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As the rapid and continually proliferation of photovoltaic (PV) systems are connected to the power system, the load structure are changeable to lack an accurate dynamic discrete equivalent model to describe its characteristics of power grid. In this study, the generalized discrete-time equivalent model (GDEM) of PV system using a fourth-order dynamic equivalent model for representing the physical characteristics of PV power stations are proposed in power system dynamic studies. The paper then investigates the inherent relations among GDEM parameters in the discrete-time models of PV system to facilitate the GDEM parameters estimation in PV system. Finally, the least square method (LSM) was to identify the GDEM of PV system parameters, and various types of ground faults and PV penetration rate levels is adopted to verify the dynamic characteristics of the proposed GDEM of PV system in power system simulations.
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1 INTRODUCTION
WITH the highly penetration of renewable energy is accessed into the power grid by substituting the traditional power generation (Li et al., 2017), (Shahidehpour et al., 2017). It is challenging to attain an equivalent model for the power system (Milano, 2016), (Ju et al., 2019).
PV power generation system (PGs) in distribution grids have threatened the transmission system stability in whole traditional power system when the highly PV penetration rate levels system is connected to the large power grid (Eftekharnejad et al., 2013). Simultaneously, the unique characteristics of the PV PGs are accelerating the burdensome complexity characteristics of the power load (Ju et al., 1996), (Ju et al., 2007), the traditional PV PGs cannot directly reflect the dynamic relationship of PV power grid to the whole power system.
The rapid deployments of PV in power grids have pushed the power system analysts to seek new solutions and technical alternatives to manage the operation and control of stressed power systems in extreme conditions (Price et al., 1993; Kundur, 1994; Ju et al., 2004; Ramirez et al., 2016).
Specific components of the PV PGs were considered in the process of modeling. Ref. (Chunlai et al., 2016) concentrated on the core device inverters, and a dynamic model was established by considering the DC side of inverter and PV array, AC measurement and transformer. Ref. (Plathottam et al., 2019) proposed a dynamic vector model for PV PGs based on the controlled current source and voltage source. Ref. (Li et al., 2018) established a 3rd order of PV PGs with an inverter controller. Ref. (Samadi et al., 2015) expanded a gray-box model for modeling the proliferation of a PV PGs, where the PV PGs is aggregated as a separate entity in a distribution grid. Ref. (Olayiwola and Barendse, 2020) exploited the dynamic alternating current equivalent modeling of the polycrystalline silicon wafer-based PV cell with various operational and fault conditions. Ref. (Hsieh et al., 2020) proposed an equivalent electric circuit for interpreting the dynamic behavior of PV panel based on the commonly used one-diode model with an additional parasitic capacitance. Nonetheless, the dynamic characteristics of PV PGs are not considered from the distribution grid-connected side, which is essential for analyzing the dynamic characteristics of a grid-connected system (Shiroei et al., 2016).
Ref. (Khamis et al., 2013) investigated the dynamic behavior of different subsystems of PV PGs, the interaction theory of each component to the PV grid-connected PGs was revealed. Ref. (Wai and Wang, 2008) constructed an equivalent model to describe the generalized comprehensive load. Due to the complexity of comprehensive load, the model parameters needed to estimate are still large, and the model in ref. (Khamis et al., 2013) and (Wai and Wang, 2008) cannot meet the transient response of the power system.
Therefore, it is essential to make a broaden exploration on the dynamic response of the PV power grid. In this paper, a GDEM for the PV PGs with various types of faults and PV penetration rate levels is proposed as shown in Figure 1. The PV PGs parameters are provided at the measured point located at the terminal buses.
[image: Figure 1]FIGURE 1 | GDEM representing the PV PGs.
The main contribution of this paper are shown as follows:
1. The paper proposes a GDEM for the PV PGs using a fourth-order dynamic equivalent.
2. The relations among GDEM of PV system parameters estimated by LSM are explored to guide the accurateness of the GDEM parameter estimation in PV system.
3. Various types of ground faults and PV penetration rate levels is used to prove the dynamic characteristics of the proposed GDEM of PV system in simulation.
The remainder of this paper is formed as follows: The dynamic model of PV PGs in grid-connected side is introduced in the Section 2. Then, the paper proposes the GDEM of PV PGs in Section 3. The accuracy of the proposed PV system is discussed and verified in Section 4. Subsequently, Section V concludes the paper.
2 THE DYNAMIC MODEL OF PV PGS IN GRID-CONNECTED SYSTEM
An accurate power load model of power system is the basis of simulation for the operation of power system, which facilitate the power flow calculation and stability analysis.
