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Abstract

:

With the prevalence of renewable energy sources such as wind power in the power system, analyzing the fault characteristics of systems composed of DFIGs is becoming increasingly important. Therefore, this article analyzes, at first theoretically, the fault characteristics of a doubly fed induction generator (DFIG) during fault periods. It was found that the fault current of the DFIG exhibited the frequency offset phenomenon, which is affected by the depth of voltage dips and can negatively impact traditional distance protection. Furthermore, a method using a dynamic voltage restorer (DVR) based on superconducting magnetic energy storage (SMES) was adopted to compensate for the fault voltage of DFIG, which can mitigate the voltage dips of the DFIG. This method can not only achieve the fault ride through for DFIG but also significantly improve the frequency offset of the fault current during fault periods. Finally, a model composed of a 2.5 MW DFIG-based wind turbine and a 2.5 MW DVR-based SMES was built using a real-time digital simulator (RTDS) platform, and the simulation results showed that the fault stator voltage of DFIG can be compensated at a rated value of 0.69 kV, and the frequency of fault current can be maintained at 50 Hz These results validate the excellent performance of the method in achieving the fault ride through of DFIG and improving the frequency offset of the fault current by comparing multiple type faults while employing different protection methods.
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1. Introduction


With issues regarding the energy crisis and climate degradation becoming increasingly prominent [1,2], developing renewable energy such as wind power has become a major demand for many countries to implement national energy security and low-carbon strategies [3,4]. For example, in order to cater to the augmenting energy needs, the government of India has established a target of installing 175 GW of renewable sources, which includes 65 GW of wind energy [5]. Additionally, the European Commission has taken the lead regarding energy targets by publishing the ambitious plan “A Clean Planet for All” and setting the target producing 300 GW of wind power by 2050 [6]. Due to wind power’s excellent characteristics, such as being cost-effective and the small capacity of the power converter used [7], DFIGs have been widely popular in wind power applications [8,9]. However, the stator winding of a DFIG is directly connected to the power grid [10], so it is easy for it to be affected by voltage fluctuations in the power grid [11,12].



Therefore, it is very challenging to assess how to complete the fault ride through of DFIG and reduce its negative impact on the power grid, and how to analyze the fault characteristics of DFIG during the faults. In [13], an asymmetrical fault ride-through control strategy was proposed by considering the voltage capacity limitation of a rotor side converter (RSC), and this strategy could fulfill the fault ride through of DFIG in an severe asymmetrical fault. In [14], an air-gap flux feedback control strategy was designed and applied to a VSG-controlled DFIG to accelerate the decay of transient components. When using this method, DFIG can behave like a synchronous generator and stabilize the voltage and frequency during faults. In [15], a scaled current tracking control was proposed for DFIG to enhance the low-voltage ride-through capacity without flux observation, which can suppress the overcurrent and overvoltage of DFIG rotor.



However, during severe faults, enhancing hardware measures need to be taken for fault ride through. In [16], an internal model control controller was proposed to improve the fault ride-through capabilities, which takes into account the power limitations of DFIG converters and the DC link voltage during the faults and consequent crowbar activation. In [17,18], the coordinated control of crowbar and chopper protection was considered to achieve the fault ride through of DFIG. In [19], the crowbar circuit was proposed to assist the RSC to improve fault response, which can divert the transient overcurrent of both fault initiation and clearance. In [20], the crowbar was utilized to suppress the rotor overcurrent and the releasing time of the crowbar was analyzed. In [21], an active crowbar circuit composed of silicon-controlled rectifiers was presented to achieve the fault ride through, and this design could strengthen the reliability of the circuit due to the high surge capability of silicon-controlled rectifiers. In [22,23], a novel protection scheme was proposed in which a superconducting fault current limiter is connected in series with the rotor winding of the DFIG or the DFIG outlet, which can effectively limit the maximum value of the fault rotor current or improve the fault voltage at the outlet of the DFIG. In [24], a modular multilevel converter was employed for the DFIG to suppress the fault current, which can provide the transient damping of the DFIG rotor and stator currents during severe grid faults to achieve the fault ride through. In [25], a modulated series dynamic braking resistor control strategy was presented to enhance the capacity of DFIG fault ride through. This scheme can offer fault voltage compensation and provide power evacuation to reduce the power imbalance during the fault periods.



Analyzing the fault characteristics of DFIGs during fault ride through is of great significance for power system protection. In [26], a time domain analysis was presented to elaborate on how the rotor current and voltage can be coordinated to ride through severe grid faults under the capacity limiting effect of RSC. In [27], a short-circuit fault analysis of a grid-connected DFIG based on a wind turbine was proposed by considering the active crowbar circuit protection for ride-through capability and power quality improvement.



