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With the rapid increase in the use of renewable energy sources, the strength of the power grid is reduced, which may lead to many weak distribution networks. The inertia of the weak distribution network decreases significantly, which leads to poor voltage quality. It means that the voltage and frequency are distorted and deviated. Battery storage can balance the frequent power disturbance and improve the frequency quality. However, it usually requires a central controller to dispatch the power in the current-controlled mode or respond natively with a fixed linear curve in voltage-controlled mode. The performance is poor when the power demand is in a wide range, which further deteriorates the frequency quality. To solve this problem, this paper proposes an adaptive frequency deviation improvement method for energy storage in the voltage-controlled mode. This method can change the power output characteristics of the storage inverter according to the magnitude and trend of power demand, where both frequency deviation and changing rate are used to shape the output power curve. A transfer function model for a voltage-controlled storage inverter is set up for theoretical analysis. Then, with the model, an adaptive frequency deviation improvement method is proposed with a fast response to power demand in a wide range. Finally, the results verify the effectiveness of the proposed method for frequency quality improvement with a high penetration level of stochastic photovoltaic power.
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1 INTRODUCTION
Compared with traditional energy sources, new energy sources are environment friendly, clean, and sustainable (Bevrani, Ghosh et al., 2010). Renewable energy sources are gradually replacing traditional fossil fuels and may occupy a dominant position in the future energy structure, which is also the vision of many countries (Ackermann, Prevost et al., 2017). However, the extensive integration of random and volatile renewable energy sources has resulted in a significant decline in the power quality within the power grid (Yang, Dong et al., 2019). As renewable energy sources make up a larger share of the power system, the power grid becomes more like a weak grid in its characteristics (Xie, Huang et al., 2014). This leads to the problem in power balance after the decrease in the equivalent moment of inertia (Meng, Zafar et al., 2020). Therefore, the system’s frequency regulation capacity significantly decreases, leading to frequency fluctuation and deviation (Chowdhury and Asaduz-Zaman, 2014).
The frequency regulation of the microgrid is mainly achieved by controlling the output power of the micropower supply, while the frequency adjustment of the distribution network is mainly achieved by controlling the output power of synchronous generators (SGs). With the high penetration of renewable energy, the SGs cannot support the voltage and frequency quality with similar good performance as before. Therefore, the frequency deviation may cause a more serious influence and deteriorate the frequency quality of the power grid, including SGs, grid-connected equipment, and customers (Dong, Yang et al., 2022) (Amaripadath, Roche et al., 2017). For example, the speed of the motor is related to the frequency, where the frequency deviation will make the motor speed change. In addition, the unstable frequency may lead to the failure of some electronic equipment. Furthermore, the SGs and power grid may suffer serious adverse effects from frequency deviation, such as causing the steam turbine blade to resonate, break, and grid disintegrate. Therefore, it is important to solve the frequency fluctuation and deviation problems that originate with highly penetrated renewable energy.
In traditional power systems, SGs can suppress load fluctuations and maintain frequency stability through adjustable input power from the prime mover and rotor inertia (Ye, Pei et al., 2016). However, with the large-scale integration of randomly fluctuating renewable energy sources like solar energy, the traditional frequency regulation units require frequently changing the operational state, which may surpass the capability of the rotating machine in response speed. It means that the response speed of the primary frequency regulation of the SG is too slow due to physical limitations. This problem may accelerate the aging and wear of the SG (Liu et al., 2022a). Therefore, the transient power is unbalanced due to the slow response of the SG, which makes the frequency quality difficult to meet the requirements in the early stage after the grid is disturbed by renewables and large loads (Chen, Yue et al., 2021).
