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The impact of the large-scale disconnection of photovoltaic generators on the grid cannot be ignored, so the low-voltage ride-through problem of photovoltaic generators needs to be solved urgently, especially in the stage after fault recovery, there is a problem that the converter is difficult to switch back to the original control strategy. Therefore, a new control strategy of the whole-process low-voltage ride-through control strategy for photovoltaic power generation based on adaptive maximum power tracking is proposed. In the initial stage of failure, an adaptive maximum power control strategy is proposed. This control strategy transforms maximum power point tracking control into adaptive maximum power control by feedback of voltage drop amplitude. It can control the output of photovoltaic power quickly and effectively and realize the zero-voltage crossing of the photovoltaic grid-connected system. In the stage after fault recovery, the switching function is established by comparing the network voltage with the rated voltage. The operating state of the photovoltaic system can be judged by different output of the switching function. It realizes the fast switching of the photovoltaic side control strategy during the fault recovery stage. Simulation results show that the proposed method can switch the control strategy reliably and realize the whole-process low-voltage crossing of photovoltaic power generation quickly.
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INTRODUCTION
With the increasing proportion of photovoltaic access capacity in the power system, the safe and reliable operation of the photovoltaic grid-connected system becomes particularly important. When the power grid fails, the power grid voltage will drop temporarily, and the grid-connected current will increase suddenly. At this time, the photovoltaic output current will be limited below the maximum current limit value, and the active power of the photovoltaic output will be limited.(Bighash E et al., 2018; Ding et al., 2015; Li et al., 2021). However, the energy emitted by photovoltaic cells still remains unchanged at the maximum power point, so the excess energy will accumulate on the DC bus capacitor, resulting in the DC bus voltage surge. How to deal with this part of the excess energy becomes the key to achieve low-voltage crossing.
At present, there are literatures on the low-voltage crossing strategy. In reference (Li et al., 2019; Al-Shetwi and Sujod., 2019; Zhang et al., 2020), during a failure, the unloading resistor consumes the excess energy emitted by the photovoltaic cell, to maintain the balance of power on both sides of the inverter. The parallel unloading resistance method at the DC bus proposed in these literatures limits the rise of the DC side voltage and the overcurrent of the AC side grid-connected current, thus meeting the requirements of low-voltage crossing. There are also literatures (Liu et al., 2019; Yin., 2021) that put forward the low-voltage traversal strategy based on supercapacitor energy storage. The control of active power in the low-voltage fault process is realized by using the inherent fast charging and discharging characteristics of the supercapacitor. When the DC bus voltage exceeds the specified value, the supercapacitor absorbs excess energy to balance the power on both sides of the inverter and suppress the dc voltage rise. However, adding ultracapacitors will greatly increase the hardware cost of the device, complicate the control of the system, and increase the uncertainty. In addition, the huge volume of ultracapacitor equipment brings a lot of inconvenience to its installation and maintenance. However, the aforementioned study only considered changing the topology of the system to achieve a good low-voltage crossing. The addition of shunt unloading resistance not only increases the cost, but also generates a large amount of heat, which will affect the safety and stability of the grid-connected system. Therefore, only changing the unloading resistor or adding additional unloading resistance to achieve low-voltage crossing is defective.0.
Some literatures consider to realize low-voltage crossing by changing the control strategy without changing the topological structure of the system. In the literature (Li F. et al., 2021; Jia et al., 2020; Yan et al., 2021), the photovoltaic side detects the feedback of power grid voltage drop and quickly switches the constant power double closed-loop control of the inverter in the normal state, to the constant single closed-loop control of the inverter in the fault state. The aforementioned control strategy can ensure that the grid-connected current does not flow, but the DC bus voltage is not considered in the single loop control, which cannot ensure the stability of DC bus voltage. There are also literatures (Benali et al., 2018; Huka et al., 2018) that put forward the low-voltage crossing strategy based on the PQ theory and PR control method for the single-stage photovoltaic system. Although the effectiveness of the method is verified by experiments, only the slight voltage sag is considered, and the more serious fault is not considered. Also, this method is only applicable to the single-stage photovoltaic system and cannot be applied to the current use of more common two-stage three-phase photovoltaic grid-connected system. Therefore, only changing the control strategy also cannot achieve a good low-voltage crossing of the photovoltaic system too.