Through the above literature review, it has been found that there is little research on analyzing and improving the frequency offset of the DFIG fault current while successfully completing the fault ride through of the DFIG. Therefore, this study first conducted a mathematical modeling of the DFIG and theoretically deduced the fault current expression of the DFIG. The accuracy of the theoretical fault current expression was verified through the fault current curve obtained through simulation. Through analysis, it can be found that during fault periods, the fault current of the DFIG exhibits a frequency offset phenomenon and can be affected by voltage dips in the crowbar circuit. Thus, during fault periods, a DVR-based SMES system was adopted to compensate for the fault voltage at the DFIG outlet, which can achieve the fault ride through of the DFIG and improve the frequency offset of the fault current by raising the fault voltage.



The rest of this article is organized as follows. Section 2 introduces the working principle of the DFIG-based wind turbine system and the model of the DFIG and theoretically derived expression of the DFIG fault current and the verification of the accuracy of the theory through simulation. Section 3 introduces the principle of the DVR-based SMES system, the VSC converter control strategy in DVR, and the DC/DC converter control strategy of SMES. In Section 4, extensive simulation results are provided to verify the performance of the adopted control method. Finally, the conclusion is given in Section 5.




2. DFIG-Based Wind Turbine System


2.1. Working Principle of the DFIG-Based Wind Turbine System


The bidirectional back-to-back converter capacity of a DFIG is usually 20% to 30% of the wind turbine capacity, which is relatively low in cost compared to full-power wind turbines. Currently, this is the most widely used power generation model in the wind power field. The structure of the DFIG is shown in Figure 1, mainly including a wind turbine, a gear box, a DFIG, a back-to-back converter composed of a grid-side converter (GSC) and a rotor side converter, and a crowbar circuit. Among them, the wind turbine converts wind energy into kinetic energy, which can drive the DFIG to generate electrical energy. Additionally, the energy is transmitted to the power grid through stator and rotor windings [28]. The crowbar circuit can be activated in accordance with the fault current of the DFIG rotor during fault periods.




2.2. Modeling of the DFIG


In the study, the convention of generators was adopted to specify the positive direction of stator voltage and current; i.e., the positive current generates negative magnetic flux. The motor convention specifies the positive direction of the rotor voltage and current; i.e., the positive current generates a positive magnetic flux. Conventionally, through Park transformation, the three-phase windings on the stator and rotor sides of the DFIG in the a-b-c coordinate system are equivalent to mutually perpendicular two-phase windings in the d-q synchronous rotating reference frame, which can simplify the mathematical model of DFIG. Additionally, the magnetic circuit is fixed and there is no coupling between the magnetic flux.



In the d-q synchronous rotating reference frame, the voltage equation of the stator and rotor can be expressed as


       u  s d   = −  R s   i  s d   −  ω s   ψ  s q   + D  ψ  s d        u  s q   = −  R s   i  s q   +  ω s   ψ  s d   + D  ψ  s q        u  r d   =  R r   i  s d   − (  ω s  −  ω r  )  ψ  r q   + D  ψ  r d        u  r q   =  R r   i  r q   + (  ω s  −  ω r  )  ψ  r d   + D  ψ  r q       ,  



(1)







The flux equation of stator and rotor is as follows:


       ψ  s d   = −  L s   i  s d   +  L m   i  r d        ψ  s q   = −  L s   i  s q   +  L m   i  r q        ψ  r d   = −  L m   i  s d   +  L r   i  r d        ψ  r q   = −  L m   i  s q   +  L r   i  r q       ,  



(2)




where    R s    and    R r    are the resistance of stator and rotor winding, respectively;    ω s    and    ω r    are the synchronous speed and rotor speed;    u  s d    ,    u  s q    ,    u  r d    , and    u  r q     are the d-axis and q-axis components of the stator voltage and rotor voltage;    i  s d    ,    i  s q    ,    i  r d    , and    i  r q     are the d-axis and q-axis components of the stator voltage and rotor current;    ψ  s d    ,    ψ  s q    ,    ψ  r d    , and    ψ  r q     are the d-axis and q-axis components of the stator magnetic flux and rotor magnetic flux;    L s    and    L r    are the self-inductance of the stator and rotor windings; and    L m    is the mutual inductance between stator and rotor windings.



