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The high proportion of renewable energy sources (RESs) in the system reduces the frequency support capacity and aggravates the generation of unbalanced power, while the dynamic frequency dispersion makes it difficult for a centralized energy storage system (ESS) to take into account the frequency requirements of different regions. In this context, the research takes the region with high penetration of RESs and frequent power fluctuations as the grid node of the ESS. By configuring the parameters of the ESS under the control strategy of virtual synchronous generators, the inertia and the primary frequency reserve of the system are supplemented, and the regulation characteristics of the ESS are depicted. Taking the steady-state recovery time and the amplitude coefficient as the evaluation indexes, the effects of the virtual inertia constant, the virtual damping coefficient, and the virtual frequency regulation coefficient on the behavior of the ESS are deeply analyzed. Finally, the quantitative configuration of the ESS is realized by considering the frequency response and the dynamic frequency dispersion.
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1 INTRODUCTION
The substitution of RESs for fossil fuels is an effective way to achieve carbon neutrality. However, the frequency regulation characteristics of the power electronic converter–based RESs differ from those of the traditional synchronous units (Zhang and Sun, 2020; Zhang et al., 2020). Therefore, a high proportion of RES penetration will reduce the stability of the system operation to a certain extent (Nasirov and Agostini, 2021).
After generating the unbalanced power, the system establishes a new stable state through the inertia response (IR), the primary frequency regulation (PFR), the secondary frequency regulation (SFR), and the tertiary frequency regulation (TFR) (Rodrigues et al., 2020). Most of the fluctuations caused by the load and RESs are frequent, and their predictability is weak. This should be adjusted by the IR and the PFR automatically (Yi et al., 2020). During the adjustment process, the rate of change of frequency (ROCOF) and the steady-state frequency deviation (SSFD) are the main indices to evaluate the frequency stability of the system (Homan et al., 2021).
To improve the frequency supportability of the system, RESs usually simulate the inertia response and the frequency regulation process of the synchronous generators by optimizing the control strategy (Vidyanandan and Senroy, 2013; Gholamrezaie et al., 2018; Peng et al., 2019; Tang et al., 2019). But this method needs the active power reserve of the RESs, which makes it difficult to operate at the maximum power, resulting in low power conversion efficiency. Therefore, to absorb the redundant power, a combined strategy for the frequency regulation control of wind and its storage has been adopted that considers the wind speed fluctuation range (Zhang et al., 2017). The technology of demand side management (DSM) based on various energy storage devices was proposed in the studies by Douglass et al., 2013; Qi et al., 2021; and Sm et al., 2021. However, the location of the energy storage equipment at the RESs and the users is scattered, which makes it difficult to regulate centrally. This also reduces the reliability and flexibility of the regulation process.
The development of large-scale energy storage technology results in the wide use of the ESS for the frequency support of the grid (Miguel et al., 2014; Yue and Wang, 2015; Knap et al., 2016; Liu et al., 2018; Zhao et al., 2019; Sockeel et al., 2020; Zhang et al., 2020; Liu et al., 2021; Pinthurat and Hredzak, 2021; Wei et al., 2021). By simulating the external characteristics of the synchronous units in the control strategy, the response speed of the ESS can be consistent with the frequency regulation process of the system (Miguel et al., 2014; Liu et al., 2018; Zhang et al., 2020; Pinthurat and Hredzak, 2021; Wei et al., 2021). In the study by Miguel et al., (2014), an adaptive control strategy for adjusting the ESS output with the state of charge and the frequency deviation was proposed, which took into account both the frequency regulation effect and the charge retention rate of the ESS. In the study by Zhang et al., (2020), the integral control based on the frequency deviation was introduced into the ESS controller, where the system frequency was adjusted without an error through the coordination of the end frequency converter. In the study by Liu et al., (2018), a virtual synchronous generator control strategy based on the third-order model of the synchronous generators was proposed by simulating the process of automatic excitation voltage regulation, which further enhanced the support capacity of the ESS. However, these research studies mainly focused on the design of the VSG control strategies so that the influence of the ESS capacity and the parameter configuration on the frequency supportability was less concerned.
