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The high proportion of new energy into the power grid leads to a significant uneven distribution trend of the inertia of the power grid, which seriously affects the safe and stable operation of the power grid. It is urgent to carry out the inertia evaluation of the new energy power system. In view of the insufficient accuracy of the equivalent inertia evaluation method of a single inertia center in evaluating large-scale power systems, this paper first proposed the equivalent inertia evaluation method of new energy power system in the region, and proposed the evaluation index of network area inertia to reveal the weak inertia network area. Secondly, for the inertia evaluation of new energy power system nodes, monitoring devices should be installed at each bus node. As the system construction cost is too high, a node inertia evaluation model of new energy power system is established to reduce the number of monitoring devices installed. Finally, in view of the unclear basis and inaccurate location of the frequency monitoring node selection model in the evaluation of equivalent inertia, a correlation model of equivalent inertia and node inertia is established to characterize the correlation between any node inertia and system equivalent inertia in the system. The consistency of the position of the equivalent inertia evaluation frequency monitoring node and the maximum inertia node of the system was derived, and the accuracy of the maximum inertia node as a frequency monitoring node was verified by the inertia center method and the frequency center method.
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1 INTRODUCTION
With the proposal of the “carbon peak and carbon neutrality” strategy and the goal of constructing a new energy-based power system, traditional power systems are gradually transitioning to new energy power systems (Zhou et al., 2018; State Administration for Market Regulation, 2019; ENTSO-E, 2020). However, as a high proportion of new energy sources are integrated into the grid through power electronic devices, the weak inertia and low damping characteristics of new energy units are becoming increasingly prominent (Chen et al., 2017; Wen et al., 2020; Zhao et al., 2022). At the same time, the proportion of synchronous generators with large inertia is gradually decreasing, leading to a significant decrease in system inertia levels and posing a serious threat to system stability (Zhu et al., 2018; Jia et al., 2023; Tang et al., 2024).
Therefore, from the perspective of power system stability, evaluating the inertia level of high-proportion new energy power systems is of great significance (Lu et al., 2023; Li et al., 2024). Currently, scholars at home and abroad have conducted some work on the evaluation of inertia levels in high-proportion new energy power systems, mainly focusing on two aspects: system equivalent inertia evaluation and node inertia evaluation. Literature (Li et al., 2021; Li et al., 2020) elucidates methods for evaluating system equivalent inertia. The deficiency of literature (Li et al., 2021) lies in not clearly specifying the installation positions and reasons for frequency change rate and power change detection devices, while literature (Li et al., 2020) explicitly states that the installation position of detection devices should be the bus node referred to as the inertia centroid and provides a method for determining the inertia centroid based on network electrical distances and generator inertia time constants, but does not prove that the inertia centroid node is the most suitable for conducting system equivalent inertia evaluation, nor does it define and calculate the electrical distance. Literature (Liu et al., 2020; Liu, 2021; Liu et al., 2021) proposes a node inertia calculation model based on grid structural parameters, but there are unclear and ambiguous definitions and explanations of the synchronous power coefficient (e.g., Bjk is the reactance shrinking to the potential node j inside the generator and fault node k"), and it does not provide its calculation method. Literature (Xiao et al., 2020) uses frequency center, while literature (Liu et al., 2020) uses the frequency average of several measurement points in the region to replace the inertia center, which is insufficiently based on literature (Zeng, 2020; Zeng and Zhang, 2020). To evaluate the system node inertia, power-frequency detection devices (such as PMUs) need to be installed at all busbars, which greatly increases costs.
In fact, due to the rapid development of new energy generation and the uneven distribution of system inertia after new energy integration due to natural resource constraints, the traditional single inertia center equivalent inertia evaluation scheme cannot identify weak inertia links caused by new energy integration. In view of this, this paper firstly proposes a grid area equivalent inertia evaluation method based on the position of synchronous generators and proposes grid area equivalent inertia evaluation indicators. The scheme is applied to the evaluation of grid area equivalent inertia in a certain power grid in China, revealing the level of grid area equivalent inertia before and after the integration of new energy sources and identifying weak inertia grid areas. Secondly, considering that grid area equivalent inertia evaluation can only reflect the overall inertia level of the entire grid area and cannot specifically reveal the distribution law of inertia within the grid area and the weak inertia nodes, based on this, this paper proposes a power system node inertia evaluation scheme based on grid structural parameters and synchronous generator power factors to evaluate the overall inertia level of the entire system, analyze the impact of new energy integration on the distribution law of system inertia, and identify weak inertia links within each grid area. Finally, aiming at the problem of unclear position of inertia evaluation nodes (frequency monitoring nodes) in inertia calculation methods, this paper, combined with the research on node inertia and equivalent inertia, starts from node inertia, analyzes the quantitative relationship between each node inertia and system equivalent inertia, and determines the power-frequency characteristics and specific positions of frequency monitoring nodes to provide theoretical support for selecting inertia evaluation nodes when evaluating system equivalent inertia through inertia calculation methods, reduce the number of PMU installations, and reduce costs. This paper uses BPA data from a certain power grid in China for simulation verification, and the simulation environment is MATLAB.