The active and reactive output power of the DFIG stator can be calculated as


       P s  =  3 2  (  u  s d    i  s d   +  u  s q    i  s q   )      Q s  =  3 2  (  u  s q    i  s d   −  u  s d    i  s q   )     ,  



(3)







The active and reactive output power of the DFIG rotor can be expressed as


       P r  =  3 2  (  u  r d    i  r d   +  u  r q    i  r q   )      Q r  =  3 2  (  u  r q    i  r d   −  u  r d    i  r q   )     ,  



(4)








2.3. Fault Characteristics of DFIG


2.3.1. Crowbar Circuit


When grid faults occur, the voltage dips of the DFIG terminal can cause sudden increases in stator and rotor current, which may cause DC link overvoltage of the DFIG and damage to the RSC of the converter. These damages can lead to the direct disconnection of the DFIG from the grid [27,29,30].



Thus, in the event of grid faults, the crowbar circuit is usually applied to suppress the rotor overcurrent of the DFIG and protect the RSC of the DFIG from the negative influence of rotor overcurrent. As shown in Figure 1, the crowbar circuit is composed of a diode rectifier circuit, an IGBT, and a crowbar resistor. Additionally, the working principle of a crowbar circuit is that when the rotor overcurrent of the DFIG is larger than 2 pu, the crowbar circuit will be activated by a gate signal from the IGBT. During the activation of the crowbar circuit, the fault overcurrent of the rotor will be limited by the crowbar resistance, which can avoid the rotor overcurrent from damaging the RSC of the DFIG. When the fault is cleared, the crowbar circuit is deactivated.



Therefore, it is particularly important to analyze the fault characteristics of the DFIG when the crowbar circuit is activated during grid faults.




2.3.2. Fault Current of the DFIG


Assuming a fault voltage dip occurs in the DFIG at  t = 0, the DFIG terminal voltage during the fault is


    u →  1  = ( 1 − A )  U s   e  j (  ω s  t + θ )   ,  



(5)




where  A  is the depth of the DFIG voltage dips;    U s    is the amplitude of the DFIG terminal voltage before the fault; and  θ  is the phase of the DFIG terminal voltage at 0 s.



Considering that the stator flux cannot suddenly change when the fault occurs, and neglecting the stator resistance, the stator flux during fault periods can be obtained from Equation (1):


    ψ →  s  =   A  U s    j  ω s     e  − t /  T s    ′  + j θ   +   ( 1 − A )  U s    j  ω s     e  j (  ω s  t + θ )   ,  



(6)




where    T s    ′  =  L s    ′  /  R s   ,    L s    ′  =  L s  −  L m    2  /  L r   ;    T s    ′    is the decay time constant of the stator circuit; and    L s    ′    is the transient reactance of the DFIG stator.



Assuming that the crowbar circuit is instantaneously activated when the fault occurs, and the equivalent circuit to the DFIG with the crowbar circuit in a d-q synchronous rotating reference frame is shown in Figure 2. Thus, after the fault, the voltage equation and flux equation can be obtained as follows:


      ( 1 − A )   u →  s  = −  R s    i →   s f   + D   ψ →   s f   + j  ω s    ψ →   s f       0    =   (   R r  +  R  c b   )   i →   r f   + D   ψ →   r f   + j (  ω s  −  ω r  )   ψ →   r f         ψ →   s f   = −  L s    i →   s f   +  L m    i →   r f         ψ →   r f   = −  L m    i →   s f   +  L r    i →   r f       ,  



(7)




where    R  c b     is the crowbar resistance;     i →   s f     and     i →   r f     are the steady-state currents of the DFIG stator and rotor after the fault; and     ψ →   s f     and     ψ →   r f     are the steady-state flux of the DFIG stator and rotor after the fault. In the d-q synchronous rotating reference frame,   D   ψ →   r f     = 0. Additionally, the DFIG rotor’s steady-state flux can be calculated using Equation (7):


    ψ →   r f   = f ( s ,  R  c b   )   ψ →   s f   = f ( s ,  R  c b   )   ( 1 − A )  U s    j  ω s     e  j (  ω s  t + θ )   ,  



(8)






  f ( s ,  R  c b   ) =   (  R r  +  R  c b   )  L m    [ (  R r  +  R  c b   ) + j (  ω s  −  ω r  )  L r    ′  ]  L s    ,  



(9)




where    L r    ′  =  L r  −  L m    2  /  L s   , which represents the transient reactance of the DFIG rotor. Considering that the rotor flux cannot suddenly change at the time of the fault, the flux of the DFIG rotor can be expressed as


    ψ →  r  = [   ψ →   r 0    e  j ( α + θ )   − f ( s ,  R  c b   )   ( 1 − A )  U s    j  ω s     e  j θ   ]  e  − t /  T r  ′ + j  ω r  t   − + f ( s ,  R  c b   )   ( 1 − A )  U s    j  ω s     e  j (  ω s  t + θ )   ,  



