, being θ′ = −θ. Then, the two components are added to obtain the three phase voltages of the converter.



Finally, the switching pattern of the converter    S  1 … 6     is generated using a pulse width modulation (PWM) algorithm.





5. Real-Time HIL Simulation Results


This section presents the results obtained using the proposed control scheme under balanced and unbalanced faults at point F in Figure 1 and compared to the response of the original control strategy. All the results presented were obtained using the hardware in the loop experimental set-up shown in Figure 14, which includes the real-time digital simulator (RTDS), where the plant shown in Figure 1 has been modeled in RSCAD and the real-time controller (dSpace). The parameters used to configure the model in RSCAD and the control system are given in Table A1 of Appendix A and Table A2 of Appendix B, respectively. Finally, it should be noted that the requirements set by the Spanish grid code refer to the rms value of the voltage and current, while, in the graphs shown in this section, what is read is their peak value.



5.1. Balanced Three-Phase Faults


Figure 15 shows the instantaneous currents and voltages at the converter output during a balanced three-phase fault simulated at point F in Figure 1. At time t = 0.7 s, the voltage drops to 0.78 p.u. From there, the converter starts to inject positive sequence reactive current proportional to the voltage error.



For this test, a value of    K 1      equal to 2 was set, so the amount of reactive current injected, as shown in Figure 16, is 0.44 p.u. In addition, sufficient active current is injected during the fault to reach the nominal value of the converter’s current.



In order to verify the robustness of the proposed control system under balanced faults, the same test has been performed again but with a depth of approximately 0.95 p.u. Figure 17 shows the instantaneous currents and voltages at the converter output during the fault, with similar behavior to the previous case.



Figure 18 shows how the converter only injects positive sequence reactive current during the voltage dip, reaching its nominal value (1 p.u.). With a value of    K 1      equal to 2, for a voltage drop of 0.95 p.u., the converter should provide 1.9 p.u. but the limiter shown in Figure 8 does not allow the reference to be greater than 1 p.u. in these cases.



Finally, Table 2 shows a summary of the results obtained during this section.




5.2. Unbalanced Phase-to-Phase Faults


To test the negative sequence response of the virtual-flux-based GFM converter with the proposed sequence control scheme, an unbalanced phase-to-phase fault has been simulated at point F in Figure 1. Figure 19 shows the instantaneous voltages and currents during the fault.



At time t = 0.7 s, the fault occurs, leading to a voltage and current unbalance. After the transient, the converter’s output voltage decreases to 0.77 p.u., while the current, as requested by the Spanish grid code, reaches the nominal value (1 p.u.).



Figure 20 shows the modules of voltage, active current, and reactive current of positive sequence during the fault. As the voltage drops 0.23 p.u., the positive sequence reactive current to be injected is that difference multiplied by the constant    K 1     , equal to 2 for this test. Therefore, and as can be observed in the graph below, the positive reactive current generated by the converter is 0.46 p.u. The positive sequence active current supplied is that necessary to reach the total converter’s current nominal value.



Finally, Figure 21 shows the converter negative sequence voltage and currents during the fault. As established by the Spanish grid code, during the unbalanced fault, the converter must provide a negative sequence reactive current proportional to the negative sequence voltage error (  Δ  v −   ).



As for the positive sequence, the voltage error is approximately 0.23 p.u. and the negative sequence reactive current provided by the converter for a    K 2      equal to 2 is 0.46 p.u. In addition, the negative sequence active current is set to 0 during the fault.



As in the previous section, the test has been repeated but simulating a phase-to-phase fault with a depth of 0.5 p.u., which means that the voltage between two of the phases is practically zero. Figure 22 shows the instantaneous voltages and currents during the fault.



In the event of a fault with a depth of 0.5 p.u., the converter would inject 1 p.u. of positive sequence reactive current and 1 p.u. of negative sequence reactive current. As this would result in exceeding the maximum current allowed by the converter, the constants    K 1      and    K 2      are recalculated to ensure that the converter output current reaches its rated value.



