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The photovoltaic power station has a good development prospect because it can realize concentrated and efficient utilization of solar energy. Considering the detail model of the photovoltaic power station has a power electronic device with a high-frequency switching characteristic, it is not suitable for electromagnetic transient analysis of a large photovoltaic power plant. To solve this problem, this study proposes a simplified model, average model, which uses a controlled current source to replace the power electronic converter and analyzes application backgrounds, advantages, and disadvantages of two models. Then, the control circuit of the average model is improved to switch the control mode by itself when the high- and low-voltage fault occur in the system to make sure the high- and low-voltage ride-through can be completed successfully. Finally, the correctness and effectiveness of the improved average model are verified by simulation.
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INTRODUCTION
In order to cope with global climate change and ensure the coordination of environmental protection and economic development, various countries around the world are vigorously promoting renewable energy. Among many renewable energy sources, solar energy is undoubtedly the most potential energy form, which is safe, clean, widespread, and abundant. The development of solar energy has great significance to meet the global energy demand and reduce the dependence on traditional energy.
The general idea of photovoltaic power generation system modeling is as follows: first, it needs to model each component module. Then, each component module is connected to form the overall model of the photovoltaic power generation system. The photovoltaic array model includes the V–I characteristic index model and the engineering four-parameter model. The exponential model which is described in the work of De Soto, (2004); and J. A. Gow and Manning (1999) includes time-varying parameters related to light and temperature, but these parameters are difficult to obtain without the direct provision of the manufacturer. Therefore, the multiple parameters and the large amount of computation are the main shortcomings of the exponential model. J. Su et al. (2001) proposed an engineering four-parameter model based on the simplified model (M. Zhang and Chen, 2014).
The commonly used modeling method of the photovoltaic grid-connected inverter is the double closed-loop control method (M. Elkayam and Kuperman, 2019; A. M. Gaikwad and Mittal, 2020; C. Zhou et al., 2019). The voltage outer loop is that it collects the measured direct current (DC) side voltage to compare with the reference voltage, and generates the current inner loop reference value using the proportional-integral (PI) controller; The current inner loop is that it uses the current reference value obtained from the outer loop to compare with the measured current, which is obtained from the d–q axis coordinate (Y. Zhang et al., 2013). Then, the corresponding control signal, which is generated using the PI controller and decoupling triggers the power electronic switching device (IGBT) to turn off, and the inverter process is completed to output alternating current (AC).
The transient fault occurs in the grid. If the grid-connected inverter does not have the voltage ride-through ability, it may suddenly disconnect from the grid and result in further deterioration of the operating status in the grid to cause serious accident. The voltage ride-through ability includes low voltage ride-through (LVRT) and high voltage ride-through (HVRT).
M. Mirhosseini et al. (2015); EI Moursi et al. (2013) analyzed and verified the low voltage ride-through ability under symmetric and asymmetric faults based on the control strategy of positive and negative sequences. The low voltage ride-through control strategy of the photovoltaic power generation system proposed in Sosa et al. (2016); Kawabe and Tanaka et al. (2015) considers the transient recovery time of active power. Y. Zhang et al. (2013); M. Zhang and Chen (2014) improved the control strategy based on the double closed-loop control of active power and reactive power decoupling to meet the requirement of LVRT. It can be seen from the earlier literatures that the current research on low voltage ride-through by scholars has not considered the modeling of the active power recovery stage after fault removal, and further research has found that the low voltage ride-through recovery process of the photovoltaic inverter during the modeling process should not be ignored.
Y. He and Hu (2012); Xie et al. (2012a); Xie et al. (2012b); Mohseni and Islam (2012) have carried out much research on the HVRT control strategy of the doubly fed wind turbine. The proposed control methods such as “virtual impedance” and “rotor current hysteresis” can effectively improve the electromagnetic transient performance of the doubly fed wind turbine excited by the grid voltage swell.
After in-depth research on each module of the photovoltaic power generation system, some scholars set out to establish the overall model of the photovoltaic power generation system. The photovoltaic power generation system model generally includes the detail and simplified models. Nanou and Papathanassiou (2014); Kim et al. (2009); Y. Liu et al. (2015) established the detail model of the photovoltaic power generation system on different simulation software platforms. The detail model can accurately reflect the dynamic response under various working conditions. While the detail model contains switching devices, it will result in higher simulation sample rate requirement, and the simulation operation time takes too long. So it is not suitable for the simulation analysis of the large-scale photovoltaic power plant.