2 RESEARCH ON QUANTITATIVE EVALUATION OF GRID AREA EQUIVALENT INERTIA AND EVALUATION INDICATORS FOR GRID AREA INERTIA IN NEW ENERGY POWER SYSTEMS
2.1 Division of grid areas in new energy power systems
In studies evaluating the equivalent inertia of power systems, the inertia statistical method based on unit switch data reads the unit switch status from the SCADA system. It combines the inertia time constant of the unit and calculates the inertia of the unit in the access system by weighting the inertia of the unit according to the unit’s capacity. This method obtains unit switch data, including the on and off states of the unit, as well as the unit’s capacity information. Based on the unit’s inertia time constant, the inertia characteristics of the unit can be determined. Then, based on the weight of the unit’s capacity, the inertia of the units connected to the system is weighted and added to obtain the system’s inertia. The equivalent inertia time constant of the system can be calculated using the following formula:
[image: image]
In the formula, where Hsys represents the equivalent inertia time constant of the system, Si represents the capacity of the ith unit, Hi represents the inertia time constant of the ith unit, and (n) represents the number of units.
In the power system, new energy is limited by generation resources, resulting in uneven distribution within the system. As the scale of new energy increases gradually, the uneven distribution of system inertia becomes more prominent. Therefore, the equivalent inertia evaluated by inertia statistical methods has limitations, and it is necessary to consider dividing the system into zones based on the distribution characteristics of system inertia.
For a power system, the core factors affecting the inertia at a certain location are the inertia of each generator unit within the system and the electrical distance from that location to the generators. In actual power systems, power plants are often located within or near cities, resulting in shorter electrical distances and stronger inertia influence within or near urban areas. Conversely, areas farther from cities experience weaker inertia influence from power plants within or near those cities. Therefore, dividing the power system into network zones based on the geographical locations of synchronous generators yields:
[image: image]
In the equation, HsysJ represents the equivalent inertia constant of network zone J, where Hi and Si denote the inertia constant and capacity of traditional generator units within network zone J, and Sj represents the capacity of new energy generator units within network zone J.
2.2 Grid area inertia evaluation index
According to the division of grid areas based on the geographical location of synchronous generators in Section 1.1, and after calculating the equivalent inertia HsysJ of each grid area using Eq. 2 by summing up the capacities of synchronous generators and new energy units within the grid area, a quantitative evaluation index for inertia in a certain power grid in China is constructed as follows (ENOT, 2018; Sun et al., 2020):
(1) When HsysJ > 4 s, it is considered that the inertia in grid zone J of the power grid in China is sufficient.
(2) When HsysJ < 2 s, Considering that the inertia of network zone J in a certain Chinese power grid is insufficient, leading to poor dynamic frequency response after disturbances and a higher risk of instability, it is recommended to implement additional inertia compensation at the connection points of new energy generator units within the network zone.
(3) When 2 < HsysJ < 4 s, the inertia in grid zone J of the power grid in China is within the normal range. The priority of inertia compensation in this case is lower, and priority should be given to compensating grid areas with equivalent inertia time constants less than 2 s.
Based on the assessment and evaluation criteria of network zone equivalent inertia, combined with the generator parameters of the power system, the equivalent inertia levels of each network zone can be evaluated. Weak inertia network zones can be identified, and efforts can be made to improve the inertia of network zones with equivalent inertia constants less than 2s to enhance the overall stability of the power system.
3 QUANTITATIVE EVALUATION OF SYSTEM NODE INERTIA
3.1 Definition of power system node inertia
In Section 1, we proposed an assessment of the equivalent inertia of new energy power system network zones based on the inertia statistical method and put forward inertia evaluation indicators and evaluation criteria. This approach can evaluate the level of equivalent inertia in various network zones of the actual system and identify weak inertia network zones based on the evaluation indicators. However, the evaluation of network zone equivalent inertia cannot reveal the spatial distribution of inertia within the network zone or specific weak inertia nodes. Therefore, to accurately identify weak inertia nodes within the network zone and compensate for inertia to enhance network zone stability, further research is needed on node inertia assessment in weak inertia network zones.
Different from the study of system equivalent inertia assessment, which assumes uniform inertia distribution and simulates the entire system as a single synchronous generator, with the increasing penetration of new energy generator units, the system inertia distribution exhibits significant spatial non-uniformity. Consequently, when different nodes experience power disturbances, the initial rate of frequency change in the system varies. Therefore, based on system equivalent inertia, system power, and frequency change, we define node inertia.
The inertia of node k refers to the ratio of the magnitude of the disturbance power at node k to the initial rate of frequency change at node k when a power disturbance occurs at node k. It can be expressed as follows:
[image: image]
In the equation [image: image] represents the computed inertia of node k, [image: image] represents the disturbance power at node k, [image: image] denotes the frequency at node k.
It is worth noting that passive nodes themselves do not possess inertia. Node inertia represents the dynamic response of power-frequency characteristics at the node location after disturbances occur in the system.
