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With the increasing capacity of grid-connected renewable energy power plants (REPPs), the fault current characteristics are remarkably altered. The limited amplitude and controlled initial phase angle of REPPs’ short-circuit current become highlighted. As a result, the differential current is no longer greater than restraint current on both sides of the protected devices when a fault occurs. It may lead to mal-operation of the current differential protection, which is used widely. It is necessary to demonstrate the cause-and-effect relationship between REPPs’ rated capacity and the protection adaptability. To solve this problem, the relationship between the rated capacity of inverter-interfaced REPP (IIREPP) and fault current amplitude, as well as its initial phase angle, is deduced first based on the IIREPPs’ fault behaviors. Further, by analyzing the influence of different rated capacity of REPPs on the ratio of operate to restraint current, the analytical expression of the IIREPP’s maximum rated capacity is deduced, which is suitable for analyzing the adaptability of differential protection. Finally, the simulation tests were carried out based on PSCAD/EMTDC. The test results show that the aforementioned expression is effective for evaluating the adaptability of current differential protection.
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INTRODUCTION
In order to reduce the carbon emission, the inverter-interfaced renewable energy power plant (IIREPP) proportion becomes higher and higher (Li et al., 2021). The IIREPPs often refer to the photovoltaic power stations or direct-drive wind farms. Different from traditional synchronous generators, the fault characteristics of IIREPPs are influenced by the control strategies of inverters that have low overcurrent ability and rapid transient response (Li et al., 2021; Liu et al., 2022; Li et al., 2022a; Li et al., 2022b; Li et al., 2022c). As a result, the fault currents provided by the power grid connected with a large number of IIREPPs are remarkably altered. The existing protection principles are no longer available (Zhou et al., 2022).
The percentage restrained differential protection is widely applied to the outgoing transmission line connected with the IIREPPs (Telukunta et al., 2017). The protection can provide high sensitivity when the IIREPPs’ proportion is small. However, once the IIREPPs’ capacity is near one of the connected power grids, the sensitivity becomes lower. It is because fault current contributions from the IIREPPs have a great impact on the differential- and restraint-current in the protection zone (Jia et al., 2018). In order to evaluate the adaptability of current differential protection for outgoing lines, it is essential to reveal the relationship between the IIREPPs’ rated capacity and their fault current.
In order to reveal the IIREPPs’ fault current characteristics, the fundamental amplitude of short-circuit current was first deduced, considering the influence of fault-ride-through (FRT) control strategy (Liu et al., 2018). However, the initial phase angle of fault current cannot be developed. The angle is not only affected by FRT control strategy, but also related to the faulty voltage dip, the rated capacity of IIREPP, and so on. Recently, the studies on the angle are less. Only in the literature (Li et al., 2018), the relationship between the initial phase angle and the positive-to-negative sequence current reference is deduced, taking the impact of the FRT control strategy into consideration. However, the impact of IIREPPs’ rated capacity on the angle was ignored.
For analyzing the adaptability of current differential protection, it was revealed that the sensitivity of percentage restrained differential protection would be reduced because of the IIREPPs’ reactive power compensation (Wang et al., 2017), but the result was from the simulation analysis. Further, the protection sensitivity was analyzed theoretically (Han et al., 2018), but this study focused only on the impact of the limited amplitude of fault current from the IIREPPs. Actually, it was pointed that the tripping failures of differential protection relays installed in a weak grid with large-scale IIREPPs are caused by angular difference of the two terminals’ fault current (Li et al., 2018). However, the IIREPPs’ maximum capacity was not deduced for ensuring the current differential protection is perfectly selective. Thus, the maximum allowable capacity of the IIREPPs connected with T-connection lines was theoretically studied, considering the influence of two-terminal current differential protection (Liu and Li, 2016). However, the ratio of operate to restraint current was not considered. Moreover, the maximum capacity was not represented by a mathematical expression.
In these previous studies, the relationship between the IIREPPs’ capacity and the ratio of operate to restraint current is not taken into account. As a result, the existing studies on the IIREPPs’ allowable maximum capacity cannot be used for estimating the adaptability of the percentage restrained differential protection. Main contributions of this article are as follows: (1) to reveal the relationship between the ratio of operate to restraint current and IIREPPs’ rated capacity based on the IIREPPs’ fault current characteristics and (2) to deduce the maximum capacity expression of the IIREPPs privately connected with the outgoing line that differential protection is applied to.
In this article, considering the IIREPPs’ rated capacity, the fundamental amplitude and initial phase angle expression of short-circuit current are first derived. Further, the influence of the rated capacity on the two-terminal restraint- and differential-current of an outgoing line with the IIREPPs is analyzed. The IIREPPs’ maximum rated capacity is expressed theoretically. Finally, the capacity expression is verified by means of MATLAB calculation and PSCAD/EMTDC simulation analysis.