This article simplifies the model of the photovoltaic power generation unit and improves the simplified model by considering the high and low voltage ride-through aiming at the current situation that there are few research studies on the generalized modeling of the grid-connected photovoltaic power generation system. It uses controlled current source to replace the power electronic switching device, which included in the detail model of the photovoltaic power generation unit to build an average model, and the advantages and disadvantages of these models are compared and analyzed. Then, further improvement can be made.
DETAIL MODEL OF THE PHOTOVOLTAIC POWER GENERATION SYSTEM
Maximum Power Point Tracking
The control purpose of MPPT is automatically adjusting the operating point of the photovoltaic array in spite of changing in external links, so that its output power can be maintained as maximum as possible. MPPT algorithms mainly include constant voltage method (CVT), perturb and observe (P&O) method, incremental conductance (INC), fuzzy logic control method, and other algorithms. The P&O method is adopted in this article, and its flow chart is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of P&O.
The principle of P&O method is sampling the output power of the PV array at a certain working voltage, and then it increases or decreases a small voltage at the original working voltage. It samples the power after the working voltage changes, and this process can be called disturbance. The size of the power before and after disturbance is compared. If the power obtained after disturbance increases, it will continue to disturb in the original disturbance direction. If the power obtained after disturbance decreases, the direction of disturbance is opposite to the original direction. Such repeated disturbance controls the variation of working voltage for the photovoltaic array, so that its output power oscillates to reach the steady state in a small range. That means the operating point of the photovoltaic array finally stabilizes around the maximum power point. The advantages of this algorithm are simple, achievable, and it can be widely used in the maximum power point control of the photovoltaic power generation system.
PV Inverter Model
The grid-connected inverter is the core device of the photovoltaic grid-connected power generation system, which is responsible for converting the DC outputs from the photovoltaic array into AC. Considering the inverter has different loads, it can be divided into an active inverter and a passive inverter. The photovoltaic grid-connected inverter is an active inverter.
According to the characteristic of the DC side power supply, it can be divided into Voltage Source Inverter (VSI) and Current Source Inverter (CSI). The former is often used in grid-connected power generation mode, and the latter is often used in independent power generation mode.
When the pulsating waveform of the power is embodied by DC voltage, it can be called the current source inverter. The topology is shown in Figure 2A. The ideal operation mode of the inverter is maintaining the electrical power constant and no pulsation during the process of converting DC to AC, but there is power pulsation in the actual circuit.
[image: Figure 2]FIGURE 2 | CSI and VSI inverter topology. (A) CSI inverter topology. (B) VSI inverter topology.
Under the influence of the series inductance, the front-end circuit of the inverter will present the characteristic of current source with high impedance. CSI mainly has the following characteristics:
1) When the inverter is in a huge fault state, the rising rate of the fault current can be limited by the large inductance of the CSI DC side
2) The loss of the inductance on the CSI DC side is higher than the capacitance of the VSI DC side
When the power pulsation waveform of the inverter is represented by the DC, it is called the voltage source inverter, and its topology is shown in Figure 2B. VSI connects the large capacitor in parallel in the loop, and the energy storage function of the capacitor can absorb reactive power and smooth the rectified voltage waveform. So the DC side input of the inverter can be regarded as voltage source.