3.2 Inertia assessment of power system nodes based on grid structural parameters
There are two main methods for calculating the nodal inertia of complex power systems. The first method requires the installation of power-frequency monitoring devices, such as phase measurement units, at the grid nodes to collect the system node power change and frequency change rate after the disturbance. This method is easy to operate, intuitive and easy to understand, but requires the installation of monitoring devices at each node, which is costly. The second method is to predict the amount of power change and frequency change rate at each node after the perturbation based on the grid structure parameters and generator set parameters, which is less costly but introduces a certain error. Therefore, considering that the power system is unable to install detection devices at all nodes, and that the grid area structure parameters and generator dynamic parameters are easy to collect, the two methods are synthesized to carry out the assessment of system node inertia level.
As can be seen from Eq. 3, calculating the node inertia according to the structural parameters of the power system and generator parameters, it is necessary to establish the power and frequency correspondence between the generator node and the network node after the perturbation, respectively, and therefore the frequency and power correlation model of the system after the perturbation is proposed as follows.
3.2.1 System node frequency correlation model
In order to simplify the calculation difficulty of the model, it is assumed that the phase angle difference between the nodes is small after the system is disturbed, and the nodes of the system work near the rated voltage. At the same time, in order to characterize the weak inertia characteristics of the new energy unit and simplify the calculation difficulty, the new energy unit is replaced by the equivalent synchronous generator set with the same capacity and smaller inertia, ignoring the damping and non-synchronous power, and the load is regarded as the grounded conductor.
As can be seen in Figure 1, the system has n network nodes and m generator nodes. Nodes n+1, n+2, ., n + m are the internal voltage nodes of the generators after transient reactance. The node voltage equation is:
[image: image]
[image: Figure 1]FIGURE 1 | Equivalent diagram of multi-machine network in power system.
In the equation, [image: image] is the m-dimensional column vector of voltages at the internal potential nodes of the generators, [image: image] is the n-dimensional column vector of voltages at the network nodes, [image: image] is the m-dimensional column vector of currents at the internal potential nodes of the generators, [image: image] is the n-dimensional column vector of current sources injected into the network nodes, [image: image] is the m×m-dimensional admittance matrix for the internal potential nodes of the generators, which is symmetric, [image: image] is the n×n-dimensional admittance matrix for the network nodes, which is symmetric, [image: image] is the m×n-dimensional mutual admittance matrix between the internal potential nodes of the generators and the network nodes.
After equating the load to grounding admittance and keeping it constant, supplementing the load equivalent admittance matrix [image: image] in Eq. 4, the augmented admittance matrix equation for the system can be obtained as follows (Milano and Ortega, 2017):
[image: image]
Let [image: image]. Eq. 5 yields:
[image: image]
Eq. 6 yields:
[image: image]
In the equation, [image: image] is the association matrix between the network node voltages and the internal potentials of the generators, satisfying [image: image]
Combining Eqs 3, 6, the relationship between the frequency of network nodes and the frequency of internal potential nodes of the generators is given by (Liu et al., 2021):
[image: image]
In the equation, [image: image] represents the frequency of network node k, [image: image] represents the frequency of generator I, [image: image] represents the corresponding element of the association matrix [image: image].
3.2.2 System node power correlation model
The active power output of synchronous generator i is:
[image: image]
In the equation: [image: image] represents the active power output of generator i; [image: image] and [image: image] represent the transfer conductance and susceptance between generator node i and network node j; [image: image] is the phase angle difference between generator node i and network node j; [image: image] is the self-admittance of generator node i; after a disturbance, the change in active power of the generator [image: image] is mainly caused by the change in phase angle [image: image], The change in [image: image] caused by [image: image] is represented by the synchronizing power coefficient [image: image] between nodes i and j.
[image: image]
In the equation: [image: image] is the synchronous power coefficient at node j of generator i; [image: image] is the initial voltage phase angle difference between generator i and node j.
In the actual system, the conductance is far less than the susceptance, so the effect of conductance is ignored. Therefore, when the power disturbance occurs at a node k of the system, the load effect is ignored, and the synchronous power coefficient Dik of generator i at node k is expressed as:
[image: image]
In the equation: [image: image] is the internal potential amplitude of generator i; [image: image] is the voltage amplitude of network node k; [image: image] is the initial phase Angle difference of the voltage between generator i and network node k; [image: image] is the susceptance contracted to the potential node in generator i and the faulty node k.
As can be obtained from formula (10), the power compensation of the generator set system of m station to node k is:
[image: image]
Therefore, the change of disturbed power [image: image] and active power of synchronous generator [image: image] can be expressed as:
[image: image]
As can be seen from Eq. 13, when the disturbance [image: image] occurs at node k of the system network, the disturbance power will be distributed to each synchronous generator set according to the synchronous power coefficient, and the disturbance power of each synchronous generator set is:
[image: image]
3.2.3 System node inertia model
In Eq. 11, [image: image] is expressed as the susceptance between the potential node and the fault node k in the generator i, in fact, it is the transfer admittance between the generator node and the network node, and there is a corresponding relationship with the voltage correlation matrix [image: image] in Formula 7. Therefore, the corresponding relationship between synchronous power coefficient [image: image] and generator correlation matrix [image: image] can be established.