(10)




where    T r    ′  =  L r    ′  / (  R r  +  R  c b   )  , which represents the decay time constant of the rotor circuit.     ψ →   r 0     is the rotor flux before the fault. Combining Equations (2), (3), and (5), the rotor flux after the fault can be obtained as follows:


    ψ →   r 0   = (  L s   L r  −  L m    2  )   2  Q s    3  L m   U s    +    U s   L r     ω s   L m    + j (  L s   L r  −  L m    2  )   2  P s    3  L m   U s    ,  



(11)







By substituting Equations (6) and (10) into Equation (2), the fault current      i →   s    of the DFIG stator can be expressed as


       i →  s  = −   A  U s    j  ω s   L s    ′     e  − t /  T s    ′  + j θ   + [    L m     L r    f ( s ,  R  c b   ) − 1 ]   ( 1 − A )  U s    j  ω s   L s    ′     e  j (  ω s  t + θ )   +        L m     L s    ′   L r    [   ψ →   r 0   − f ( s ,  R  c b   )   ( 1 − A )  U s    j  ω s     e  j θ   ]  e  − t /  T r    ′  +      j  ω r  t      ,  



(12)







It can be seen in Equation (12) that the fault current of the DFIG stator consists of three parts: a DC component with the decay time constant of    T s ′   , a frequency component of    ω s   , and a frequency component of    ω r    with a decay time constant of    T r ′   . Additionally, the frequency of the fault stator current is influenced by the components of the three different frequency currents. Additionally, the three different frequency currents are determined by the depth of the voltage dips, the resistance of the crowbar circuit, the rotor speed, and so on.



When the fault voltage of the DFIG stator dips to 0 pu, the rotor speed of the DFIG is set to be 1.2 pu, and the resistance of the crowbar circuit is set to be 0.001 ohms. Additionally, in this situation, the fault current of the DFIG stator can be obtained through simulation, as shown in Figure 3. The simulation result is consistent with the theoretical curve, which verifies the accuracy of the theoretical analysis. Additionally, it can be found in Figure 3 that the frequency of the fault current clearly shifted from 50 Hz to 60 Hz. Thus, during the fault period, the fault current of the DFIG had the characteristics of frequency offset.






3. DFIG System with DVR-Based SMES


The DVR can assist the DFIG in achieving the fault ride through by compensating the voltage dips at the outlet of the DFIG. Additionally, raising the fault voltage at the DFIG outlet during the fault can also improve the frequency offset of the fault current, which can significantly impact the distance protection of the power systems. The DVR-based SMES mainly consists of a VSC converter and a SMES system composed of a DC/DC converter, superconducting coil, and a refrigeration device [31,32], as shown in Figure 4.



During a period of normal operation, the DVR-based SMES cannot compensate for the voltage of the 35 kV line. Additionally, there is no power exchange between the DVR-based SMES system and the power system. During a period where voltage dips occur, the DVR-based SMES system, in series with the 35 kV line, starts to compensate for the voltage dips, so that the voltage of the DFIG can resume at a normal value. Additionally, the method can mitigate the frequency offset of the fault current by increasing the fault voltage at the DFIG outlet.



3.1. Control Strategy of the VSC Converter


The controllable reference signals of the VSC converter of the DVR are    V  d d     and    V  d q     under the d-q rotating reference frame.    V  d d  *    and    V  d q  *    are the normal voltages of the 35 kV line before the faults. To accurately control the output voltage, the LC filter was considered to add into the d-q control loops.



Assuming the switching of the VSC converter in Figure 4 are all ideal switches, the mathematical model of the VSC converter in the three-phase stationary coordinate system can be expressed as


         V c    a  = −  L d    d  i  c a  *    d t   +  V  c a  *         V c    b  = −  L d    d  i  c b  *    d t   +  V  c b  *         V c    c  = −  L d    d  i  c c  *    d t   +  V  c c  *        ,  



(13)




where    V  c a    ,    V  c b     and    V  c c     are the compensated voltages in the 35 kV line;    V  c a  *   ,    V  c b  *    and    V  c c  *    are the output voltages of the VSC converter;    i  c a  *   ,    i  c b  *    and    i  c c  *    are the output currents of the VSC converter; and    L d    is the inductance of the LC filter.