The storage converter can quickly process power in bio-directions, which can be used to solve the problem brought by random fluctuation of the solar energy (Mathews and Rajeev, 2021). Recently, the storage inverter is applied in the distribution network to balance power flow, adjust power quality, and address the power outage (Swierczynski, Stroe et al., 2013). Moreover, the energy storage can work in the droop mode, where the output power changes with the varied frequency (Lasseter, Chen et al., 2020). This mode can help solve the frequency quality problems, including reducing the rate of change of frequency (RoCoF) and suppressing frequency deviation. Normally, the energy storage power is controlled through a specific droop curve with a fixed reference, drooping rate, and dead band (Wang Y. et al., 2019a). Current research shows that this control method can effectively help with the deterioration of the frequency quality when the disturbance behaves only like frequency deviation in a fixed range. However, it cannot deal with more complex problems, including 1) the frequency deviation in a wide range and 2) the different frequency-changing trends. The problems arise from the fast revolution of future distribution networks that demand high-quality electricity despite increased violent fluctuations from both the source and load sides. Therefore, the control method is required for further improvement in these aspects.
The control method of energy storage inverters is significant for the stable operation of the power grid. At present, energy storage inverters mostly utilize a current-controlled strategy (Pattabiraman, Lasseter et al., 2018). This method relies on the voltage phase obtained from the phase-locked loop to guide power tracking (Liu et al., 2022b). The power reference is usually given by a central controller through communication lines. However, the current-controlled method requires high computing and communication speed for the central controller. When the frequency quality deteriorates and the grid voltage fluctuates, the current-controlled method faces challenges in response speed and grid voltage support (Fu, Sun et al., 2021). Therefore, improving frequency quality using a current-controlled energy storage inverter is inherently flawed in weak distribution networks (Wang, Yi et al., 2021).
To deal with these problems of current-controlled storage inverters, the voltage-controlled method is preferred for supporting the voltage and frequency of the power grid (Xiong, Liu et al., 2021). Voltage-controlled inverters can provide support during dynamic and steady-state frequency fluctuations in the power system (Ackermann, Prevost et al., 2017). The power–frequency droop control can be adopted in the energy storage inverter with the voltage-controlled method. When the power is unbalanced between the source and the load, the frequency deviates and the inverter consumes or generates power to support the power balance (Shan, Yang et al., 2021) However, droop control has limitations in improving the dynamic frequency quality, and adding virtual inertia in the control loop can reduce the changing rate of the frequency after disturbance, thereby improving the frequency quality (Arco and Suul, 2014). This is also called the virtual synchronous generator control method (Zhao, Wang et al., 2023). These voltage-controlled methods typically operate with fixed characteristics (Kerdphol, Rahman et al., 2019). However, in future distribution networks with high penetration rates of renewable energy sources and large load-demand variation, the demand for high power quality remains (Wang, Yi et al., 2022). Therefore, the magnitude of power change may be large, and the changing rate increases, making it difficult to suppress frequency quality deterioration with traditional methods. A new method is required to improve frequency quality.
To enhance the frequency quality and solve the aforementioned problems, this paper proposes an adaptive frequency deviation improvement method for energy storage in the voltage-controlled mode. The method comprises four power compensation strategies that can adaptively regulate the output power based on the trend of the inverter output reference frequency deviation and changing rate. With this mode, the storage output power can be adjusted more quickly, which improves the bus frequency quality during the early stages of disturbance, and both the bus frequency deviation and changing rate decline.
2 TRANSFER FUNCTION MODEL FOR THE VOLTAGE-CONTROLLED STORAGE INVERTER
2.1 Voltage-controlled storage inverter
The topology of the voltage-controlled energy storage inverter is shown in Figure 1, which comprises a pre-stage DC–DC converter and a post-stage DC–AC inverter. The topology of the storage inverter used in this paper is a two-stage configuration. It should be noted that the conclusions drawn from this study can be expanded to other types of topologies as well.
[image: Figure 1]FIGURE 1 | Topology of the voltage-controlled storage inverter.
