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When the microgrid is in the islanding operation mode, affected by the line impedance difference between the distributed power sources (DGs), the traditional droop control strategy will lead to the fact that the reactive power of the system cannot be reasonably distributed according to the droop gain, which makes the power grid prone to failure. To solve this problem, an improved sag control strategy based on adaptive virtual impedance is proposed in this paper. The central controller calculates the given power according to the capacity of each inverter and the total load capacity of the line, and then sends it to each inverter, and the inverter determines the value range of the virtual impedance according to the given reactive power. A voltage compensation link is added to the control strategy to compensate for the voltage drop difference caused by the line impedance difference, thereby ensuring the stability of the output power and realizing the power control of the microgrid. The MATLAB/Simulink simulation platform was built to establish the microgrid simulation model in island mode. The simulation results show that when the inverters with the same capacity are connected in parallel, the output active power is the most stable, and the reactive power maintains an equalized state; When inverters of different capacities are connected in parallel, the output active power takes the shortest time to stabilize, and the reactive power basically matches the rated capacity ratio. Therefore, it is fully demonstrated that this method has a good control effect on the power control and operation of the islanded microgrid.
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1 INTRODUCTION
Large-scale development and utilization of renewable energy is an important means for mankind to deal with energy crisis and environmental pollution. Therefore, the distributed generation technology of various renewable energy sources has been widely concerned (Zeng and Yang, 2018). The microgrid is composed of distributed generation DG (distributed generation), energy storage devices, energy conversion devices, protection devices, loads and other equipment, and can operate in grid-connected and islanded modes (Pei and Zhang, 2018). When the microgrid is connected to the grid, the voltage and frequency are determined by the system, and the power can be easily shared equally. In the island-type microgrid, DG needs to proportionally distribute the total load in the microgrid according to their respective capacities. When the line impedance of each DG is inconsistent, reactive power cannot be evenly divided according to the sag coefficient, and reactive power circulation will occur between inverters, thus affecting the power quality and system stability of the power grid (Zhang et al., 2018). Therefore, the rational allocation of reactive power is one of the hotspots in microgrid research.
Scholars at home and abroad have put forward a variety of methods for the problem that the reactive power cannot be equally divided due to impedance mismatch. Zeng Xiaoxu, studied the influence of DG output changes on the AC bus voltage of the microgrid, and proposed an overall control strategy for the SMES system based on DG current feedforward to realize the stability control of the voltage of the new energy grid (Zhang et al., 2021). Li Hui, analyzed the control law of microgrid operation and proved that the microgrid control model based on the PQ control method can be used for the operation of microgrid, realizing the decoupling control of active power and reactive power (Geng, 2020). Huang Shuang, studied the microgrid layered control technology based on multi-agent system, proposed a microgrid layered control framework based on multi-agent system, and discussed the structure function of MAS in microgrid and its coordinated control strategy (Zhu et al., 2019). Although the above experts have studied the power and operation control methods of new energy microgrids. However, it can be found that there are still some drawbacks in the traditional method. For example, when the DG is connected to the power grid, it is difficult to control, causing the voltage and frequency of the power grid to be offset, affecting the safety and reliability of the power grid during operation. When the PQ control method is used in the case of high penetration rate of renewable energy in the microgrid, because the response speed of the micro source and the time scale of system power fluctuation do not match, it is easy to cause the phenomenon of system instability. The multi-agent system control technology ignores the communication speed and reliability between agents, and the traditional methods generally ignore the impact of virtual impedance on the operation of the microgrid, which makes it difficult to realize the combination of distributed power sources at random locations and makes the microgrid prone to accidents, resulting in the overall paralysis of the microgrid (Tu et al., 2018)∼ (Liu et al., 2018). The shortcomings of traditional methods are summarized and it is found that the reliability of new energy microgrid still needs to be improved. The reliability of new energy microgrid plays a very important role in the normal operation of power grid, so it is extremely urgent to improve the reliability of new energy microgrid.