According to Eq. 6, the transfer admittance matrix between the potential node and the network node in the generator is (see Supplementary Appendix):
[image: image]
In the equation: [image: image]; k is the kth column element of the transfer admittance matrix [image: image], [image: image] is the transfer admittance of the kth network node to the potential node in the generator; [image: image] is the diagonal matrix of [image: image].
From Eq. 15, the transfer admittance matrix and the association matrix can be established as:
[image: image]
As can be seen from Eq. 16, ignoring the influence of conductance, the correlation matrix between Eq. 11 synchronous power coefficient transfer admittance [image: image] and voltage is established as follows:
[image: image]
Where: [image: image], [image: image] and [image: image] are respectively the absolute values of the corresponding elements of [image: image], [image: image] and [image: image] when the conductance is ignored.
Since each node of the system works near the rated voltage, the phase Angle [image: image] difference is very small. In Eq. 11, [image: image], [image: image] and [image: image], are respectively approximated as follows:
[image: image]
The inertia time constant of the network node k is expressed as:
[image: image]
4 FREQUENCY MONITORING AND LOCALIZATION FOR NEW ENERGY POWER SYSTEMS
The core of the equivalent inertia assessment calculation is to identify the equivalent inertia assessment node (also known as frequency monitoring node) of the system, where PMUs or other measurement devices can be installed to measure the power and frequency variations at that node after disturbances. However, currently there is a lack of mathematical basis for selecting the inertia assessment node. Therefore, from the perspective of inertia assessment, this study investigates the characteristics required for the inertia assessment node and how to accurately locate the frequency monitoring node in the system.
In the system, there are m synchronous generators, where the rotor swing equation for the ith generator (neglecting damping) is:
[image: image]
In the equation, [image: image] represents the normalized power increment of the synchronous generator; [image: image] denotes the normalized rotor frequency deviation of the synchronous generator; [image: image] represents the inertia constant (in per unit) of the synchronous generator at the base capacity. The base capacity of each generator in this paper is equal to the system base capacity, and the base frequency is the rated frequency.
The evaluation formula for the equivalent inertia of the system is as follows:
[image: image]
In the equation, [image: image] represents the normalized total power increment of the system; [image: image] represents the normalized equivalent frequency deviation of the system. If the power increments and frequency change rates of each generator are known, the following relationship exists based on the law of energy conservation:
[image: image]
[image: image]
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Typically, [image: image] and [image: image] are respectively referred to as the Center of Inertia (COI) [image: image] and the inertia time constant [image: image].
The inertia time constant of system node k, the inertia time constant of the system’s center of inertia [image: image], and the system’s equivalent inertia time constant satisfy the following relationship: detailed proof can be found in (Supplementary Appendix SB).
[image: image]
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The equation states that [image: image] represents the inertial time constant of the centroid of inertia. When Eq. 26 is satisfied, Eq. 25 holds true with equality, and [image: image] achieves its maximum value, which is [image: image].
From Eq. 25, it can be observed that under the condition of Eq. 26, the inertial time constant of the node inertia in the power system is related to the equivalent inertia constant of the system and the inertial constant of the system inertia center as follows:
[image: image]
In practical systems, node positions are fixed and exhibit a discrete distribution in space, so they generally cannot strictly satisfy Eq. 26. In this case, the relationship between the inertial time constants of the system inertia center node and the maximum inertia node is as follows:
[image: image]
Under the influence of the same disturbance, the frequency deviation at node k in the system and the frequency deviation rate at the inertia center COI satisfy the following relationship:
[image: image]
[image: image]
Combining the above, when evaluating the system equivalent inertia using the inertia calculation method, the selected inertia evaluation node is the system’s maximum inertia node. Under the condition of satisfying Eq. 26, the inertia evaluation node coincides with the system inertia center, and the inertia detected by the evaluation node equals the system’s equivalent inertia. However, in actual systems, due to the discrete nature of power system bus nodes, Eq. 26 cannot be strictly satisfied. Therefore, the inertia detected by the system inertia evaluation node (i.e., the maximum inertia node) should be slightly less than the system’s equivalent inertia. As per Eqs 29, 30, it can be observed that the difference between the frequency deviation rate at the system inertia evaluation node and the frequency deviation rate at the inertia center is minimized.
5 RESEARCH ON EQUIVALENT INERTIA EVALUATION OF A CERTAIN POWER GRID IN CHINA
5.1 The impact of high proportion of new energy integration on the equivalent inertia level of a certain power grid in China
In order to investigate the impact of integrating new energy into a certain power system in China on the level of equivalent inertia, and to demonstrate the trend of weak inertia in the system, this study adopts the method of sectional equivalent inertia assessment described in Section 1. The power grid is divided into n grid areas based on geographical location, and the level of equivalent inertia in each grid area of the power grid before and after the integration of new energy is evaluated. The specific steps are as follows:
(1) Data preprocessing: Organize the generator parameters and grid structure parameters in the BPA data of a certain power grid in China according to n grid areas, and find out the corresponding generator parameters and grid structure parameters for each grid area.