The non-isolated buck–boost DC–DC converter can operate in both the boost mode and buck mode. When the power supplied by the energy storage cannot meet the load demand, the capacitor voltage of the DC bus is reduced and it operates in the boost mode. When the power of the energy storage is greater than the load demand, the capacitor voltage of the DC bus increases and operates in the buck mode. The control diagram of the pre-stage DC–DC conversion circuit is shown in Figure 2. Since this article focuses on the improvement of inverters to enhance grid-connected performance, the pre-stage DC–DC conversion circuit will not be introduced in detail. When analyzing the principle of the post-stage DC–AC circuit, the bus voltage of the DC capacitor is considered constant.
[image: Figure 2]FIGURE 2 | Control block diagram of the bidirectional DC/DC converter.
The control block diagram of the inverter circuit for post-stage DC–AC voltage control is shown in Figure 3A, B. Unlike conventional current-controlled inverters, the voltage-controlled method does not require the phase-locked loop to obtain the voltage phase information of the power grid, so the control accuracy will not be affected by the accuracy of the phase-locked loop. The voltage-controlled inverter calculates the active power Pe and reactive power Qe output on the side of the energy storage inverter by sampling the voltage uabc of the filter capacitor Cf and the current iabc flowing through the filter inductor Lf2. Then, it imitates the droop characteristics of the traditional synchronous machine with a reactive power–voltage droop (Q–U droop) and active power–frequency droop (P–f droop). After obtaining the amplitude E and phase θ of the inverter output reference voltage, it finally obtains the PWM wave via the voltage and current dual closed-loop control.
[image: Figure 3]FIGURE 3 | Control block diagram of the voltage-controlled inverter: (A) voltage-controlled inverter diagram; (B) P-f droop control diagram.
2.2 Derivation of the transfer function model
For the SG, with inductive impendence, the frequency is related to active power. Similarly, the active and reactive powers are decoupled with inductive line impedance. To imitate inertia in the SG, a mechanical model needs to be added to the P–f loop of the inverter, which associates power demand with the frequency changing rate. Moreover, the input power of the SG is determined by the frequency governor, which connects active power with frequency deviation. The detailed model derivation in this section can be also found in the study conducted by Wang Z. et al. (2019b). The P–f loop applied in this paper has a mechanical model and frequency governor, which are shown in Eqs 1, 2, respectively:
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where J is the virtual inertia; ωm is the frequency of output voltage in the capacitor Cf; pin is the input power of energy storage; pe is the output power of the inverter; D is the damping coefficient; ωg is the frequency of the power grid; kd is the droop coefficient; Pref is the reference power of the inverter; and ωref is the reference frequency. ωm and ωg are approximately equal usually. Therefore, to simplify the analysis, the damping coefficient D can be ignored. ωm and ωref are approximately equal usually as the inverter operates near the nominal frequency. Hence, Eq. 3 is derived. The voltage-controlled diagram is shown in Figure 3B.
[image: image]
The small-signal model of Eq. 3 is derived around the operating point. Then, Eq. 4 is obtained. It shows the relationship between the frequency of the output voltage and output power. The relationship is that the frequency change is influenced by virtual inertia J and droop coefficient kd.
[image: image]
In the voltage-controlled mode, the output voltage of capacitor Cf is controlled to track the reference voltage as the terminal voltage. As described previously, the impedance between the terminal of the inverter and PCC is regarded as inductive. Therefore, the relationship between the active power and the phase difference is shown in Eq. 5, where Um is the amplitude of the output voltage in capacitor Cf, Ul is the amplitude of the ac bus voltage, δ is the phase difference between Um and Ul, XL is the equivalent inductance of the inverter in the grid side, and km is the power coefficient. The coefficient km is the ratio of the output power to the phase difference. Since the phase difference ∆δ is small, the change in output power ∆pe with ∆δ can be approximated by the following equation:
[image: image]
As phase difference is the integral of frequency difference, Eq. 6 can be derived from Eq. 5, where ωl is the frequency of the ac bus.