As an important study part of the VSG, the energy storage unit realizes the reasonable configuration of the capacity and the parameters, which can greatly reduce the cost of the configuration and promote the popularization of the ESS technology. To make the ESS provide better frequency supportability for a high RES penetration system, the current research mainly focused on the following two aspects:
In order to optimize the investment and the economic benefit of the ESS, improving the multi-objective optimization model and algorithm to realize the rational allocation of the multi-energy systems has become one of the hotspots of current research. The reference (Li et al., 2020) established a dual-mode energy management model and proposed a distributed dynamic event-triggered Newton–Raphson algorithm to realize the optimal allocation of power, heat, and gas energy prices in multi-energy systems. The reference (Li et al., 2021) further optimized the algorithm on this basis. By analyzing the impact of the persistent DoS attacks on the system, the stability and the economy of the multi-energy system are improved. Aiming at the combined economic environmental dispatch, a distributed consensus-based algorithm combined with dynamic weights was proposed in the reference (Liu et al., 2021) to realize the reasonable allocation of the ESS. In the above research, the ESS configuration was studied through algorithms, which cannot analyze in detail the participation of the ESS in the frequency adjustment.
To analyze the frequency supportability of the ESS, the configuration parameters of the ESS are usually taken as variables to evaluate their contribution to the frequency response (Yue and Wang, 2015; Knap et al., 2016; Zhao et al., 2019; Sockeel et al., 2020; Liu et al., 2021). The relationship curves of the virtual inertia provided by the ESS along with its size and control parameters were described in the studies by Yue and Wang, 2015; Zhao et al., 2019; and Sockeel et al., 2020. Based on the target values of the inertia constant and the droop coefficient, the capacity of the ESS in different frequency support stages was estimated (Knap et al., 2016). To optimize the configuration result of the ESS, the coordination relationship between the ESS capacity and its control parameters was established (Liu et al., 2021). However, the ESS configuration process mainly considers the magnitude of the unbalanced power in recent research; it lacks a discussion on the spatial position of the power fluctuation, and the study on the differences between the effects of different control parameters was superficial, which partly reduces the accuracy of the ESS configuration results.
Therefore, based on the generation position of the unbalanced power, this research investigates the influence of the dispersion of the dynamic frequency in the system on the behaviors of the ESS under the VSG control strategy, compares the active output curves of the ESS and the synchronous generator through theoretical analysis and simulations, and analyzes the frequency regulation characteristics of the ESS. Finally, the regions with high RES permeability and frequent power fluctuations are selected as the grid connection node of the ESS to ensure the optimal regulation performance. On this basis, the steady-state recovery time and the amplitude coefficient are defined as evaluation indexes. Based on these indexes, the effects of the virtual inertia constant, the virtual damping coefficient, and the virtual frequency regulation coefficient on the dynamic behavior and the support capacity of the ESS are analyzed, and their optimal configuration is realized, to realize the quantitative configuration of the ESS that meets the frequency response and the dynamic frequency dispersion of the system.
2 CHARACTERISTICS OF THE FREQUENCY RESPONSE
2.1 Frequency Response Requirements
The difference in the increment between the load and the power output in the system is defined as an unbalanced power ΔPsys. If only the supporting effect of the synchronous unit is considered before the governor is started, the expression of the initial ROCOF concerning the ΔPsys can be expressed as follows:
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where Hsys and Ssys are the equivalent inertia constant and the installed capacity of the system, respectively. Hsys describes the value of the mechanical inertia, which can be obtained by the following equation:
[image: image]
where Hi and Si are the inertia constant and rated capacity of each synchronization unit in the system.
After the governor is put into operation, the system enters the stage of the PFR. If no further regulation process is considered, the relationship between the SSFD and the ΔPsys can be expressed as follows:
[image: image]
where Ksys is the frequency regulation coefficient of the system, which can be obtained as follows:
[image: image]
where σi is the adjustment coefficient of each synchronization unit.
Therefore, when the maximum unbalanced power ΔPsysm and the frequency response requirements of the system are known, the relationship between the inertia constant, the frequency regulation coefficient, and the capacity of the frequency support unit that the system needs to supplement can be established using the relevant equations.
2.2 Dynamic Frequency Dispersion
The frequency of each region is synchronous when the system is in a steady state. However, the fluctuation in the output of the RESs and the load switching causes the system to go through the process of balancing the supply and the demand balance for a long time, which leads to the continuous redistribution of the unbalanced power among the units. Due to the different electrical distances between the power fluctuation point and each bus, the uneven geographical distribution of the generators and the loads, different inertia and damping among the synchronous units, and the frequency of each node in the power grid cannot be adjusted synchronously in a short time scale, and the transient process is complex. The frequency response presents a spatial-temporal distribution, i.e., the dynamic frequency dispersion (Li et al., 2019).