With the large number of distributed PV PGs connected to the transmission grid, the uncertainty of the power grid increased the complexity of the power load. The comprehensively PV PGs model cannot reflect the dynamic characteristics of the power grid. The ideal power load model structure is different with the real distribution system, the traditional ZIP load model is no longer applicable to the power grid.
Considering the active, reactive, voltage, and frequency of the PV PGs, the differential of the PV PGs is used to describe the dynamic PV PGs.
As this paper focus on the study of the characteristics for the external PV PGs, the different relationship between the voltage and the voltage of the power network are studied. The model of PV PGs is depicted in Figure 2, consisted by PV array, DC/DC booster converter, DC/AC three-phase inverter, LC filter and isolation transformer (Li et al., 2021).
[image: Figure 2]FIGURE 2 | Grid connected model of PV power system.
According to the relevant traditional regulations on grid of PV PGs, the single capacity of distributed PV PGs into the power grid cannot exceed 6 MW. As the capacity of PV PGs is very small, the low voltage crossing is not considered for distributed PV PGs. The light intensity and temperature of the PV arrays are fixed as constant at a minimal time scale to ensure that the PV arrays work in the best state.
When the control parameters of the inverter are known, the modulation parameters are set as a fixed value. The characteristics of the external PV PGs entirely depends on the voltage conversion of the parallel network. For external grids, the dynamic model of the PV PGs (Kawabe and Tanaka, 2015) is shown as the (Eq. 1).
[image: image]
When Ugq = 0, then the (Eq. 1) is calculated as the (Eq. 2),
[image: image]
In order to describe the dynamic characteristics of the PV PGs reasonably and accurately, the single-phase dynamic equivalent model of the PV PGs is established, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Single phase dynamic equivalent model PV.
According to the Kirkhoff voltage and current law, the dynamic equivalent model of the PV is expressed as the (Eq. 3),
[image: image]
The 3rd order dynamic differential equation in the d-q axis is obtained as the (Eq. 4),
[image: image]
3 GDEM OF PV PGS
The incremental transformation of the (Eq. 3) in the frequency domain are shown as the (Eq. 4),
[image: image]
where parameters in the (Eq. 5) is given in the Appendix A.
The dq-xy coordinates are shown as the (Eq. 6),
[image: image]
Subsequently, the (Eq. 6) is derived as the (Eq. 7),
[image: image]
When the transformation matrix [image: image] in the (Eq. 7) is used to the (Eq. 5), we can derived the transfer function of Ir and Ij to U, as shown in the (Eq. 8) and the (Eq. 9) to calculate the GDEM of the PV PGs,
[image: image]
[image: image]
where parameters in the (Eq. 8) and (Eq. 9) are given in the Appendix B.
The bilinear transformation (Also known as Tustin’s method) is a special case of a conformal mapping, which could compress the infinite frequency range to a finite one to warp the frequency response of any discrete-time linear system (Shen et al., 2018), (Shen et al., 2016). Accordingly, when the bilinear transformation is used to the (Eq. 8) and (Eq. 9), the GDEM of the PV PGs are shown as,
[image: image]
[image: image]
where parameters in the (Eq. 10) are presented in the Appendix C.
The measured data of the PV PGs in the terminal bus were used to estimate the parameters of the GDEM for PV PGs by using the LSM (Nabavi and Chakrabortty, 2017). Correspondingly, the nonlinear model of the (Eq. 10) are shown as the (Eq. 11),
[image: image]
where [image: image] , [image: image] .
In order to attain the parameters of GDEM for the PV power generation, the residual ε is shown as the (Eq. 12),
[image: image]
The total residual J of the GDEM is calculated as the (Eq. 13),
[image: image]
The estimated parameters [image: image] are attained as the (Eq. 14),
[image: image]
Additionally, the RMSE of the difference between actual and estimated values of GDEM for the PGs is shown as the (Eq. 15).
[image: image]
4 SIMULATION AND ANALYSIS
The power transmission and distribution simulation system is shown in Figure 4, depicted for the proposed simulation of the GDEM of PV PGs.
[image: Figure 4]FIGURE 4 | PV PGs integrated into IEEE 14 node topology.
To substantiate the practicability of the proposed GDEM for PV PGs, the following values are adopted in the simulation IEEE 14 node system, the detailed parameters of the system related to our simulation are listed as follows:
1. In the IEEE 14 node power transmission system, the bus voltage in the IEEE 14-bus is 23 kV, the system frequency is 50Hz, and the reference capacity is 100 MW. Series RL are used as the system impedance, where L = 0.618H, R = 0.4 Ω.