In addition, after failure recovery, the photovoltaic system should be restored to the maximum power output mode. However, the traditional control method cannot accurately detect the changes of system operating conditions, and the photovoltaic cell may not be able to recover the MPPT control. This will affect the operating efficiency of the photovoltaic DC grid-connected system, so the control method in the fault recovery stage also needs to be further studied.
Aiming at the aforementioned problems, this article proposes the whole-process low-voltage crossing control strategy for photovoltaic power generation based on adaptive maximum power tracking. In the initial stage of power grid failure, the photovoltaic side adjusts the power tracking method from MPPT to adaptive control strategy, through the feedforward of voltage drop amplitude. The proposed adaptive control strategy controls the terminal voltage of photovoltaic cells, reduces the energy emission, balances the power on both sides of the converter quickly, and keeps the dc bus voltage stable. In addition, combined with the direct current control of the inverter, the power on both sides of the inverter is quickly balanced, so that the DC bus voltage is stable, and the grid-connected output current does not flow. By improving the control strategy of the inverter, reactive power is generated according to the different amplitude of voltage sag to support the voltage recovery of the grid.
In the stage of power grid fault recovery, a switching function control strategy is defined in this article. The power grid voltage is compared with the rated voltage to measure the power grid voltage feedforward amount. Then, the operating state of the photovoltaic system is judged by the positive and negative voltage feedforward quantity, so that the switching function outputs different quantities. It can switch back to MPPT control quickly and reliably without communication. Thus, the whole-process low-voltage crossing of photovoltaic power generation is controlled from fault initial to fault recovery by the proposed strategy in this article. PSCAD simulation results show that the proposed control strategy can ensure the system stability and improve the photovoltaic utilization rate under various voltage drops of the power grid. It realizes the whole process of photovoltaic low-voltage crossing from the initial stage of failure to the period of failure recovery.
PHOTOVOLTAIC GRID-CONNECTED SYSTEM
As shown in Figure 1, a complete three-phase photovoltaic grid-connected system includes photovoltaic cells, inverters, and control systems. The control system consists of two parts: photovoltaic cells and inverters. The photovoltaic cell side can control the output power and raise the voltage to the appropriate value so that the photovoltaic side can realize the adaptive maximum power control strategy, which can make the inverter work normally. The inverter partially controls the DC bus voltage through the double closed-loop of voltage and current and transmits the required electricity to the power grid side.
[image: Figure 1]FIGURE 1 | Schematic diagram of the two-stage three-phase photovoltaic system.
Photovoltaic Cells
Photovoltaic cells convert light energy into electricity using the photoelectric volt effect of the P-N junction. When the light is illuminated, the I-V characteristics of the photovoltaic cell are diode characteristics, and the current changes exponentially with the voltage. If the photogenic current is regarded as a constant current source, the effect of series equivalent resistance [image: image], parallel resistance [image: image], and internal distributed capacitance [image: image] should also be considered in the actual analysis process. To sum up, the equivalent circuit of photovoltaic solar cells is shown in Figure 2, where [image: image] and [image: image] are the output current and terminal voltage of the photovoltaic cell, respectively, [image: image] is photogenic current, and [image: image] is diode current.
[image: Figure 2]FIGURE 2 | Equivalent circuit of the photovoltaic cell.
The I-V characteristic equation of photovoltaic cells can be expressed as (Yang et al., 2017; Li Y. et al., 2021):
[image: image]
where A and B are parameters related to P-N junction material properties, q is the charge of the electron K is the Boltzmann constant, and T is the absolute temperature.
On the premise of ensuring certain accuracy, the output current of the simplified photovoltaic cell is shown in Eq. 2 (Mei et al., 2021).
[image: image]
where [image: image] and [image: image] are open circuit voltage and short circuit current of photovoltaic cells, respectively. [image: image] and [image: image] are maximum power point current and maximum power point voltage of photovoltaic cells, respectively.