Under the influence of the parallel capacitor, the front-end circuit output of the inverter has the characteristic of voltage source with low impedance. The inverter mainly has the following characteristics:
1) The loss of the capacitor generated by the VSI DC side is smaller than the inductive loss of the CSI DC side
2) The purpose of paralleling the large capacitor on the DC side of the VSI is to provide overvoltage protection to the switching device
In the process of establishing the mathematical model of the photovoltaic inverter, the high-frequency harmonic related to the switching frequency is ignored, and the mathematical model of the inverter is obtained based on the analysis of the converter fundamental wave. The model not only clearly expresses the working mechanism of the converter and the relationship between various physical quantities but also is suitable for control system analysis and the controller design. According to the topological structure diagram of the VSI grid-connected inverter in Figure 2, this article establishes the mathematical models of the three-phase inverter under grid-connected mode in the three-phase static coordinate system, the two-phase static coordinate system, and the d–q axis coordinate system, respectively. To establish the mathematical model of the inverter, some assumptions are as follows:
1) All inductors and capacitors are ideal
2) The grid electromotive force ea, eb, and ec are three-phase pure sine wave electromotive force
3) The switch tubes are all ideal, ignoring the switch dead time
4) The resistance R in the figure is the sum of the parasitic resistance of the inductor and the equivalent resistance of the fully controlled switching device
The state equation of the three-phase photovoltaic inverter in the three-phase abc stationary coordinate system can be obtained by
[image: image]
The simplified state equation of the three-phase photovoltaic inverter in the two-phase α-β stationary coordinate system can be obtained by
[image: image]
According to the instantaneous power theory, the power injected by the inverter into the grid can be calculated as
[image: image]
The photovoltaic cell technology guarantees the energy input of the photovoltaic grid-connected power generation system, and the grid-connected output of the system energy will be realized through the grid-connected current control strategy. The grid-connected inverter control strategy is the key technology to realize the high-performance grid-connected power generation system, which determines the energy balance and output power quality of the system. The inverter control adopts the control strategy based on the voltage orientation on the grid side, which converts each control variable to the d–q axis coordinate system to realize the decoupling control of the active power and reactive power of the inverter. At this time, eq = 0. The specific control method is using double closed-loop control scheme, which includes voltage outer loop and current inner loop.
The purpose of the voltage outer loop is to maintain the DC voltage stable, so that the electric energy generated by the photovoltaic array can stably complete the inverter process to deliver to the grid. By collecting the voltage of the DC side in real time and comparing with the reference voltage of the MPPT, the active current reference value Iderf is generated using the PI controller. The reactive current reference value Iqref is set to zero in the steady state, and the corresponding reactive current reference value is given according to the control strategy of the specific inverter during the low voltage ride-through period. The current inner loop adopts the control method of d–q axis feedforward decoupling, and realizes the decoupling control using the prepositioned PI controller. The relevant control equations are shown as follows:
[image: image]
[image: image]
In this formula, Pref and Qref are the reference power set in the system, and the photovoltaic power station is connected to the grid with the power factor one, Idref and Iqref are the active reference current and the reactive reference current, respectively, Vpv is the actual voltage effective value at the output terminal of the inverter, kp and ki are the proportional and integral gain of the PI controller, respectively.
It can be seen from the previously mentioned formulas that the active power output and reactive power output of the inverter can be controlled by adjusting id and iq.
The schematic diagram of the inverter grid-connected control system based on d–q decoupling is shown in Figure 3 and it adopts double-loop control. The inner loop is current control, and the outer loop is active power control and reactive power control.
[image: Figure 3]FIGURE 3 | Schematic diagram of the inverter grid-connected control system based on d–q decoupling.
Detail Model of the Current Source Inverter
The current-regulated current source inverter (CR-CSI) model is a detail model of the 1 MW photovoltaic power generation system based on current source inverter. The structure diagram and inverter control strategy are shown in Figure 4 and Figure 5.
[image: Figure 4]FIGURE 4 | CR-CSI model based on the current source inverter.
[image: Figure 5]FIGURE 5 | CR-CSI inverter control strategy.
As can be seen from Figure 5, the current value is compared with the PWM triangular carrier to the output current signal, which drives the IGBT to control its shutdown. In other words, the inverter output power is directly controlled by the current.
The active reference current (Idref) and reactive reference current (Iqref) expressions are
[image: image]
In the aforementioned formulas, Pref and Qref are the reference power set in the system, and the photovoltaic power station is connected to the grid with the power factor one. Ppv and Qpv are the actual power at the output of the inverter; Vpv is the actual voltage effective value at the output terminal of the inverter; kp and ki are the proportional and integral gain of the PI controller respectively; Idref and Iqref are the active reference current and the reactive reference current, respectively. In addition, Idmax, Idmin and Iqmax, Iqmin are the upper and lower limit of active current and reactive current, respectively; Ipva, Ipvb, and Ipvc are the actual abc three-phase current, which are outputted by the inverter; and θ is the phase angle, which phase-locked loop (PLL) tracks the grid voltage in the real time for the conversion of abc three-phase and d–q two-phase (all the values with _pu in the figures and formulas are normalized values, which will not be repeated later). Supposing Pref = 1 and Qref = 0.