2. In the PV PGs, the total capacity of the PV power station is set as 1 MW (PV penetration rate levels in the is 20%) and 1.5 MW (PV penetration rate levels in the is 30%), respectively; the voltage at node 8 is 23 kV where the grid connection occurs. The PV array parameters are shown in Table 1, the initial light intensity of the PV power station is 1,000, and the temperature is 25 °C.
TABLE 1 | PV cell parameters.
[image: Table 1]The various types of faults and PV penetration rate levels are setting as follows:
4.1 Operating condition 1
The PV penetration rate levels in the 1st scenario is 20% (30%). For the reason that the single-phase-to-ground fault is the most common fault in power systems, which is used in this operating condition. The fault is used at t = 1.2s to the transmission line settled between BUS7 and BUS8. Correspondingly, the fault is eliminated at t = 1.21s. Simultaneously, 3% and 5% voltage dips F1 and F2 with 20% PV penetration rate levels (F3 and F4 with 30% PV penetration rate levels) are obtained by fixing the ground resistances.
4.2 Operating condition 2
The PV penetration rate levels in the 2nd scenario is 20% (30%). For the reason that the single-phase-to-ground fault is the most common fault in power systems, which is used in this operating condition. The fault is used at t = 1.2s to the transmission line settled between BUS8 and BUS9. Correspondingly, the fault is eliminated at t = 1.21s. Simultaneously, 3% and 5% voltage dips F5 and F6 with 20% PV penetration rate levels (F7 and F8 with 30% PV penetration rate levels) are obtained by fixing the ground resistances.
4.3 Operating condition 3
The PV penetration rate levels in the 3rd scenario is 20% (30%). For the reason that the three-phase-to-ground fault is the most serious fault in power systems, which is used in this operating condition. The fault is used at t = 1.2s to the transmission line settled between BUS7 and BUS8. Correspondingly, the fault is eliminated at t = 1.21s. Simultaneously, 3% and 5% voltage dips F9 and F10 with 20% PV penetration rate levels (F11 and F12 with 30% PV penetration rate levels) are obtained by fixing the ground resistances.
4.4 Operating condition 4
The PV penetration rate levels in the 4th scenario is 20% (30%). For the reason that the three-phase-to-ground fault is the most serious fault in power systems, which is used in this operating condition. The fault is used at t = 1.2s to the transmission line settled between BUS8 and BUS9. Correspondingly, the fault is eliminated at t = 1.21s. Simultaneously, 3% and 5% voltage dips F13 and F14 with 20% PV penetration rate levels (F15 and F16 with 30% PV penetration rate levels) are obtained by fixing the ground resistances.
Due to manuscript page limitations, the Ij fitting Figs. of the GDEM for PV PGs are excluded in this paper.
The GDEM parameters of the PV PGs with these 16 disturbances in 4 operating conditions are listed in Table 2. The Table 2 illustrate that the total value of output state parameters of the proposed GDEM for PV PGs is close to 1, and the total value of input state parameters of the proposed GDEM for PV PGs is close to 0. The relations among parameters afford a theoretical basis to verify the GDEM parameters of the PV PGs and reduce the number of estimated GDEM0 parameters of the PV PGs.
TABLE 2 | GDEM parameters of the PV PGs.
[image: Table 2]The results for GDEM of PV PGs and the actual power system operation conditions of Ir corresponding to the four faults in operating condition 1 are shown in Figures 5, 6. Figures 7, 8 demonstrate the results of Ir for operating condition 2. Figures 9, 10 demonstrate the results of Ir for operating condition 3. Figures 11, 12 demonstrate the results of Ir for operating condition 4. In Figures 5–12, the black curve is an actual measure value in terminal BUS, and the red curve relates to estimated parameters of GDEM for PV PGs. Figures 5, 6 are anlyzed with concerning the operating conditions 1, as follows: The estimated Ir for GDEM of PV PGs are fitting closely to the actual measure curves while the single-phase-to-ground fault is used at the transmission line settled between BUS7 and BUS8, only with a slight difference in enlarged part in with the 20% and 30% PV penetration rate levels, respectively.
[image: Figure 5]FIGURE 5 | Dynamic characteristic response of the real part of the current with F1 and F2 in operating condition 1.
[image: Figure 6]FIGURE 6 | Dynamic characteristic response of the real part of the current with F3 and F4 in operating condition 1.
[image: Figure 7]FIGURE 7 | Dynamic characteristic response of the real part of the current with F5 and F6 in operating condition 2.
[image: Figure 8]FIGURE 8 | Dynamic characteristic response of the real part of the current with F7 and F8 in operating condition 2.