According to the aforementioned mathematical model of photovoltaic cells, the changes of photovoltaic characteristics under different environmental influences can be obtained. Under normal circumstances, the output power curve of photovoltaic cells is a single-peak curve, which with maximum power point calculated as the extreme value. Under different light intensity and temperature conditions, the voltage of the photovoltaic cell is controlled so that it operates at its maximum power point at different light levels and temperatures (Sabir and Ibrir., 2020; He et al., 2019; Li et al., 2020).
Grid-Connected Inverter
In the dq-rotating coordinate system, the mathematical model of the grid-connected inverter can be expressed as (Abidi et al., 2020):
[image: image]
where “[image: image]” is the output current vector of the grid-connected inverter; [image: image] and [image: image] are components of the transfer function on the d and q axes, respectively.; [image: image] is the grid voltage vector; L and R are the inductance and resistance values on the inverter side, respectively; C is the DC side capacitance value; [image: image] is angular frequency; and [image: image] is the DC side voltage.
THE WHOLE-PROCESS LOW-VOLTAGE RIDE-THROUGH CONTROL STRATEGY FOR PHOTOVOLTAIC POWER GENERATION
Adaptive Variable Power Low-Voltage Crossing Strategy at the Initial Stage of Fault
The low-voltage crossing strategy of proposed adaptive maximum power changes the terminal voltage of photovoltaic cells by adjusting photovoltaic cells during failures. It reduces the generation of excess energy from the source, quickly and effectively realizes the power balance on both sides of the inverter, and avoids DC bus overvoltage and grid-connected current overcurrent. Under the premise of not changing the topological structure and not adding the unloading resistor, it can realize low-voltage crossing well and greatly reduce the cost of the system.
Under normal circumstances, the photovoltaic system finds the terminal voltage corresponding to the MPPT. It keeps the photovoltaic cell terminal voltage at this value and makes it emit as much energy as possible. When low-voltage faults occur on the grid side, in order to achieve energy balance, the terminal voltage of photovoltaic cells cannot remain unchanged at the original value. The terminal voltage should be changed by adding an additional value which is related to the depth of voltage drop. The additional value here is adjusted by the PI_LVRT regulator, whose input value is the difference voltage U between the actual grid voltage and 90% of the rated voltage. The transfer function of PI_LVRT is [image: image]. By setting an appropriate PI parameter value, the photovoltaic cell terminal voltage is changed to reduce the energy emitted by the photovoltaic cell, so as to achieve energy balance. The goal of the proposed low-voltage crossing strategy is changed from maximum power point to adaptive power which is more conducive to low-voltage crossing.
The adaptive MPPT control structure diagram of low-voltage crossing in photovoltaic power generation is shown in Figure 3. Define the given value of the photovoltaic cell terminal voltage as [image: image] , then [image: image]. [image: image] is the terminal voltage of the photovoltaic cell corresponding to the maximum power point, and [image: image] is the power grid voltage feedforward regulation.
[image: Figure 3]FIGURE 3 | Adaptive MPPT control structure diagram.
When the power grid is in normal operation or the power grid voltage fluctuation is less than 10% of the rated voltage, the system is in normal operation, and the influence of the power grid voltage is not considered. Photovoltaic cells operate at the maximum power point. In this situation, [image: image] is 0, and [image: image] is [image: image]. When the grid fails, the grid voltage is below 90%. In this fault situation, the [image: image] of power grid voltage feedforward regulation is positive, which is proportional to the voltage drop amplitude. At this point, the terminal voltage [image: image] of photovoltaic cell decreases, and the energy emitted also decreases. Thus, the balance between photovoltaic cell input power and power into the grid can be quickly realized.
Control Strategies for Photovoltaic Generators During Failures
The Chinese standard (GB/T 19964-2012) “Technical Provisions for Photovoltaic Power Station Access to Power System” points out the requirements for low-voltage crossing that photovoltaic power stations should meet: when the voltage of the connection point drops to 0, the photovoltaic power station should be able to operate continuously for 0.15s without off-grid. In addition, in the failure stage, the photovoltaic power station needs to support the voltage in the grid. Therefore, the adaptive variable power controller needs to provide dynamic reactive power support to the receiving network in case of failure. The reactive power value injected by the adaptive variable power controller and the voltage at the connection point should meet the following requirements:
[image: image]
where [image: image] is the rated current of the power grid, [image: image] is the unit value of the voltage at the junction point, and [image: image] is the voltage of the non-fault phase.
