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The grid connection of photovoltaic (PV) farms may cause power system oscillations under the condition of open-loop modal resonance (OLMR). This study elucidated the origin of the induced low-frequency oscillations and examined the impact of the electrical distance between grid-connected PV farms on OLMR intensity by using a simplified real power network. A linearized state-space model of the real power system comprising grid-connected PV farms was derived. Based on this, an OLMR analysis was performed to examine the impact of the electrical distance between the grid-connected PV farms as well as between each grid-connected PV farm and the main grid. The OLMR analysis results indicate that the strength of the OLMR increases with the electrical distance between the PV farms, thereby leading to growing power oscillations. Moreover, the increase of electrical distance between each of the grid-connected PV farms and the main grid has a greater effect on OLMR intensity. Additionally, the non-linear simulations were performed to confirm the correctness of the OLMR analysis. Finally, by re-tuning the parameters of the control system of the grid-connected PV farms to reduce the phase-locked loop bandwidth, the OLMR can be effectively eliminated to avoid power oscillations.
Keywords: photovoltaic (PV), open-loop modal resonance, low-frequency oscillation, PV farms, electrical distance
1 INTRODUCTION
In recent years, as environmental pollution and energy crisis problems have become increasingly severe, several countries are actively transforming to green and sustainable energy systems. The proposal of the “carbon peak and neutrality” goal implies that the development of new alternative and clean energy is an inevitable trend in the current era (Wang et al., 2021). Among various alternative energy sources, solar energy has recently received remarkable attention, and its application technology has developed considerably (Donaldson et al., 2021). At present, solar power generation technologies mainly include concentrated solar power (CSP) and photovoltaic (PV) power generation (Abubakr et al., 2022). Owing to the high costs of the CSP technology, the PV power generation technology is widely worldwide. The fast-paced development in PV power generation technology has led to a notable increase in its installed capacity. Nonetheless, the PV power generation principle and control methods are considerably different from those of conventional power generation (Kou et al., 2020; Quan et al., 2020). In 2017, a regional power network in the western areas of China experienced power oscillations of approximately 1 Hz caused by PV grid connections, which led to the disassembly of some power stations and affected the safety and stable operation of the power systems.
At present, researchers worldwide have been focusing on inverter structure and control, maximum power point tracking (MPPT) strategy, operation optimization, and stability analysis aspects of PV power generation. Khasim (Khasim et al., 2021) proposed a novel asymmetric multilevel inverter topology, which uses an asymmetric DC power supply to achieve a 21-level output voltage without an H-bridge. Mahmoud (Mahmoud and Lehtonen, 2020) proposed a three-level control strategy with different time resolutions to minimize voltage deviation and voltage flicker in high PV penetrated distribution systems. Further, an adaptive discrete proportional–integral–differential controller was used to control the dynamic microgrid inverter voltage (Kumar and Tyagi, 2021), and DC–DC and DC–AC converters were coordinated and controlled (Emara et al., 2021), both of which improved voltage stability. Based on the adaptive neural fuzzy reasoning system (ANFIS), Priyadarshi and Ibrahim (Priyadarshi et al., 2020; Ibrahim et al., 2021) studied the MPPT algorithm to quickly achieve the maximum power. In addition, ANFIS has been applied to the areas of detection, identification, and defect/fault elimination in PV systems (Bendary et al., 2021; Mansouri et al., 2021). Further, on the premise of ensuring the reliability of photovoltaic microgrids and renewable energy source integration system, the corresponding highest penetration was determined (Ali et al., 2021; Harasis et al., 2021). Mahmoud (Mahmoud and Lehtonen, 2021) proposed comprehensive analytical expressions to solve the problem of optimal allocation of multiple PV units in distribution systems, which has high performance in accuracy, flexibility and computational speed.
