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With the enlarging scale of doubly-fed induction generators (DFIGs) connected to power systems, it is important to analyze the influence of a short-circuit current to system relay protection. Due to the correct evaluation of the protection operation characteristics, the DFIG short-circuit current needs to be calculated accurately. But the current research on the short-circuit current of DFIG is based on the following assumption: the rotor excitation current is zero after the rotor crowbar is put, and the influence of its dynamic process is ignored. This will bring errors to the calculation results. This paper takes into account the influence of rotor current dynamics by studying the mechanism of the potential transient change of DFIG. The stator rotor flux linkage of DFIG in the event of a three-phase short-circuit is accurately calculated, and an improved RMS calculation method of doubly-fed wind turbine short circuit current is proposed. A physical experiment platform with an actual controller of a doubly-fed fan is established, based on RTDS. It can be seen from the experiment that the short-circuit current calculation method proposed in this paper is more accurate than those methods that ignore the rotor dynamic process. This study lays a foundation for further study of the influence of DFIG on the protection operation characteristics.
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INTRODUCTION
In recent years, the wind power in the world has developed rapidly. Since 2010, China has become the country with the largest installed capacity of wind power. Especially in Inner Mongolia, Gansu, and Liaoning Province, wind power has developed rapidly. However, large-scale wind power access to the power grid has made a great influence, and the impact of grid-connected wind power on relay protection has become a major concern in the current power system field.
DFIG are widely used in wind farms as their main turbines, because of the advantages of the wide range of operating wind speeds and the decoupled control of active and reactive power (Tamaarat and Benakcha, 2014; Firouzi and Gharehpetian, 2017; Sun and Wang, 2018; Okedu, and Barghash, 2020). However, with the increase of DFIG, the influence of the transient process of DFIG on the short-circuit current calculation cannot be ignored. Inaccurate calculation of the short-circuit current will cause deviation in the protection setting, affect the accuracy of the protection, and even cause the phenomenon of protection rejection or mis-operation in severe cases. Therefore, in order to improve the accuracy of the protection action, it is necessary to study the methods of short-circuit current calculation of DFIG thoroughly.
At present, there are some works of literature studying the short-circuit current calculation after the DFIG connected to the grid on different perspectives. In the literature (Howard, et al., 2012; Muljadi et al., 2013; Liu et al., 2018; Telukunta et al., 2018), in the no-load case, when the three-phase metallic short-circuit occurred, the crowbar was input. DFIG was equivalent to an asynchronous generator, and the rotor excitation current was assumed to be zero. A simplified short-circuit current calculation formula was presented in this paper. The method in this paper simply assumes that the rotor current after the Crowbar is accessed is zero, ignoring the dynamic process of the rotor current, and this method does not match the actual rotor current after a short-circuit fault.
In the literature (Sulla, et al., 2011; Zhai, et al., 2013; Wang et al., 2015; Fu et al., 2017; Rahimi and Azizi, 2019), the flux linkage of the stator was solved simply after the faults at different positions, and in this paper the calculation formula of the DFIG short-circuit current was given under different drop degrees of the terminal voltage, further. However, this method does not take into account rotor current dynamic process effects. Actually, after the fault of the power grid, the crowbar will be input to protect the rotor converter. However, the rotor flux cannot be mutated at the moment of the fault, as the rotor winding will induce a big rotor current. The rotor current may reach three to five times that of the rated value, and decay to zero gradually after 30–50 milliseconds. Ignoring the dynamic process of the rotor current will cause a certain error in the calculation result of the short circuit current, and it will affect the accuracy of the current protection of the collector line. Therefore, this paper presents an accurate calculation method of a DFIG short-circuit current, which accounts for the dynamic process of the rotor current.
In this paper, from the perspective of the mechanism of the DFIG’s transient potential, the stator flux linkage of the DFIG in a three-phase short circuit is calculated. The influence of rotor current dynamics is taken into account, and an improved method of the short-circuit current of the DFIG is proposed. In order to verify the correctness of the calculation method, a physical experiment platform with an actual controller of the DFIG current transformer is established based on the RTDS. The experimental results show that the short-circuit current calculation method proposed in this paper is more accurate, compared with the methods which ignore the dynamic process of the rotor. This study lays a foundation for further research on the influence of the DFIG’s short-circuit current on the protection operation characteristics.