Figure 23 and Figure 24 show positive and negative sequence voltages and currents during the fault. Compared to the previous case, the maximum possible reactive current is being provided, having already reached the rated value and, therefore, the converter does not need to inject positive sequence active current.



Table 3 shows a summary of the results obtained during this section.




5.3. Converter Response to Unbalanced Phase-to-Phase Faults for Different Values of    K 1    and    K 2   


The values of    K 1      and    K 2      are configurable within the range 2 ≤    K  1 , 2       ≤ 6. For this test, the same unbalanced fault at point F in Figure 1 has been simulated as in the previous section but modifying the value of    K 1      and    K 2     . The values chosen for this test have been    K 1    =  K 2    = 3.5  ,    K 1    =  K 2    = 2  , and    K 1    =  K 2    = 1  . The decision to test the last value of    K 1      and    K 2      even though it is out of the range set by the Spanish grid code has been made to see how the model is able to provide more positive sequence active current when reactive current references are lower.



The modules of the positive sequence voltage, active current, and reactive current during the fault for the different values of    K 1      are shown in Figure 25. For the same positive sequence voltage error, the reactive current injected increases as the value of    K 1      is higher and, as a consequence, the active current provided by the converter to reach the rated current decreases.



When    K 1    = 3.5  , the amount of positive and negative sequence reactive current that should be provided by the converter for a voltage error of 0.23 p.u exceeds the total current limit allowed by the VSC. Therefore, for these cases, although the constants are set to 3.5, they actually have another value, which in this particular case is 2.17. In addition, as the maximum current value is reached only with the reactive current provided by the converter, no positive sequence active current is injected during the fault.



Finally, Figure 26 shows how, for the negative sequence, something similar to the positive sequence occurs. The higher the value of    K 2     , the higher the current supplied by the converter. When    K 2      = 3.5, the model modifies the    K 2      real value in order to not exceed the total current limit allowed by the VSC.



Table 4 shows a summary of the results obtained during this section.




5.4. Comparison between the Original and the Proposed Model


To compare the proposed model with the original one, the same unbalanced fault as in the previous sections has been simulated. Figure 27 shows the positive sequence voltage and currents modulus of both models during the voltage dip. The original model does not provide active current, while the proposed model does in order to achieve the rated current value of the converter. On the other hand, the original model provides a higher amount of reactive current than the proposed model with    K 1    = 2  .



Finally, the negative sequence currents and voltage modulus are shown in Figure 28 for a    K 2      equal to 2. During the fault, the negative sequence active current injected by both models is practically 0. On the other hand, the reactive current provided by the VSC in the proposed model is proportional to the negative sequence voltage error. However, in the original model, the maximum current allowed in the VSC is exceeded. This is because the current limiters of the original control strategy only operate over the positive sequence currents.



Table 5 shows a summary of the results obtained during this section.





6. Conclusions


A novel strategy for controlling the sequence component of a GFM converter based on the virtual flux during unbalanced faults has been proposed. The main conclusion based on the results obtained is that the proposed GFM sequence control scheme based on virtual flux satisfies the Spanish grid code requirements for converters during balanced and unbalanced faults.



During balanced faults, the converter is able to provide a positive sequence reactive current proportional to the voltage drop, which depends on the setting of a proportional constant    K 1     . In addition, for unbalanced faults, the converter also provides negative sequence reactive current proportional to the negative sequence voltage error. The amount of negative sequence reactive current depends on the value set for    K 2     . If the positive plus negative sequence reactive currents to be supplied by the VSC based on the set    K 1      and    K 2      values exceed the maximum current allowed by the converter, the maximum reactive current supplied by the converter is set to 1 p.u., modifying the real value of the    K 1      and    K 2      constants in order to protect the VSC.



On the other hand, for both types of faults, the converter injects positive sequence active current until the rated value of the total current is reached at the converter output if there is remaining current headroom.