Aiming at the above problems, a microgrid power control method based on adaptive virtual impedance is proposed. In this paper, virtual impedance is introduced and the function of virtual impedance is analyzed, the value range of virtual resistance is determined by the rated capacity ratio of inverter, which can effectively guarantee the power quality of the output of microgrid. The virtual impedance adaptive ability is poor in the traditional method. Insufficient estimation of line impedance when multiple inverters are connected in parallel, resulting in poor output power matching. This paper uses the integral controller to calculate the reference value of the output power. The central controller then calculates the given capacity of each inverter based on the load power and the inverter capacity. Finally, it is sent to the inverter for local control, so as to adjust the virtual impedance value and realize the accurate distribution of load power. The simulation results verify the effectiveness of the proposed control strategy.
2 TRADITIONAL DROOP CONTROL AND REACTIVE POWER DISTRIBUTION
The droop control principle and power transmission characteristics are analyzed when the low-voltage microgrid operates in island mode (Zhou et al., 2021). Taking the parallel operation of two micro-power inverters as an example, the DG is connected to the common load through the inverter and transmission feeder, and the inverter is equivalent to a voltage source. The equivalent circuit is shown in Figure 1 (Li et al., 2017).
[image: Figure 1]FIGURE 1 | Equivalent circuit of micropower inverter running in parallel.
The output current of the micro-power inverter is shown in Eq. 1:
[image: image]
The complex power output by the micro-power inverter is shown in Formula Eq. 2:
[image: image]
According to Formula Eq. 1 and Eq. 2, the output active power and reactive power of the inverter can be obtained as shown in Formula Eq. 3:
[image: image]
Since the resistance value is much smaller than the reactance value in the high-voltage system, it can be known that [image: image]. When the power angle is small, we know [image: image]. Then formula Eq. 3 can be transformed into formula Eq. 4:
[image: image]
It can be known from formula Eq. 4 that the active power [image: image] and reactive power [image: image] output by the micro-power inverter can be controlled by the power angle [image: image] and the voltage amplitude [image: image] respectively. Therefore, the mathematical model of traditional P-f, Q-V droop control can be expressed by formula Eq. 5:
[image: image]
In the formula, [image: image] and [image: image] are the actual value and reference value of the inverter output frequency respectively, the unit is Hz. [image: image] and [image: image] are the actual value and reference value of the inverter output voltage amplitude respectively, and the unit is V. [image: image] and [image: image] are the actual value and rated value of the output active power of the inverter, in unit W. [image: image] and [image: image] are the actual value and rated value of the output reactive power of the inverter respectively, in Var. [image: image] is active frequency droop coefficient, the unit is Hz/W; [image: image] is the reactive voltage amplitude droop coefficient, the unit is V/Var.
The traditional droop control structure represented by Formula Eq. 5 is shown in Figure 2, where [image: image] is the inverter output filter inductor current, [image: image] is the inverter output filter capacitor voltage. [image: image] and [image: image] are respectively the voltage angular frequency and amplitude adjusted by the droop controller, which are used to synthesize the reference voltage of the double-loop control of voltage and current.
[image: Figure 2]FIGURE 2 | Traditional droop control structure.
The traditional droop control is proposed under the condition that the sum of inverter output impedance and line impedance is inductive. Low-voltage transmission lines are usually used in microgrids, and the line impedance in low-voltage microgrids is mainly resistive. If traditional droop control is used, the adjustment of voltage amplitude will affect the adjustment of active power, reactive power and frequency, and even cause the coupling of active power and reactive power, affecting the stability of the system. Therefore, decoupling of active and reactive power is usually achieved by adding virtual impedance, so that the droop control method expressed in Equation Eq. 5 can continue to be used.
3 IMPROVED DROOP CONTROL STRATEGY BASED ON VIRTUAL IMPEDANCE
3.1 Principle of virtual impedance
The key to microgrid power control is to control the output power of the inverter to match the rated capacity (Li et al., 2021). In practical situations, the line impedance has a very close relationship with the path, length, etc. However, due to the lack of accurate measurement, it is difficult to realize the power control of the new energy microgrid, so the virtual impedance analysis microgrid power control method is introduced. Virtual impedance is a form to simulate the impedance of microgrid by adding a feedback loop to the current loop and voltage loop of microgrid. The purpose of voltage and current double loop control is to make the output voltage of inverter track the ideal voltage of microgrid completely (Cui and Peng, 2018; Chang, 2019; Wu and Luo, 2021).