The influence of the power grid strength and control loop interactions on the system stability were previously demonstrated (Huang et al., 2015; Xia et al., 2018; Malik et al., 2019) by using the state-space model and eigenvalue method. The stability of the system degrades whenever the power grid strength lowers or the interactions intensify. Moreover, Eftekharnejad (Eftekharnejad et al., 2013) reported that a high penetration of PV generation would reduce the damping of certain critical modes, which in turn causes the system to oscillate, compromising the system’s stability. Furthermore, it was shown that a high penetration of the PV generation can affect the voltage stability of the system (Yan and Saha, 2012). Moradi-Shahrbabak (Moradi-Shahrbabak and Tabesh, 2018) conducted stability analysis based on the state-space model and suggested that the damping of the oscillation mode would change with the change of parameters (i.e., capacitance and reactance) corresponding to the DC-link and front-end converter. They also showed that the increase of capacitance and reactance can lead to the risk of instability. Using a theoretical analysis, Du (Du et al., 2020) proposed an index to assess the impact of an increase in the number of PV power generation units on the stability of the system. Based on the aforementioned studies, it is evident that the connection of PV power systems to a grid would affect the stability of the system in many aspects.
Previously (Du et al., 2017; Du et al., 2018; Chen et al., 2019), a new concept of open-loop modal resonance (OLMR) for the grid-connected wind power generation was proposed to induce power system oscillations. The novel OLMR theory provides an alternative perspective to understand the mechanism of the oscillatory instability caused by a grid-connected wind power generation system. It also constitutes a tool to examine the risk of oscillations caused by the grid-connected wind power generation system in practical power systems. The OLMR theory was based on the state-space model of the open-loop subsystem, and evaluated the instability risk of the system with the OMLR condition, which makes up for the deficiency of the traditional modal analysis method in revealing the stability mechanism. In this study, the OLMR theory was applied to investigate the occurrence of low-frequency oscillations caused by a grid-connected PV power generation in the regional power system in western China. The investigation aimed to understand why the grid-connected PV power generation system induces low-frequency oscillations in the regional power system. This is the first aspect of the contributions made by the present study.
According to relevant prior studies (Du et al., 2017; Du et al., 2018; Chen et al., 2019), the stronger the OLMR, the more at risk would be the grid-connected wind power generation system. However, the key elements, which may affect the intensity of the OLMR were not studied. Therefore, in the present study, the electrical distance between multiple grid-connected PV farms (under OLMR) and that between each of the grid-connected PV farms and main grid are examined. This study sought to understand why the low-frequency oscillations caused by the grid-connected PV power generation system occurred in a particular regional power system in western China. Subsequently, this examination could serve as a practical guidance for the planning of grid connections of PV generators in the future to avoid the aforementioned challenges. This forms the second potential contribution of this study.
Herein, the theory of OLMR is introduced first in Section 2. In Section 3, the mathematical model of a PV farm is built using the model (Tan et al., 2004; Du et al., 2020). In Section 4, a linearized state-space model of the simplified regional power system in western China with two grid-connected PV farms (where the low-frequency oscillations were observed) is established. Section 5 details the application of the theory of OLMR to examine the impact of the electrical distance between the two grid-connected PV farms and the intensity of the OLMR between each of the grid-connected PV farms. Furthermore, the results of the non-linear simulation are presented to demonstrate the correctness of the OLMR analysis. Finally, conclusions and future work are presented in Section 6.
This study made several notable contributions. First, based on the OLMR theory, the origin of the induced low-frequency oscillations in the regional power system was elucidated. Second, the influence of the electrical distance on the OLMR was examined using several numerical examples. This paper showed that re-tuning parameters is beneficial in eliminating OLMR and improving the closed-loop mode damping (−0.015→0.119). In addition, we revealed that a constant electrical distance between each of the grid-connected PV farms and the main grid would not affect the oscillation stability of the PV power generation system. This feature is applicable in the design and planning of large-scale grid-connected PV farms.
