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With the rapid development of the new energy industry, distributed generation (DG) is connected to the power grid on a large scale, and the traditional relay protection scheme is no longer suitable for modern power systems. In order to solve this problem, this paper establishes a mathematical model of the equivalent circuit of distributed photovoltaic power supply according to the external characteristics of photovoltaic cells, and analyzes its volt-ampmeter characteristics and voltage output characteristics of power supply. On this basis, it analyzes and puts forward the control mode of DG when the distribution network is faulty. On the basis of the study, this article has double feeder distribution network as an example, the analysis when the line fault occurring at different extents of DG connected to different position on the influence of the distribution network current protection, the results show that when answering DG side in the feeder bus for distribution network of current protection, pick a smaller effect on both ends of feeder, has a certain symmetry. Finally, the accuracy of theoretical analysis is verified by establishing a simulation model in PSCAD.
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1 INTRODUCTION
With the rapid development of society, economy and technology, the global ecological environment has been seriously damaged, and the climate issue has attracted great attention from all sides of society. Vigorously developing clean energy and improving energy use structure is one of the important ways to deal with environmental and climate problems. In 2021, China’s photovoltaic power generation was 325.9 billion KWH, an increase of 64.8 billion KWH over the previous year, a year-on-year growth of 24.8%, accounting for about 4.0% of the country’s total annual electricity generation. In 2021, China’s cumulative installed capacity of photovoltaic power generation was 306.56 million kW, a year-on-year growth of 21%; China’s newly installed PV capacity was 54.93 GW, up 14 percent year on year (Energy and the Environment, 2021). In the same time other clean energy technologies in our country have also been expanded and applied massively. Continuing to develop clean energy in the future will be an important contribution to optimizing energy structure, realizing “double carbon” target and promoting global environmental construction (Ming et al., 2014).
But as clean power sources, mainly photovoltaic, are connected to the distribution grid on a large scale, the structure of the distribution network has changed from the original single power supply radiant network to bidirectional multi-power network (Wu et al., 2021a), and the power flow and system short-circuit current of the power grid have changed. Therefore, the original protection scheme applicable to the traditional distribution network cannot be directly applied to the distribution network with distributed power access, so it is very necessary to analyze the influence of distributed power access on the protection device of distribution network.
In view of the above problems, researchers at home and abroad have carried out research and analysis from different aspects, and achieved good results. Literature (Calderaro et al., 2009; Liqun et al., 2020; Yin et al., 2020) takes the distribution system with a single distributed power supply as an example. By exploring the characteristics of photovoltaic output, voltage and current changes at the grid-connected end of photovoltaic are controlled based on island detection, so as to achieve the relay protection goal of distribution network. In literature (Alcala-Gonzalez et al., 2021; Ni et al., 2022), the equivalent model of photovoltaic power station was established and its short-circuit fault characteristics were simulated and analyzed to study the influence of different photovoltaic access capacity on the short-circuit level of regional power grid. Literature (Luning, 2019; Wu et al., 2022) proposed a new distributed power consumption model based on the dynamic reconstruction of distribution network. The model comprehensively considered the load demand change in each period, the uncertainty of distributed power output and the switching times, and established the optimization objective of maximizing the photovoltaic absorption ratio and minimizing the switching times. Literature (Yongfei et al., 2016; Xuekai et al., 2019) analyzes the transient process of inverter and the output characteristics of distributed power supply during reclosing operation based on the dynamic characteristics of distributed power lock loop during reclosing operation, and discusses the influence of photovoltaic access on reclosing. Finally, the reclosing configuration method considering distributed power supply access is given, which has good practical value. Based on the definition and characteristics of distributed power generation, literature (Yongfei et al., 2016; Xiao, 2018) explores the influence of distributed power access on relay protection of distribution network, but the content is theoretical and no specific simulation is used to verify the applicability of the proposed scheme. Literature (Azeroual et al., 2022) proposed a new method for fault location and autonomous recovery of distributed distribution system based on multi-agent system, and tested the proposed protection method by using the open-loop feeder distribution system in Kenitra, Morocco. In addition, the impact of DG integration on fault location and multiple faults is addressed. In this study, with suitable backup protection given via agent coordination.