As a result, the response mode of the synchronous unit after the unbalanced power is generated and can be expressed as a three-stage principle (Sonny, 2007). When the power fluctuates, the impact power is distributed according to the electrical distance, and the unit which is closer to the disturbance location bears the most power; in the inertia support stage, the transient process is described by the rotor motion equation, and the unit with a larger inertia constant and damping coefficient has a higher proportion of the support power. When the system is stabilized after the primary frequency regulation, each regulation unit allocates the unbalanced power according to the frequency regulation coefficient. Affected by this, it is difficult to accurately configure the virtual inertia according to the requirements of the specified region only by the theoretical derivation.
3 CONTROL STRATEGY OF THE ESS
Without considering the limitations of the ESS source characteristics, the energy throughput of the ESS is mainly decided by the control strategy of its grid-connected inverter. The virtual synchronous generator (VSG) control is usually adopted to make the ESS have the same frequency regulation characteristics as the synchronous units and to improve the power angle stability.
Most of the research studies found that the difference between the droop control and the VSG control is mainly reflected in the introduction of the virtual angular velocity and the use of the phase-locked loop. Some studies also regard droop control as a typical VSG control. Although the related control is different in structure, it has its applicable scenarios and advantages.
To simulate the external characteristics of synchronous generators preferably and supplement the inertia, the damping, and the capacity of the PFR distinctively, the ESS in this study adopts the control strategy shown in Figure 1. By simulating the IR and the PFR processes of the synchronous units, the time scale of the ESS speed regulation system can be consistent with the adaptive process of the system, which ensures the smooth power angle switching of the converter.
[image: Figure 1]FIGURE 1 | Control block diagram of the ESS.
Among these, the second-order rotor motion equation of the synchronous generator is as follows:
[image: image]
where Hv is the virtual inertia constant, Dv is the virtual damping coefficient, ω is the virtual angular velocity, Δω is the virtual angular velocity deviation, δ is the virtual power angle, and Pt and Pe are the mechanical power and the electromagnetic power of the generator, corresponding to the reference power and the output power of the ESS, respectively.
On this basis, by simulating the power-frequency process of the synchronous units, the ESS realizes the automatic allocation of the unbalanced power with the synchronous units in the PFR:
[image: image]
where Kv is the virtual frequency regulation coefficient, fref is the reference frequency, fmea is the measured frequency, and Pref is the reference value of the steady-state ESS output power.
Meanwhile, based on the traditional second-order control model of the VSG, the first-order transient voltage equation of the synchronous generator is simulated, and the transient voltage regulation process is introduced to improve the transient voltage regulation process of the ESS converter. The third-order model of the VSG is established, and the equation is as follows:
[image: image]
where Eq’ is the transient electromotive force, Eqe is the forced no-load electromotive force, id is the direct axis current component, xd is the direct axis synchronous reactance, and x’d is the direct axis transient reactance. Td0’ is the time constant of excitation windings of the synchronous generator.
On this basis, to maintain the terminal voltage stability of the ESS grid-connected inverter, the automatic regulating excitation system is introduced into the control, which is equivalent to the first-order inertia link, where the starting signal is the voltage deviation.
[image: image]
where Umea is the measured value of the inverter outlet voltage, Uref is the reference value of the inverter outlet voltage, ΔEqe is the forced no-load electromotive force deviation, Ke is the equivalent magnification, Te is the time constant, and Kf is the excitation proportional coefficient.
The VSG control strategy shown in Figure 1 can be obtained by combining formulas (Eqs 5–8), in which the inner-loop control is realized by using the voltage and current double-loop control, as shown in Figure 2 (Liu and Yang, 2021), that is, the droop control of the ESS grid-connected inverter is realized through the power outer loop and the voltage and current inner loop, and finally, the modulation signal is the output through SVPWM.
[image: Figure 2]FIGURE 2 | Voltage and current double loop control.
From the above derivation process, it can be seen that Hv determines the duration of the power output and the inertia support capacity of the ESS in the phase of IR, Dv determines the oscillations in the ESS frequency regulation output during the transient phase, which significantly affects the steady-state recovery time of the system, and Kv determines the frequency regulation depth of the ESS to meet the PFR demand of the grid.
In addition, the voltage regulation process of the ESS is also designed in the control strategy, which is thoroughly described in (Liu et al., 2018). Since the configuration of the ESS is mainly applied to the active power/frequency support requirements of the system, the change in the node voltage and the reactive power output of the ESS will not be discussed in depth.