2 OPEN-LOOP MODAL ANALYSIS
A closed-loop interconnection model can be divided into two open-loop subsystems interconnected by current and voltage, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Closed-loop interconnection model.
[image: image] and [image: image] are the state-space models of two open-loop subsystems, respectively. Their linearized state-space equations are given by
[image: image]
[image: image]
the prefix [image: image] denotes the small increment of a variable; the subscript is the serial number of the open-loop subsystem; [image: image] is the state variable column matrix of the open-loop subsystem; [image: image], [image: image], and [image: image] are the state matrix, input matrix, and output matrix of the open-loop subsystem, respectively.
The two open-loop subsystems are represented by two transfer functions, [image: image] and [image: image], given by
[image: image]
where [image: image] are the eigenvalues of the open-loop state matrix A1, [image: image] are the residues corresponding to [image: image], K1 is the constant term of [image: image], [image: image] are the eigenvalues of the open-loop state matrix A2, [image: image] are the residues corresponding to [image: image], and K2 is the constant term of [image: image].
The characteristic equation of the closed-loop interconnected system can be obtained as follows:
[image: image]
Substituting Eq. 3 in Eq. 4, replacing s by [image: image], which is a solution of Eq. 4, and then multiplying both sides by [image: image] considering [image: image] (OLMR condition), the following is obtained:
[image: image]
where R1i and R2i are the residues corresponding to [image: image] and [image: image], respectively. Hence, in the neighborhood of [image: image],
[image: image]
Similarly, replacing s by [image: image], which is also a solution of Eq. 4, the following is obtained:
[image: image]
From Eqs. 6 and 7,
[image: image]
According to (8), when the OLMR condition is satisfied, the corresponding closed-loop mode ([image: image] and [image: image]) would be located in the opposite position around the modal resonance point ([image: image]) on the complex plane, as shown in Figure 2. Evidently, one of the closed-loop modes ([image: image]) would move to the right on the complex plane. If the closed-loop mode moves to the right half plane on the complex plane, the system would become unstable.
[image: Figure 2]FIGURE 2 | The phenomenon of OLMR.
3 MATHEMATICAL MODEL OF PV FARM
PV power generation is a technology that converts solar energy into electrical energy via the photovoltaic effect. A PV farm mainly comprises a PV array, an inverter and its control system, and filter reactance. Its basic structure is shown in Figure 3, where [image: image] denotes the filter reactance and [image: image] is the capacitance of the DC capacitor.
[image: Figure 3]FIGURE 3 | Schematic of a PV farm.
3.1 PV Array Model
Tan (Tan et al., 2004) proposed a mathematical model for PV arrays, assuming that its operation is under standard temperature (25 °C) and illumination (1000 W/m2) conditions. 
[image: image]
where [image: image] and [image: image]. [image: image] is the output current of the PV array, [image: image] is the positive and negative voltage of the PV array, [image: image] and [image: image] are the parallel number and series number of PV cells, respectively, [image: image], [image: image], [image: image] and [image: image] are the maximum power point current, short-circuit current, maximum power point voltage, and open-circuit voltage of the PV array, respectively.
3.2 Model of the Inverter Inner and Outer Loop Control System
The dynamic model of the capacitor voltage is given as
[image: image]
where [image: image] is the capacitance of the DC capacitor, [image: image] is the voltage across the DC capacitor, [image: image] is the output active power of the PV array, and [image: image] is the active power flowing into the inverter from the capacitor.
The control system of the inverter is divided into outer loop control and inner loop control. The block diagram of the inverter control system is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Block diagram of the inverter control system.
The outer loop control model is designed using Eq. 11 as:
[image: image]
where [image: image] is the state variable of the output of the integral link of the voltage control outer loop, the superscript ref is the reference value of the corresponding quantity, [image: image] and [image: image] are the proportional and integral coefficients of the voltage control outer loop, respectively.