Through the above analysis we is not hard to find, after the DG interconnection of traditional relay protection scheme is not fully used and difficult to meet the requirements of the safe and stable operation of power grid, the current due to a variety of proposed methods in our study is limited by its own limitations, lack of strong general protection scheme is one of the important reasons, limit development of DG interconnection large-scale Therefore, it is very important to study the protection method of distribution network with DG access.
2 MODELING AND OPERATING CHARACTERISTIC ANALYSIS OF DISTRIBUTED PHOTOVOLTAIC POWER GENERATION
2.1 Structure modeling of distributed photovoltaic power generation
The smallest component unit of photovoltaic array of distributed photovoltaic power generation is photovoltaic cell, which generates current through photogenerating volt effect (Mingjun, 2018; Hong and Hongbo, 2020). The equivalent circuit model of photovoltaic cell is established according to the external characteristics of photovoltaic cell, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Equivalent circuit model of photovoltaic cell.
Figure 1 shows that the equivalent circuit of photovoltaic cell consists of a current source in parallel with an ideal diode, and is connected with a series resistor and a parallel resistor. According to the characteristics of PN junction of the diode, the mathematical model of photovoltaic cell can be obtained as shown in Eqs 1–6:
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Where, IL is the external output current of photovoltaic cell, Iph is the current generated by photovoltaic cell through photogenerating volt effect, ID is the internal dark current that photovoltaic cell flows through the diode, Ish is the current that flows through the parallel resistor Rsh, I0 is the reverse saturation current of the diode, q is the electronic load, q = 1.6 × 10−19C, UD is the voltage at both ends of the diode, A is the fitting coefficient of the characteristic curve of the PN junction of the diode, k is the Boltzmann constant, k = 1.38 × 10−23 J/K, T is the absolute temperature of the operating environment, Rsh is the equivalent parallel resistance of the photovoltaic cell, Uoc is the open circuit voltage of the photovoltaic cell, RL is the external load resistance of the photovoltaic cell, Rs is the equivalent series resistance of photovoltaic cells, and Isc is the internal short-circuit current of photovoltaic cells.
Since the internal equivalent series resistance of photovoltaic cells is small (generally less than 1 Ω), while the resistance value of parallel resistance is large, the above resistance can be ignored under ideal conditions, and the equivalent circuit of photovoltaic cells can be further simplified into the model shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simplified model of equivalent circuit of photovoltaic cell.
According to the simplified equivalent circuit model of photovoltaic cell, Eqs 1–6 are simplified, and the simplified mathematical model of photovoltaic cell can be obtained as follows:
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Where UL is the external output DC voltage of the photovoltaic cell, and P is the output power of the photovoltaic cell.
2.2 Operating characteristics of distributed photovoltaic power generation
Voltammetric characteristics of photovoltaic cells are shown in Figure 3. The intersection point of the curve with the current axis is the circuit current Isc of photovoltaic cells, and the intersection point with the electric voltage axis is the open circuit voltage Uoc. The point M in the curve enables photovoltaic cells to output the maximum power when operating with the current and voltage at this point, which is called the maximum power point. The photovoltaic cell output current Im is the best output current, and the voltage at this point Um is the best output voltage. From the origin, several lines can be drawn that intersect the I-U curve. These lines are called load lines with a slope of 1/RL. Among several load lines, there is only one line that intersects point M. The load line is called the optimal load line, and its slope is 1/Rm. In this case, the external load resistance of the photovoltaic cell RL = Rm.
[image: Figure 3]FIGURE 3 | Voltammetric characteristic curve of photovoltaic cell.
The power-voltage output characteristics of photovoltaic cells are shown in Figure 4 (Yongfei et al., 2016). According to the figure, the output power and voltage transmission of photovoltaic cells have nonlinear characteristics. When the voltage is less than the maximum power point voltage, the output characteristics of photovoltaic cells are similar to current sources. When the voltage is greater than the maximum power point voltage, the photovoltaic cell output characteristics are similar to the voltage source.