[image: image]
Eq. 7 should be satisfied, where ∆pload is the small-signal fluctuation between the source and load power.
[image: image]
In this model, the power grid is considered a strong grid, and hence, it is modeled by an ideal voltage source connected in series with line impedance. Therefore, the power coefficient km is also used in grid power transfer, and the symbol is replaced by kg, which is shown in Eq. 8, where Ug is the amplitude of the power grid voltage and Xg is the equivalent inductance of the grid.
[image: image]
Eqs 4–8 are combined, and the ideal transfer functions for the voltage-controlled energy storage connected to the power grid are derived as Eqs 9–11, where Gph_l, Gpe, and Gωm indicate the influence of power change to the phase change of ac bus voltage, output power change of the inverter, and output frequency ωm change, respectively. Therefore, the dynamic response of the inverter and ac bus after load power change with an ideal voltage source can be analyzed theoretically. This is the model in the strong grid. Wang Z. et al. (2019b) showed that the frequency change is not large with low impedance in the grid-connected mode.
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As the derived transfer functions before, the frequency dynamics of the voltage-controlled inverter in the transient state connected to the ideal grid can be analyzed. When renewable energy sources are highly penetrated in the power grid, the model of the ideal voltage source cannot simulate the power unbalance from the lack of backup power. Therefore, the response time delay of the SG needs to be considered to analyze large-scale renewable energy connected to weak distribution networks, which is the aim of the following section.
3 TRANSFER FUNCTION MODEL OF WEAK DISTRIBUTION NETWORKS
3.1 Model derivation
As mentioned previously, the power grid is regarded as an ideal voltage source, which cannot accurately reflect the characteristics of weak distribution networks. In weak distribution networks, the capability of power transmission from the power grid is limited, resulting in slower power response speed and larger equivalent impedance, both of which must be accounted for in network modeling. Since the renewable capacity is equal to the SG capacity or even larger than the SG capacity, the non-ideal conditions, including response delay and line impendence of the SG, are added to the model. Hence, the weak distribution network comprises a weak power grid, large-capacity PV inverters, and ac loads. Then, the storage inverter is integrated to improve the frequency quality. The whole topology of the weak distribution network is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Structure of the weak distribution network.
For the SG, when the ac bus frequency deviates, the input power point is adjusted with the frequency governor. Then, the real input power is adjusted to follow the point. However, limited by the physical mechanism of change of the prime mover’s power, the time constant of delay is large. In weak distribution network, the influence of this delay is amplified with reduced inertia. To imitate this characteristic, a time delay Tpr is added to the voltage-controlled inverter. The transfer function model from the previous section needs to be updated. To update the model, Eq. 2 can be rewritten as Eq. 12, where Pin_ref is the reference input power of energy storage.
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Therefore, Eq. 3 can be rewritten as Eq. 13, and the incremental formula of Eq. 13 is shown as Eq. 14.
[image: image]
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Since the power grid has been assumed to be a voltage-controlled inverter before, the power coefficient kg in Eq. 9 is not applicable now, and considering it has many renewable energy sources, Eq. 9 will become Eq. 15, where i is the total number of energy sources, τine_n = Jωsm/kd_n and kimp_n = km_n/kd_n.
[image: image]
If the source is the SG, the relationship parameters formed with Tpr is shown as follows:
[image: image]
Therefore, the weak distribution network formula of Eqs 9–11 will be derived as Eqs 17–19, where Gpe_n is the nth energy source output power change when the power changes and Gωm_n is the nth energy source output frequency change.
