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With the continuous increase in the scale of photovoltaic grid connection, the impact of the safe and stable operation of photovoltaic power generation systems on the grid cannot be ignored. When a short-term failure of the power grid occurs, the large-scale disconnection of the unit will seriously affect the stability of the grid voltage and frequency. Therefore, this paper proposes a non-linear control method for photovoltaic power generation low voltage ride through (LVRT) based on adaptive maximum power tracking. This method adaptively adjusts the power tracking trajectory through the feedforward control of the voltage drop amplitude. Cooperating with the nonlinear control of the grid-connected inverter, this method can quickly and effectively control the power output of photovoltaic cells on the basis of providing appropriate reactive power support, so as to realize the rapid response of grid system. Through the simulation in PSCAD, it is verified that the control method described in this article can well realize the LVRT in different amplitudes of the photovoltaic system, especially when zero voltage drops occur.
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INTRODUCTION
Nowadays, with the continuous increase in the scale of photovoltaic grid connection, the impact of the safe and stable operation of photovoltaic power generation systems on the grid cannot be ignored. When a short-term fault occurs in the power grid, the large-scale disconnection of the unit will seriously affect the stability of the grid voltage and frequency, threaten the safety and stable operation of the power grid, and may even collapse the local power grid and cause a large area of power supply interruption (Telukunta_and Pradhan_JAgrawal, 2018; Ma and Liu, 2018; Li et al., 2020; Li et al., 2022a). Therefore, the power grid requires photovoltaic generator sets should have a certain LVRT capability like traditional conventional generators. China’s national standard “Technical Regulations for Connecting Photovoltaic Power Stations to Power Systems” points out the LVRT requirements that photovoltaic power stations should meet: when the grid-connected point voltage drops to 0, the photovoltaic power station should be able to operate continuously for 0.15s without going off the grid.
In the existing research on LVRT strategies, most of them are to achieve LVRT by changing the system topology or adding additional equipment. The parallel unloading resistance method at the DC bus bar proposed in the literature (Bighash et al., 2018; Sajadian and Ahmadi, 2018; Zhang et al., 2020), is one of the most commonly used methods. During a fault, the unloading resistor consumes the excess energy from the photovoltaic cells to maintain the power balance on both sides of the inverter, limit the increase of the DC side voltage and the overcurrent of the AC side grid-connected current, so as to meet the requirements of LVRT. However, this method does not consider the supporting effect of the inverter reactive current on the voltage recovery. And the addition of parallel unloading resistors not only increases the cost, but the large amount of heat generated will also affect the safety and stability of the grid-connected system.
There are also documents that have proposed a method of changing the control strategy without adding additional equipment to achieve LVRT during a fault. Literature (Benali et al., 2018; Huka et al., 2018; Elazab et al., 2020), proposed a LVRT strategy that switches the constant power double closed-loop control of the inverter under normal conditions to the single closed-loop control of constant grid-connected current under fault conditions, by detecting the voltage drop signal of the grid. Although this can ensure that the grid-connected current does not flow, due to the lack of external loop control of the DC bus voltage in the fault state, this method cannot guarantee the stability of the DC bus voltage. And the DC bus will have overvoltage. Moreover, none of the above methods has verified the feasibility of the strategy under different environmental conditions and different voltage drop amplitudes, especially the operation of the system in the most serious situation of zero voltage crossing.
In addition, in the LVRT process, the control of the grid-connected inverter also plays a key role. In the existing control methods of grid-connected inverters (Fan et al., 2017; Li et al., 2018; Nasiri et al., 2021; Li et al., 2022b), traditional control methods such as voltage control, current control, and voltage and current double closed-loop control can basically realize the stable and controllable bus voltage or current, but there are also difficulties in parameter adjustment, long system response time and so on. This will directly affect the stable operation of the photovoltaic grid-connected system, so the control method of the grid-connected inverter also needs to be further explored.
Based on the shortcomings of the above-mentioned LVRT control strategy, this paper proposes a nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking. For the adaptive maximum power tracking part, when the grid voltage drops, the power tracking trajectory is adjusted through the feedforward of the voltage drop amplitude to control the photovoltaic cells terminal voltage and adaptively reduce the energy it emits. In this way, the power on both sides of the inverter can be quickly balanced. The DC bus voltage remains stable and the grid-connected output current does not flow. For the control of the grid-connected inverter part, this paper proposes a nonlinear control method. This method can quickly identify the depth of the grid voltage sag and issue appropriate reactive power to support the recovery of the grid voltage according to the difference in the voltage sag depth. Compared with the existing control method, it can speed up the response of the system, and effectively suppress the overshoot of the system in the case of rapid changes in time. Taken together, the proposed nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking does not require additional equipment. It has lower cost and better performance, and it is more conducive to rapid and effective adjustment and control of the system.