[image: Figure 4]FIGURE 4 | Pv cell power-voltage output characteristic curve.
To sum up, the maximum output power Pm of photovoltaic cells is expressed as:
[image: image]
Photovoltaic cells are easily affected by various external factors in actual operation, among which the solar illumination intensity and working environment temperature have a particularly significant impact on their output characteristics. Figure 5 for the different light intensity on pv cells at the same temperature volt-ampere characteristic and power—voltage output characteristic influence diagram, the output voltage is equal, with the increasing of light intensity, the photovoltaic battery output power and output current increase, at the same time, the light intensity has significant effects on short circuit current and open circuit voltage effect is relatively small.
[image: Figure 5]FIGURE 5 | Output characteristics of photovoltaic cells under the same temperature and different light intensities. (A) Voltammetry characteristic curve. (B) Power voltage characteristic curve.
Figure 6 for the same light intensity under different temperature on the pv cells volt-ampere characteristic and power—the influence of the voltage output characteristics, along with the temperature rising, the photovoltaic battery output power and output current showed a trend of decrease, but the overall degree of change is small, at the same time, the temperature has significant effects on the open circuit voltage and short circuit current effect is relatively small.
[image: Figure 6]FIGURE 6 | Output characteristics of photovoltaic cells at different temperatures under the same light intensity. (A) Voltammetry characteristic curve. (B) Power voltage characteristic curve.
Through the above analysis shows that works in different light intensity and environment temperature the volt-ampere characteristic and power of the photovoltaic cells—voltage characteristic each are not identical, location of maximum power point is different also, in order to keep the pv cells can under different light and temperature can be maximum power output, you need to use the maximum power point tracking technology to control the pv cells.
2.3 Distributed photovoltaic grid-connected control mode
Because photovoltaic power generation outputs direct current by using the photogenerated volt effect of photovoltaic array solar cells, it must be converted into alternating current by inverters before it can be incorporated into the power grid. There are various control methods in the grid-connected inverter process of distributed photovoltaic power generation. In this paper, the PQ control method is adopted. The voltage and frequency are given by the grid, and the output power is guaranteed to be given by controlling the current. Therefore, in essence, PQ control is a kind of current control. Figure 7 shows the droop characteristics of system frequency and voltage under the PQ control mode. It can be seen that the active and reactive power of DG can be kept constant within the dynamic variation range of frequency and output voltage by using the PQ control mode. When the DG is connected to the power grid, the frequency and voltage are maintained stable by the distribution network system itself.
[image: Figure 7]FIGURE 7 | System frequency and voltage droop characteristics under PQ control. (A) Frequency droop characteristic. (B) Voltage droop characteristic.
The process of distributed photovoltaic grid-connected control using PQ control is shown in Figure 8. In Figure 8, the photovoltaic array first generates DC through the photovoltaic effect, and then converts DC to AC through the three-phase inverter after the voltage is raised by the Boost circuit. After the filtering is completed, it meets the power quality requirements of photovoltaic grid-connected, and then it is connected to the distribution network for operation. Among them, the inverter adopts PQ control strategy to make the active power and reactive power output of DG equal to the reference value given by the system. The instantaneous current iabc and the instantaneous voltage eabc of the common connection point are respectively subjected to Parker transform to obtain id, iq, ed, and eq. The outer loop control is compared with the given reference power and PI is used to control the error, and then the reference currents idref and iqref are obtained. Similarly, by comparing the inner loop control of the current with id and iq, The difference is controlled by PI, and the output reference voltages udref and uqref are obtained through Parker inverse transformation to obtain the three-phase component in the abc coordinate system. Finally, the three-phase inverter is controlled through PWM pulse width modulation.
[image: Figure 8]FIGURE 8 | Schematic diagram of grid-connected operation control of distributed PV.