FAULT CURRENT EXPRESSION CONSIDERING IIREPPS’ CAPACITY
As shown in Figure 1A, each inverter-interfaced generation unit (IIGU) is connected to the box transformers through DC/AC inverter in the IIREPPs. The inverters can isolate IIGU from the connected grid. Thus, the fault currents provided by the IIGUs included in an IIREPP are mainly determined by the fault responses of inverters’ control and protection system.
[image: Figure 1]FIGURE 1 | (A) IIGU’s topology. (B) Grid connected topology of PVPP. (C) Operation characteristics of percentage restrained differential protection. (D) Equivalent circuit diagram.
Because of a grid fault, three-phase voltages Ug-abc are altered, but the voltages Ui-abc at the inverter’s AC side cannot immediately vary. As a result, the currents flowing through the inverter iabc rapidly increase. The inverter’ dual closed-control loop undergoes a transient response process. If the amplitudes of iabc reach the inverters’ maximum allowable current, the current limiter is activated. Meanwhile, the DC-link voltage Udc increases. If the positive-sequence component of Ug-abc is less than 0.9 p.u. and Udc is greater than Udc-1*, the chopper circuit is triggered. The mentioned transient response process is approximately one to two cycles. In this stage, the fault current characteristics fed by IIGUs are too complex to represent. After the stage, the fault current can be derived based on the inverters’ FRT goal.
The typical FRT goal is to restrain negative sequence current through the inverters (Kabiri et al., 2016; Jia et al., 2019). Therefore, the fault currents of the IIGUs are expressed as follows:
[image: image]
where id and iq denote d- and q-axis current components through the inverters. γ = Ugp/UgN is the positive-sequence voltage dip of Ug-abc; UgN is the rated phase-voltage amplitude. ugd and ugq are the d- and q-axis positive-sequence voltage. Q0 is the reactive power provided by the IIGUs and determined by the FRT requirements (Fortmann et al., 2015). P0 is the active power output, which is mainly determined by solar intensity (or wind speed) and the activation state of current limiter. If the active-power loss of the inverters is ignored, P0 can be calculated as follows:
[image: image]
where Pdc is the active power supplied by an IIGU; α represents the activation state of current limiter. The current limiter is activated if α = 0; the limiter is deactivated if α = 1. Ilim is the inverter’s maximum allowable current. SN is the IIGU’s rated capacity, and IN is the rated phase-current amplitude.
Combining with Equations 1 and 2, the fault current amplitude fed by the IIGUs is as follows:
[image: image]
As shown in Equation 3, the fault current amplitude is related as follows: (1) rated capacity SN, rated phase-voltage UgN, and the DC-side active power Pdc; and (2) the positive-sequence voltage dip γ and the required reactive power Q0. Because the current limiter is easily activated, the fault current amplitude is limited and equal to 1.5 to 2 times rated current. In this case, the amplitude is proportional to the IIGU’s capacity.
Assuming that initial phase angle of the voltage Ug-abc is θ0 at the occurrence time of a grid fault, based on Equation 1, the initial phase angle of fault current provided by the IIGUs can be obtained as follows:
[image: image]
where the subscript φ = a, b, c represents a-, b-, and c-phase. δa = 0, δb = −2π/3, δc = 2π/3.
Grid-voltage–oriented vector control strategy is usually adopted for the grid-connected inverter, so ugq = 0 in Equation 4. The initial phase angle of fault current can also be expressed as follows:
[image: image]
In Equation 5, the angle is decided by the ratio of required reactive power to DC-side active power when the current limiter is deactivated. The angle is affected by the rated capacity, the ratio of maximum allowable current to rated current, and the reactive power once the limiter is activated. The ratio is normally equal to 1.5 to 2. Moreover, the reactive power is mainly determined by the voltage dip and the IIGUs’ rated capacity. With the increasing rated capacity, the voltage dip would be smaller. Therefore, the angle is related to the rated capacity.
RELATIONSHIP BETWEEN THE RATIO OF OPERATE-TO-RESTRAINT CURRENT AND IIREPPS’ RATED CAPACITY
Taking an actual photovoltaic power plant (PVPP), for example, the impact of rated capacity on the current differential protection of outgoing line is developed theoretically in this section. The topology of the PVPP is shown in Figure 1B. In a PVPP, a large number of photovoltaic generation units (PVGUs) are included and connected to the 35-kV/110-kV main transformer through a collecting line. Then they are integrated into the equivalent power grid through a 110-kV outgoing line. The algorithm of two-terminal current differential protection widely used for outgoing line is as follows:
[image: image]
where İp is the fundamental phase-current provided by the PVPP, and İs is the current of the equivalent power grid. k is the restraint coefficient that is usually 0.5 to 0.8. ∣İp + İs∣denotes the differential current, and ∣İp-İs∣is the restraint current. ∣İp + İs∣/∣İp-İs∣represents the ratio of operate to restraint current.