(2) Differentiation and statistics of generator inertia and capacity: Distinguish between traditional generator units and new energy generator units in each grid area based on dynamic parameters of generators (dynamic parameter cards in generator dynamic data correspond to different generator units), where the inertia of traditional generator units i within each grid area Hi is determined using the data on the nameplate of the generator, and the inertia of new energy units j Hj is set to 0.
(3) Calculation of equivalent inertia in each grid area before the integration of new energy: Calculate the level of equivalent inertia in each grid area before the integration of new energy by combining the inertia constants Hi and corresponding capacities Si of traditional generator units within each grid area according to Eq. 2.
(4) Calculation of equivalent inertia in each grid area after the integration of new energy: Calculate the level of equivalent inertia in each grid area after the integration of new energy by combining the inertia constants Hi and corresponding capacities Si of traditional generator units within each grid area and the capacity Sj of new energy units j according to Eq. 2.
Through the above process, the power system of a certain power grid in China is analyzed, and the system inertia level in each grid area before the large-scale integration of new energy is calculated. The results are visualized in Figure 2. The results show that before the integration of new energy, the lowest equivalent inertia level in region C of the power grid is 1.55s, while the highest equivalent inertia level in region D is 5.25s.
[image: Figure 2]FIGURE 2 | Statistical diagram of system inertia before new energy connection in each network area of a power grid in China.
Organize the new energy access capacity of various grid areas in a certain power grid in China, and compile the new energy access wind power capacity and photovoltaic capacity of each grid area in the power grid as shown in Figure 3.
[image: Figure 3]FIGURE 3 | The statistical chart of total new energy access in various grid areas of a certain power grid in China.
Combining the new energy access capacities in various grid areas, organize and calculate the changes in system inertia levels before and after the large-scale integration of new energy in each grid area as shown in Table 1; Figure 4.
TABLE 1 | Equivalent inertia statistics of various grid areas in a certain power grid in China under new energy access conditions.
[image: Table 1][image: Figure 4]FIGURE 4 | Statistical diagram of the system inertia constant before and after new energy access in each network area of a power grid in China.
Based on Figure 4; Table 1, it can be observed that the grid integration of new energy significantly affects the equivalent inertia level of a certain power system in China, leading to an exacerbation of the overall trend towards weaker system inertia. Before the integration of new energy, Area D had the highest inertia level, with an equivalent inertia constant of 5.25s, while Area C had the lowest inertia level at only 1.55s. After the integration of new energy, although Area D still maintains the highest inertia level, its equivalent inertia constant has decreased to 4.72s, while the inertia level of Area G has dropped to the lowest at 0.15s. The higher the penetration rate of new energy, the more significant the decrease in inertia constant for the grid areas. Among them, Area G, with the highest penetration rate of new energy at 95.33%, exhibits the most significant decrease in inertia and the lowest inertia level, while Area K has the lowest penetration rate of new energy at 4.45%, with its grid area inertia remaining relatively unchanged.
This indicates that due to the significant decrease in the system’s equivalent inertia level after the large-scale integration of new energy, the control of frequency fluctuations during the inertia response stage relies more on the relationship between unbalanced power and system kinetic energy. Since the inertia of the power system is mainly provided by synchronous generators before adopting virtual inertia control technology, the integration of new energy reduces the proportion of traditional synchronous machines, thereby reducing the system’s inertia level and posing a higher challenge to maintaining system frequency stability. To address this challenge, a comprehensive inertia assessment index and evaluation system will be established based on the equivalent inertia levels of various grid areas in the certain power grid of China, to quantitatively analyze the impact of new energy integration on grid stability and propose corresponding control strategies to ensure the safe and stable operation of the power system.
Incorporating the assessment system outlined in Section 1.2, an analysis of the equivalent inertia levels across various regions of the power grid in China was conducted, and a distribution map of inertia levels was generated as shown in Figure 5. Based on the inertia evaluation criteria, regions with equivalent inertia less than 2s, between 2s and 4s, and greater than 4s were marked in red, orange, and green, respectively. Among these regions, C, G, H, and M exhibit relatively low inertia levels. The low inertia in regions C and G can be attributed to their excessively high penetration rates of new energy, at 69.69% and 95.33%, respectively. The insufficient rotational inertia provided by synchronous generators within region H contributes to its low inertia level, with an equivalent inertia constant of 1.65s before the integration of new energy, indicating a severe inadequacy according to the evaluation criteria. Similarly, the low inertia level in region M is due to inadequate rotational inertia provided by synchronous generators and a high penetration rate of new energy. Prior to the integration of new energy, region M had an equivalent inertia constant of only 1.52s, indicating a severe inadequacy. Following the high proportion of new energy integration (with a penetration rate reaching 59.87%), the inertia level in region M further deteriorated, with the equivalent inertia constant plummeting to 0.61s due to the combined effect of both factors. The low inertia levels in these regions imply poor dynamic frequency response characteristics and higher risks of instability after disturbances, necessitating corresponding inertia compensation measures.
[image: Figure 5]FIGURE 5 | Inertia distribution heatmap of a power grid in China.