The current inner loop control model is shown in Eq. 12 as:
[image: image]
where [image: image] and [image: image] are the state variables of the output of the integral link of the inner loop for the current control of d-axis and q-axis, respectively. [image: image] is the filter reactance. [image: image] and [image: image] are the d-axis and q-axis components of the inverter output current, respectively. [image: image] and [image: image] are the d-axis and q-axis components of the AC side port voltage of the inverter, [image: image] and [image: image] are the d-axis and q-axis components of the voltage of the junction point of PV farm, respectively. [image: image], [image: image], [image: image], and [image: image] are proportional–integral (PI) control parameters of the d-axis and q-axis current inner loop, respectively.
3.3 Filter Model
The mathematical model of the filter is shown in Eq. 13 as follows:
[image: image]
where [image: image] is the power frequency.
3.4 Phase-Locked Loop Model
The control structure of the phase-locked loop (PLL) model is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Control structure of the PLL model.
The dynamic model of the PLL can be obtained using Eq. 14.
[image: image]
where, [image: image] and [image: image] are the control parameters of the PLL, [image: image] is the q-axis component of the voltage at the junction point, and [image: image] is the state variable of the output of the integral link of the PLL.
Thus, Eqs. 9–14 constitute the mathematical model of the PV farm.
4 LINEARIZED STATE-SPACE MODEL OF THE PHOTOVOLTAIC POWER GENERATION SYSTEM
A PV power generation system with two PV farms is illustrated in Figure 6. The system’s structure is simplified based on a regional power network in the western area of China, and the main grid is replaced by an infinite system. To study the impact of the electrical distance between grid-connected PV farms on the stability of the system oscillation, a linearized state-space model of the PV power generation system is established. The linearized model of the PV farm is based on the mathematical model proposed in Section 3.
[image: Figure 6]FIGURE 6 | Schematic of the PV power generation system.
Assuming that the mathematical model, operating state and control parameters of PV1 and PV2 are consistent, the linearized state-space model of the kth (k = 1,2) PV farm can be expressed as follows:
[image: image]
where [image: image] is the state variable vector of the kth PV farm (i.e., the kth PV). [image: image], [image: image], and [image: image] are the linearized state matrix, input matrix, and output matrix of the kth PV, respectively. [image: image] and [image: image], where [image: image] and [image: image] are the terminal voltage and output current of the kth PV in the common x-y coordinate, respectively.
The node admittance matrix of the power system can be written as
[image: image]
where [image: image].
[image: image]
where [image: image], and [image: image].
According to Eqs. 15, 17, the following full-order linearized model of the PV power generation system depicted in Figure 6 is obtained by
[image: image]
where [image: image].
5 SAMPLE ANALYSIS
This section presents an analysis of the impact of the electrical distance between grid-connected PV farms and the control parameters on the OLMR by using the results of the calculation examples. The electrical distance between nodes represents the closeness of the connection between them, which is jointly determined by the physical distance and the connection mode between nodes. The system structure is shown in Figure 6. The system parameters and PV farm parameters are provided in the Appendix. In this study, the model building and non-linear simulation are completed by code programming in M-file of MATLAB, and the non-linear simulation is obtained using the improved Euler method.
5.1 Influence of OLMR on Oscillation Stability
The open-loop modes of the subsystems of the two PV farms can be calculated using Eq. 15. As their mathematical models, control parameters, and operating states are essentially the same, the oscillation modes of the open-loop subsystems are also the same. Under the current situation, two groups of oscillation modes were mainly examined. The specific values and damping are shown in Table 1, which shows that the damping of the oscillation mode dominated by the PLL is smaller than that dominated by the DC voltage outer loop and the real part is closer to the virtual axis. As this study was focused on the stability of grid-connected PV farms, only the oscillation mode dominated by the PLL with weaker damping was considered.
TABLE 1 | Open-loop oscillation modes of the PV farm.