Idmax, Idmin and Iqmax, Iqmin can be given by modeling parameter alone. It can only give the maximum current limit value Imax of the inverter:
[image: image]
Detail Model of the Voltage Source Inverter
The current-regulated voltage source inverter (CR-VSI) model is a detail model of the 1 MW photovoltaic power generation system based on the voltage source inverter. Its structural block diagram is the same as the CR-CSI model, but the signal that triggers the inverter IGBT is different, that means the inverter control strategy is different.
Normally, the output power of the photovoltaic grid-connected power generation system inverter is directly controlled by the current, and the voltage cannot directly control the power output of the inverter. The CR-VSI model uses the voltage to control current indirectly, so as to achieve the purpose which controls power output in the system.
The difference between the CR-CSI model and the CR-VSI model is shown in Figure 6. The CR-CSI model uses the difference between the reference current Is-reference and the actual measured current Is-measured to generate current signal, which can trigger the IGBT to shut down; the CR-VSI model uses the voltage feedback and the reference current Is-reference to generate voltage signal to trigger the IGBT to shut down. All in all, CR-CSI uses the reference current to generate the current signal to trigger IGBTs directly; while the CR-VSI uses the reference current to generate the voltage signal to trigger IGBTs indirectly.
[image: Figure 6]FIGURE 6 | Comparison of CR-CSI and CR-VSI control structure. (A)CR-CSI control structure. (B) CR-VSI control structure.
Both the CR-CSI model and the CR-VSI model all take Vs as the input of the phase-locked loop in the inverter control link, that means it coincides with the d-axis. The decomposition of the two model system parameters in the d–q axis coordinate system is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Parameter vector diagram of the CR-CSI and CR-VSI models. (A) CR-CSI model parameter vector diagram. (B)CR-VSI model parameter vector diagram
The equation which the CR-VSI model controls the output voltage E is
[image: image]
[image: image]
The voltage d–q axis separation equation is
[image: image]
Taking Vpv as the input of the phase-locked loop (PLL), that means it coincides with the d-axis. Vpvd = Vpv, Vpvq = 0. So, the voltage equation is transformed into
[image: image]
Combining Eqs 8–11, the CR-VSI inverter control strategy is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Control strategy of the CR-VSI inverter.
The aforementioned content introduces two detail models of the photovoltaic power generation system, and the CR-CSI model is common. Compared with the CR-VSI model, the CR-CSI model directly adopts current control, which can quickly provide sufficient active power and reactive power for the photovoltaic grid-connected power conversion system. The current inner loop control is realized in the d–q coordinate system. The output current of the AC side for the grid-connected inverter is converted into the DC quantities id and iq in the synchronous-rotating coordinate system through coordinate transformation, which compare with the current reference value idref and iqref delivered by the outer loop. The PI controller is used to realize the control of id and iq without static error. After the output signal of the current inner loop regulator is inversely transformed by d–q/abc, the corresponding switch drive signal of the grid-connected inverter can be obtained through sinusoidal pulse width modulation (SPWM) to realize the control of the inverter bridge.
The outer loop control is realized on the basis of the inner loop control, and the output signal of the outer loop PI controller is transmitted to the current inner loop as the current reference value idref and iqref. The control of active power is realized by controlling the d-axis current of the inverter to maintain the balance between the output power of the photovoltaic array and the output power of the inverter. The control of reactive power is realized by controlling the q-axis current of the inverter.
THE IMPROVED PV AVERAGE MODEL CONSIDERING HIGH- AND LOW-VOLTAGE FAULT RIDE-THROUGH
The Establishment of the Photovoltaic Power Generation System Average Model
It is necessary to clarify the purpose of simulation research when simplifying the photovoltaic power generation system model, and then the corresponding model can be established. The detail models which are described earlier all have high-frequency devices, and it makes the simulation run time too long. It is not suitable for the simulation analysis of large-scale photovoltaic power plant which connects to the power system.