6 RESEARCH ON INERTIA ASSESSMENT OF NODES IN A CERTAIN POWER GRID IN CHINA
6.1 Research on inertia levels of nodes in a certain power grid in China
This section will utilize the node inertia calculation model proposed in Chapter 2, combined with the network parameters and generator dynamic parameters of a certain power grid in China, to calculate the inertia levels of nodes in the grid. Through this approach, we can identify weak points in inertia within the grid after the integration of renewable energy sources. To simplify the model, we will equivalently represent renewable energy units as traditional synchronous units of the same capacity but with lower inertia.
Based on the principles outlined in Section 2.2 and utilizing the BPA data of the specific Chinese power grid, the specific steps for calculating the inertia of nodes in the grid are as follows:
(1) Data preprocessing: The grid is simplified by conducting equivalence calculations based on power flow data, retaining only busbars and tie-lines of 10 kV and above, and eliminating isolated nodes. After simplification, the grid comprises 6,489 nodes, 7,171 branches, and 601 generator units, including 337 synchronous generators and 264 renewable energy units.
(2) Formation of the node admittance matrix for the Chinese power grid: Combining the network structure parameters from the BPA data forms the node admittance matrix for the entire grid. Calculation of the equivalent inertia levels of each grid area before the integration of renewable energy: The inertia constant Hi and corresponding capacity Si of traditional generator units in each grid area are calculated, and Eq. 2 is used to compute the equivalent inertia levels of each grid area before the integration of renewable energy.
(3) The load within each grid area is equivalently represented as grounding admittance, and the node admittance matrix generated from the first correction is modified. Additionally, generator nodes are augmented based on the modified node admittance matrix to obtain the system augmented admittance matrix.
(4) Based on the data from the augmented admittance matrix, the inertia levels of nodes in the entire Chinese power grid are calculated using Eq. 19.
Through the aforementioned steps, the calculated results of node inertia within grid areas are shown in Table 2 (taking the low inertia G grid area as an example, The first letter G in the bus name in the table represents the network area where the bus is located, the second and third letters represent the bus name, and the last two characters represent the generator node or transformer node).
TABLE 2 | Results of the inertia calculation of some nodes in region G.
[image: Table 2]According to Table 2, it is evident that there’s a significant uneven distribution of inertia within Zone G. The nodes with the highest inertia are concentrated among traditional synchronous generator units, particularly GYFG1, GYFG2 units, and their connected transformer nodes, with an equivalent inertia constant of approximately 3.5 s. This indicates that these nodes’ synchronous generators possess a high rotating mass, capable of providing strong inertia support to the grid, aiding in maintaining stability during disturbances. In contrast, the nodes with the lowest inertia in Zone G are primarily located among the renewable energy units and their connected transformer nodes, such as GHJG1, GKYG2, GLRY1, etc., with equivalent inertia constants of only 0.1 s. The low inertia of these nodes implies that in these areas, there’s insufficient rotating mass to counteract frequency fluctuations when the grid experiences frequency disturbances, thereby increasing the risk of instability in these regions.
6.2 Research on the distribution of node inertia in a certain power grid in China
The spatial distribution characteristics of renewable energy generation have a significant impact on the stability of the power grid. Due to the uneven distribution of wind and solar resources in different regions and the limitations imposed by natural geographic conditions on the grid connection locations of renewable energy generation units, this directly affects the distribution of inertia within different regions of the power grid. To reveal the spatial distribution patterns of inertia in each grid area of a certain power grid in China after the integration of renewable energy, the positions of the nodes with the maximum and minimum inertia in each grid area are compiled, as shown in Table 3:
TABLE 3 | Maximum and minimum inertia nodes in the Guangxi power grid.
[image: Table 3]From Table 3, it can be observed that areas where traditional large inertia synchronous generator units are connected, including the export-side busbars and those directly connected to them or with short electrical distances, exhibit higher levels of inertia. These regions typically house generators with substantial rotating masses, capable of providing robust inertia support to the grid, thereby aiding in maintaining system frequency stability. Conversely, areas where renewable energy generator units are connected display lower levels of inertia. This is attributed to the fact that renewable energy units, such as wind and solar, typically do not provide inertia response or offer significantly lower inertia response compared to traditional synchronous generator units. Consequently, regions near renewable energy units exhibit lower overall inertia levels, increasing the likelihood of system instability when subjected to disturbances.
In response to these areas of weakened inertia, corresponding compensatory measures need to be implemented in grid planning and operational management to enhance system stability. Potential compensation schemes include: installation of synchronous compensators or synchronous motors, which can provide additional inertia to help stabilize frequency fluctuations; deployment of energy storage systems such as flywheel energy storage or battery energy storage systems, capable of swiftly responding to grid frequency variations and supplying necessary power support; virtual inertia technologies utilizing power electronic devices like inverters to mimic inertia response and bolster grid disturbance resilience; optimization of dispatch strategies for renewable energy generation to mitigate system risks during periods of high renewable energy penetration; and strengthening interregional transmission line construction to enhance energy exchange capabilities between different regions, thereby improving overall grid robustness.