[image: Table 1]Considering the main grid as an infinite system, the PV power generation system shown in Figure 6 can be regarded as a closed-loop interconnected system composed of two PV farm subsystems. The dominant modes [image: image] of the PLL of the two open-loop subsystems are essentially the same, thus satisfying the conditions for the occurrence of OLMR. Therefore, the closed-loop modes corresponding to the open-loop modes are distributed on both sides of the open-loop mode. The closed-loop oscillation modes [image: image] are calculated using Eq. 18, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | OLMR phenomenon of [image: image] and [image: image].
As can be observed in Figure 7, when OLMR occurs, a closed-loop mode would appear on the right side of the open-loop mode, and the damping decreases, that is, the oscillation stability of the closed-loop system decreases as compared with that in the open-loop system.
In order to study the influence of PV power generation variation on the OLMR, low-power generation (PPV1 = PPV2 = 0.39 p. u.) and high-power generation (PPV1 = PPV2 = 0.61 p. u.) are considered. The PLL dominant modes [image: image] are also calculated, as shown in Figure 8. Evidently, as long as the OLMR condition is satisfied, there would be closed-loop mode damping reduction, even negative damping. Figures 7, 8 indicate that the increase of power generation decreases the stability of the system.
[image: Figure 8]FIGURE 8 | OLMR phenomenon of [image: image] and [image: image] when PV power generation varies.
5.2 Impact of Electrical Distance Between Grid-Connected PV Farms on System Stability
For a PV power generation system with two PV farms, the electrical distance between the grid-connected PV farms is an important factor affecting the system’s oscillation stability.
To study the impact of different electrical distances on the system stability, the distance between two PV farms is gradually increased, that is, the values of [image: image] and [image: image] are gradually increased by [image: image] at each step. Eqs. 15 and 18 are used to calculate the open-loop oscillation modes and closed-loop oscillation modes, respectively. Table 2 lists the calculation results of the open-loop oscillation modes and open-closed-loop oscillation mode offsets ([image: image]). The trajectories of the open-loop oscillation mode and closed-loop oscillation mode on the complex plane are shown in Figure 9.
TABLE 2 | Calculation results for increasing electrical distance between PV farms.
[image: Table 2][image: Figure 9]FIGURE 9 | Trajectories of open and closed-loop mode with increasing electrical distance between the PV farms.
According to the results shown in Table 2 and Figure 9, as the electrical distance between grid-connected PV farms increases, the open-loop oscillation mode damping, dominated by the PLL, decreases. The offset ([image: image]) of the open-loop and closed-loop oscillation modes also increases. This implies that the resonance intensity increases, so that the damping of the weakly damped closed-loop oscillation mode gradually decreases, and the oscillation stability of the system decreases. When h = 0 and h = 5, the damping coefficients of the closed-loop mode are −0.05 and −0.04 respectively; the damping decreases, but the decrease is not evident. To verify the correctness of the eigenvalue analysis, a non-linear simulation of the system was performed. The fault setting was that the active power output of PV1 decreases by 15% at 0.5 s and returns to normal after 0.1 s. Figure 10 shows the non-linear simulation results of the active power output of PV1. Evidently, compared with the non-linear simulation result of h = 5, the oscillation frequency is higher, and the oscillation attenuation speed is faster when h = 0. The stability can be recovered faster, that is, the oscillation stability of the system is better. The non-linear simulation results agree well with the eigenvalue analysis results.
[image: Figure 10]FIGURE 10 | Non-linear simulation results of the active power output of PV1 when the electrical distance between PV farms increases.
5.3 Impact of Electrical Distance Between Each PV Farm and Main Grid on System Stability
The electrical distance between each of the PV farms and the main grid was adjusted, without changing the electrical distance between the PV farms, and its stability was then studied. [image: image] and [image: image] remained the same while the value of [image: image] was increased successively. Additionally, [image: image] for each step. Eqs. 15 and 18 were used to calculate the open-loop and closed-loop oscillation modes, respectively. Table 3 lists the calculation results of the offset of the open-loop oscillation mode and the open-loop oscillation mode. The trajectories of the open-loop oscillation mode and the closed-loop oscillation mode on the complex plane are shown in Figure 11.