This section will further simplify the simulation model based on the detail model of the CR-CSI model. The three-phase controlled current source is used to replace power electronic device, which has high-frequency characteristic, and then simplified model–CSI average model is established. This model removes the IGBT switching device model and the capacitor which provides DC support in the CR-CSI model, and retains the inverter control circuit. The circuit structure and control circuit are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Average model.
From Figure 9, it is obvious that the average model and the CR-CSI model both directly control the output of the power converter by the current. While the difference is that the PWM generation module is ignored, Idref and Iqref are directly transformed by the dq–abc coordinate to control the average model. When the number of photovoltaic power generation units in the photovoltaic power station is large, the simulation time of the detail model will be too long. In this case, the average model can be selected to replace the detail model of the photovoltaic power station.
Modeling Considering Low-Voltage Ride-Through Control
When the point voltage of common coupling (PCC) of the photovoltaic power station drops to zero, the power station should ensure that it will not run off the grid for 0.15 s; while the PCC voltage drops to 0.2 p.u, the power station should ensure that it will not run off the grid for 0.625 s. The inverter should be able to detect the fault in time after low voltage fault occurs in the power grid, and switch the control mode from the steady state operation mode to the low voltage fault transient control mode.
When the grid falls, the inverter current will increase sharply. The power switch tube may be destroyed due to excessive current, resulting in low voltage ride-through failure. However, the traditional LVRT ability focuses on power and current quality, and there is less research on the overcurrent problem. Therefore, whether the low voltage fault transient control mode can realize the LVRT ability, the key technology is the control of the output current during the low voltage ride-through period, that means it limits the output of the active reference current and injects additional reactive current to provide enough reactive power to the system so that the terminal voltage can restore.
1) Limiting active reference current
There are two main aspects to limit the active reference current:
1) When low voltage fault occurs, the reactive power is mainly considered as the priority. So the current limit of Idmax, Idmin, and Iqmax, Iqmin is no longer applicable, and the conversion is as follows:
[image: image]
2) On the basis of 1), the active reference current is further reduced to obtain a new active reference current Idref_l according to the piecewise linear relationship in Figure 10. The linear shrinking relationship depends on the measured terminal voltage of the PCC, and the Idref_1 is reduced at different depths considering the voltage drop degree is different.
[image: Figure 10]FIGURE 10 | Limitation of active reference current Idref under low voltage.
In the case of low voltage, the new active reference current Idref_l is
[image: image]

2) Injecting reactive current
The additional reactive current Iq_l_inject is injected on the basis of outputting reactive reference current in the steady state operation mode, and the new reactive reference current Iq_ref_d is obtained.
Injecting additional reactive current Iq_d_inject:
[image: image]
In this formula, Vref is the reference voltage, which is taken as 1 p.u.; CLV is constant (the value ranges from zero to 10, and the empirical value is two).
In the case of low voltage, the new reactive reference current Iqref _l is
[image: image]
Modeling Considering High-Voltage Ride-Through Control
At present, the HVRT technology is in primary stage, and relevant standards have not been clearly defined (Wei et al., 2021; Xiao et al., 2021). According to previous researches, it finds that it is similar to the LVRT ability. When the grid-side voltage increases, the control mode is switched from the steady state operation mode to the high voltage fault transient control mode, and the output power of the photovoltaic inverter is controlled to recover voltage. The essence is also controlling the output current during high and low voltage ride-through period, and that means it limits the active current and injects additional reactive current. However, the difference from LVRT ability is the injection of reactive current. The control goal of reactive power is no longer making the inverter output enough reactive power, but making the inverter absorb reactive power from the grid. Therefore, the additional reactive current which is injected at this time is inductive reactive current, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Inductive current injected under high voltage.
In the figure, Qcmd0 and Qcmd are the reactive power output in steady state operation mode and high voltage fault transient control mode, respectively; ΔQcmd is introduced inductive reactive power.
Injecting inductive reactive current Iq_h_inject:
[image: image]
In this formula, Volim is the threshold voltage, which is 1.1 p.u.; Chv is constant, and the specific value is determined by the local photovoltaic power generation system. If the voltage change in the local network exceeds the normal value, Chv will be adjusted accordingly. This article takes 0.7.