Finally, a comparison has been made between the proposed control system and the original control strategy based on the virtual-flux orientation, where it is shown how under unbalanced faults the original model is not able to control and limit the negative sequence currents. The future perspective of this work is that virtual-flux-based GFM can be used and commercialized to support the increasing use of renewable energy sources, which means testing industrial prototypes as a first step in future works.
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Appendix A. RSCAD Parameters


Table A1 shows all the parameters used to configure the system in RSCAD.
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Table A1. System parameters.
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	Parameters
	Value
	Units



	DC voltage of the VSC,    V  d c    
	1200
	V



	Converter rated power,    S n   
	2
	MVA



	Line to line rated voltage (RMS),    V n   
	690
	V



	Filter inductance,    L f   
	0.113
	mH



	Filter resistance,    R f   
	0.714
	mΩ



	Filter capacitance,    C f   
	0.5
	mF



	Nominal frequency,    f n   
	50
	Hz



	Switching frequency,    f  s w    
	3
	kHz



	Grid inductance,    L g   
	56.5
	µH



	Grid resistance,    R g   
	0.357
	µΩ



	Short-circuit ratio, SCR
	2
	



	X/R ratio
	10
	



	   T t   : power rating,    S N   
	2
	MVA



	   T t   : rated line–line voltage primary,    V  1 N    
	20
	kV



	   T t   : rated line–line voltage secondary,    V  2 N    
	0.69
	kV



	   T t   : frequency
	50
	Hz









Appendix B. Control System Parameters


The values used in the control system are shown in Table A2.
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Table A2. Control system parameters.
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	Parameters
	Value
	Units



	Inertia,    T m   
	15
	s



	Damping constant,  D 
	50
	p.u.



	PSS time constant,     T w   
	1.2
	s



	PSS constant,     K w   
	0.01
	



	PI Gain,   A C  C +   
	0.12
	



	PI Time constant,   A C  C +   
	0.01
	s



	PI Gain,   R C  C +   
	0.3
	



	PI Time constant,   R C  C +   
	0.04
	s



	PI Gain,   A C  C −   
	−0.5
	



	PI Time constant,   A C  C −   
	0.085
	s



	PI Gain,   R C  C −   
	−0.5
	



	PI Time constant,   R C  C −   
	0.085
	s



	PI Gain,   V F O C  
	1
	



	PI Time constant,   V F O C  
	0.16
	s
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Figure 1. System description of a GFM connected to a grid. 
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Figure 2. (a) Positive sequence reactive current injection/absorption additionally required proportional to the positive sequence voltage error; (b) positive sequence total reactive current injection/absorption limitation; (c) negative sequence reactive current injection/absorption additionally required proportional to the negative sequence voltage error [38]. 
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Figure 3. Sequence extraction algorithm. 
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Figure 4. Positive sequence control scheme. 






Figure 4. Positive sequence control scheme.



[image: Energies 16 03056 g004]







[image: Energies 16 03056 g005 550] 





Figure 5. Positive active power controller block. 
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Figure 6. Positive active current controller block. 
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Figure 7. Positive reactive power controller block. 
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Figure 8. Positive reactive current controller block. 
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Figure 9. Virtual-flux orientation controller block. 
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Figure 10. Negative sequence control scheme. 
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Figure 11. Negative reactive current controller block. 
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Figure 12. Negative active current controller block. 
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Figure 13. Converter voltage setpoints calculation. 
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Figure 14. Hardware in the loop experimental set-up. 
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Figure 15. GFM converter instantaneous voltage and currents during a balanced fault with 0.22 p.u. depth. 
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Figure 16. GFM converter positive sequence voltage and currents during a balanced fault with 0.22 p.u. depth. 
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Figure 17. GFM converter instantaneous voltage and currents during a balanced fault with 0.95 p.u. depth. 
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Figure 18. GFM converter positive sequence voltage and currents during a balanced fault with 0.95 p.u. depth. 
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Figure 19. GFM converter instantaneous voltage and currents during an unbalanced fault with 0.23 p.u. depth. 
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Figure 20. GFM converter positive sequence voltage and currents during an unbalanced fault with 0.23 p.u. depth. 
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Figure 21. GFM converter negative sequence voltage and currents during an unbalanced fault with 0.23 p.u. depth. 
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Figure 22. GFM converter instantaneous voltage and currents during an unbalanced fault with 0.5 p.u. depth. 
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Figure 23. GFM converter positive sequence voltage and currents during an unbalanced fault with 0.5 p.u. depth. 
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Figure 24. GFM converter negative sequence voltage and currents during an unbalanced fault with 0.5 p.u. depth. 
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Figure 25. GFM converter positive sequence voltage and currents during the unbalanced fault for    K 1      and    K 2      different values. 
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Figure 26. GFM converter negative sequence voltage and currents during the unbalanced fault for    K 1      and    K 2      different values. 
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Figure 27. Positive sequence voltage and currents during the unbalanced fault for both models. 
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Figure 28. Negative sequence voltage and currents during the unbalanced fault for both models. 
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Table 1. Power generating module types according to the Spanish grid code [38].
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	Power Generating Module Type
	Voltage at the Connection Point
	Maximum Capacity