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Differentiating Eq. 17, the transfer function of the frequency change with regard to the power change is shown as follows:
[image: image]
3.2 Grid frequency deviation in weak distribution networks
Applying the nonideal model to the two energy source parallels in the power grid, as shown in Figure 4, has an SG and a renewable energy source. As mentioned previously, the time delay of the prime mover and weak grid with larger impendence and smaller inertia significantly deteriorates the frequency quality of the power grid. To reflect the characteristics of the weak distribution network with high-penetration renewable energy, Figures 5–7 show ac bus frequency with a different line impendence Xg, time delay Tpr, and inertia J of the SG source after the power change introduced by the stochastic PV power or load power. When the load changes, the frequency of the power grid decreases further, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Power change influence on the ac bus frequency with a different line impendence Xg: (A) Bode diagram; (B) frequency response when load increases.
[image: Figure 6]FIGURE 6 | Power change influence on the ac bus frequency with a different time delay Tpr: (A) Bode diagram; (B) frequency response when load increases
[image: Figure 7]FIGURE 7 | Power change influence on the ac bus frequency with a different virtual inertia J: (A) Bode diagram; (B) frequency response when load increases.
The SG regulates the frequency by changing the input power from the prime mover, which means it has a larger time delay than the storage inverter. Then, the frequency changes more quickly with a larger deviation after the power change. As shown in Figure 6, when the equivalent Tpr increases, the frequency changing rate increases, which means it takes longer to reach the new steady-state and larger RoCoF. Therefore, improving the storage inverter’s performance of output power in the weak distribution network is important to enhance frequency quality.
As shown in Figure 7, the inertia J also influences the dynamic ac bus frequency response, and a bigger equivalent J can reduce the RoCoF and nadir of frequency. Therefore, virtual inertia can help improve the frequency quality in the dynamic state.
4 ADAPTIVE POWER DEMAND CONTROL TO SUPPORT FREQUENCY
As mentioned previously, with high renewable energy penetration, the equivalent inertia decreases and impendence increases, which makes the power grid frequency quality significantly deteriorate after a large disturbance. In addition, as SG capacity relatively decreases, the line impedance increases, the SG cannot quickly provide enough backup power, and the capability for frequency regulation is not enough. To solve these problems, this paper proposes an adaptive frequency deviation improvement method for storage inverters in the voltage-controlled mode. This method can change the power output characteristics of the storage inverter according to the magnitude and trend of power demand, where both frequency deviation and changing rate are used to shape the output power curve. This method is divided into four kinds of power compensation methods after considering the magnitude and trend of frequency deviation.
Normally, the traditional droop control is a common method to change output power according to the frequency deviation. In addition, the additional power is transferred when the frequency reaches an undesired large value. These two kinds of power control methods will improve the frequency quality according to the frequency deviation. Furthermore, the frequency changing trend, which is also called the rate of change of frequency, is used to change the output power. It also includes two types of additional power compensation methods. One is linearly related to the RoCoF, and the other is step compensation if the RoCoF reaches a large value. These four power compensation methods use the inverter output reference frequency deviation (∆fm) and its changing rate (rocof (fm)) to improve the frequency quality.
4.1 Droop compensation
The energy storage inverter in the voltage-controlled mode with fixed inertia J can support bus voltage frequency, while the frequency and its changing rate are not large. Therefore, the energy storage can support bus frequency by the nature droop characteristic when the grid normally works near the rated point. The power curve of the nature droop compensation is shown in Figure 8A, where kfcom1 is the droop coefficient, Pcom1 is the first power compensation for frequency deviation, fm is the nominal frequency, and P0 is the nominal output power.
[image: Figure 8]FIGURE 8 | Diagram of shaping the output power curve: (A) droop compensation; (B) inertia compensation; (C) fast power compensation; and (D) fast inertia compensation.
4.2 Inertia compensation
The kfcom1 and J of droop compensation are normally fixed in traditional frequency support. This method cannot deal with the situation in which the frequency varies in a wide range or changes very quickly. Therefore, the extra output power is required when the rocof (fm) is large in addition to the normal inertia compensation. To ensure that the rocof (fm) can be restricted, extra output power is required, and this power curve is shown in Figure 8B. As shown in Figure 8B, considering that the rocof (fm) is small in many situations, a trigger condition is set to avoid unnecessary power compensation when the frequency is near the nominal point. fcom2l and fcom2h are the low and high trigger frequencies, respectively, for the second power compensation method. Pcom2 is the second output power compensation, and kfcom2 is the droop coefficient for rocof (fm).