7 SULATION VERIFICATION OF FREQUENCY MONITORING NODE PLACEMENT IN NEW ENERGY POWER SYSTEMS
7.1 Simulation verification of maximum inertia node inertia, inertia center inertia, and system equivalent inertia in power systems
From Eqs 25, (26), it can be seen that under the conditions satisfying Eq. 26, the maximum inertia node in the system coincides with the system inertia center, and its inertia should be equal to the sum of the inertia of all synchronous generator units in the system. Given the fixed, discrete positions of the nodes in a multi-machine power system, it is difficult to verify the correctness of the above theory. In this section, a MATLAB two-area Simulink simulation model was established that satisfies the conditions of Eq. 26. The schematic diagram of the two-area system is shown below, and the parameters of the system are detailed in Supplementary Appendix SC:
Figure 6 depicts a schematic diagram of a 2-machine system. To validate the correctness of the derived theoretical result in Eq. 26, a model is constructed in Simulink. Disturbances are applied at various positions along the tie line, and the node inertia constants are calculated based on the disturbance magnitude and the rate of change of node frequencies. To minimize error, the average rate of change of frequencies from 0 to 0.05 s after the occurrence of disturbances is chosen. The distribution of node inertia constants for the two-machine system is shown in Figures 7, 8.
[image: Figure 6]FIGURE 6 | Diagram of simulink system with two regions.
[image: Figure 7]FIGURE 7 | Diagram of node inertia level distribution with fixed total inertia.
[image: Figure 8]FIGURE 8 | Diagram of node inertia constants with equal inertia of generators on both sides.
As shown in the above figure, the horizontal axis d represents the distance from node k to generator 1, expressed by the following equation:
[image: image]
In the equation, [image: image] represents the impedance from node k to the internal voltage node of the generator, [image: image]、 [image: image]、 [image: image]、 [image: image]、 [image: image] respectively denote the transient reactance of generator G1, reactance of transformer T1, line impedance, reactance of transformer T2, and transient reactance of generator G2.
Figures 7, 8 respectively illustrate the calculation of inertia constants at node k for different positions within the system, under scenarios where the inertia time constants H of generators on the left and right sides are different, the total inertia of the system varies, and the inertia constants of generators on both sides are equal. The summarized patterns are presented in Tables 4, 5.
TABLE 4 | Simulation distribution table of node inertia for a 2-machine system with constant total inertia.
[image: Table 4]TABLE 5 | Distribution table of node inertia for a 2-machine system with equal inertia of generators on both sides.
[image: Table 5]As listed in Table 4, when the total system inertia remains constant, and the inertia of generator units on both sides of the system varies, the position of the maximum inertia node and the inertia center changes. However, it always holds true that the maximum inertia node coincides with the inertia center, and its inertia value equals the system’s equivalent inertia. In Table 5, under the condition where the inertia of generator units on both sides is equal, the position of the maximum inertia node does not change with variations in the inertia of generators on both sides, and the inertia of the maximum inertia node equals the total system inertia. As indicated in the last column of both tables, there exists a discrepancy between the maximum inertia of nodes and the system’s equivalent inertia in the two simulation scenarios. This discrepancy arises due to two reasons: first, there are measurement errors in the power frequency values of node k during disturbance measurements in the simulation; second, the inertia response is instantaneous, and the rate of frequency change should be taken as the instantaneous value at the start of the disturbance. Since it is challenging to collect data at the instant of disturbance, the average rate of frequency change within 0–0.05s after the disturbance is chosen to reduce measurement errors. However, using the average value results in a smaller measured rate of frequency change compared to the actual rate, leading to measured data being greater than theoretical data. In summary, in Zone 2 of the system, when node k satisfies the condition in Eq. 26, the maximum inertia node coincides with the inertia center of the system, and its value theoretically equals the system’s equivalent inertia. The simulation experiment validates the correctness of the previous theoretical derivation.
7.2 Validation of node selection for power system inertia assessment
The evaluation and selection of equivalent inertia assessment nodes in the power system involve detecting inertia equivalence at specific nodes within the system, substituting for system inertia. This is achieved by installing devices like PMUs at certain nodes to monitor power frequency changes, thereby calculating inertia to approximate the system’s inertia. This approach reduces evaluation complexity and the number of required monitoring devices, thus saving costs. Key to this process is selecting nodes for inertia assessment that closely match the system’s equivalent inertia level. From the above derivation, it is evident that when assessing system equivalent inertia using inertia calculation methods, the inertia assessment node corresponds to the node with the highest inertia in the system. Common methods for power system equivalent inertia assessment include the inertia centroid method and frequency centroid method. While these methods employ different assessment models, electrical distance calculation methods, and error reduction algorithms, they ultimately select nodes with higher inertia in the system. In this section, based on simulation analysis using the IEEE 39-node model, graph theory, and frequency centroid inertia assessment node positioning, the positions of inertia assessment nodes are compared with the location of the node with the highest inertia in the model, as detailed in Table 6.
TABLE 6 | Comparative analysis of three equivalent inertia estimation methods.
[image: Table 6]The location of the node with the maximum system inertia is calculated using Eq. 19, while the simulated inertia at the assessment node is determined by detecting power and frequency changes at the node in Simulink, combined with Eq. 3.