	Type A
	    V  P C C   < 110   kV   
	   0.8   kW ≤  P  m a x   < 110   kW   



	Type B
	    V  P C C   < 110   kV   
	   100   kW ≤  P  m a x   < 5   MW   



	Type C
	    V  P C C   < 110   kV   
	   5   MW ≤  P  m a x   < 50   MW   



	Type D
	    V  P C C   ≥ 110   kV   
	    P  m a x   ≥ 50   MW   
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Table 2. Summary of the results obtained under balanced faults.
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	Cases
	     I  a c t  +     
	     I  r e a c t  +     
	     K 1             and    K 2      Set   Value    
	     K 1             and    K 2      Real   Value    





	    Δ   v +  = 0.22    p  .  u  .   
	   0.9   p . u .   
	   0.44   p . u .   
	  2  
	  2  



	    Δ   v +  = 0.95    p  .  u  .   
	   0   p . u .   
	   1   p . u .   
	  2  
	   1.05   
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Table 3. Summary of the results obtained under unbalanced faults.
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	Cases
	     I  a c t  +     
	     I  r e a c t  +     
	     I  a c t  −     
	     I  r e a c t  −     
	     K 1             and    K 2      Set   Value    
	     K 1             and    K 2      Real   Value    





	    Δ   v −  = 0.23    p  .  u  .   
	   0.28   p . u .   
	   0.46   p . u .   
	   0   p . u .   
	   0.46   p . u .   
	  2  
	  2  



	    Δ   v −  = 0.5    p  .  u  .   
	   0   p . u .   
	   0.5   p . u .   
	   0   p . u .   
	   0.5   p . u .   
	  2  
	  1  
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Table 4. Summary of the results obtained for different values of    K 1      and    K 2     .






Table 4. Summary of the results obtained for different values of    K 1      and    K 2     .





	     K 1             and    K 2      Set   Value    
	     I  a c t  +     
	     I  r e a c t  +     
	     I  a c t  −     
	     I  r e a c t  −     
	     K 1             and    K 2      Real   Value    





	    K 1    =  K 2    = 1   
	   0.72   p . u .   
	   0.24   p . u .   
	   0   p . u .   
	   0.24   p . u .   
	  1  



	    K 1    =  K 2    = 2   
	   0.28   p . u .   
	   0.46   p . u .   
	   0   p . u .   
	   0.46   p . u .   
	  2  



	    K 1    =  K 2    = 3.5   
	   0   p . u .   
	   0.5   p . u .   
	   0   p . u .   
	   0.5   p . u .   
	   2.17   
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Table 5. Summary of the results obtained during the comparison.






Table 5. Summary of the results obtained during the comparison.












	
	     I  a c t  +     
	     I  r e a c t  +     
	     I  a c t  −     
	     I  r e a c t  −     





	Original Model
	   0   p . u .   
	   0.75   p . u .   
	   − 0.02   p . u .   
	   1.28   p . u .   



	Proposed Model
	   0.28   p . u .   
	   0.46   p . u .   
	   0   p . u .   
	   0.46   p . u .   
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