In the d-q rotating reference frame, the mathematical equation of the VSC converter can be obtained by


       V  c d   = −  L d    d  i  c d  *    d t   +  V  c d  *  −  ω s   L d   i  c q        V  c q   = −  L d    d  i  c q  *    d t   +  V  c q  *  +  ω s   L d   i  c d        ,



(14)




where    V  c d     and    V  c q     are the compensated voltages in d-q rotating reference frame;    V  c d  *   , and    V  c q  *   ,    i  c d  *   , and    i  c q  *    are output voltages and currents of the VSC converter in the d-q rotating reference frame. Additionally, considering the LC filter,    i  c d  *    and    i  c q  *    can be calculated as


       i  c d  *  =  i  c d   −  ω s   C d   V  c q        i  c q  *  =  i  c q   +  ω s   C d   V  c d       ,  



(15)







By introducing Equation (1) into Equation (2), the following equation can be obtained:


       V  c d  *  =  L d   d  d t   (  i  c d   −  ω s   C d   V  c q   ) +  ω s   L d   i  c q  *  +  V  c d        V  c q  *  =  L d   d  d t   (  i  c q   +  ω s   C d   V  c d   ) −  ω s   L d   i  c d  *  +  V  c q       ,  



(16)







Additionally, using the above derivation, the control strategy of the converter can be obtained, as shown in Figure 5.




3.2. The Control Strategy of the DC/DC Converter


The function of the DC/DC converter is to stabilize the DC voltage by controlling the charging and discharging of the SMES. The control strategy is shown in Figure 6. The reference signal    i  s s  *    of the SMES output current is obtained by comparing the actual DC voltage    V  s − d c     and the reference voltage    V  s − d c  *   . The output duty cycle of the DC/DC converter is   0 < D < 1  .





4. Simulation and Analysis


To evaluate the effectiveness of the adopted control strategy for achieving the fault ride through of the DFIG and improving the frequency offset of the fault current, a detailed simulation model of the topology shown in Figure 1 was built using the RTDS platform. The RTDS, developed and manufactured by the RTDS Corporation in Manitoba, Canada, is a device specifically designed to study electromagnetic transient phenomena in power systems. Version 1.4.0 of software RSCAD was adopted, and the simulation was performed using a discrete sampling period. The adopted simulation sampling time step of software was 50 µs. As shown in Figure 7, the simulated model of the DFIG with a DVR-based SMES system was first established on the principal computer, and the principal computer communicated with the hardware RTDS via an optical fiber. When the whole simulation system started to run, the simulation data in the principal computer was transferred to the RTDS through the optical fiber for calculation, and the RTDS transferred the calculation results to the principal computer through the optical fiber to obtain the simulation results. The specific parameters of the simulation model are shown in Table 1 and Table 2. Additionally, the PI parameters of the VSC converter control in the DVR are shown in Table 3.



The performance of the DVR-based SMES in achieving fault ride through and improving the frequency offset of fault current were verified under the multiple-type faults as follows.



4.1. Three-Phase-to-Ground Fault


The performance of the DVR-based SMES in achieving the fault ride through of DFIG and improving the frequency offset of the fault current was first analyzed during a three-phase-to-ground symmetrical fault. As shown in Figure 8a, the three-phase-to-ground fault occurred in the 220 kV line near the DFIG at  t  = 0.08 s and was cleared at  t  = 0.28 s. The dip depth of three-phase fault voltage in the 220 kV line was 25%, the wind speed was set to 10 m/s, and the rotor speed of the DFIG is 1.12 pu.



The voltage of the 35 kV line was affected by the voltage dips of the 220 kV line; thus, the phenomenon of voltage dips also occurred in the 35 kV line, as shown in Figure 8b. At this time, the voltage dips in the 35 kV line could be detected by the DVR, and the voltage dips could be compensated by controlling the VSC converter of the DVR, so that the fault voltage in the 35 kV line could resume at the normal value 35 kV. During the fault period, the voltage provided by the DVR of the 35 kV line is shown in Figure 8c. Figure 8d shows the voltage of the 35 kV line after the DVR compensates. It can be seen in Figure 8d that the fault voltage of the 35 kV line can return to the voltage state before the fault. Figure 8e shows the stator voltage of the DFIG after the DVR compensates. It can be observed that during the fault period, the stator voltage of the DFIG experienced no severe fluctuations after the DVR compensated. During the fault period, the DVR system ensures that the stator voltage of the DFIG is no longer affected by the fault, which can improve the stability of the DFIG during the fault period. Figure 8f shows the stator current of the DFIG, and it can be observed that the stator current value of the DFIG could not reach the overcurrent value of 2 pu that would have triggered the crowbar circuit, which can enhance the stability of system.