2.4 Operating characteristics of distributed photovoltaic power generation
In case of distribution network failure, the distributed generation is required to have low-voltage crossing capability, that is, when the grid failure or disturbance leads to voltage sag of the distributed generation junction point, the distributed generation should be able to maintain the grid-connected state and continue to operate within the specified range and time of voltage sag. The low-voltage crossing capacity of DG should meet the requirements as shown in Figure 9. Specifically, when the voltage of the DG connection point drops to 0, the DG should be able to run continuously for 0.15 s without disconnecting from the grid, and when the voltage drops below curve 1, the DG can be cut off from the grid.
[image: Figure 9]FIGURE 9 | Low voltage traversal capability of distributed power supply.
The reactive current output by DG during fault crossing satisfies Eq. 10. When the voltage of the connection point is too low, the DG is required to provide reactive current to the system to maintain the voltage level of the grid. Specifically, when the junction voltage is greater than 0.9 PU, no reactive current is output; When the junction point voltage is 0.2–0.9 PU, the reactive current is determined by the rated DG current and the junction point voltage. When the junction voltage is less than 0.2 PU, the output reactive current is 1.05 times of the rated current of DG.
[image: image]
Where, U* is the nominal voltage of DG connection point, and IN is the rated current of DG.
DG should have certain operation adaptability, and it is required to run under the specified operating time requirements when the voltage and frequency of the distribution network connection point change. The specific requirements for the running time of DG within the voltage range of different connection points are shown in Table 1.
TABLE 1 | Operating time requirements of photovoltaic power supply in different voltage range of junction points.
[image: Table 1]3 ANALYSIS OF THE INFLUENCE OF DISTRIBUTED GENERATION ACCESS ON DISTRIBUTION NETWORK CURRENT PROTECTION
After the DG is connected to the distribution network, the system is transformed from the original simple single power supply network to the complex multi-power supply network. In case of short circuit fault, the direction of current is difficult to determine, and the influence of DG access to the distribution network varies with different capacity, quantity, location, (GB/T 19964-2012, 2012) type and other conditions (Chunlan et al., 2018; Wu et al., 2021b; Hongjuan et al., 2021).
In this paper, the dual-feeder distribution network is taken as an example to analyze the influence of DG on current protection when it is connected to the end busbar, middle busbar and head busbar of the feeder of the distribution network when faults occur in different sections of the line. In the fault analysis, DG is equivalent to the voltage controlled current source. Figure 10 shows the topological structure of DG connected to the terminal bus D of feeder 1.
[image: Figure 10]FIGURE 10 | DG is connected to bus D at the end of feeder.
3.1 Distributed power supply mode when distribution network failure
3.1.1 Distributed generation is connected to the head of the feeder
Figure 11 shows the schematic diagram of DG connected to bus A at the first end of feeder 1. The influence caused by DG access is discussed by analyzing the short circuit fault occurring at F1 and F2 at AE end of line AB, respectively.
[image: Figure 11]FIGURE 11 | DG is connected to bus A at the beginning of feeder.
Head end when DG in the feeder bus, DG and original power supply system for line power supply, equivalent to increase the capacity of the power system, both when the end of the line AB f1 or f2 fault line AE end, compared to before the DG access, short circuit current changed little, the influence of various protection are in line of smaller.
3.1.2 Distributed generation is connected to the middle end of the feeder
Figure 12 shows the schematic diagram of DG connected to bus C in the middle section of feeder 1. The influence caused by DG access is discussed by analyzing the short circuit fault occurring at F1 of AB end, F2 of CD end and F3 of AE end, respectively.
[image: Figure 12]FIGURE 12 | DG is connected to the terminal bus C of BC.
3.1.2.1 A fault occurs at the end of AB upstream of DG
When a fault occurs at f1 of AB terminal, the fault line is equivalent to the circuit diagram shown in Figure 13 for analysis in order to more intuitively analyze the current flowing through each protection.
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Where, I1 is the current flowing through protection 1, I2 is the reverse current output from DG to fault point f1, Us is the reference voltage of the system, Zs is the system power supply impedance, is the equivalent impedance from bus A to fault point f1, ZBC is the equivalent impedance from bus B to bus C, ZCD is the equivalent impedance from bus C to bus D, Is the equivalent impedance from bus B to the fault point f1, UDG is the voltage of DG, P is the power of DG. UDG is solved through Eq. 12, and the calculation result is shown in Eq. 13.