DFIG ELECTROMAGNETIC TRANSIENT PROCESS
Figure 1 shows the main circuit topology of a grid-connected DFIG with a rotor Crowbar circuit. The DFIG is connected to the power grid by the collector line. The main protection on the collector line is a three-section current protection. For accurate evaluation of the current protection action, the key is accurately calculating the short-circuit current, which is provided to the collector wire by the DFIG, after the fault occurs.
[image: Figure 1]FIGURE 1 | Circuit structure of DFIG wind farm.
Because the fault of the power grid will cause the electromagnetic transience of the DFIG, the electromagnetic transient process will cause the DFIG to output a big short-circuit current. Therefore, in order to calculate the short-circuit current accurately, the electromagnetic transient process of DFIG after the fault should be analyzed first. That means the relationship among the short-circuit current, the transient reactance, and the equivalent potential of DFIG should be obtained.
Ignoring the phenomenon of magnetic saturation, assuming the rotor speed does not change in transient process.
The mathematical model of the DFIG in the form of space vectors in the synchronous rotating coordinate system is (Muljadi et al., 2013):
[image: image]
[image: image]
Where, us, ur, is, ir, ψs, ψr are the stator voltage, rotor voltage, current and flux, which are converted to the stator side, respectively. Ls, Lr, Lm are the stator and rotor inductance, mutual inductance, respectively. Lsσ, Lrσ are the stator leakage, rotor leakage, Rs, Rr, Rcb are the rotor resistance and the rotor Crowbar resistance, ωs is the synchronous speed, and ωs-r is the slip speed.
During normal operation, the DFIG is excited by a rotor converter. When the power grid fails, the voltage of the DFIG drops suddenly, and a large transient voltage and current are induced in the rotor windings. The rotor winding should input the Crowbar to suppress the transient current and protect the converter from damage.
When a three-phase metallic short-circuit fault occurs in the power grid, assuming that the line reactance of the DFIG to the short-circuit point is Xe, the terminal voltage is [image: image]. According to Eqs 1, 2, the fault of the DFIG equivalent circuit can be obtained as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Fault equivalent circuit of DFIG wind power generator.
By eliminating the rotor current in Eq. 2, the stator flux linkage ψs can be obtained, then ψs is put into the Eq. 1:
[image: image]
Assuming that the DFIG’s equivalent potential is [image: image]. Transient reactance is [image: image], [image: image].The stator decay time constant is [image: image]. A simplified diagram of the transient equivalent circuit of DFIG after the fault can be obtained, as shown in Figure 3. Stator flux linkage is [image: image], which is the attenuated DC flux linkage component. When calculating the short-circuit current AC component, it can be ignored (Swain and Ray, 2017; Ma and Liu, 2018). Simplify Eq. 3 to obtain the relationship among the short-circuit current, transient reactance and equivalent potential.
[image: image]
From the above analysis, the short-circuit current of the DFIG is determined by E′, Rs, X′, and Xe. Among them, Rs, X′, and Xe are known quantities. Therefore, to calculate the short-circuit current of the DFIG accurately, it is required to solve the equivalent potential E’ after the DFIG fault occurred.
[image: Figure 3]FIGURE 3 | Simplified equivalent circuit of DFIG.
CALCULATION METHOD OF DFIG SHORT-CIRCUIT CURRENT CONSIDERING THE DYNAMIC PROCESS OF THE ROTOR CURRENT
The equivalent potential of the DFIG is determined by its rotor flux linkage. Therefore, the key issue in studying the change law of the DFIG equivalent potential E', is how to accurately solve the rotor flux linkage during the fault.
Figure 4 shows the dynamic process of the DFIG rotor current after a three-phase short circuit. When the fault occurs, the rotor Crowbar is input and the rotor excitation circuit is shorted. The rotor current will increase to three to five times its rated value at first, and then decay to zero gradually after 30–50 milliseconds, which is similar to what is shown in Figure 4. However, compared with the traditional short-circuit calculation methods, the traditional methods ignore the rotor current dynamic, and assume the rotor current decays to zero directly after the fault occurs. Although the traditional method is convenient for calculation, it cannot accurately reflect the rotor current dynamic in the actual physical process and will cause certain errors in the calculation of the short-circuit current.