4 CONFIGURATION OF THE ESS
To validate the proposed work, the 12-bus power system shown in Figure 3 is built in the PowerFactory/DIgSILENT, where the system is divided into 7 regions according to the bus and the load location. Among them, the total installed capacity of the system is 2248MVA (1124MVA for RESs R1–R4 and 1124MVA for traditional power plants G1–G4), the total active load L1–L7 is 1450MW, the maximum output power of the ESS is 70MW, and the inertia constant and the adjustment coefficient of the synchronous units are 5s and 0.04, respectively. Under the time scales and the assumptions discussed in the study, the RES units operate at the maximum power, ignoring the frequency support capacity.
[image: Figure 3]FIGURE 3 | 12 bus power system.
Without considering the fault, the unbalanced power in the 12-bus system is mainly caused by the switching of the generator, the uncertainty of the RES output, and the fluctuation in the load. Compared to the pure power fluctuation, the switching of synchronous units will change the inertia and the PFR capacity of the system itself; as a result, the influence on the frequency response should be more obvious. However, the time scale of the traditional unit switching is beyond the discussion scope of the IR and the PFR, and so, in this study, the load power increment of 145 MW is taken as the reference maximum power increment ΔPsysm to configure the control parameters of the ESS.
4.1 The Influence of the Dynamic Frequency Dispersion
To analyze the influence of the dynamic frequency dispersion on the frequency response at different regions in the system, bus 1 and bus 4 are taken as the measuring points in this case, and the same active power increment of 145 MW is set for L1–L4 in 200s, respectively. The waveforms of the frequency response are obtained and are shown in Figures 4, 5.
[image: Figure 4]FIGURE 4 | Frequency response of the system at Bus 1.
[image: Figure 5]FIGURE 5 | Frequency response of the system at Bus 4.
As shown in Figure 4, when the same power increment is generated in different regions of the system, the SSFD after the PFR will not be affected, but the transient process differs. Specifically, the closer the frequency measurement point is to the power fluctuation point, the faster is the change rate of the frequency measurement value. This is also reflected in Figure 5.
On this basis, comparing Figures 4, 5, it can be seen that in the initial stages of power fluctuation, the frequency measurement data at bus 1 are smoother than that at bus 4. The main reason is that bus 1 is directly connected to the synchronous power plant G1, which has a strong inertia support capacity, while the RES plant R4 at bus 4 operates at a constant power, and so, initially it is unable to supplement the active power shortage.
In general, the measurement window (frequency sampling period) of the ROCOF is between 40 ms and 2s (Ten and Crossley, 2008). The smaller the measurement window, the more accurate is the measurement result for the ROCOF. However, the influence of the high-frequency signal is pronounced. Conversely, the larger the measurement window, the smoother is the ROCOF measurement result, but it is more difficult to accurately describe the trend of the ROCOF. Therefore, to avoid the error caused by the ROCOF measurement process and considering the actual engineering requirements, the average frequency change rate (AFCR) within 0–0.25 s after the unbalanced power is generated is defined as the initial ROCOF, and the corresponding inertia of the system is defined as the equivalent inertia constant Hess according to (1). This processing method can reduce the influence of high-frequency signals on the measurement results of the PLL, and it converts the effect of the damping and the electrical distance into relative inertia, which lays the foundation for the quantitative configuration of the virtual inertia below.
The active power output curves of the ESS and the G3 are shown in Figure 6. It can be seen that the ESS under the control strategy of the VSG has similar frequency regulation characteristics as the synchronous unit. That is, the ESS or the synchronous unit close to the power fluctuation point provides more power support in the event of the unbalanced power generation, which eventually reaches the steady state through the IR and the PFR according to the three-stage principle mentioned above.
[image: Figure 6]FIGURE 6 | Output of the ESS and the synchronous unit under ΔPL1–ΔPL4.
In summary, due to the dispersion of the dynamic frequency, the position of the power fluctuation will significantly impact the output power of frequency support units and the frequency response in different regions, within a short time period. Therefore, to ensure the frequency response requirements of different time scales and different regions, the ESS should select the region with the most serious power fluctuation to configure its parameters without considering the capacity limitation. Considering the distribution of the generators and the load in the system, the following example takes the frequency response requirements of region 1 under the maximum power increment to configure the related parameters of the ESS.
4.2 Configuration of the Damping
The virtual damping coefficient Dv mainly affects the oscillation mode of the frequency and the unit output, which determine the steady-state recovery time of the system after the disturbance, so it needs to be prioritized. In case 2, bus 1 is taken as the frequency measurement point, and the active power increment of 145 MW is set for L1 at 200s. The system frequency response and the ESS output waveforms under different Dv are obtained as shown in Figures 7, 8.