4.3 Fast power compensation
As mentioned previously, the second method can increase the equivalent inertia J when the rocof (fm) is large, but if the load is added slowly and continuously, the frequency deviation will become large and the first method can only provide part of the power compensation to support the bus frequency. To solve this problem, the third power compensation shown in Figure 8C can directly provide extra output power to support bus frequency. The power provided by this method is fixed, where Pcom3 is the third output power compensation, PT3 is the designated value, and fcom3l and fcom3h are the low and high trigger frequencies, respectively.
4.4 Fast inertia compensation
The aforementioned three methods can support the dynamic power with the bus frequency deviation. However, when the rocof (fm) increases suddenly, only the second method can provide extra support with a predesigned value. Therefore, to provide extra backup inertia in the transient state, the extra output power is required, where the power curve is shown in Figure 8D. Similar to the second method, the additional power is fixed, and the upper and lower thresholds are both set as trigger conditions. As shown in Figure 8D, dtrigcom4l and dtrigcom4h are the low and high trigger rocof (fm), respectively, Pcom4 is the fourth output power compensation, and PT4 is the designated value.
These four power compensation methods realize the adaptive power demand control to support ac bus frequency. The proposed method can choose to change the output power according to the frequency deviation and changing rate and, hence, improve the frequency quality. It can help support both the steady state and dynamic state of bus frequency response by shaping the output power curve with ∆fm and rocof (fm). This method will be verified through simulation.
5 SIMULATION
To imitate the weak distribution network, a distribution network with 18 nodes is simulated with a high penetration level of stochastic photovoltaic inverter, which is shown in Figure 9 (Grady, Samotyj et al., 1992). As shown in Figure 9, the PV inverter with the current-controlled mode is located at bus_6. The storage inverter with the proposed voltage-controlled mode is located at bus_21. The grid located at bus_51 is simulated with the model mentioned previously, which has a large impedance and power tracking delay. The nominal output power of the PV is 1 MW, the nominal output power of the SG is 1 MW, and the capacity of the storage inverter is 0.25 MW. In this system, the penetration level of renewable energy is more than 50%, which is also the trend of the future. With these attributions, this network is weaker than the traditional distribution networks. Therefore, the frequency quality is reduced. In the simulation, the disturbance is from the power change of the photovoltaic inverter and large loads. The specific parameters are shown in Table 1.
[image: Figure 9]FIGURE 9 | 18-node distribution network.
TABLE 1 | Distribution network parameters.
[image: Table 1]5.1 Decrease in photovoltaic output power
The output power of the PV can decrease significantly due to changes in weather conditions. Therefore, the frequency quality deteriorates. The simulation in this section imitates that the PV panels are covered by clouds and the output power decreases to 0.4 MW at 5 s. Normally, the SG cannot respond to this amount of power in a short time, which will lead to fast frequency decrease and deviation. With reasonable control of energy storage, this situation can be improved. The simulation parameters are shown in Table 2, and the simulation results are shown in Figure 10.
TABLE 2 | Simulation parameters.
[image: Table 2][image: Figure 10]FIGURE 10 | Simulation results of the output power decrease of the PV: (A) frequency of bus_20; (B) output power of the inverter; and (C) reference frequency of the inverter.