[image: Figure 13]FIGURE 13 | Equivalent circuit diagram of a fault at the end of line AB.
According to Eqs 11–14, when a short-circuit fault occurs at f1 of AB terminal, DG provides fault current to the fault, and the short-circuit current flowing through protection 2 increases. When the short-circuit current is greater than the action value, protection 2 will misoperate, resulting in the extension of line outage range, while the current of protection 1 is not affected by DG access.
3.1.2.2 A fault occurs at the end of the downstream line CD of DG
When a fault occurs at f2 at the end of line CD, the line can be equivalent to the simplified circuit model shown in Figure 14.
[image: Figure 14]FIGURE 14 | Equivalent circuit diagram of a fault at the end of line AB.
According to the simplified circuit model diagram, the current I1, I2, and I3 flowing through protection 1, protection 2 and protection 3 can be obtained.
[image: image]
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Where, Us is the system reference voltage, Zs is the system power supply impedance, ZAC is the impedance of line AC, is the equivalent impedance of the distance between bus A and fault point f2, and UDG is the voltage of DG. UDG is solved through Eq. 17, and the calculation result is shown in Eq. 18.
[image: image]
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So, failure occurs when the end of the CD f2, by protecting 3 I period of action to remove the fault, protect 2 as line CD backup protection, DG on bus C, increase of short circuit current protection 3, protection to improve sensitivity, of short circuit current protection 2 decreases, and protect the protection range of the two and lower sensitivity.
3.1.2.3 AE ends of adjacent feeders are faulty
When a fault occurs at f3 of AE end, the fault line can be equivalent to the circuit diagram shown in Figure 15 for analysis.
[image: image]
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Where, Us is the system reference voltage, Zs is the system power supply impedance, ZAC is the impedance of line AC, ZCD is the impedance of line CD, ZAf3 is the equivalent impedance of the distance between bus A and fault point f3, UDG is the voltage of DG, I1 is the reverse current output by DG through protection 1, I2 is the reverse current output by DG through protection 2.
[image: Figure 15]FIGURE 15 | Equivalent circuit diagram of AE terminal fault.
When a fault occurs at f3 of AE terminal, the fault can be removed by the action of protection 4 before DG access. When DG access, the DG outputs reverse fault current to the fault point, and both protection 1 and protection 2 may misoperate. However, if DG is far enough away from the fault point, the fault current provided is not enough to cause the misoperation of protection.
3.1.3 Distributed generation is connected to the end of the feeder
Figure 16 shows the schematic diagram of DG connected to bus D at the end of feeder 1. The influence caused by DG access is discussed by analyzing the short circuit fault occurring at f1 and F2 at AE end of line AB, respectively.
[image: Figure 16]FIGURE 16 | Equivalent circuit diagram of AE terminal fault.
When a short circuit fault occurs at f1 at the end of line AB, if the distribution network is not connected to DG, protection device one starts normally and the fault is removed. When DG is connected to the grid, f1 has a short-circuit fault, and the fault current flowing through protection 2 and protection 3 becomes larger. When the short-circuit current exceeds the setting value of the operation, protection 2 and protection 3 misoperate. When a short circuit fault occurs at f2 of AE end of line, the distance between DG position and fault point f2 is far away, so the influence on protection 4 is small.
From the above theoretical analysis, we can figure out that when the distributed power supply is connected to the bus at the head of the feeder, it becomes a part of the overall power supply system because it is close to the power supply side of the line, and will not cause misoperation of protection basically when the fault occurs. When the distributed power supply is connected to the bus at the end of the feeder, if it is far enough away from the fault point, the influence on the fault point current is relatively small. However, when the distributed power supply is connected to the bus at the middle end of the feeder, different from the above two cases, the distributed power supply will have more or less influence on the current of the guard point, which is easy to lead to the misoperation of the guard device. The following is to verify the correctness of the conclusion by combining simulation analysis.
