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ABSTRACT

	Stability indices are crucial in power systems as they assess system stability under different operating conditions and help prevent voltage collapse and system instability. As a key technical index, the voltage stability of new energy power station is directly related to the stable operation and safety of the whole power system. This paper primarily discusses the comparative study of static voltage stability indices for evaluating the integration of wind farms and photovoltaic power stations into the IEEE 14-bus system. The selected static voltage stability indices in this study include the load margin index, SVSMR (Static Voltage Stability Margin Ratio), and NVSI (New Voltage Stability Index) at the grid connection points of renewable energy stations. The paper uses PSAT to model the integration of wind farms and photovoltaic power stations into the IEEE 14-bus system, and evaluates and compares the static voltage stability indices applicable to renewable energy grid integration systems. Simulation results show that the above indices are effective in assessing the static voltage stability of renewable energy grid-connected systems.
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1. INTRODUCTION 

In recent years, with the transformation of the global energy structure, new energy power stations have achieved rapid development in the past few decades [1–3]. Wind and solar power, in particular, are seen as green, clean energy solutions that are favored by governments and investors [4,5]. However, with the continuous expansion of the scale of new energy power stations, their impact on the static voltage stability of the grid system has become increasingly prominent. With the gradual increase of the workload, the system voltage gradually drops to a certain critical value, and a sharp drop in voltage will bring the risk of voltage collapse. Therefore, the prevention of voltage collapse accident has become a problem of great concern to the dispatcher. The gap between the current operating state of the power system and the voltage breakdown threshold, as well as the operating stability margin and load increase capacity of the system are critical, and therefore need to be evaluated with the help of specific voltage stability indices [6]. Stability indices are crucial in power systems as they help optimize grid planning and operation, improve the rationality of voltage control and reactive power compensation, and enhance the system's resistance to disturbances, thereby ensuring the safety and reliability of the power system. At present, various margin indices that describe the working condition of the power system include load margin index, SVSMR index, NVSI index of new energy power station junction point, etc. This paper focuses on analyzing and comparing these three indices. 
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The grid status indices include eigenvalue indices, singular value indices, impedance value indices, and sensitivity indices, which can effectively reflect the current operating condition of the grid [7]. Various margin indices describing the current operating condition of the power system include load margin indices, SVSMR (Static Voltage Stability Margin Ratio) indices, and the NVSI (New Energy Station Network Voltage Stability Index) for grid connection points of renewable energy power stations. This paper focuses on three indices, namely load margin, SVSMR and NVSI.

2.1 Load Margin Index 
  
Load margin refers to the change in load from the current operating state of the system to the critical voltage point. It functions as a "health index" for the power system. The higher the load margin, the more capable the system is of handling unexpected situations, such as a sudden increase in electricity demand. Conversely, the lower the load margin, the poorer the voltage stability becomes. When the load margin falls below zero, the system experiences voltage instability [8]. It measures the "buffer" between the power system's ability to carry load during a specific period and the actual load, making it one of the most fundamental indicators in static voltage stability analysis of power systems [9–11].
The load margin index equation is [12]

										(1)
The PSAT software can be used to perform Continuous Power Flow (CPF) calculations, which uses the λ-V curve, as shown in Fig.1. Its horizontal axis represents the loading factor, and the vertical axis represents the node voltage. 



Fig.1. λ-V Curve 

Here, the term "load parameter" refers to the load multiplier, which is measured in per unit (p.u.).

		(2)
where, P0 refers to load active power at initial operating point, p.u.
When λ-V curve is adopted, the load margin index equation is as follows.

		     (3)

2.2 SVSMR Index

SVSMR index can be used to evaluate the static voltage stability of new energy multi-site access grid. It divides the transmission system of multi-site new energy power station according to the transmission power distribution at different locations, adopts the calculation method of static voltage stability limit, and studies the static voltage stability of multi-site access grid. At the same time, the index can also be used to study a simple single point of new energy delivery system.
The steps for calculating SVSMR indicators are as follows [13,14].

										(4)
where, Pcr refers to static voltage stability limit power, p.u., PPV refers to current new energy output, p.u.
The analytical equation of static voltage stability limit power is as follows.

	 	(5)

	       							(6)

2.3 NVSI Index of Connecting Points of New Energy Power Stations

NVSI is a new energy power plant grid-connected index suitable for wind power, photovoltaic and other new energy power to the grid, which can real-time monitor the impact of changes in wind power on the voltage stability of new energy power plants.
Based on this, the short-term wind and solar power generation forecasts, combined with the NVSI index, are used to analyze the grid operation status of the renewable energy power plant for the following day and assess whether the transmitted power from the renewable energy station can meet the demand of the power grid.
This indicator will play an important role in ensuring the successful and effective integration of renewable energy stations into the grid, as well as in maintaining the safe, stable, and reliable operation of both the renewable energy stations and the power grid.
The equation for the grid integration index of renewable energy stations (NVSI) is [15]

				(7)
                          
3. Modeling and Index Calculation of new energy power station grid-connected system

This chapter uses PSAT to establish the model of wind farms and photovoltaic power stations connected to the IEEE 14-node system. The model is used to set different photovoltaic and wind turbine outputs, adjust the grid load multiplier, and calculate the load margin index, SVSMR index, and NVSI index. 

3.1 Modeling of New Energy Power Station Grid-connected System

The simulation model of the photovoltaic power station and wind farm connected to the IEEE 14-node system is shown in Fig.2. [16–22]



Fig.2. System simulation diagram with photovoltaic access

The active power output values for the new energy power stations in this model are taken from the active power output data of a photovoltaic power station and wind farm on a specific day, with a time resolution of 15 minutes. For the wind farm data in this chapter, only data with a 30-minute interval is selected. In addition, since photovoltaic output mainly depends on solar radiation, the line graphs for the SVSMR and NVSI indices of the photovoltaic power station only include the periods when photovoltaic output is available, i.e., from 7:00 to 18:00.