The PSCAD simulation results show that the control method proposed in this paper can effectively limit the increase of AC current. The grid-connected current can quickly restore stability and the reactive current corresponding to the drop depth can be injected, so the stability can be achieved within a short adjustment time. It greatly improves the stability and economy of the system, and well realizes the LVRT in different amplitudes of the photovoltaic grid-connected system, especially in zero voltage drops.
THREE-PHASE PHOTOVOLTAIC GRID-CONNECTED SYSTEM MODEL
As shown in Figure 1A complete three-phase photovoltaic grid-connected system includes photovoltaic cells, inverters and control systems. Analyzing under the [image: image] rotating coordinate system, the mathematical model of the three-phase photovoltaic grid-connected system can be expressed as:
[image: image]
[image: Figure 1]FIGURE 1 | Three-phase photovoltaic grid-connected system structure diagram.
Where, [image: image] is the grid angular frequency, [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] are the components of the potential, current and voltage on the d-axis and q-axis respectively, [image: image], [image: image] are the DC voltage and DC current.
LVRT CONTROL STRATEGY WITH ADAPTIVE MAXIMUM POWER TRACKING
In the traditional LVRT strategy, the photovoltaic cells are always kept at the maximum power point, and only the topology of the photovoltaic system is improved or auxiliary equipment is added to consume the excess active power during the fault (Al-Shetwi et al., 2018; Zhao and Chen 2021; Yin., 2021). Not only the cost is huge, but it also has a certain impact on the stability of the system.
Photovoltaic cells are usually regarded as a current source model. Photovoltaic cells usually work in the maximum power tracking state, and the relationship between the output current [image: image] and the terminal voltage [image: image] is as follows (Han et al., 2019; Qian et al., 2019):
[image: image]
Where, [image: image] is the short-circuit current. [image: image] and [image: image] are the maximum power point voltage and current respectively. [image: image] is the open-circuit voltage.
Nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking, changes the terminal voltage of the photovoltaic cells through the adaptive power tracking adjustment of the photovoltaic cells during a fault. In this way, the generation of excess energy from the source is reduced. The power balance on both sides of the inverter is quickly and effectively realized, avoiding the overvoltage of the DC bus and the overcurrent of the grid-connected current. Without changing the topological structure and without adding auxiliary equipment, LVRT can be achieved well, which greatly reduces the cost of the system.
When the grid is in normal working condition, the photovoltaic power generation system will automatically track and continuously output the maximum power. Thus, the terminal voltage of the photovoltaic cells will be stable at a fixed value corresponding to the maximum power point and remain unchanged, so that the photovoltaic system can output more electrical energy.
If the power grid suddenly experiences a voltage drop fault, the power on both sides of the grid-connected inverter will not be able to maintain the original balance. At this time, the process of adaptive maximum power tracking can be changed to realize the rapid removal of faults and the rapid restoration of the inverter’s normal working state. When the system detects a voltage drop, it will actively add a voltage drop factor in the adaptive maximum power tracking process. The voltage drop factor is used to adjust the terminal voltage of the photovoltaic cells to reduce the energy emitted by the photovoltaic cells, so as to realize the control of power tracking and balance the power on both sides of the inverter. At this time, the target of adaptive maximum power tracking changes from the maximum power point to the best crossing point for LVRT.
The adaptive maximum power tracking control strategy is shown in Figure 2. Define the given value of the photovoltaic cells terminal voltage as [image: image] , then [image: image] . Where, [image: image] is the terminal voltage of the photovoltaic cells corresponding to the maximum power point, and [image: image] is the voltage drop factor.
[image: Figure 2]FIGURE 2 | Control strategy of adaptive maximum power tracking.
When the grid voltage is within the rated value or the allowable fluctuation range, the photovoltaic power generation system remains in a normal working state, and the photovoltaic cell runs at the maximum power point ([image: image], [image: image]). When the system has a voltage drop failure, or even drops to zero voltage, the photovoltaic power generation system cannot maintain normal maximum power tracking. At this time, the voltage drop factor [image: image] is positive, which is positively correlated with the voltage drop amplitude, and the given value [image: image] of the voltage at the photovoltaic cells terminal drops. Then the terminal voltage of the photovoltaic cell decreases, and the electric energy it generates is also reduced. Therefore, the power balance on both sides of the photovoltaic grid-connected inverter can be quickly realized, and the LVRT of the photovoltaic power generation system can be completed.