TABLE 3 | Calculation results when [image: image] increases.
[image: Table 3][image: Figure 11]FIGURE 11 | Trajectories of the open and closed-loop mode when [image: image] increases.
As indicated by the results shown in Table 3 and Figure 11, when [image: image] increases, the open-loop oscillation mode damping, dominated by the PLL, decreases significantly. The resonance intensity significantly increases, such that the offset ([image: image]) of the open and closed-loop oscillation modes increases significantly, and the damping of the weakly damped closed-loop oscillation mode decreases. When [image: image] is excessively increased (h = 5), the negatively damped closed-loop oscillation mode appears, that is, the current system is unstable. Further, the non-linear simulation of the system was performed. The fault setting is that the active power output of PV1 decreases by 15% at 0.5 s and returns to normal after 0.1 s. Figure 12 shows the non-linear simulation results of PV1 active power output. When h = 0, the oscillation gradually attenuates and tends to be stable, and the system is stable. When h = 5, the oscillation frequency of the system decreases and begins to diverge. At this point, the system is unstable, which is consistent with the result of eigenvalue analysis.
[image: Figure 12]FIGURE 12 | Non-linear simulation results of the active power output of PV1 when [image: image] increases.
The obtained results indicate that the increasing electrical distance between the PV farms and [image: image] would lead to a decrease in the open-loop oscillation mode damping led by the PLL and an increase in the resonance intensity. Additionally, it can lead to a decrease in the system stability. When the increase is excessively large, negative damping of the closed-loop mode may appear, which makes the system unstable. Therefore, increasing the electrical distance between PV farms and [image: image] is essentially increasing the electrical distance between each of the PV farms and the main grid. In other words, increasing the electrical distance between each of the PV farms and the main grid increases the OLMR intensity and thus reduces the system stability. If the electrical distance increases excessively, the system may become unstable.
5.4 Impact of Re-Tuning Parameters Using Participation Factor
To improve the phenomenon of system instability caused by an increase in [image: image], the participation factor of the closed-loop mode [image: image] is calculated for h = 0 and h = 5, and the calculation results are shown in Figure 13. For h = 0 and h = 5, the difference in [image: image] value is negligible. [image: image] is mainly related to [image: image], [image: image], [image: image], and [image: image] of PV1 and PV2; the effects of [image: image] and [image: image] are relatively more prominent.
[image: Figure 13]FIGURE 13 | (A) Participation factor of [image: image], (B) Participation of the state variables in [image: image].
Control parameters are also important factors that affect the resonant intensity of the open-loop mode. To improve the stability of the system when h = 5, the OLMR intensity needs to be reduced. As shown in Figure 13, the [image: image] value is mainly related to the PLL control parameters. In this study, the control parameters of the PLL of PV2 (Kp: 0.005→0.03, Ki: 0.2→0.1) were adjusted to reduce the PLL bandwidth. The open-loop and closed-loop oscillation modes were calculated using Eqs. 15 and 18. Table 4 lists the calculation results of the open-loop oscillation mode, the closed-loop oscillation mode, and the offset of the open-loop and closed-loop oscillation modes. According to the results shown in Table 4, the open-loop oscillation modes [image: image] and [image: image] exhibit a large difference when the parameters are re-tuned, which makes the real part of [image: image] smaller. This implies that the OLMR intensity is reduced. At this time, there is no negative damping closed-loop mode in the PV power generation system; this implies that the system is stable.
TABLE 4 | Calculation results before and after parameter adjustments.
[image: Table 4]The same system disturbance was set for the nonlinear simulation of the system. Figure 14 shows the simulation result of the PV1 active power output. Thus, after parameter adjustment, the system can remain stable after a disturbance, and the system stability is improved; this is consistent with the model analysis result. Evidently, the reduction of the PLL bandwidth can compensate for greater electrical distance.