Then in the case of high voltage, the new reactive reference current Iqref_h is
[image: image]
In summary, the transient control during high and low voltage fault includes three aspects which are as follows:
1) Active power control during high- and low-voltage fault: considering reactive power is given priority to support voltage recovery during high and low voltage fault, the active power reference current depends on the voltage drop degree and the reactive reference current.
2) Reactive power control during low-voltage fault: according to the voltage drop degree, the corresponding capacitive reactive current is injected to improve the reactive power output of the inverter. Therefore, the low voltage ride-through can be realized.
3) Reactive power control during high-voltage fault: according to the degree of voltage swell, it injects corresponding inductive reactive current to make the inverter absorb the reactive power from the grid. Therefore, the high-voltage ride-through can be realized.
On the basis of the conventional PI controller, the control module which includes LVRT ability and HVRT ability is added, and it can be selectively put into operation according to the actual operating condition of the photovoltaic power generation system. Therefore, the established photovoltaic power generation system simulation model has more extensive applicability.
CASE STUDY
Comparison of the Detail and Average Model
The average model removes the IGBT switching device model and the capacitor, which provides DC support in the detail model. Compared with the detail model, average model changes a lot. Therefore, whether the average model can accurately reflect the output characteristic of the photovoltaic grid-connected power generation system needs to be verified by simulation comparison.
The establishment of photovoltaic power generation grid-connected system model with capacity of 1 MW on the PSCAD/EMTDC software platform is taken as an example. The simulation time of both models are all 10 s, and the simulation step size is 10 μs The switching frequency of the detail model is 1,950 Hz, and the reactive power reference value in the system is 0 Mvar. When the system reaches in the steady state, it sets two situations 1) increasing the active power reference value from 1 p.u. to 1.2 p.u.; and 2) when the simulation time is 2.5 s, the voltage on the grid side will drop, and the magnitude of the drop is 28%. The duration is 3 s. According to the aforementioned content, the simulation results of the two models are compared.
From the simulation results in Figures 12–14. In terms of simulation time, the simulation running time of the detail model is 180 s, while the simulation running time of the average model is 53 s. So the average model can solve the problem that the detail model needs too long simulation time. It improves the simulation speed greatly. Even though the error of reactive power relative to active power is slightly larger in the model simulation proposed in this article, it can accurately reflect the output characteristic of the photovoltaic power plant, and retain good dynamic performance of the system. Two models have their own characteristics, and the biggest difference of them is whether they have high-frequency switching device. The detail model has high-frequency switching device, and the output of the voltage and current include the fundamental wave and harmonic, while the average model does not have high-frequency switching device, and the output only includes the fundamental wave. The effect of filter cannot be reflected. The comparison of the two models is shown in Table 1.
[image: Figure 12]FIGURE 12 | Power output of grid-connected point when active power increases. (A) Active power. (B) Reactive power.
[image: Figure 13]FIGURE 13 | Power output of grid-connection point under voltage drop.
[image: Figure 14]FIGURE 14 | Voltage effective value of grid-connected point under voltage drop.
TABLE 1 | Comparison of advantages and disadvantages between the detail and average models.
[image: Table 1]In summary, in view of the advantages and disadvantages of two models, different models should be selected according to the actual research purpose. The detail model is suitable for research occasion where the photovoltaic power plant has strict requirement on power quality, while the average model is more suitable for the simulation analysis of large-scale photovoltaic power plant, which is connected to the power system without special requirement for harmonic analysis.
Performance Verification Under Low-Voltage Fault
On the basis of the original PI controller of the average model, it adds a control module with LVRT ability and HVRT ability. Then, the improved control strategy is simulated and verified.
1) Low-voltage fault: it sets the reactive reference power in the system to 0 Mvar, that means the inverter works in the unit power factor state. When the system reaches in the steady state, it sets three-phase fault in the PCC point at 2 s, and clears the fault after 0.5 s.
From the simulation results in Figures 12–14, when the symmetrical three-phase short-circuit fault occurs at the PCC point, the improved average model is judged by voltage, and the circuit control mode is switched from the steady state operation model to the low voltage fault transient control mode to reduce the active power, which the photovoltaic power converter transmits to the grid. However, the reactive power will increase greatly, which supports the grid voltage effectively. In addition, the terminal voltage of the PCC point is more stable during the drop, which is conducive to the further implementation of the control strategy. When switching to the low voltage fault transient control mode, the terminal voltage of the PCC point drops to 0.6 p.u. When continuing the steady state operation mode, the terminal voltage of the PCC point drops to 0.6 p.u. This conclusion verifies that the improved control strategy has low voltage ride-through ability of the photovoltaic power generation system.