Non-Linear Control Strategy of Grid-Connected Inverter
In the process of LVRT of the photovoltaic system, in addition to controlling the output power of photovoltaic power sources, the close cooperation of photovoltaic inverters is also inseparable (He et al., 2020; Jia et al., 2020; Li et al., 2021). The grid-connected photovoltaic inverter needs to provide reactive current to the grid when the grid voltage drops to support the recovery of the grid voltage, which is another key to meeting the requirements of photovoltaic LVRT.
Among the existing control methods of grid-connected inverters, voltage control, current control, and double closed-loop control methods of voltage and current still occupy the mainstream. Although these control methods can achieve stable and controllable bus voltage or current, their disadvantages such as difficulty in parameter adjustment, large overshoot, and long system recovery time are becoming increasingly apparent.
The nonlinear control method of grid-connected inverter proposed in this paper can quickly identify the depth of grid voltage sag and issue appropriate reactive power to support the recovery of grid voltage. It has significant advantages in accelerating the response and adjustment speed of the system, restraining the overshoot of the system in the case of rapid changes, realizing rapid and effective system recovery, and reducing costs.
The following is a detailed analysis of the nonlinear control strategy of the grid-connected inverter. From Eq. 1, based on the grid voltage orientation for system control, the instantaneous active power p in the rotating coordinate system is:
[image: image]
Eq. 3 shows that the control of the DC voltage of the grid-connected inverter can be realized by the control of the active current [image: image]. Combine Eq. 1 and Eq. 3:
[image: image]
The active current of the inverter is related to the DC voltage control. And during LVRT, the reactive current of the inverter needs to be controlled. Therefore, the two most important variables selected for nonlinear control are DC voltage [image: image] and reactive current [image: image], which can be expressed as [image: image].
According to Eq. 4, there are:
[image: image]
Because the grid-connected current control is finally realized by changing the output voltage vector on the inverter bridge side, the input vector of the nonlinear control can be [image: image] and [image: image]. Therefore, the matrix form of system nonlinear control can be expressed as:
[image: image]
Since the determinant of the matrix is not 0, Eq. 6 can be written as:
[image: image]
Where: 
[image: image]
[image: image]
The photovoltaic grid-connected inverter nonlinear control block diagram is shown in Figure 3. The reactive current command [image: image] is determined by the dynamic reactive current required by the Chinese national standard (Technical Regulations for Access to the Power System of Photovoltaic Power Stations), tracking the voltage changes at the grid-connected point in real time. The DC bus voltage command is equal to the DC bus voltage under rated conditions.
[image: Figure 3]FIGURE 3 | Non-linear control strategy of grid-connected inverter.
Simulation Verification
A simulation model of a three-phase photovoltaic grid-connected system with a capacity of 9kw is established in PSCAD to verify the feasibility of the proposed control strategy. The photovoltaic cells parameters in the simulation system are as follows: maximum power [image: image] , maximum power point voltage [image: image], maximum power point current [image: image], open circuit voltage [image: image], short circuit current [image: image], voltage of the DC bus [image: image], voltage at the grid connection point of photovoltaic generators [image: image]. The simulation verifies the effectiveness of the nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking proposed in this paper, when the grid voltage drops in different amplitudes, especially when it drops to zero voltage. In order to fully verify the effectiveness of the proposed strategy, the simulation results show the dynamic change process of the system during the LVRT, from five important parameters including grid-connected voltage [image: image], grid-connected current [image: image], output active power [image: image], output reactive power [image: image] and DC bus voltage [image: image]. in Figures 4(A‐E), Figures 5(A‐E)
[image: Figure 4]FIGURE 4 | Results of control simulation when a slight voltage drops to 70%. (A–E) power Q and DC bus voltage Udc.
[image: Figure 5]FIGURE 5 | Results of control simulation when a zero voltage drop fault occurs. (A–E) power Q and DC bus voltage Udc.
Figure 4 and Figure 5 simulate the dynamic changes of photovoltaic system parameters, using the nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking, when the grid voltage drops in different amplitudes, especially when zero voltage drop occurs.