Figure 9 shows the system’s responses with an adopted DVR-based SMES during a three-phase-to-ground fault (depth of 80%). Figure 9a shows the voltage condition in the 220 kV line when a three-phase-to-ground fault occurred in 220 kV line side, away from the DFIG, at  t  = 0.08 s, and the fault was cleared at  t  = 0.28 s. The dip depth of three-phase fault voltage in the 220 kV line was 80%. It can be seen in Figure 9b–d that the fault voltage in the 35 kV line can be compensated to a normal voltage value by the DVR-based SMES. Figure 9e shows that the stator voltage of the DFIG can be affected by the fault in the 220 kV line. Additionally, Figure 9f shows that the fault stator current of the DFIG cannot occur in the overcurrent during the fault period.



Additionally, it can be concluded from Section 2.3 that during fault periods, the frequency of the fault current is affected by the voltage dips and the crowbar circuit. Therefore, during the fault period, when the voltage of the 35 kV line is compensated by DVR system, the stator voltage of the DFIG can be less affected by the fault. Theoretically, during fault periods, the DVR-based SMES compensating for the fault voltage not only achieves the fault ride through of the DFIG, but also mitigates the frequency offset of the fault current of the DFIG.



Therefore, Figure 10 shows a comparison of the frequency of the fault current with a DVR-based SMES and with a conventional crowbar circuit protection at the different voltage dip depths. The two faults occurred at around  t  = 0.22 s and their duration was 0.2 s. It can be observed that the frequency of the fault current with the crowbar circuit protection not only fluctuated during the fault period, but also continued to fluctuate for a short period of time after the fault was cleared. This is because during fault periods, the rotor overcurrent caused by the voltage dips can result in the crowbar circuit being activated. However, the stator voltage of the DFIG was still in a severe dip, so there was still a serious frequency offset in the fault current. Additionally, after the fault is cleared, due to the withdrawal of the crowbar circuit, the system voltage and current will fluctuate again. Thus, the frequency of the fault current still existed after the fault was cleared.



Figure 11 shows a comparison of the DFIG output power when using an adopted DVR-based SMES at a voltage dip depth of 80%; an adopted DVR-based SMES at a voltage dip depth of 25%; crowbar circuit protection at a voltage dip depth of 80%; and crowbar circuit protection at a voltage dip depth of 25% when the three-phase-to-ground fault occurs. By comparing the crowbar circuit protection at voltage dip depths of 80% and 25%, it can be seen that when the DVR-based SMES is adopted to compensate for the fault voltage, the DFIG output power is mostly maintained in the normal output state.



To sum up, with DVR-based SMES to compensate the fault voltage of 35 kV line, the DVR-based SMES can isolate the DFIG from the 80% and 20% depth of three-phase-to-ground faults. Thus, it can prevent the voltage of DFIG from being affected by the faults. Moreover, the crowbar circuit cannot be activated during fault periods, so the frequency offset of the fault current is almost non-existent and can be maintained at 50 Hz. Additionally, the DFIG can output the normal power during the faults.




4.2. Single Phase-to-Ground Fault


In the power system, single phase-to-ground faults are the most commonly occurring. Therefore, this section verifies the performance of the adopted method in the case of single phase-to-ground faults. As shown in Figure 12a, the single phase-to-ground fault occurred in the 220 kV line near the DFIG at t = 0.075 s and was cleared at  t  = 0.275 s. Additionally, the depth of the single-phase voltage dip was 20% in the 220 kV line. The voltage of the 35 kV line is shown in Figure 12b. Due to the wiring method of the transformer, the two-phase voltage of the 35 kV line exhibited voltage dips. The voltage provided by the DVR of the 35 kV line during the fault period is shown in Figure 12c. Figure 12d shows the voltage of the 35 kV line after the DVR compensated. It can be seen in Figure 12d that the fault voltage of the 35 kV line can return to the voltage state before the single phase-to-ground fault. Figure 12e shows the stator voltage of the DFIG after the DVR compensated. It can be observed that during the fault period, the stator voltage of the DFIG exhibited no severe fluctuations after the DVR compensated. Figure 12f shows the stator current of the DFIG.



Figure 13 shows the system’s responses with a DVR-based SMES during the single phase-to-ground fault (depth of 70%). Additionally, the single phase-to-ground fault occurred in the 220 kV line, away from the DFIG, at  t  = 0.075 s and was cleared at  t  = 0.275 s. Additionally, the depth of the single-phase voltage dip was 70% in the 220 kV line, as shown in Figure 13a. Figure 13b–d shows the fault voltages on the 35 kV side, the compensating voltage of the DVR-based SMES, and the compensated fault voltages of the 35 kV side. It can be seen that the fault voltage of the 35 kV line can be compensated to return to the normal voltage value of 35 kV. Figure 12e shows the stator voltage of the DFIG after the DVR compensates. It can be observed that during the single-phase fault periods, the stator voltage of the DFIG exhibited no severe fluctuations. Figure 12f shows the stator current of the DFIG during the fault.