An equivalent circuit diagram is described as Figure 1D when a bolted fault occurs in the outgoing line as shown in Figure 1B. In Figure 1D, Zp represents the equivalent positive-sequence impedance of box transformers, collecting lines and main transformer; ZL1 is the equivalent positive-sequence impedance of outgoing line at PVPP side; ZL2 represents the impedance at grid side; Zs denotes the positive-sequence impedance of the equivalent power grid; Zf is additional impedance under different faults and calculated as follows:
[image: image]
where the superscripts (3), (2), (1,1), and (1), respectively, represent three-line fault, line-to-line fault, two line-to-ground faults, and a single line-to-ground fault. Zp0 represents zero-sequence impedance of main transformer, ZL10 and ZL20 are zero-sequence impedance of outgoing line at PVPP- and grid-side, and Zs0 is zero-sequence impedance of equivalent power grid.
In Figure 1D, Ipp and Isp denote the positive-sequence current through outgoing line at PVPP and grid sides. They can be expressed as follows:
[image: image]
According to Equation 8, the differential and restraint currents can be deduced as follows:
[image: image]
Because the relationship between positive-sequence current and its corresponding phase current is decided only by the fault types, Equation 6 can also be rewritten as follows:
[image: image]
Substituting Equation 9 into Equation 10, the algorithm of differential protection is derived as follows:
[image: image]
where Zop is the operate impedance and can be used for evaluating the percentage restraint differential protection. If Zop is located only inside the dotted circle in Figure 1C, the differential protection can trip for internal faults. Figure 1C shows the operation characteristics of differential protection as the IIREPPs’ rated capacity increases. Because the fault current amplitude İpp provided by a PVPP is closely related to its rated capacity, Zop that is influenced by the quantity U˙gp/İpp can be altered with the increasing rated capacity. Combining with Equations 3 and 5, the quantity U˙gp/İpp can be expressed as follows:
[image: image]
According to Equations 3 and 12, the amplitude of U˙gp/İpp becomes smaller with the increasing rated capacity. As a result, the operate impedance Zop becomes larger and falls outside the dotted circle as shown in Figure 1C. The differential protection may malfunction in the protection zone.
MAXIMUM RATED CAPACITY ESTIMATION FOR ADAPTING CURRENT DIFFERENTIAL PROTECTION
In this section, the main concern is to estimate maximum rated capacity of IIREPPs with the effective sensitivity and reliability of differential protection. As the aforementioned analysis, the operate impedance Zop can reflect the operation characteristics of differential protection and is affected by the quantity U˙gp/İpp. Thus, it is necessary to analyze the amplitude of U˙gp. According to Equation 8, U˙gp can be expressed as follows:
[image: image]
Further, by substituting Equations 3 and 5 into Equation 13, the amplitude of U˙gp can be calculated as follows:
[image: image]
Based on Equations 14 and 11, the relationship between IIREPPs’ maximum rated capacity SN(max) and percentage restraint coefficient k can be expressed as follows:
[image: image]
As shown in Equation 15, the IIREPPs’ maximum rated capacity that is accepted for current differential protection is mainly affected as follows: (1) the factors determined by fault scenarios include Z1, Z2, Zm, γ; (2) the rated voltage UgN; and (3) the required reactive power Q0. For analyzing protection adaptability, the aforementioned factors can be known as the constant quantities. Therefore, using (15), the maximum rated capacity can be calculated for evaluating the adaptability of current differential protection of outgoing line connected with large-scale IIREPP.
THEORETICAL ANALYSIS AND SIMULATION VERIFICATION
In order to evaluate the adaptability of differential protection and verify the availability of maximum capacity expression, the actual power grid with a PVPP shown as Figure 1B is studied based on MATLAB and PSCAD/EMTDC.
The PVGUs in the PVPP are connected into 35-kV collecting line through 0.38-kV/35-kV box transformers. The PVPP’s rated capacity is 10–200 MVA, and the short-circuit capacity of equivalent power grid is 100 MVA. The percent impedance of box transformer is 6.05%, and the short-circuit loss is 105 kW. The length of collecting line is 3.3 km; the positive- and negative-sequence impedance are 0.111 + j0.377 Ω/km. The zero-sequence impedance is 0.343 + j1.152 Ω/km. The percent impedance of 35-kV/110-kV main transformer is 5%, and the short-circuit loss is 90 kW. The length of 110-kV outgoing line is 8.943 km, the positive- and negative-sequence impedance are 0.106 + j0.38 Ω/km. The zero-sequence impedance is 0.328 + j1.28 Ω/km. The impedance of equivalent power grid is 8.162 + j93.337Ω, and the electromotive force Ės is equal to 15 kV∠0°. Moreover, the restraint coefficient k applied for current differential protection of the outgoing line is equal to 0.8.