[image: Figure 14]FIGURE 14 | Non-linear simulation results of the active power output of PV1 before and after parameter adjustments.
5.5 Electrical Distance between Each PV Farm and Main Grid Kept Unchanged
To further determine the impact of the electrical distance between grid-connected PV farms, as well as between each of the PV farms and the main grid, the electrical distance between each PV farm and the main grid was kept unchanged while increasing the electrical distance between PV farms. The specific adjustment scheme is as follows. The PV power generation system in this example can be considered as composed of two PV farms in parallel. According to the relevant knowledge of circuit principles, [image: image] and [image: image] were adjusted each time, so that the electrical distance between each of PV farms and the main grid remained unchanged. Open-loop and closed-loop oscillation modes were calculated using the same method. Table 5 lists the calculation results of the open-loop oscillation mode and the offset of the open-loop oscillation mode dominated by the PLL. The trajectories of the open-loop oscillation mode and the closed-loop oscillation mode on the complex plane are shown in Figure 15.
TABLE 5 | Calculation results when the electrical distance between each of PV farms and the main grid remains unchanged.
[image: Table 5][image: Figure 15]FIGURE 15 | Trajectories of the open and closed-loop mode when the electrical distance between each of the PV farms and the main grid remains unchanged.
Table 5 and Figure 15 indicate that the damping of the open-loop oscillation mode dominated by the PLL changes slightly, and the resonant intensity is weakened when the electrical distance between each of the PV farms and the main grid is constant with increasing electrical distance between the PV farms. Additionally, increasing the electrical distance between each of the grid-connected PV farms and the main grid has a greater effect on the OLMR intensity as compared with that between individual grid-connected PV farms. In addition, the closed-loop oscillation mode near the virtual axis led by the PLL is essentially stationary in the complex plane when the electrical distance between each of PV farms and the main grid is constant; this implies that the risk of instability of PV power generation system would not increase.
A non-linear simulation of the system was performed with the fault setting such that the active power output of PV1 decreases by 15% at 0.5 s and returns to normal after 0.1 s. Figure 16 shows the non-linear simulation results of the PV1 active power output. When h = 0 and 5, its response characteristics are essentially consistent. This is in agreement with the results of the eigenvalue analysis.
[image: Figure 16]FIGURE 16 | Non-linear simulation results of the active power output of PV1 when the electrical distance between each of the PV farms and the main grid remains unchanged.
To verify that the oscillation stability of the system is affected when the electrical distance between each of the PV farms and the main grid is constant, the PV power generation system shown in Figure 6 was adjusted. The number of PV farms was increased to 9 in parallel, and a centralized external transmission was also adopted. The active power output of each PV farm was adjusted to 0.1 p. u. In the new system, the electrical distance between each PV farm and the main grid remained unchanged, that is, [image: image], and [image: image] ([image: image] is the external transmission line parameter) are adjusted each time. Eq. 13 is not applicable to the current system; therefore, the perturbation method was adopted to calculate the closed-loop oscillation mode. Table 6 lists the calculation results of the least damped closed-loop oscillation mode ([image: image]) dominated by the PLL. The non-linear simulation of the system was performed, and the fault setting was the same as above. Figure 17 shows the non-linear simulation results of the active power output of PV1.
TABLE 6 | Calculation results of.[image: image].
[image: Table 6][image: Figure 17]FIGURE 17 | Non-linear simulation results of the active power output of PV1 in the new system.
The results shown in Table 6 and Figure 17 verify that under the conditions of changing the number and operating level of grid-connected PV farms, as long as the electrical distance between each of PV farms and the main grid remains unchanged, the PV power generation system would not increase the risk of instability. This finding can be applied to the planning and design of PV farms. In the practical situation, the number and location of PV farms planned according to the PV power generation system are combined with the electrical distance to design the location of the connection point, thus potentially improving the oscillation stability of the system.