Figure 14 shows a comparison of the frequency of the fault current with a DVR-based SMES and with conventional crowbar circuit protection when the two different single phase-to-ground faults occur. The two single phase-to-ground faults occurred at 0.22 s, and the fault duration was 0.2 s. It can be seen from Figure 14 that the DVR-based SMES compensated for the fault voltage, and the fluctuations in the current frequency were less than the current frequency with conventional crowbar circuit protection. Therefore, during the single phase-to-ground faults, the DVR-based SMES can also assist the DFIG in achieving the fault ride through and improving the frequency offset of fault currents.



Figure 15 shows a comparison of the DFIG output power with an adopted DVR-based SMES at a voltage dip depth of 70%; an adopted DVR-based SMES at a voltage dip depth of 20%; crowbar circuit protection at a voltage dip depth of 70%; and crowbar circuit protection at a voltage dip depth of 20% when the single phase-to-ground fault occurs. With the DVR-based SMES at voltage dip depths of 70% and 20%, the DFIG output power was mostly maintained in the normal output state, which can be seen by comparing this with the crowbar circuit protection at voltage dip depths of 70% and 20%.



To sum up, during single phase-to-ground faults with voltage dip depths of 70% and 20%, the DVR-based SMES can improve the frequency of the fault current by compensating for the fault voltage. Additionally, the frequency of the fault current, which fluctuates between 42–53 Hz with crowbar circuit protection, can be maintained at 50 Hz with DVR-based SMES protection. Additionally, adopting DVR-based SMES to assist the DFIG in achieving the fault ride through during single phase-to-ground faults with voltage dip depths of 70% and 20%, the DFIG can output power at a normal value.





5. Conclusions


In this study, the working principle of the DFIG system was introduced, and the fault current characteristics of the DFIG were theoretically analyzed. The correctness of the theoretical calculations for the fault current of the DFIG stator was verified through the simulation results. Furthermore, it can be concluded that during the fault period, the fault current of the DFIG stator exhibits frequency offsetting, and the frequency offset of the fault current is closely related to factors such as the depth of the voltage dips and the crowbar circuit. Therefore, by adopting a DVR-based SMES system to compensate for the voltage dips of the DFIG in practical applications, the stator voltage of the DFIG can be compensated to a rated voltage of 0.69 kV, and the frequency offset of the fault current can be significantly improved to a rated frequency of 50 Hz. The simulation results using the RTDS platform show that during different-type faults, the DVR-based SMES can effectively compensate for the fault voltage of the 35 kV line. Additionally, during an 80% depth three-phase-to-ground fault, the frequency of the fault current, which fluctuates between 46–54 Hz, can be stabilized at 50 Hz. During a 70% depth single phase-to-ground fault, the frequency of the fault current, which fluctuates between 47–53 Hz, can be stabilized at 50 Hz. Additionally, with a DVR-based SMES to compensate for the fault voltage, the output power of the DFIG can be maintained at a normal power value during the fault. Therefore, this method can achieve the fault ride through and improve the frequency of the DFIG fault current. Additionally, future research should focus on how to reduce the cost of the DVR-based SMES device by making full use of DVR-based SMES or improving the design of the DVR-based SMES device.
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Figure 1. The DFIG-based wind turbine system connected to the grid. 
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Figure 2. Equivalent circuit to the DFIG with a crowbar circuit in d-q synchronous rotating reference frame. 
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Figure 3. Comparison of the stator current curve under theory and simulation. 
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Figure 4. The DFIG with a DVR-based SMES system connected to the grid. 
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Figure 5. The VSC converter control structure of the DVR. 
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Figure 6. The DC/DC converter control structure of the SMES. 
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Figure 7. The model of the DFIG with a DVR-based SMES and built-in RTDS platform. 






Figure 7. The model of the DFIG with a DVR-based SMES and built-in RTDS platform.