In normal operation, the constant DC voltage control of the adaptive variable power controller makes the DC bus voltage run stably at the rated value and keeps the balance of the power transmission of the system. When the power grid fails, the proposed adaptive variable power control will provide reactive power support for the power grid and switch to constant power control. In order to prevent overcurrent of the adaptive variable power controller in the process of system failure, the reference value of active power of the adaptive variable power controller is set at [image: image], where S is the rated capacity of the adaptive variable power controller.
In order to transmit as much active power as possible in case of failure, Eq. 5 is substituted into the aforementioned equation, and the relationship between the maximum active power output of the adaptive variable power controller and the voltage of the connection point is:
[image: image]
Control Strategy at the Stage of Power Grid Fault Recovery
In the stage of power grid fault recovery, the photovoltaic needs to switch back to MPPT control to improve the efficiency of photovoltaic power generation. However, the traditional control method may have the situation that the DC voltage fluctuation is not obvious and the adaptive variable power control is difficult to switch back to MPPT control. Therefore, the control strategy of the post fault recovery stage needs to be studied.
In general, when the low-voltage crossing process is over, the photovoltaic cell terminal voltage is at a low value. The photovoltaic system needs to spend some time to re-track the maximum power point to make the battery run at the maximum power, even though the voltage dip only lasts for a very small period of time. In order to solve these problems, a switching function module is added to the adaptive variable power control system in the stage of fault recovery.
The working principle of the switching function is as follows in Figure 4: compare the network voltage with 90% of the rated voltage, and get the positive and negative of the network voltage feedforward regulation. Then, the fault state of the power grid is judged, and different switching function values are obtained to realize the switching of the control strategy. When the power grid voltage is lower than 90% of the rated voltage, the power grid fails, the power grid voltage feedforward regulation [image: image] is positive, and the output of the switching function is 1. At this time, PI_LVRT regulator input voltage sag adjusts and calculates the additional amount related to the depth of voltage sag. After stacking, the terminal voltage of the photovoltaic cell decreases, and the output power of the photovoltaic side changes. When the power grid is in normal operation or the power grid voltage fluctuation is less than 10% of the rated voltage, the power grid voltage feedforward regulation [image: image] is negative, and the output of the switching function is 0. The PI_LVRT adjustment is continued, but the switching coefficient here is 0, which has no influence on the PI adjustment process and power tracking process, so that MPPT control is restored on the photovoltaic side. When the voltage drop ends, the terminal voltage of the photovoltaic cell restores to the MPPT maintained before, instead of continuing the adaptive MPPT control. The conversion time is saved, and the system stability is improved.
[image: Figure 4]FIGURE 4 | Control block diagram of the control switch module.
SIMULATION VERIFICATION OF THE WHOLE-PROCESS LOW-VOLTAGE THROUGH CONTROL STRATEGY
Based on PSCAD simulation software, a simulation model of 9-kw three-phase photovoltaic grid-connected system was established. A total of five key observations from the whole process, grid-connected voltage U, grid-connected current I, active power output P, reactive power output Q, and DC bus voltage Udc, are shown in Figures 5, 6. By observing these important parameters, the effectiveness of the whole process control strategy in the initial stage of fault occurrence and the stage after fault recovery is verified. The main parameters 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], series number NS = 10, and parallel number NP = 6. Inverter switching frequency F = 2kHz, PI_LVRT parameters are KP1 = 0.15 and Ki1 = 0.45, and PI_MPPT parameters are KP2 = 1.5 and Ki2 = 0.3. Under the condition of different amplitude drops of power grid voltage on the photovoltaic control side, the system working condition is simulated by the whole-process low-voltage through control strategy for photovoltaic power generation proposed in this article.
1) Simulation of low-voltage crossing when the voltage drops to 70% of the rated voltage.
[image: Figure 5]FIGURE 5 | Low-voltage crossing simulation when the voltage drops to 70%.
[image: Figure 6]FIGURE 6 | Low-voltage crossing simulation when the voltage drops to 0%.
It can be seen from Figure 5 that the voltage drop reaches 70% of the rated voltage within 0.2∼0.7 s, and the voltage drop lasts for 0.5 s.