5.6 Discussion
As indicated by the afore described results, when OLMR occurs in the PV power generation system, there is a corresponding closed-loop mode with reduced damping, which reduces the system stability. It is determined that increasing PV power generation reduces system stability, which is consistent with the conclusion of Eftekharnejad (Eftekharnejad et al., 2013). Increasing the electrical distance between grid-connected PV farms and between each of grid-connected PV farms and the main grid reduces the strength of the power grid, which will increase the OLMR intensity and thus reduces the stability of the PV generation system. Evidently, the findings herein confirm the relevant conclusions by prior studies (Huang et al., 2015; Xia et al., 2018; Malik et al., 2019). It has been proposed that increased PLL bandwidth would decrease stability (Céspedes and Sun, 2011; Liu et al., 2021). In this study, PLL parameters were re-tuned to reduce PLL bandwidth and improve system stability. The electrical distance between each of the PV farms and the main grid remained unchanged by adjusting the external transmission distance of the PV system when the distance between PV farms increases, so that the stability of the system will not be affected.
6 CONCLUSION
On the basis of the OLMR theory of the mode analysis method, this study examined the impact of the electrical distance between grid-connected PV farms in an actual PV power generation system. The main conclusions of this study are summarized as follows.
When the OLMR occurs in a PV power generation system, there may be a weakly damped or negatively damped closed-loop mode, which implies that the stability of the system would decrease.
With the increase in the electrical distance between the grid-connected PV farms as well as between each of the grid-connected PV farms and the main grid, the intensity of the OLMR would increase, which may lead to the appearance of negative damping mode [image: image] and make the system unstable. Moreover, the increase in the electrical distance between each of the grid-connected PV farms and the main grid has a greater effect on the OLMR than that between individual grid-connected PV farms.
By re-tuning the control parameters (Kp: 0.005→0.03, Ki: 0.2→0.1) of the PLL, the open-loop modal resonant condition is not satisfied; this can effectively improve the closed-loop mode damping (−0.015→0.119). A constant electrical distance between each of the grid-connected PV farms and the main grid would not affect the oscillation stability of the PV power generation system.
The aforedescribed research findings can guide the grid-connected planning of large-scale PV power generation. In practice, the number and location of PV farms planned according to the PV power generation system can be combined with the consideration of electrical distance to design the location of the connection point, thus improving the oscillation stability of the system.
This study focused only on the influence of electrical distance on the OLMR when the PV power generation system adopts a parallel structure. There is no systematic study on the more complex chain structure; however, it is evidently a greater challenge because the electrical distance between each of PV farms and the main grid in the chain case is different.
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APPENDIX
The system parameters shown in Figure 6 were as follows. The system base value was Sb = 100 MW. The power generation of PV1 and PV2 were 0.5 p. u. and 0.5 p. u., respectively. The transmission line impedances were Z1,2 = 0.01 + j0.1 p. u. and Z3 = 0.04 + j0.4 p. u., respectively.
The filter reactance of PV farms was [image: image] = 0.05 p. u., DC capacitance and PI gains of inverter control system (see Figure 4) were CDC = 50 mF, Kp1 = 0.2, Ki1 = 15, Kp2 = 1, Ki2 = 30, Kp3 = 1, Ki3 = 30. PI gains of PLL (see Figure 5) were Kp = 0.005, Ki = 0.2. The parameters of PV array were Im = 5.68 A, Isc = 6.75 A, Um = 26.2 V, Uoc = 36.4 V, ns = 3,000, and np = 10.
In order to relate PI controller parameters to physical implementation, the bandwidth of each controller is given. The corresponding controller bandwidths for DC-link voltage, current control and PLL were 0.758, 45.212 and 0.696 Hz. The results obtained are calculated on the basis of a prior study (Teodorescu et al., 2011).
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