From the simulation results in Figures 15–17, when the symmetrical three-phase short-circuit fault occurs in PCC, the improved average model passes the voltage logic judgment and introduces the low voltage ride-through technology. The reactive power injected into the power grid by photovoltaic power generation will be greatly increased, and the injection of active power will be significantly reduced. The control strategy which gives priority to reactive power and limits active power can be effectively realized. According to the simulation results, the voltage at PCC terminal drops to 0.6 p.u. without considering the simulation model of low voltage ride-through ability. When the simulation model considers the low voltage ride-through ability, the PCC terminal voltage only drops to 0.69 p.u., and it can effectively support the power grid voltage.
[image: Figure 15]FIGURE 15 | Active power output of PCC under low voltage fault. (A) Output result without high/low voltage control. (B) Output result of high/low voltage control are adopted.
[image: Figure 16]FIGURE 16 | Reactive power output of PCC under low voltage fault. (A) Output result without high/low voltage control. (B) Output result of high/low voltage control is adopted.
[image: Figure 17]FIGURE 17 | Terminal voltage output of PCC under low voltage fault. (A) Output result without high/low voltage control. (B) Output result of high/low voltage control are adopted
Performance Verification During High-Voltage Fault
The reactive reference power in the system is set to 0 Mvar, and that means the inverter works in the state of unit power factor. When the system reaches in the steady state, the voltage at the PCC point rises sharply at 2 s, and the fault is removed after 0.5 s.
When the symmetrical three-phase short-circuit fault occurs at the PCC point, the improved average model passes the voltage logic judgment, and the circuit control mode is switched from the steady state operation mode to the low voltage fault transient control mode, from the simulation results in Figures 18–20. When the terminal voltage of the PCC point swells, the improved average model passes the voltage logic judgment, and the circuit control mode is switched from the steady state operation mode to the high voltage fault transient control mode to reduce the active power, which the photovoltaic power converter transmits to the grid. It absorbs the reactive power from the distribution network and plays a supporting role on the grid voltage. In addition, when switching to the high voltage fault transient control mode, the terminal voltage of the PCC point suddenly rises to 1.114 p.u. If the steady state operation mode is continued, the terminal voltage of the PCC point drops to 1.15 p.u. This conclusion verifies that the improved control strategy has the high voltage ride-through ability of the photovoltaic power generation system.
[image: Figure 18]FIGURE 18 | Active power output of PCC point under high voltage fault. (A) Output result without high/low voltage control. (B) Output result of high/low voltage control are adopted
[image: Figure 19]FIGURE 19 | Reactive power output of PCC point under high voltage fault. (A) Output result without high/low voltage control. (B) Output result of high/low voltage control is adopted.
[image: Figure 20]FIGURE 20 | Terminal voltage output of PCC point under high voltage fault. (A) Output result without high/low voltage control. (B) Output result of high/low voltage control is adopted.
In summary, the improved average model not only shortens the simulation time greatly but also has the ability of high and low voltage ride-through, which improves the damage caused by system fault and strengthens the reliability and safety of the photovoltaic power generation system.
CONCLUSION
In this article, the detail models of current source inverter and voltage source inverter are established on the PACAD/ETMC software platform. Considering the detail model has power electronic device with high-frequency switching characteristic, which is not suitable for electromagnetic transient analysis of large photovoltaic power plant. To solve this problem, this study proposes a simplified model, the average model, which uses controlled current source to replace the power electronic converter device, and analyzes their respective application backgrounds, advantages, and disadvantages. Then, the control circuit of the average model is improved to switch the control mode by itself when the high- and low-voltage fault occurs in the system. Therefore, it can complete the high- and low-voltage ride-through successfully. Finally, the correctness and effectiveness of the proposed improved average model are verified by simulation.
However, with the development of photovoltaic power plant, if detail models are established for all photovoltaic power generation units in the power station to analyze grid-connected characteristic, the simulation time will be too long. The relevant research will be carried out in subsequent studies (Zhao and Liu, 2005).
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