[image: Figure 9]FIGURE 9 | Dynamic characteristic response of the real part of the current with F9 and F10 in operating condition 3.
[image: Figure 10]FIGURE 10 | Dynamic characteristic response of the real part of the current with F11 and F12 in operating condition 3.
[image: Figure 11]FIGURE 11 | Dynamic characteristic response of the real part of the current with F13 and F14 in operating condition 4.
[image: Figure 12]FIGURE 12 | Dynamic characteristic response of the real part of the current with F15 and F16 in operating condition 4.
Figures 6, 7 are anlyzed with concerning the operating conditions 2, as follows: The estimated Ir for GDEM of PV PGs are fitting closely to the actual measure curves while the single-phase-to-ground fault is used at the transmission line settled between BUS8 and BUS9, only with a slight difference in enlarged part in with the 20% and 30% PV penetration rate, respectively.
Figures 8, 9 are anlyzed with concerning the operating conditions 3, as follows: The estimated Ir for GDEM of PV PGs are fitting closely to the actual measure curves while the three-phase-to-ground fault is used at the transmission line settled between BUS7 and BUS8, only with a slight difference in enlarged part in with the 20% and 30% PV penetration rate, respectively.
Figures 10, 11 are anlyzed with concerning the operating conditions 4, as follows: The estimated Ir for GDEM of PV PGs are fitting closely to the actual measure curves while the three-phase-to-ground fault is used at the transmission line settled between BUS8 and BUS9, only with a slight difference in enlarged part in with the 20% and 30% PV penetration rate, respectively.
Figures 5, 6 and Figures 9, 10, Figures 7, 8 and Figures 11, 12 are anlyzed with concerning the same ground fault with the 20% and 30% PV penetration rate, respectively, as follows: The estimated Ir for GDEM of PV PGs are fitting closely to the actual measure curves while the different fault is used at the different transmission line settled between BUS8 and BUS9 or BUS8 and BUS9, only with a slight difference in enlarged part in with the 20% and 30% PV penetration rate, respectively.
The RMSE of GDEM for the PV PGs are listed in Table 3 The RMSE of Ir and Ij in F1-F16 are very small, respectively, which reveal that GDEM of PV PGs can perform satisfactorily in various types of faults and PV penetration.
TABLE 3 | RMSE of GDEM for the PV PGs.
[image: Table 3]5 CONCLUSION
The paper proposed GDEM for the PV PGs using a fourth-order dynamic equivalent based on the physical model of PV power station. The IEEE 14-bus system was adopted to verify the dynamic characteristic of GDEM for the PV system with various types of ground faults and PV penetration rate levels. The accuracy of the fitting effect with different faults and PV penetration rate levels in the simulation system validated the dynamic characteristic of GDEM for PV system. In addition, the total value of output state parameters of the GDEM of PV PGs is close to 1, and the total value of input state parameters of the GDEM of PV PGs is close to 0. Meanwhile, we will expand the modeling interface (MI) for interfacing the grid-connected PV PGs in our future research work.
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APPENDIX
APPENDIX A: SPECIFIC PARAMETERS OF THE (EQ. 5)
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APPENDIX B: SPECIFIC PARAMETERS OF THE (EQS 8, 9)
θ0 is the initial grid power factor angle.
[image: image]
APPENDIX C: SPECIFIC PARAMETERS OF THE (EQ. 10)
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NOMENCLATURE
Indices
i The parameter index
k The discrete time steps index
m The number of the data index
n The number of the coefficient index
Symbols
Δ The variables incremental value
0 Subscript for the steady state
Parameters
R Equivalent resistance
L Equivalent inductor
C Filter capacitor
Udc, idc The voltage and current of the DC side, respectively
ipv The output current of PV array
Uinv.abc Inverter instantaneous voltage
ug.abc Grid-connected instantaneous voltage
IL.abc Inverter instantaneous current
Id, Iq The current of the AC in d and q axis, respectively
Uid, Uiq The voltage of the AC in d and q axis, respectively
Ugd, Ugq Inverter voltage in d and q axis, respectively
ω Synchronous frequency
Sd, Sq Inverter voltage in d and q axis, respectively
h Sampling time step
P, Q Active power and reactive power, respectively
Ir, Ij PV real and imaginary currents
U Amplitude of the bus voltage
ε Residual value
Voc Open circuit voltage
Isc Short circuit current
Vm Optimal operating voltage
Im Optimal operating cunrrent
Variables
θαi, θβi GDEM coefficient of PV power generation system
s Laplace transform
t Time variables
Other notations are defined in the text.
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