The ideal circuit diagram and the actual equivalent circuit diagram before adding the virtual impedance are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Ideal and actual equivalent circuit diagrams before adding virtual impedance.(A) Equivalent circuit diagram under ideal conditions (B) Equivalent circuit diagram under actual conditions.
Figure 3A is equivalent circuit diagram under ideal conditions. But in general, the equivalent output impedance of the inverter is changed to G(s) due to the voltage gain in the voltage double loop control link. And the effect of the equivalent output impedance Z(s) of the inverter should be considered.
In Figure 3B, the output voltage of the inverter is:
[image: image]
After the virtual impedance is introduced, the output voltage of the inverter is:
[image: image]
Therefore, the total output impedance of the inverter after the introduction of virtual impedance is:
[image: image]
The equivalent circuit diagram after adding the virtual impedance is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Equivalent circuit diagram after adding virtual impedance.
3.2 Add virtual impedance
The coordinate system of the microgrid inverter in this study is the rotating coordinate system dq0, in which the virtual impedance control loop expression as:
[image: image]
In formula (9), [image: image] and [image: image] represent the [image: image] axis component and [image: image] axis component of the reference value of the outer loop of the output voltage respectively; [image: image] and [image: image] represent the [image: image] axis component and [image: image] axis component of the reference voltage respectively; [image: image] represents the virtual resistance; [image: image] and [image: image] respectively represent the [image: image] axis component and [image: image] axis component of the output current reference value; [image: image] is the angular frequency of the rotating coordinate system; [image: image] represents the virtual inductance.
The structural block diagram of the virtual impedance controller is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Controller structure with virtual impedance added.
In Figure 5, [image: image] and [image: image] respectively represent the [image: image] axis and [image: image] axis components of the output voltage;[image: image] represents the voltage loop ratio; [image: image] is the integral coefficient of the voltage loop; [image: image] represents the inverter capacity; [image: image] and [image: image] respectively represent the [image: image] axis and [image: image] axis components of the reference value of the current loop.
According to the structure diagram of the controller, the transfer function of the equivalent output impedance of the inverter can be described as Equation Eq. 10.
[image: image]
In formula Eq. 10, [image: image] represents the total equivalent output impedance of the inverter; [image: image] represents the voltage gain; [image: image] represents the pure inductive virtual impedance; [image: image] represents the pure resistive virtual impedance; [image: image] represents the droop coefficient of the inverter; [image: image] represents the influence factor of the resistance value in the virtual impedance; [image: image] represents the determinant factor of the droop factor of the inverter.
P-V droop control is more suitable for low voltage microgrid. However, the line resistance-inductance ratio is very high under low-voltage microgrid conditions. The existence of line inductance may cause power coupling and even affect the stable operation of the microgrid system (Cui and Peng, 2018; Li, 2020; Liu and Zhao, 2022). Therefore, the introduction of virtual resistance can change the equivalent output impedance of the inverter. After introducing the virtual resistance, the Bode diagram of the output impedance of the microgrid inverter is obtained as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Bode diagram of inverter output impedance.
Figure 6 reflects the change of the output impedance of the inverter when the virtual resistance value R increases from 0 Ω to 1 Ω. After the research and analysis in Figure 6, it can be seen that the equivalent output impedance of the original inverter is close to the inductive characteristic at a frequency of 50 Hz, and its amplitude is approximately equal to zero. After the introduction of the virtual resistor, the inverter impedance is close to the resistive characteristic when the frequency is 50 Hz, and the output voltage amplitude and the resistance value have a significant positive correlation, which is beneficial to the decoupling of the inverter output power. From the above analysis, it can be seen that the output impedance of the inverter in the microgrid changes significantly after the virtual impedance is added, which greatly reduces the coupling degree of the inverter output power.
3.3 The value range of the virtual resistance is determined
In order to accurately control the power of the new energy microgrid, it is necessary to determine the value range of the virtual resistance for the microgrid after introducing the virtual impedance.
