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Source-grid-load-storage has represented an interactive characteristic in the active distribution network (ADN). Moreover, power electronic devices have been widely used for source-grid-load-storage with the rapid development of power electronics technology. In this condition, the large-scale distributed source may cause voltage quality degradation, while the application of large-scale power electronics equipment may also lead to serious harmonic distortion. Power quality has become one of the most important issues in the development of ADN. In this paper, the source-grid-load-storage interactive power quality characteristic of the ADN is analyzed. Firstly, considering the source-grid-load-storage interaction in ADN, the voltage deviation and fluctuation are analyzed and the degrees are further quantified. Then, the source-load-storage harmonic models for the power electronic components are built, which is the basis for harmonic analysis. Moreover, the decoupled harmonic power flow algorithm for ADN is proposed to analyze the system harmonic distributions. Finally, considering the location and capacity of photovoltaic and energy storage, the interaction and power quality are analyzed in the IEEE 33-bus distribution system. With the access of energy storage, more than 20% of the voltage deviation and more than 6% of the voltage fluctuation caused by photovoltaics are effectively suppressed, while the harmonic distortion may be further increased.
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1 INTRODUCTION
With the change of energy structure in the distribution network, the source-grid-load-storage represents an obviously interactive characteristic. Moreover, the interaction is gradually enhanced with the development of flexible load (Hungerford et al., 2019), distributed energy resource (Quadri et al., 2018), and energy storage (ES) technology (Rahman et al., 2020). When the large-scale integration of distributed photovoltaic (PV) generation and energy storage are integrated into the distribution network, the whole distribution system has gradually developed into an active distribution network (ADN) (Davarzani et al., 2021), (Yi et al., 2020), (Bastami et al., 2021), which not only results in voltage over range and fluctuation but also causes the change of system power flow and voltage distribution (Li et al., 2021).
The distribution network usually adopts the radial structure, with power flowing from the power source to the load in a single direction. However, the distributed PV feeds power into the active distribution system, increasing the bus voltage and even changing the power flow direction (Cavana et al., 2021), (Lin et al., 2021). Moreover, affected by the external environment and dispatch demand, the output of distributed energy resources presents time-varying and intermittent characteristics (Sun et al., 2021a), which can lead to bus voltage fluctuations. In this condition, the energy storage technology is developed due to the flexible power regulation ability, and it can provide an effective solution to the bus voltage over limit and fluctuation. Previous researches have done lots of beneficial studies on the coordination of distributed PV, load, and ES. A predictive power control scheme was proposed by (Shan et al., 2019) to control and coordinate the grid-connected PV systems with energy storage systems, which can maintain stable voltage and frequency and improve the power factor. In order to improve the stability of the distribution system, the coordination control strategy for residential load and distributed PV was proposed by (Cheng et al., 2020). Based on the communication framework, the distributed control strategy is developed by (Yu et al., 2021) to optimally coordinate the energy storage and regulate the system voltage.
In addition, with the rapid development of power electronics technology in different aspects of power systems (Xiao et al., 2021), (Sun et al., 2020a), power electronic devices have been widely used for the source-grid-load-storage (Kettner et al., 2021), (Ebrahimzadeh et al., 2019). In the active distribution network, the nonlinear loads represented by user appliances are emerging (Sun et al., 2020b), renewable energy generation represented by photovoltaic is gradually accessed (Gao et al., 2021), and the energy storage also needs the AC/DC conversion with power electronic equipment, which affects the system harmonic condition (Ghofrani et al., 2013). Thus, the AND harmonic distortion issue has attracted worldwide attention (Božiček et al., 2018). Severe harmonic contents will result in various problems in the AND, including power quality reduction, power loss increment, the equipment aging acceleration, etc., which affect the safe and economic operation of the power system (Kwon et al., 2016).
Based on the harmonic generation characteristics, the harmonic power flow can obtain the harmonic distributions in the distribution network (Cristaldi and Ferrero, 1995), (Šošić et al., 2015), which is one of the most effective methods to analyze harmonic distortion (Duan et al., 1996). Also, the interaction of source-grid-load-storage may change the operating state and then affect the harmonic generation (Xie et al., 2020). To date, harmonic power flow analysis mainly contains the time-domain simulation method, unified iterative method, fundamental and harmonic decoupled method, and so on. However, the time-domain simulation method has high computational complexity and cannot reflect the harmonic generation mechanism. The unified iterative method is highly susceptible to convergence difficulties in iterative solving with the Newton-Raphson method. The decoupled method has been widely used due to the easier calculation process and good accuracy (Sun et al., 2007), (Xie and Sun, 2022). The modification procedures to customize the network component models in MATPOWER were presented in (Yang and Adinda, 2021), which can be used for the harmonic power flow study. Based on the field data, a harmonic power flow method was proposed by (Xie et al., 2022), which can evaluate and mitigate the random and time-varying harmonics.
As the installed capacity of distributed PV continues to rise, the operation of the traditional distribution network has changed. In the active distribution network, the power quality problems including voltage over range and serious harmonic distortion are getting worse (Campanhol et al., 2018). With the enhanced source-grid-load-storage interaction, the power quality issues caused by the large-scale distributed PV integration cannot be ignored. Therefore, this paper investigates the generation and influence of power quality problems with source-grid-load-storage interaction. The contributions are summarized as follows.