[image: Figure 7]FIGURE 7 | Frequency response of the system for different Dv.
[image: Figure 8]FIGURE 8 | Output of the ESS under different Dv.
It can be seen from the figure that the improvement of the virtual damping coefficient can effectively suppress the frequency oscillation and smoothen the transient output of the ESS. Under the control strategy of the grid-connected inverter, the value of Dv will not affect the steady-state output power of the ESS, so it will not change the PFR result of the system. Moreover, both the rotor motion equation in Eq. 5 and the simulation results in Figure 7 show that the existence of the damping can reduce the ROCOF of the system, and its effect increases with the increase of Δf before the governor acts.
Furthermore, to quantitatively analyze the influence of the virtual damping coefficient on the system frequency recovery process, the time interval from the power fluctuation to system frequency fluctuation less than 1% is defined as the steady-state recovery time Trec, and the ratio of the difference between the maximum and minimum output power of the ESS and its steady-state output power is defined as the amplitude coefficient Zamp. The changing trends of the Trec and the Zamp under different power fluctuations and different virtual damping coefficients are shown in Figures 9, 10, respectively, and the simulation waveforms are shown in Supplementary Appendix Figure SA1.
[image: Figure 9]FIGURE 9 | Variation in Trec with respect to Dv.
[image: Figure 10]FIGURE 10 | Variation in Zamp with respect to Dv.
As shown in Figure 9, the variation in Trec with respect to Dv is the same under different power increments. The specific performance is as follows: when Dv is very small, Trec is large and the system frequency’s steady-state recovery process takes a long time; with the increase in Dv, Trec decreases, and it again increases when Dv reaches a certain value. It can be seen that the unreasonable damping value will have adverse effects on the steady-state recovery of the system.
The amplitude coefficient Zamp in Figure 10 describes the oscillation characteristics of the ESS output power. Thus, it is clear that a large value of Zamp will not only aggravate the output fluctuation of the ESS but also increases the power capacity requirement. Therefore, considering the indices, Trec and the Zamp, the Dv is set as 1.0 in the example.
4.3 Configuration of the Inertia
The inertia is the ability of the system to block the sudden change in the frequency, which mainly affects the ROCOF and the smoothness of the unit output. In case 3, bus 1 is still taken as the frequency measurement point, and the active power increment of 145 MW is set for L1 at 200s. The frequency response and the ESS output waveforms for the different virtual inertia constants Hv are obtained, as shown in Figures 11, 12.
[image: Figure 11]FIGURE 11 | Frequency response of the system for different Hv.
[image: Figure 12]FIGURE 12 | Output of the ESS for different Hv.
As seen from Figure 11, the increase in the virtual inertia constant can reduce the ROCOF within a certain range. Compared to Figures 7, 11, it can be seen that Hv improves the ROCOF in a short time scale after the unbalanced power generation. This improvement is more profound than that achieved using Dv.
To further compare the effect of Hv and Dv on the ESS dynamic behavior and frequency recovery process, the variations in Trec and Zamp for different power fluctuations and different virtual inertia constants are shown in Figures 13, 14, respectively, while the corresponding simulations are shown in Supplementary Appendix Figure SA2.
[image: Figure 13]FIGURE 13 | Variations in Trec with respect to Hv.
[image: Figure 14]FIGURE 14 | Variations in Zamp with respect to Hv.
It can be seen that the variations in Trec with respect to Hv are similar for different power increments, i.e., the steady-state recovery time of the frequency increases with the increase in Hv. In addition, although Zamp has no fixed trend with respect to Hv, it does not change on a large scale, so the value of Hv will not significantly affect the upper and lower limits of the ESS output power.
In conclusion, both the enhancement of Hv and Dv can reduce the ROCOF after the power fluctuation, but the regulation characteristics are different. Among them, Dv can suppress the frequency oscillation and smoothen the ESS output, but when the configuration value is unreasonable, the steady-state recovery time of the system will be prolonged. Compared to the Dv, Hv can restrain the ROCOF faster, but it cannot eliminate the oscillation and even prolong the oscillation time of the frequency. In addition, an increase in Hv produces adverse effects on the recovery process. Therefore, for the control of the ESS grid-connected inverter, Hv and Dv need to be configured coordinately according to the requirements of the ROCOF, to reduce the change of the frequency, suppress the oscillation, and promote the steady-state recovery at the same time.