3.2 Load Margin Index Calculation

The load margin index value is calculated using Equation 3, and the result is plotted as a line chart in Origin, as shown in Fig.3.
[image: ]

Fig.3. Load margin index of wind-solar power stations

Fig.3. illustrates the load margin index of wind-solar power stations. As shown in Fig.3., based on the observation of the daily active load curve, the index ranges from 0.4 to 0.7 during periods of high load and from 0.8 to 0.9 during periods of low load. However, overall, the index remains relatively high, indicating that the voltage is in a stable state.

3.3 Calculation of the SVSMR index

The SVSMR index value for the wind farm in the renewable energy station system can be calculated using Equations 4–6. The calculated results are plotted as a line chart in Origin, as shown in Fig.4. Here, the equivalent potential of the wind farm (Eth) is 1.0393 /p.u., and the equivalent impedance angle of the wind farm is 0.00578 /rad.
[image: ]

Fig.4. SVSMR index (wind farm)

Fig.4. illustrates the SVSMR index of wind farm. The new SVSMR index for the photovoltaic power station can be calculated using Equations 4–6. The results are plotted as a line chart in Origin, as shown in Fig.5. Here, the equivalent electromotive force of the photovoltaic power station is 1.0393 /p.u., the system equivalent impedance angle is 0.00441 /rad, and the reactive power is 0.
[image: ]
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Fig.5. illustrates the SVSMR index of photovoltaic power station. As shown in Fig.5., between 12:30 and 15:00, the photovoltaic power station output is unstable, and the index fluctuates significantly, indicating poor voltage stability. During the remaining times, the index variation is small, and the voltage stability is good.

3.4 Calculation of the NVSI Index at the Grid Connection Points of Renewable Energy Stations

The NVSI index at the grid connection point of the wind farm can be calculated using Equation 7. The results are plotted as a line chart in Origin, as shown in Fig.6.
[image: ]

Fig.6. NVSI index at the grid connection point of renewable energy station (wind farm)

Fig.6. illustrates the NVSI index at the grid connection point of renewable energy station of wind farm. As shown in Fig.6., due to the highly unstable output of the wind farm, the index value fluctuates significantly, indicating poor voltage stability.
The NVSI index at the grid connection point of the photovoltaic power station can be calculated using Equation 7. The results are plotted as a line chart in Origin, as shown in Fig.7., with reactive power being 0.
[image: ]

Fig.7. NVSI index at the grid connection point of renewable energy station (photovoltaic power station)

Fig.7. illustrates the NVSI index at the grid connection point of renewable energy station of photovoltaic power station. As shown in Fig.7., when there is photovoltaic output, as the active power gradually increases from 7:00 to 10:00, the NVSI index value also increases, indicating that the system voltage becomes more stable. Between 10:00 and 14:15, the index value fluctuates, and the system voltage is not very stable. After 14:15, as the photovoltaic output gradually decreases, the system voltage stability worsens, but it remains in a stable state.

4. Comparison of the Application Effect of Each Index

The SVSMR index, NVSI index at the grid connection point of renewable energy stations, and load margin index are compared, as shown in Figs. 8, 9. Fig.8. illustrates the comparison of the three indices of wind farm. Fig.9. illustrates the comparison of the three indices of photovoltaic power station. Since the SVSMR index shows significant fluctuations due to the highly unstable wind farm output before 7:00 and after 22:45, as well as around 13:30 on a certain day, the index value changes greatly. Therefore, for the wind-solar power stations, the scale of the index line charts was reduced by a factor of 1000.
[image: ]

Fig.8. Comparison of the three indices (wind farm)
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As shown in Fig.9., for the wind farm, at 9:45, the SVSMR index is relatively small, corresponding to a small load margin index, indicating poor voltage stability. At 1:45, the SVSMR index is relatively large, corresponding to a large load margin index, indicating good voltage stability. At 6:45, the NVSI index value is large, corresponding to a large load margin index, indicating good voltage stability. At 10:00, the NVSI index value is small, corresponding to a small load margin index, indicating poor voltage stability.
For the photovoltaic power station, at 17:45, the SVSMR index is small, corresponding to a small load margin index, indicating poor voltage stability. At 13:45, the SVSMR index is large, corresponding to a large load margin index, indicating good voltage stability. At 10:00, the NVSI index value is large, corresponding to a large load margin index, indicating good voltage stability. At 7:00, the NVSI index value is small, while the load margin index is large. This could be due to the fact that, at this moment, there is some photovoltaic output, but it is small, leading to poor voltage stability at the photovoltaic power station's grid connection point. Meanwhile, the wind farm's active power output is relatively large, contributing to good overall voltage stability in the grid.
Thus, the SVSMR margin ratio index and NVSI index both show similar trends in assessing voltage stability changes and are both suitable for evaluating the voltage stability after the integration of renewable energy stations into the grid.

5. CONCLUSION

This paper analyzes the static voltage stability indices suitable for renewable energy station grid integration systems, including the SVSMR index and the NVSI index at the grid connection points of renewable energy stations. It also compares and analyzes their ability to assess the system's static voltage stability. The analysis results show that the SVSMR and NVSI indices are generally consistent with the load margin index in evaluating the grid voltage stability of renewable energy stations, and both indices are effective in assessing the static voltage stability of renewable energy station grid integration systems. This research will be helpful to evaluate the stability of the system under different operating conditions and prevent voltage collapse and system instability
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