4 THE SIMULATION ANALYSIS
The simulation model as shown in Figure 13 is established on the PSCAD platform, and the specific parameters of the simulation are as follows:
(1) Power parameters on the system side
The reference voltage value of the distribution network system is 10.5 kV, the reference capacity is 100 MVA, and the impedance value of the system side is j0.35 Ω.
(2) Line parameters
The lines AB, BC, CD, and AF of the distribution network all adopt overhead lines, and the unit resistance and reactance are set as R = 0.26 Ω/km and X = 0.355 Ω/km. It can be seen from Figure 17 that the distribution network is a double-feeder system, and the specific parameters are set as follows:
[image: Figure 17]FIGURE 17 | Equivalent circuit diagram of AE terminal fault.
Feeder 1: the length of AB is 3 km, and the impedance value is ZAB = 0.78 + j1.065 Ω; The length of BC is 3 km, and the impedance value is ZBC = 0.78 + j1.065 Ω; The length of CD is 10 km, and the impedance is ZCD = 2.6 + j3.55 Ω.
Feeder 2: the length of AF is 4 km, and the impedance value is ZAF = 1.04 + j1.42 Ω.
The load capacity of feeder 1 and feeder 2 ends is 6 MVA, and the power factor is 0.85.
DG output power range is adjustable in 0–10 MW.
The output power of DG is set as 5 MW, the simulation time is 3 s, and the time step of solution is set as 2 μs. Three-phase short-circuit fault is set at the end of AB, BC, CD, and AE, respectively, and it is permanent fault. The fault occurs when the simulation runs for 1 s. Record the current at the fault point when the fault occurs and the maximum short-circuit current flowing through each line protection as shown in Table 2.
TABLE 2 | Maximum short-circuit current at different positions when a three-phase short-circuit fault occurs.
[image: Table 2]The short circuit current and action changes before and after DG access are discussed respectively in the case of three-phase short circuit at the end of lines AB, BC, CD, and AE.
4.1 The upstream line of the distributed generation access point is faulty
Figures 18, 19 respectively show the simulation results of current size and protection action logic at each position of three-phase short-circuit fault of AB terminal.
[image: Figure 18]FIGURE 18 | Current at each position of the AB terminal three-phase short-circuit fault. (A) Simulation results before DG access (B) Simulation results after DG access.
[image: Figure 19]FIGURE 19 | Three-stage protection action logic when three-phase short-circuit fault occurs at the AB terminal. (A) Simulation results before DG access (B) Simulation results after DG access.
According to the simulation results, when three-phase short-circuit fault occurs at the AB end of the line, the maximum a-phase current of the DG flowing through protection 1 (P1), protection 2 (P2), protection 3 (P3) and protection 4 (P4) before access is 4.39, 0, 0, 0.347 kA, respectively, and the current at the fault point is 4.438 kA. After DG access, the maximum a-phase currents flowing through P1, P2, P3, and P4 were 4.388, 0.36, 0.293, and 0.347 kA, respectively, and the current at the fault point was 4.438 kA. Compared with before DG access, P1 and P4 had little influence, while P2 and P3 currents increased. Before DG access, section ⅰ of P1 cannot protect the full length of the line, and the fault is removed by the protection of section ⅱ of P1, while the other protection does not misoperate and the protection selectivity is correct. After DG is connected, P2’s ⅲ segment will act and P2 will misoperate. This is because when the end of AB line fails, DG will reverse current to the fault point, resulting in P2 misoperation.
When the BC terminal three-phase short-circuit fault occurs, the maximum a-phase current flowing through P1, P2, P3, and P4 before DG access is 2.364, 2.364, 0, 0.347 kA, respectively, and the current at the fault point is 2.41 kA. After DG access, the maximum a-phase current flowing through P1, P2, P3, and P4 was 2.363, 2.363, 0.295, and 0.347 kA, respectively, and the fault point current was 2.479 kA. Compared with DG access before, P1, P2, and P4 had little influence, while P3 current increased.