Set the rated active power and rated reactive power of the microgrid inverter as [image: image] and [image: image] respectively, and the no-load active power and no-load reactive power as [image: image] and [image: image] respectively, then the inverter output power satisfies the following formula:
[image: image]
As the sag control of the inverter has certain limits on the reference voltage [image: image], the reference voltage is set lower than [image: image] times the reference voltage [image: image], where the value range of [image: image] is (1,1.1). The existing literature research shows that the range of the phase angle [image: image] between the output voltage of the inverter and the coupling point is extremely small, and the maximum value [image: image] is set to 10°. According to the above conditions, the rated active power and rated reactive power of the inverter are taken as objective functions, and taking the phase angle and the output voltage amplitude as variables to obtain the partial derivative, we can get:
[image: image]
In formula Eq. 12, [image: image] represents the real-time impedance of the inverter; [image: image] represents the bus voltage; [image: image] represents the inductance value.
When the rated capacity relationship of the two inverters is [image: image], the relationship between the virtual resistances can be expressed as:
[image: image]
In the formula, [image: image] represents the ratio of the rated capacity of the inverter. The value range of virtual resistance is determined by the rated capacity ratio of the inverter so as to achieve the accurate distribution of output power of the parallel inverter.
3.4 Voltage drop difference
Although the virtual resistance can make the output impedance of the inverter meet the power matching conditions, it will also cause a short-term drop in the inverter voltage, resulting in a decrease in the quality of the output power of the microgrid (Liu, 2020)∼(Deng et al., 2018). In order to obtain better power quality, it is necessary to calculate the output voltage of the microgrid.
The relationship between the output voltage of the inverter and the bus voltage is expressed as:
[image: image]
In formula Eq. 14, [image: image] and [image: image] represent the [image: image] axis and [image: image] axis components of the inverter output voltage; [image: image] represents the [image: image] axis component of the bus voltage; [image: image] represents the reactance value in the output line; [image: image] and [image: image] represent the [image: image] axis and [image: image] axis components of the inverter output current; [image: image] represents the resistance value in the line impedance. Then the output voltage amplitude of the new energy microgrid inverter is
[image: image]
In the low-voltage microgrid, the line resistance and inductance are relatively high, so the inductive component can be ignored. Equation Eq. 15 translates into:
[image: image]
Combine Equation Eqs 15, 16 to obtain:
[image: image]
In formula Eq. 17, [image: image] represents the reference voltage amplitude; [image: image] represents the droop coefficient of voltage and active power at PCC point; [image: image] represents the droop coefficient of the output voltage and active power of the microgrid inverter.
It can be seen from the above formula that if the value of the virtual impedance is large, the inverter will be unstable, so it is necessary to comprehensively consider the relationship between the output voltage and power.
3.5 Power control
In order to improve the precision of power control of new energy microgrid, an integral controller is designed. It makes the value of the virtual impedance resistance adaptively change, so that the output power of the inverter approaches a given value and remains stable, and finally realizes the power control of the new energy microgrid.
There is an obvious inverse proportional relationship between the line impedance and the output active power of the inverter. In order to realize the adaptive virtual impedance, the reference value of the output power is first calculated by the integral controller. The central controller is then connected to the inverter via a low broadband line. Finally, use the power information to correct the virtual resistance value of the inverter (Zhang et al., 2022)∼(Huang et al., 2022).
The formula for calculating the reference value of the inverter output power is:
[image: image]
In formula Eq. 18, [image: image] represents the output power of the [image: image] inverter; [image: image] represents the harmonic value; [image: image] represents the maximum value range of the number of inverters.
The formula for calculating the output active power of the inverter is
[image: image]
In formula Eq. 19, [image: image] represents the period of the periodic AC signal; [image: image] represents the instantaneous voltage; [image: image] represents the instantaneous current.
According to the calculation results of formula Eq. 18 and formula Eq. 19, the value range of the adaptive virtual impedance can be obtained as follows:
[image: image]
In formula Eq. 20, [image: image] represents the value of the adaptive virtual impedance; [image: image] represents the parameter of the integral controller.