Evaluation for the Operation Characteristics of Differential Protection With Different Rated Capacities
Assuming that a grid fault occurs at different locations of the 110-kV outgoing line, the faulty distance seen from the PVPP side varies from 0 to 8.943 km. Table 1 shows the calculated amplitude results of the operate impedance Zop with different rated capacity and various fault locations under the phase A and B faults. Moreover, the ratio of restraint to differential current is shown in Figure 2 under different fault types based on MATLAB.
TABLE 1 | The operate impedance amplitude with different rated capacity and various fault locations.
[image: Table 1][image: Figure 2]FIGURE 2 | The relationship between ratio of restraint-to differential-current, rated capacity, and fault locations: (A) phase A-GND fault, (B) phase A-B fault, and (C) phase A-B-GND fault.
From Table 1, the operate impedance increases from 0.4018 to 0.7666 when the rated capacity increases from 10 to 200 MW, and the faulty distance is 1 km. In the same fault scenarios, the ratio of restraint to differential-current increases from 0.882 to 1.336 in Figure 2B. Once the ratio is greater than 1.25 (1/k = 1.25), the current differential protection of the outgoing line malfunctions.
In the other cases, because of the increasing rated capacity, the operate impedance amplitude is also deduced as shown in Table 1. Moreover, when the fault location is the same with the aforementioned case, under a phase A-GND fault, the ratio increases from 0.785 to 1.315 in Figure 2A with the increasing rated capacity. Under a phase A-B-GND fault, the ratio increases from 0.955 to 1.083 in Figure 2C. It means that under different fault types the ratios are various. The maximum rated capacities for adapting current differential protection are different under different fault types. From Figures 2A,B, the maximum rated capacities are 108.059 and 87.586 MW when the faulty distance is 4.47 km. According to Equation 15, the corresponding calculated capacities are 108.059 and 87.586 MW. These results are consistent.
Verification for Maximum Rated Capacity of the IIREPPs
In order to verify Equation 15, an electromagnetic transient simulation model as shown in Figure 1B is established based on PSCAD/EMTDC. It is assumed that at t = 1 s, the same fault as described in Section 5.1 occurs and the cleared time is t = 1.5 s. As the mentioned discussion, the calculated maximum rated capacity is 87.586 MW when a phase A-B fault is placed in the outgoing line, and the faulty distance is 4.47 km. Thus, the PVPP’s capacities are set with 80 and 90 MW in the simulation tests. The calculated capacity is 108.059 MW under the phase A-GND faults, so the simulation capacities are 100 and 110 MW. The simulation capacities are 150 and 200 MW under the phase A-B-GND faults. Figure 3 shows the simulated results of the ratio of restraint to differential current under different faults.
[image: Figure 3]FIGURE 3 | Ratio of restraint- and differential-current under various fault: (A) phase A-GND fault, (B) phase A-B fault, and (C) phase A-B-GND fault.
From Figure 3, with the increasing rate capacity, the ratio varies from 1.175 to 1.289 under the phase A-B faults. The ratio is from 1.207 to 1.286 under the phase A-GND faults and from 0.693 to 0.833 under the phase A-B-GND faults. In Figure 3B, when the rated capacity is 90 MW and greater than 87.586 MW, the ratio is 1.289 and greater than 1.25. In Figure 3A, when the rated capacity is 110 MW and greater than 108.059 MW, the ratio is 1.286. These results show that if the simulated capacity is greater than the calculated maximum capacity, the simulated ratio is greater than 1.25. It means that the expression of the IIREPP’s maximum rated capacity is correct and can be used for evaluating the adaptability of current differential protection.
CONCLUSION
In this article, the fundamental amplitude and initial phase angle of the short-circuit current provided by the IIREPPs are expressed by the corresponding rated capacities. Further, the relationship between the ratio of the operate-to-restraint current and IIREPPs’ rated capacity is developed. It is found that the ratio becomes larger and larger with the increasing rated capacity. As a result, the existing current differential protection may malfunction. In order to ensure that the existing protection has high selectivity and reliability, the IIREPP’s maximum rated capacity expression is derived. The maximum capacity is related to the fault types, the fault locations, the required reactive power, and so on. By the theoretical calculation and simulation analysis, the proposed expression is effective for evaluating the adaptability of current differential protection. However, an improved principle is not taken into account for solving the mal-operation problems of the traditional protection. In further works, some novel protection algorithms should be done.
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