First, the change of the grid-connected current is observed, and it can be seen that the grid-connected current only fluctuates at the beginning and end of the fall. In the initial stage of the fault, its amplitude does not exceed 1.2 times of the limited current; in the fault recovery stage, its amplitude does not exceed 1.0-1.2 times of the limited current. The grid-connected current in the whole process of failure is within the standard range. It will not cause the grid current overcurrent protection to start and damage the device or trigger protection to shut off the circuit breaker.
Second, the changes of DC bus voltage were observed. It was found that the DC bus voltage basically remained near the reference voltage of 800 V during the whole fault process. Finally, the changes of active power and reactive power during the period of fault voltage drop are observed. It can be seen that the active power emitted decreases from the rated power of 9000 W to about 6800 W, and the reactive power increases from 0 Var to 2,500 Var. It is basically the same as the power calculated by using the reactive current value required in the Chinese standard.
Under the simulation condition of the grid voltage dropping to 70% of the rated voltage, it is found that in the initial stage of the fault and the recovery stage, the grid current is within the standard range of 1.0–1.2 times, which well verifies the effectiveness of the whole-process low-voltage crossing control strategy of the adaptive variable power tracking trajectory.
2) Simulation of low-voltage crossing when the voltage drops to zero.
It can be seen from Figure 6 that within 0.2∼0.35, power grid voltage drops to zero and lasts for 150 ms, which is the most serious case of power grid failure. The photovoltaic system can keep up on the grid for 150 ms when the adaptive variable power tracking strategy is adopted in this article.
First, the change of the grid-connected current is observed, and it can be found that the grid-connected current basically remains at the rated value except that it fluctuates during the initial stage of failure.
Second, the changes of DC bus voltage were observed. It can be seen that during the failure period, the DC bus voltage did not exceed the limit, and after the fault recovery, the adaptive variable power tracking also quickly switched to the maximum power output, and the DC bus voltage also returned to normal.
Finally, the changes of active power and reactive power during the fault voltage drop are observed. According to the requirements for reactive current stipulated in China standard low-voltage crossing requirements, when the grid voltage is less than 40% of the rated value, the grid-connected current should be all reactive current, and the active current is 0. Therefore, under the simulation condition that the voltage drops to 0, the grid-connected current is 100% reactive current, and the active current drops to 0. As shown in Figure 6, both active power and reactive power drop to 0.
To sum up, when the grid voltage drops to zero, it is found that the DC bus voltage does not exceed the limit in the whole process of the fault, and zero-voltage crossing is realized. It is further demonstrated that the whole-process low-voltage through control strategy for photovoltaic power generation based on adaptive maximum power tracking can be well applied to low-voltage crossing of photovoltaic power generation.
The simulation results verify the feasibility of the adaptive variable power strategy under different voltage drops. The low-voltage strategy proposed in this article can realize the whole process of low-voltage traversal of the photovoltaic system, even the whole process of zero-voltage traversal without additional equipment.
CONCLUSION
In this article, the whole-process low-voltage through control strategy for photovoltaic power generation based on adaptive maximum power tracking is proposed, and the following conclusions are drawn:
1) In the initial stage of failure, an adaptive variable power control strategy is proposed. This control strategy transforms MPPT control into adaptive maximum power control by feedback of voltage drop amplitude. It changes the photovoltaic cell terminal voltage, and then quickly and effectively controls the photovoltaic cell power output, to ensure the balance of power on both sides of the inverter. Finally, the zero-voltage crossing of the photovoltaic grid-connected system is realized.
2) In the stage after fault recovery, a control method of the switching function is proposed. By comparing the grid voltage with the rated voltage, the positive and negative UPV_L of the grid voltage feedforward regulation is judged. Then, different values are output according to the switching function, so that the photovoltaic side can be switched to MPPT control in time. It reliably improves the efficiency of photovoltaic power generation.
3) In this article, the whole-process low-voltage ride-through control strategy for photovoltaic power generation based on adaptive maximum power tracking is verified by simulation under different voltage drops. It can realize the whole process of low-voltage traversal, even the whole process of zero-voltage traversal of the photovoltaic system, and effectively improve the economy of photovoltaic power generation.
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