Based on Table 6, the system equivalent inertia assessment method based on frequency center selects the inertia detection node that coincides with the maximum inertia node, located at node 39. However, the inertia detection node chosen by the method based on the centroid does not overlap with the maximum inertia node, being located at nodes 1 and 39, respectively. This indicates that although the frequency center method proposes a different node selection approach, it actually selects the node with the maximum inertia in the system. In contrast, the centroid method’s inertia detection node and the maximum inertia node do not overlap. At least one node in the system is more suitable for the system equivalent inertia assessment than the selected measurement node, indicating some errors in this method for evaluating system equivalent inertia.
The inertia centroid method believes that the centroid should be located at a position with a smaller electrical distance from the system’s maximum inertia generating unit. The frequency center method suggests that the measurement node should be the one with the smallest initial frequency change rate after system disturbance. This conclusion is consistent with the previous Eqs 29, 30, which state that the maximum inertia node has the smallest frequency change rate after disturbance. This proves the correctness of the general rule that the system inertia detection node for equivalent inertia assessment should be the system’s maximum inertia node.
Due to the lack of rigorous mathematical derivation and unclear definition of electrical distance in methods like the centroid and frequency center methods, the maximum inertia node theory in this paper can serve as theoretical support for these methods. In the simulation scenario of this paper, there is a certain error between the inertia calculated at the maximum inertia node and the theoretical system value. This error is caused by the maximum inertia node in the multi-machine power system not satisfying the relationship in Eq. 26, where the system’s maximum inertia node and the inertia centroid do not overlap, and the inertia detected at the maximum inertia node should be less than the system’s equivalent inertia. However, using the maximum inertia node to assess the system’s equivalent inertia level can be considered a conservative evaluation method. When the inertia at the system’s maximum inertia node meets stability requirements, the real inertia level of the system should be greater than or equal to the system’s maximum inertia, indicating better stability. When using the maximum inertia node evaluation model to assess system inertia, the selection of the maximum inertia node requires knowledge of the inertia of each generator, network structure, and its parameters, and all node inertias must be calculated. This raises an issue: without knowing the inertia of each generator and the network structure and its parameters or having some missing information, it is impossible to calculate the inertia of each node or determine the inertia centroid using the aforementioned methods. This problem also exists in the inertia centroid and frequency center methods for assessing system inertia. In practice, to reduce the number of detection devices (for example, only one detection device is installed at the maximum inertia node in this paper) and lower costs, the number and location of installed devices must be predetermined before assessment. This method can be understood as a pre-determination of the number and location of detection devices. However, in actual operation, changes in the network structure and parameters may occur, causing the inertia centroid and its inertia to change. To completely solve this problem, detection devices could be installed at all bus nodes, but this would increase the evaluation cost.
8 CONCLUSION
The article addresses the issue of weak inertia caused by the integration of a high proportion of new energy into the grid. It conducts a comprehensive assessment of the inertia levels in various grid areas from both system and node perspectives. The research first establishes a model for evaluating equivalent inertia of grid areas and formulates inertia evaluation indicators. Secondly, it proposes a node inertia evaluation model based on grid structure parameters and synchronous power coefficients to assess the equivalent and node inertia levels of the grid, and explores the spatial distribution pattern of system inertia after the integration of new energy. Finally, it explores the correlation between equivalent inertia and node inertia, determines the nature of inertia evaluation nodes in equivalent inertia assessment research, and how to accurately identify them. The main conclusions drawn from the study are as follows:
(1) The trend of weak inertia in a certain Chinese grid due to the integration of a high proportion of new energy is evident, increasing the risk of instability after disturbances. Specifically, the inertia level is highest in zone D, while it is lowest in zone G, indicating a higher risk of instability in zone G when subjected to disturbances. According to the inertia evaluation indicators formulated in this study, zones C, G, H, and M have equivalent inertia levels of less than 2 s due to the high penetration rate of new energy, indicating a severe inadequacy. This suggests that additional inertia compensation measures need to be considered in these areas to enhance grid stability.
(2) Node inertia calculations are conducted for each grid area, with higher inertia levels near traditional large inertia synchronous units indicating better stability, while lower inertia levels near new energy units indicating poorer stability. The distribution of inertia in the entire grid follows a specific pattern: inertia levels are higher near the buses of traditional large inertia synchronous units and their directly connected buses with short electrical distances, while inertia levels are lower near the buses of new energy units and their connected buses. This distribution pattern suggests a gradual decrease in inertia levels from nodes of traditional large inertia units to nodes of weak inertia new energy units. The integration points of new energy units are weak links in system inertia and require additional inertia support to enhance grid stability.
(3) In inertia evaluation, the inertia evaluation node is the node with the maximum system inertia. When the maximum inertia node satisfies Eq. 26, the maximum inertia node coincides with the system inertia center, and at this time, the equivalent inertia of the maximum inertia node is the system equivalent inertia. Thus, there is an error in establishing the inertia evaluation node using the inertia centroid method. When conducting equivalent inertia evaluation of new energy power systems based on inertia calculation methods, it is only necessary to install PMU and other detection devices at the position of the maximum inertia node within the system to reduce installation costs.
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