According to the above algorithm, two inverters with the same capacity are taken as the research object, which are connected in parallel. Initially, the two inverters have different line impedances, resulting in a low degree of output power matching. The output power reference value [image: image] obtained by the integral controller becomes the control target of the inverter, and the specific control realization process is shown as follows.
When the output active power of inverter 1 is less than the reference power, it is denoted as [image: image]. The output of the adaptive virtual impedance is negative after being adjusted by the integral controller, then the virtual impedance gradually decreases and the active power output of inverter 1 increases. When the output active power of inverter 2 is greater than the reference power, it is denoted as [image: image]; After the adaptive virtual impedance is adjusted by the integral controller, the output is positive, which reduces the active power output of inverter 1. Finally, when [image: image], the output power of the two inverters remains stable and the integral controller stops working.
When multiple inverters are connected in parallel, the integral controller adaptively adjusts the virtual impedance value according to the reference power until the output power of the paralleled inverters is equal to the reference power, and keeps the output power of the inverters stable (Hou et al., 2015)∼(Pham and Lee, 2020).
The above process realizes the power control of the new energy microgrid by introducing adaptive virtual impedance. It not only ensures the stability of output power, but also improves the quality of electric power, providing an effective means to ensure the safety of power grid operation and the quality of power consumption of users.
3.6 Stability analysis of improved control strategy
In order to analyze the stability of the improved control strategy, a small signal model was established by linearization near the static operating point (Chen et al., 2017; Wu et al., 2017; Liu et al., 2019; Huang et al., 2020; Ge et al., 2021). The power of DG flowing into the transmission line can be expressed as:
[image: image]
Where, [image: image] and [image: image] are the output voltage of the inverter and the voltage at PCC respectively. [image: image] is the line impedance after adding the virtual impedance, and [image: image].
Set [image: image] and [image: image] as the stable operation points of the system, according to the droop control Eq. 5 and Eq. 21, the related small signal equation can be obtained as:
[image: image]
Equation Eq. 22 can be simplified as:
[image: image]
in,
[image: image]
The power in droop control is obtained by passing the measured instantaneous power through a first-order low-pass filter, so Eq. 23 can be transformed into:
[image: image]
where [image: image] is the cutoff frequency of the low-pass filter, and [image: image]. Simplifying Equation Eq. 25, the characteristic equation of the system can be obtained as:
[image: image]
in,
[image: image]
Analyze the system stability by taking the root locus of the characteristic equation of the above system (Chen et al., 2017; Liu et al., 2019; Huang et al., 2020; Zhou et al., 2020; Ge et al., 2021; Gao, 2022). Figure 7 shows the root locus distribution corresponding to the change of [image: image] from 0.001 to 0.010 when other control parameters are fixed. The direction of the arrow in Figure 7 is the direction in which the corresponding parameter increases.
[image: Figure 7]FIGURE 7 | The root locus of the characteristic equation of the system.
In the root locus diagram, the characteristic roots close to the virtual axis have the greatest influence on the stability of the system and are generally defined as the dominant poles. In Figure 7, [image: image] and [image: image] have a greater impact on the system stability. As the integral coefficient [image: image] increases within the specified range, the real parts of the two pairs of conjugated virtual roots are all less than 0, indicating that the system can run stably. During the increase of [image: image], the distance of the eigenvalue from the real axis does not change much, indicating that the change of [image: image] has little effect on the damping characteristics of the system. When [image: image] increases, the dominant poles [image: image] and [image: image] get closer and closer to the imaginary axis, and the system stability decreases. Therefore, the value of the integral coefficient [image: image] cannot be too large, otherwise the stability will be affected. The value of [image: image] in the text is 0.005.
4 SIMULATION ANALYSIS
The island-type microgrid simulation model shown in Figure 8 is built on the MATLAB/Simulink software simulation platform to verify the effectiveness of the improved droop control. The simulation model consists of two DGs operating in parallel to supply linear loads. And the load parameter is [image: image].
[image: Figure 8]FIGURE 8 | Simulation model of islanded microgrid.