Figure 15 shows the relationship of the initial ROCOF with respect to the ΔPL1 measured at region 1 under different values of Hv. It can be seen that the input of the ESS can effectively reduce the ROCOF, and the initial ROCOF is approximately linear with ΔPL1. So, the equivalent inertia constant Hess contributed by the ESS is invariant, i.e., according to the requirements of the ROCOF, the quantitative configuration of the Hv can be realized in a controlled way.
[image: Figure 15]FIGURE 15 | Variation in the AFCR with respect to Hv.
On this basis, the relationship of Hess with respect to Hv for different power increments is depicted in Figure 16, where Hess is obtained by the Eqs 1, 2 and the simulation results of the initial ROCOF.
[image: Figure 16]FIGURE 16 | Variations in the Hess with respect to ΔPL1.
It can be seen that although Hess is approximately proportional to the value of Hv in a certain range, Hess is not always proportional to the Hv even under the premise of the sufficient ESS capacity so that the inertia support work of the system cannot be fully allocated according to the inertia constant. It can be understood as the influence of the first stage of the three-stage principle, that is, the influence of the electrical distance on the IR in the transient process.
In addition, the value of Hess changes slightly with respect to ΔPL1, as shown in Figure 16. This is because the relative inertia defined in the study is equivalent to regulating the effect of damping, and the effect of the damping depends on the size of the frequency deviation and the power increment before the PFR. As a result, there is a certain coupling relationship between the Hess and the ΔPL1, that is, the equivalent inertia constant decreases with the increase in the ΔPL1.
4.4 Configuration of the Frequency Regulation Coefficient
The simulation results from case 1 to case 3 show that the position of the power fluctuation and the values of Hv and Dv will not have a significant impact on the steady-state output of the ESS and the PFR results of the system. Therefore, the virtual frequency regulation coefficient Kv of the ESS can be configured separately according to the SSFD requirements, and it does not have to be limited by the factors such as geographical locations. To further discuss the influence of Kv on the frequency regulation characteristics of the ESS, bus 1 is taken as the frequency measurement point in case 4, and the active power increment of 145 MW is set for L1 at 200s. The frequency response and the ESS output waveforms for different virtual frequency regulation coefficients are shown in Figures 17, 18.
[image: Figure 17]FIGURE 17 | Frequency response of the system for different Kv.
[image: Figure 18]FIGURE 18 | Output of the ESS for different Kv.
The value of Kv will not affect the initial ROCOF and the active power of the ESS in a short time scale, i.e., the configuration results of the Hv and the Dv need not be further adjusted according to the Kv. In addition, under the premise of sufficient ESS capacity, the simulation results in Figures 17, 18 show that the equivalent frequency regulation coefficient Kess provided by the ESS during the PFR is proportional to the magnitude of Kv, and it can also be proved in the study by Liu et al. (2021).
Finally, the flow chart of the ESS configuration method considering the frequency response and dynamic frequency dispersion is shown in Figure 19.
[image: Figure 19]FIGURE 19 | Flow chart of the ESS configuration method.
5 CONCLUSION AND PROSPECT
To supplement the missing inertia and the PFR capacity of the high RES penetration system, the study takes the initial ROCOF and the SSFD after the unbalanced power generation as restrictions and proposes an ESS configuration method under the VSG control strategy on the basis of considering the dynamic dispersion; the conclusions are as follows:
1) The ESS with the VSG control strategy has similar frequency support and regulation characteristics as synchronous units, and the transient process will be greatly affected by the dynamic frequency dispersion.
2) The improvement in the virtual inertia constant and the virtual damping coefficient in the ESS can effectively reduce the change rate of the frequency, but the regulation characteristics are different; so, they need to be coordinated according to the ROCOF requirements of the system.
3) When the inertia of the system is sufficient or the ROCOF requirement is low, the ESS can choose the region far away from the power fluctuation to reduce its assembly capacity; when the inertial demand of the system is high, the ESS configuration in the region with the most severe power fluctuation can better take into account the frequency response requirements of the whole system, but the demand of the ESS capacity also increases.
To sum up, the configuration method of the ESS and the regulation characteristics of its related parameters are compared and analyzed deeply by defining the relative inertia, the steady-state recovery time, and the amplitude coefficient. However, the characteristics of RES units and ESS are not considered in this study. Therefore, the next work will be carried out on the basis of considering the type of ESS and the control of RES units.
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