Figure 4 simulates the situation when a slight voltage drop fault occurs in the power grid. As shown in Figure 4A, at t = 0.2s, the power grid suddenly experienced a voltage drop fault, and the power grid voltage dropped to 0.7 p. u. lasts 0.15s. From Figure 4B, it can be found that during the 0.15s voltage drop, the magnitude of the grid-connected current never exceeds the maximum limit. It only slightly fluctuates at the beginning and ending of the fault. Therefore, the relay protection device will not act, and the power electronic devices will not be damaged. Similar to the grid-connected current, in Figure 4E, the bus voltage only fluctuates slightly when the fault occurs and ends without exceeding the limit. During the whole fault process, the bus voltage level remained at around 800V, which was relatively stable.
Figure 4C reflects the change of active power during the voltage sag. When a fault occurs, the active power sent by the system drops significantly. At this time, the grid-connected inverter using the nonlinear control method responds quickly and injects a reactive current corresponding to the depth of the voltage drop to provide sufficient reactive power support for the system. Observing Figure 4D, it can be seen that the reactive power of the system increases rapidly from 0 Var to 2,500 Var, which is basically the same as the power calculated by the reactive current value required in the China standard and tracking the grid voltage drop. In the fault phase, the terminal voltage of the photovoltaic cell decreases, and then the power emitted by the photovoltaic cells decreases. At the end of the fault, the photovoltaic cells terminal voltage quickly recovered to the value before the drop. From the above analysis, it can be seen that when the voltage drop is not large, the nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking can well realize the LVRT of the photovoltaic grid-connected system.
Figure 5 simulates the situation when a zero voltage drop fault occurs in the power grid. At t = 0.2s, the grid voltage dips to 0, and continues until the fault ends at t = 0.35s. Observing Figure 5A, it can be seen that when the nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking is adopted, the photovoltaic system can maintain 150 ms without going off the grid. From Figure 5B, it can be found that the grid-connected current is only slightly different except when the fault occurs and ends. At the beginning and the ending of the fault, the grid-connected current fluctuates briefly. Except for these moments, the rest of the time can basically remain stable and not exceed the maximum limit, which meets the relevant requirements of the China State Grid.
In addition, the requirements for photovoltaic LVRT also make the following provisions for reactive power: when the grid voltage is less than 40% of the rated value, the grid-connected current should all be reactive current, and the active current should be 0. Observing Figure 5C and Figure 5D, it is obvious that the actual simulation results meet the above regulations very well. It can be seen from Figure 5C and Figure 5D that when a zero-voltage fault occurs in the power grid, the active power quickly drops to 0, and the grid-connected current components are all reactive currents. Because the grid voltage dips to 0 at that time, the reactive power is also reduced to 0. Besides, as shown in Figure 5E, during the fault, the DC bus voltage does not exceed the limit and the photovoltaic cells terminal voltage drops close to zero. After 0.15s, when the system voltage recovers, the DC bus voltage returns to normal and the photovoltaic cells terminal voltage also recovers.
The above analysis shows that when the grid drops to zero voltage, the nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking can still meet the various requirements of the China State Grid, and achieve LVRT smoothly and quickly.
CONCLUSION
This paper conducts related research on the LVRT process of the three-phase photovoltaic grid-connected system when the grid voltage has a three-phase symmetrical drop.
(1) Without changing the original configuration of the three-phase photovoltaic grid-connected system and adding additional equipment, this paper proposes a new type of adaptive maximum power tracking low voltage ride-through control strategy. Using the proposed strategy, the terminal voltage of the photovoltaic cells are changed by adjusting the power tracking trajectory through the feedforward of the voltage drop amplitude. Thereby, the photovoltaic cells power output is quickly and effectively controlled, which ensures the balance of power on both sides of the inverter, accurately and effectively suppresses the increase in DC bus voltage, and maintains the stability of the DC bus voltage.
(2) In addition, based on the disadvantages of the existing control strategy of the grid-connected inverter, this paper also proposes a non-linear control method, which can speed up the adjustment of the system. The response speed enables the grid-connected output current to provide as much active power support for the grid as possible without exceeding the limit. And at the same time, a certain amount of reactive power will be emitted to maximize the support for the restoration of the grid voltage.
(3) The simulation results confirm that when the grid voltage drops in different amplitudes, especially when it drops to zero voltage, the nonlinear control method of photovoltaic power generation LVRT based on adaptive maximum power tracking can well realize the LVRT of the photovoltaic grid-connected system.
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