Example 1 is a comparative analysis of the influence of the traditional control strategy and the improved control strategy on the power distribution and voltage amplitude of the microgrid when the capacity of the two DGs is the same. Example 2 simulation verifies the accuracy of the load distribution of the inverter using the improved control strategy when the DG capacity is different. The simulation parameters are shown in Table 1.
TABLE 1 | Simulation parameters.
[image: Table 1]4.1 Simulation example 1
Two DGs with the same capacity run in parallel. Before the 1 s, only load 1 is put into operation, and the active power and reactive power are 20 kW and 20 kVar respectively. At the 1 s, load 2 is also put into operation, and the active power and reactive power of the system become 20 kW and 20 kVar respectively after the steady-state operation of the system. At the 2 s, the load 2 is out of operation, and the active power and reactive power become 30 kW and 30 kVar after the steady-state operation of the system, and the simulation time is 3 s. When both DGs use traditional droop control, the DG output power and voltage waveforms are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Simulation results of traditional droop control. (A) Active power output by DG (B) Reactive power output by DG. (C) DG output voltage.
Since DG 1 and DG 2 have the same capacity, in order to allocate reactive power reasonably, it is necessary to make the allocation of reactive power to each DG equal when the system is in a stable state. It can be concluded from Figure 9 that two DGs with the same capacity are operated in parallel using the traditional droop control method. Before and after the load changes, the DG can share the active power equally according to the active droop coefficient. However, due to the existence of line impedance difference, there is a certain deviation in the output voltage amplitude of the two DGs after stabilization. A small output voltage amplitude has a certain deviation after stabilization, and a small output voltage deviation will cause a large power distribution deviation. Since the line impedance of DG 2 is larger than that of DG 1, DG 2 allocates less reactive power, which leads to the fact that the reactive power cannot be divided equally according to the droop coefficient.
When both DGs adopt the improved droop control strategy, the output power and voltage waveforms of DG1 and DG2 are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Simulation results of improved droop control when two DGs have the same capacity. (A) Active power output by DG. (B) Reactive power output by DG. (C) DG output voltage.
It can be seen from Figure 10 that when two DGs with the same capacity are operated in parallel using the improved droop control strategy, before and after the load changes, the DG can divide the active power equally according to the active power droop coefficient. And the adaptive virtual impedance is added to the droop control to compensate the voltage drop difference caused by the line impedance difference. The difference between the output voltage amplitudes of the two DGs is small after stabilization. When the line impedance is different, the reactive power can also be accurately distributed according to the droop coefficient.
4.2 Simulation example 2
DG1 and DG2 run in parallel, and the rated capacity ratio is 2:1. Using the improved droop control strategy, the simulation process is the same as that of Example 1, and the output active and reactive power waveforms of the inverter are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Simulation results of improving droop control with two DGs with different capacities. (A) Active power output by DG. (B) Reactive power output by DG.
To achieve reasonable power distribution, the power distribution ratio of DG 1 and DG 2 should be 1:2. It can be seen from Figure 11A that the active power output by the inverter can be distributed according to the DG capacity ratio before and after the load power factor changes, and the ratio of the distributed power between DG 1 and DG 2 is 2:1. It can be seen from Figure 11B that with the improved droop control strategy, the output reactive power of the inverter meets the requirement of 2:1. In the 1 s and 2 s, the load increases and decreases respectively, and the reactive power of the inverter can still be distributed in proportion to the DG capacity. The transition process is smooth and the time is short.
5 CONCLUSION
The mechanism that the traditional droop control cannot realize the reasonable distribution of reactive power due to the difference in the impedance of each DG line is analyzed. It is concluded that the fundamental reason for the unreasonable distribution of reactive power is the voltage drop difference caused by the inconsistent impedance of each DG line. The improved droop control strategy proposed in this paper is suitable for island-type microgrids. It does not need to measure the line impedance parameter value. It can automatically adjust the virtual impedance value according to the load power, eliminate the voltage drop difference caused by the line impedance difference, so that the distribution of reactive power is not affected by the inconsistent line impedance, and finally realize the equal distribution of reactive power. Through the comparative simulation analysis of the traditional droop control and the improved control strategy in this paper, it can be seen that the improved control strategy can realize the accurate distribution of reactive power, which verifies the effectiveness of the method.
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