[image: Applsci 13 08180 g007]







[image: Applsci 13 08180 g008 550] 





Figure 8. The system’s responses with a DVR-based SMES during a three-phase-to-ground fault (depth of 25%). (a) Fault voltages on the 220 kV side; (b) fault voltages on the 35 kV side; (c) compensating voltage of the DVR; (d) compensated fault voltages on the 35 kV side; (e) stator voltage of the DFIG; (f) stator current of the DFIG. 
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Figure 9. The system’s responses with an adopted DVR-based SMES during a three-phase-to-ground fault (depth of 80%). (a) Fault voltages on the 220 kV side; (b) fault voltages on the 35 kV side; (c) compensating voltage of the DVR-based SMES; (d) compensated fault voltages on the 35 kV side; (e) stator voltage of the DFIG; (f) stator current of the DFIG. 
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Figure 10. Comparison of the frequency of the fault current when using an adopted DVR-based SMES at a voltage dip depth of 80%; an adopted DVR-based SMES at a voltage dip depth of 25%; crowbar circuit protection at voltage dip depths of 80%; and crowbar circuit protection at voltage dip depths of 25% when the three-phase-to-ground fault occurs. 
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Figure 11. Comparison of the DFIG output power when using an adopted DVR-based SMES at a voltage dip depth of 80%; an adopted DVR-based SMES at a voltage dip depth of 25%; crowbar circuit protection at a voltage dip depth of 80%; and crowbar circuit protection at a voltage dip depth of 25% when the three-phase-to-ground fault occurs. 
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Figure 12. The system’s responses with DVR-based SMES during the single phase-to-ground fault (depth of 20%). (a) Fault voltages on the 220 kV side; (b) fault voltages on the 35 kV side; (c) compensating voltage of the DVR-based SMES; (d) compensated fault voltages on the 35 kV side; (e) stator voltage of the DFIG; (f) stator current of the DFIG. 
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Figure 13. The system’s responses with a DVR-based SMES during the single phase-to-ground fault (depth of 70%). (a) Fault voltages on the 220 kV side; (b) fault voltages on the 35 kV side; (c) compensating voltage of the DVR-based SMES; (d) compensated fault voltages on the 35 kV side; (e) stator voltage of the DFIG; (f) stator current of the DFIG. 
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Figure 14. Comparison of the frequency of the fault current with an adopted DVR-based SMES at a voltage dip depth of 70%; an adopted DVR-based SMES at a voltage dip depth of 20%; crowbar circuit protection at a voltage dip depth of 70%; and crowbar circuit protection at a voltage dip depth of 20% when the single phase-to-ground fault occurs. 
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Figure 15. Comparison of the DFIG output power an adopted DVR-based SMES at a voltage dip depth of 70%; an adopted DVR-based SMES at a voltage dip depth of 20%; crowbar circuit protection at a voltage dip depth of 70%; and crowbar circuit protection at a voltage dip depth of 20% when the single phase-to-ground fault occurs. 
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Table 1. Specific parameters of the simulated model.
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	DFIG Parameters
	Value





	Rated power
	2.5 MW



	Rated voltage
	0.69 kV



	Rated wind speed
	12 m/s



	Rated frequency
	50 Hz



	Stator resistance
	0.01 pu



	Rotor resistance
	0.006 pu



	Stator leakage reactance
	0.102 pu



	Rotor leakage reactance
	0.08596 pu



	Mutual inductance resistance
	4.348 pu



	Turns ratio
	2.637



	Inertia constant
	1.5



	DC link voltage of DFIG
	1.2 kV



	DVR Parameters
	Value



	Transformer voltage
	35/6 kV



	Rated power
	2.5 MW



	DC link voltage of DVR
	1.2 kV



	DC link capacitor
	10,000 uF
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Table 2. Specific parameters of the used transformers.
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	The 0.69/35 kV Transformer
	Value





	Rated power
	2.5 MW



	Winding resistance
	0.001 pu



	Winding reactance
	0.1 pu



	Transformer base frequency
	50 Hz



	Magnetizing losses
	0.00001 pu



	Transformer rating
	0.69/35



	The 35/6 kV Transformer
	Value



	Rated power
	2.5 MW



	Leakage resistance
	0.001 pu



	Leakage resistance
	0.05 pu



	Transformer base frequency
	50 Hz



	Transformer rating
	35/6



	The 35/220 kV Transformer
	Value



	Rated power
	2.5 MW



	Leakage resistance
	0.001 pu



	Leakage resistance
	0.1 pu



	Transformer base frequency
	50 Hz



	Transformer rating
	35/220
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Table 3. PI parameter of the VSC converter in the DVR.
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	DFIG Parameter
	Value





	Proportional factor Kp1 of PI1
	20



	Integral factor Ti1 of PI1
	0.01



	Proportional factor Kp2 of PI2
	1



	Integral factor Ti2 of PI2
	0.01



	Proportional factor Kp3 of PI3
	5



	Integral factor Ti3 of PI3
	0.02



	Proportional factor Kp4 of PI4
	20



	Integral factor Ti4 of PI4
	0.02



	Proportional factor Kp5 of PI5
	2



	Integral factor Ti5 of PI5
	0.01



	Proportional factor Kp6 of PI6
	5



	Integral factor Ti6 of PI6
	0.01
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