[image: Figure 4]FIGURE 4 | The rotor current dynamic process of DFIG under three phase short circuit.
In this section, in order to ensure the accuracy of the rotor flux linkage solution, the dynamic process of the rotor current is taken into account, which was ignored before. And the equivalent potential is calculated. Finally, it is input to Eq. 4, and the accurate short-circuit current is obtained.
From Eq. 2, the stator rotor current is represented by flux linkage:
[image: image]
Among them: [image: image].
Bring Eq. 5 into Eq. 1, to get detailed stator rotor flux linkage, which considering the rotor dynamics:
[image: image]
In the process of solving Eq. 6, us, ur, Ls, Lr, Lm, Rs, Rr are all known quantities. Therefore, Eq. 6 is a first-order ordinary differential equation group about the stator rotor flux linkage. The Laplace transform method is used to solve the Eq. 6:
[image: image]
Among them, [image: image], ψs(s), ψr(s) are the initial value of the stator and rotor flux linkage respectively, ψs(s), ψr(s)are the stator and rotor flux linkage, which are Laplace transformed.
When a three-phase metal fault occurs at the machine terminal of the DFIG, the rotor Crowbar is input. Due to the short delay time of the converter control, if the delay time is ignored, that is ur is 0 after the Crowbar is input, so it can be obtained from Eq. 7 that:
[image: image]
Among them: [image: image], [image: image], [image: image].
Solve the time domain solution of Eq. 8:
[image: image]
Among them: [image: image], [image: image] is the rotor speed, [image: image], [image: image] are the real part and the imaginary part of [image: image].
In the synchronous coordinate system, the two parts of the rotor flux linkage attenuated at frequencies close to the DC and rotor speed, respectively. The initial stator rotor flux ψs(0), ψr(0) can be obtained by the pre-fault voltage and current through the voltage Eq. 1.
From Eq. 4, the amplitude of the fundamental frequency AC component in the equivalent potential is:
[image: image]
The fundamental frequency RMS calculation method for the short-circuit current of the DFIG is in Eq. 11:
[image: image]
The formula of the rotor flux linkage after faults in traditional studies is in Eq. 12:
[image: image]
Comparing Eq. 9 with Eq. 12, the traditional studies used a simplified calculation method, which ignored the rotor current Ir and the stator resistance Rs. Although the obtained rotor flux linkage also includes the rotor speed attenuation part in the traditional method, the proposed method introduces [image: image] and A, which are constants related to the system parameters, to modify the calculated value of the rotor flux linkage in this paper. From the above analysis, The proposed method in this paper, taking into account the rotor current dynamic process, the calculated rotor flux linkage is modified, and the calculation accuracy of the short-circuit current is improved.
EXPERIMENTAL RESULTS AND ANALYSIS
Based on RTDS (real time digital simulation equipment of power system), an experimental platform with a DFIG converter actual control unit is established. The IGBT module is used to build the converter control unit. In the experimental platform, the parallel communication interface is used to realize the real-time transmission of the control data. The IGBT module is used to real-time control the rotor converter. The system structure diagram of the experimental platform built in this paper and the experimental scenario are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Physical experiment equipment of DFIG based on RTDS. (A) System structure of experiment equipment. (B) Physical experiment equipment figure.
Take the example of an actual DFIG farm connected to the grid in Figure 6. DFIGs are connected to 35 kv collection line through a transformer at the machine terminal. The lengths of lines AB and CD are 20 and 10 km respectively. The main relevant experiment parameters are as follows: the transformation ratios of the main transformer and machine terminal transformer are 220/35 kV, 35/0.69 kV respectively; The DFIG rated capacity is 2.0 MW; Stator resistance and leakage inductance are 0.016 p.u., 0.169 p.u. respectively; rotor resistance and leakage inductance are 0.009 p.u, 0.153 p.u respectively; excitation mutual inductance is 3.49 p.u.; the Crowbar resistance is 0.1 p.u. There are 10 identical DFIGs on each collection line in the DFIG farm.
[image: Figure 6]FIGURE 6 | Fault testing circuit structure of DFIG wind farm.
Because the circuit between the wind turbines is short, on the same collection line, its influence can be ignored. On each collection line, the transient characteristics of wind turbines are almost the same, so the wind turbines on each collection line can be instead replaced by a single DFIG with equal capacity.