The frequency of bus_20 is shown in Figure 10A. Without the storage inverter, the bus frequency undergoes a significant decrease in the dynamic and steady states. Even the primary frequency regulation strategy of the SG improves the frequency quality, and the frequency nadir is still lower than 49.4 Hz. After the integration of the storage inverter, the bus frequency deviation decreases by 0.2 Hz with the traditional voltage-controlled droop method. As shown, the steady-state performance is enhanced with a smaller frequency deviation. The bus frequency deviation is further reduced with the proposed method. As shown, the frequency of the nadir is lowered compared with the traditional droop method. The frequency difference between the frequency nadir and steady-state frequency after 7 s is smaller with the proposed method, which is the result that it can adaptively provide extra output power according to the inverter frequency deviation and changing rate. It should be noted that the frequency in the ac bus is obtained with a PLL loop, and hence, the transient performance is influenced by the PLL bandwidth. To better observe the feature of the method in this paper, the output power and reference frequency of the inverter can be used.
The output power and reference frequency of the inverter are shown in Figures 10B, C, respectively. In the transient state, the output power evidently increases with the proposed method and decreases after that. This is because the SG cannot quickly respond to the power shortage in the transient state, and the storage inverter needs to output larger power to guarantee the power balance. Then, the input power from the prime mover of the SG can track the reference, and the output power of the storage inverter decreases. Moreover, it can be observed from the frequency point of the storage inverter that the frequency changing rate with the proposed method is smaller and, thus, proves the capability to enhance the frequency quality. In conclusion, the proposed method can provide output power more quickly than the traditional voltage-controlled method in a weak distribution network.
5.2 Photovoltaic output power increase and load increase
In this section, the increase in both the PV output power and the load is simulated to verify the influence of power disturbance from the source and load. The PV output power increases by 0.4 MW at 5 s, and the load increases by 0.2 MW at 10 s. The results are shown in Figure 11. The frequency in bus_20 is obtained with a PLL to test the frequency stability.
[image: Figure 11]FIGURE 11 | Simulation results of the output power increase and load increase of the PV: (A) frequency of bus_20; (B) output power of the inverter; and (C) reference frequency of the inverter.
The frequency change is shown in Figure 11A. After the integration of the battery storage, the frequency changing rate and deviation are both evidently decreased. In particular, in the transient state, the proposed method can output larger power to lift the frequency more quickly than the traditional frequency droop method.
The output power and output reference frequency of the inverter are shown in Figures 11B, C. Before 5 s, the frequency deviation is relatively large. With the proposed method, the storage inverter can output larger power to enhance the frequency quality. Then, between 5 s and 10 s, because of the output power of the PV increase, the power balance is guaranteed. Therefore, the extra power from the storage inverter is not required, and the output power of the traditional droop and the proposed method is the same. After 10 s, with the increase in the load, the output power of the storage inverter increases to enhance the frequency quality. In the meantime, the frequency point of the storage inverter can also show how it improves the performance of the inverter. In the transient state, the frequency change of the storage inverter is much slower, where voltage synchronization is guaranteed. With this performance, the bus frequency quality is enhanced. In conclusion, the proposed method can reduce the output power when the PV output power increases, which makes the output frequency of the inverter changes slower. It can provide power more quickly when the load increases, which makes the output frequency of the inverter change slower.
From the simulation, the proposed method can further support the frequency quality compared to the traditional voltage-controlled method by modifying the output power curve to provide extra power.
6 CONCLUSION
This paper establishes an equivalent transfer function model of weak distribution networks to consider the nonideal conditions of the power grid, which includes the power response delay and line impendence. The relationship among bus frequency deviation, delay, and line impendence can be reflected with this model. In our analysis, the bus frequency quality deteriorates more significantly in the weak distribution network, which has a bigger delay, line impendence, and smaller inertia. Therefore, a voltage-controlled method storage inverter is proposed to deal with the problem and improve the frequency quality in the weak distribution network, which adaptively shapes the output power curve through the deviation and changing trend of frequency. Both the bus frequency deviation and changing rate are verified as smaller in the proposed method than those in the traditional droop-controlled mode. Because the storage inverter with the proposed method can quickly output extra power, the bus frequency quality can be better enhanced when the weak distribution network encounters power disturbance from both the source and load sides.
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