4.2 The downstream line of the distributed generation access point is faulty
Figures 20, 21 respectively show the simulation results of current size and protection action logic at each position of CD terminal three-phase short circuit fault.
[image: Figure 20]FIGURE 20 | Current at each position of a CD terminal three-phase short-circuit fault. (A) Simulation results before DG access (B) simulation results after DG access.
[image: Figure 21]FIGURE 21 | Three-stage protection action logic when three-phase short circuit fault occurs at the end of line CD. (A) Simulation results before DG access (B) simulation results after DG access.
According to the simulation results, when CD terminal three-phase short-circuit fault occurs, the maximum a-phase current flowing through P1, P2, P3, and P4 before DG access is 0.919, 0.919, 0.919, and 0.347 kA, respectively, and the fault point current is 0.973 kA. After DG access, the maximum a-phase currents flowing through P1, P2, P3, and P4 were 0.842, 0.842, 0.978, and 0.347 kA, respectively, and the current at the fault point was 1.031 kA. Compared with the current before DG access, P1 and P2 currents decreased, P3 currents increased, and P4 did not change, and all protection actions were normal.
4.3 The feeder adjacent to the distributed generation access point is faulty
Figures 22, 23 respectively show the simulation results of current size and protection action logic at each position of AE terminal three-phase short circuit fault.
[image: Figure 22]FIGURE 22 | Current size at each position of AE terminal three-phase short-circuit fault. (A) Simulation results before DG access (B) simulation results after DG access.
[image: Figure 23]FIGURE 23 | Three-stage protection action logic when AE terminal three-phase short circuit fault occurs. (A) Simulation results before DG access (B) simulation results after DG access.
According to the simulation results, when the AE terminal three-phase short-circuit fault occurs, the maximum a-phase current flowing through P1, P2, P3, and P4 before DG access is 0.27, 0.27, 0.27, and 3.418 kA, respectively, and the fault point current is 3.475 kA. After DG access, the maximum a-phase current flowing through P1, P2, P3, and P4 was 0.204, 0.204, 0.287, and 3.419 kA, respectively, and the fault point current was 3.475 kA. Compared with before DG access, P1 and P2 currents decreased, while P3 and P4 had little influence. P4 works normally before DG access, and other protections do not misoperate. In the system with DG, because the access position of DG is far away from the fault point, the short circuit current of the reverse transmission is small, so the current protection of the distribution network is not affected.
Through the above theoretical analysis and simulation results verification, the influence of single DG access on the short-circuit fault current of each line in distribution network is shown in Table 3.
TABLE 3 | Influence of single DG access on three-phase short-circuit fault current.
[image: Table 3]To sum up, the influence of single DG access on distribution network is related to the location of the fault. When the short-circuit fault occurs upstream of the DG access point, the protection three-phase short-circuit current downstream of the fault point will increase. When a short circuit fault occurs downstream of the DG access point, the short circuit current of the protection line located downstream of the DG increases, while the short circuit current of the protection line located upstream of the DG decreases. When short circuit fault occurs in adjacent feeder line of DG access point, it has little influence on each protection.
5 CONCLUSION
When clean energy is connected to the distribution network in the form of distributed power supply, if short-circuit fault occurs in the line, the fault direction is not easy to determine due to the transformation of the grid flow direction, so the formulation of relay protection scheme is different from that of traditional distribution network. In this paper, an equivalent circuit mathematical model with photovoltaic power supply as an example is established to analyze its volt-ampmeter characteristics and power-voltage output characteristics. At the same time, the control mode of distributed power supply is analyzed when the distribution network is faulty. Taking the dual-feeder distribution network with distributed power supply as the research object, when faults occur in different sections of the line, Influence on fault current and current protection when DG is connected to terminal bus, non-terminal bus and primary bus of distribution network feeder, respectively; It is concluded that when DG is connected in the middle of the feeder, it has the greatest influence on the protection device of the power grid, while when DG is connected in the head and end of the feeder, the influence is small. Finally, a simulation model is built in PSCAD to verify the accuracy of the theoretical analysis results.
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