Assuming the DFIG is working under rated operating conditions, a three-phase metal short-circuit fault occurs at the C terminal of the CD line at t = 0.5 s, and the fault lasts for 0.2 s. Figure 7 shows the instantaneous value of the three-phase short-circuit current of DFIG at terminals C, which is obtained during the experimental test. The RMS of the short-circuit current is extracted via the full-cycle Fourier algorithm, which is the solid line shown in Figure 8.
[image: Figure 7]FIGURE 7 | DFIG short circuit current value of three-phase short circuit at bus C under rated operating conditions.
[image: Figure 8]FIGURE 8 | Comparison figure between calculation result and experimental result of DFIG three-phase short circuit at bus C.
Under the same conditions, MATLAB was used to calculate the short-circuit current RMS of the traditional method and the proposed method. Compared with the traditional calculation method, the proposed method and the short-circuit current RMS were measured by the experimental platform, and the short-circuit current calculation errors under the two methods were analyzed. Figure 8 shows the trajectory of the DFIG short-circuit current RMS at terminal C, obtained by the traditional method, the proposed method, and the result of the experimental platform. Figure 9 is the comparison of the short circuit current calculation errors between the traditional method and the proposed method in this paper.
[image: Figure 9]FIGURE 9 | Short circuit current error comparison between the traditional method and proposed method.
It can be seen from the experimental results in Figure 8, when the fault occurs at 0.5 s, the RMS of the DFIG short-circuit current suddenly increases to 3.49 times of the rated value. The calculated result of the proposed method is 3.67 p.u., and the error is 5.1%, compared with the experimental test result. The result of the traditional method is 3.15 p.u., which ignores the rotor dynamic current. And the error of the traditional method is 9.7%, compared with the experimental test result. From the above analysis, the accuracy of the proposed method in this paper is improved by 4.6%, especially from the 0.5 s to the 0.55 s(short circuit current attenuation process). The curves fitting the degree between the proposed method calculation result and the experimental test result is extremely approach.
Comparing the fixed value of the I section current protection of the collector circuit in Figure 8, the calculation results of the traditional method may wrongly analyze the characteristics of the protection operation, resulting in the increase of protection rejection and mis-operation. However, the proposed method in this paper can be more accurate to analyze the effect of the DFIG short-circuit current, on the current protection operating characteristics of the collector circuit.
It can be seen from Figure 9, the error curve of proposed method is always below the error curve of the traditional method, and the error of proposed method in this paper is less than 0.19 p.u. (the calculation error is 6%) in the whole process.
After 20 sets of experiments, a large amount of experimental data was obtained, and the short-circuit current calculation results and experimental test result data are shown in Table 1. The average error and the maximum error of the short-circuit current are calculated, at 0, 10, 20, and 50 ms after the fault.
TABLE 1 | Comparison between proposed method calculation result and experimental result with 20 sets of experiments.
[image: Table 1]From Table 1, it can be seen that the accuracy of the method proposed in this paper is improved by 2–5% compared with the traditional calculation method, and during the fault, the error between the proposed method calculation result and experimental result does not exceed 6%. It can be concluded that the calculation method proposed in this paper can not only calculate the initial value of the short-circuit current more accurately, but also reveal the variation law of the whole attenuation process of the short-circuit current more accurately.
CONCLUSION
In order to correctly evaluate the protective action characteristics of the large-scale DFIG accessing to the grid, the influence of the dynamic process of rotor current is taken into account in short-circuit current calculation. The rotor flux of DFIG in the event of a short circuit is calculated accurately, an improved RMS calculation method of DFIG short-circuit current is proposed, and an experimental platform is established. Based on the experimental platform, the accuracy of the short-circuit current calculation result is compared, between the traditional calculation method and the method proposed in this paper.
The experimental results show that, compared with the previous researches, the influence of the rotor current dynamic process on the flux linkage calculation is taken into account, in the RMS calculation method of the short-circuit current proposed in this paper. The method proposed in this paper can more accurately calculate the equivalent potential, which is composed of flux linkage. The calculated initial value of the short-circuit current and the dynamic path of the short-circuit current have higher accuracy, in the proposed method. This study lays the foundation for further study of the influence of the DFIG short-circuit current on the protection operation characteristics.
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