1 The influence on voltage is analyzed considering source-grid-load-storage interaction, the voltage deviation and fluctuation are analyzed and the degrees are quantified according to the typical structure of the active distribution network.
2 The frequency-domain harmonic models for the key power electronic components in the distribution network are built based on the frequency transfer matrix, which provides the basis for harmonic power flow calculation and analysis.
3 The decoupled harmonic power flow algorithm for the distribution network is proposed to analyze the system harmonic distributions. The interaction of source-grid-load-storage is analyzed based on the proposed harmonic power flow algorithm.
In the following, Section 2 analyzes the influence on voltage deviation and fluctuation with source-grid-load-storage interaction. Section 3 builds the harmonic models for distributed source, electrical load, and energy storage. Section 4 develops the harmonic power flow algorithm based on the harmonic model. Case studies and the results to show the source-grid-load-storage interactive influence are performed in Sections 5, 6 summarizes the conclusions of the paper.
2 SOURCE-GRID-LOAD-STORAGE INTERACTIVE VOLTAGE INFLUENCE ANALYSIS
The voltage deviation and fluctuation of the distribution network may be affected by the distributed PV and ES. When these components are connected to the distribution network reasonably, it can improve the distribution grid voltage distribution to a certain extent. However, unreasonable distribution of the source, load, and energy storage will change the system power flow and lead to voltage quality deterioration. To clarify the influence of integration of distributed PV and ES, the interaction of source-grid-load-storage of the distribution network is analyzed in this section.
2.1 Voltage deviation analysis
The structure of the distribution network with one single feeder is shown in Figure 1. In the figure, Bus 1 is the generator node, and the other buses are load nodes. The total number of buses of the distribution network is N, and Un is the voltage of the nth bus. Each load node may be integrated with distributed PV generation and energy storage. pLn and QLn are respectively the active and reactive powers of electrical load connected to the nth bus, PPVn and QPVn are respectively the active and reactive powers of distributed PV generation connected to the nth bus, and PESn and QESn are respectively the active and reactive powers of ES connected to the nth bus. Rn and Xn are respectively the resistance and reactance of the nth branch.
[image: Figure 1]FIGURE 1 | Structure of distribution network with the single feeder.
The power flow direction to the bus is set as positive, and that from the bus is set as negative. Generally, both the distributed PV and ES will not generate reactive power. Meanwhile, in order to improve the voltage quality of the distribution network, the energy storage is charged when the output of distributed PV is relatively large.
Considering the single distributed PV and single energy storage are connected to the mth bus, the total apparent power in Bus m is given as follows,
[image: image]
Assuming that the nominal voltage of the distribution network is UNom, the voltage difference between Bus m-1 and Bus m can be derived as follows,
[image: image]
Then, the voltage difference between Bus 1 and Bus m can be obtained as follows,
[image: image]
where Rk + jXk is the equivalent impedance of the kth branch in the distribution network.
Meanwhile, the voltage of Bus m can be calculated as follows,
[image: image]
where U1 is the voltage of the generator node (Bus 1).
When there is no grid-connected PV generation, the voltage gradually decreases from the beginning of the feeder. The integration of distributed PV will increase the node voltage, and the larger the PV generation capacity, the greater the impact on the bus voltage. When the capacity of PV generation is relatively large, the voltage of the grid-connected bus will be larger than the other buses, changing the original monotonicity of the distribution network voltage distribution. The condition of monotonicity change is,
[image: image]
In the case of multiple distributed pVs integration, the monotonicity of the voltage distribution will not be changed when the electrical load power is larger than the grid-connected PV capacity in every bus. In the contrast, the monotonicity of the voltage distribution will change to the increasing trend when the electrical load power is smaller than the grid-connected PV capacity. In this way, active power controlling devices and reactive power compensation devices have been widely employed in the power system (Sun et al., 2021b). Moreover, the integration of ES will improve the voltage quality due to its bidirectional power flow characteristic. In this way, all voltages in each bus can be controlled in the acceptable range by adjusting the charging or discharging power.
From the above equations, it can be seen that the distributed PV generation may cause the voltage over range since the capability of PV generation is generally several times larger than the electrical load consumption. Also, the voltage deviation can be reduced by adjusting the active power of energy storage. Therefore, the voltage quality can be improved with the collaborative control of source-grid-load-storage.
2.2 Voltage fluctuation analysis
Considering the integration of distributed PV and ES, the Thevenin equivalent circuit of the active distribution network is shown in Figure 2. In this circuit, E∠0˚ represents the power supply voltage and [image: image] is the equivalent impedance of the grid side. [image: image] is the equivalent impedance of the load side, which contains the load equivalent impedance [image: image], the source equivalent impedance [image: image], and the storage equivalent impedance [image: image]. The voltage at the point of common coupling (PCC) is analyzed to reflect the source-grid-load-storage interactive voltage fluctuation.
[image: Figure 2]FIGURE 2 | Thevenin equivalent circuit of active distribution network.
The voltage at the PCC may fluctuate with the integration of distributed PV generation and energy storage in the distribution network, and the fluctuation can be reflected by the current change ∆IPCC∠θ. According to the consumption characteristics of electrical load and the charging feature of energy storage, the powers of load and storage will not change frequently resulting in voltage fluctuations. However, the voltage may fluctuate due to random and intermittent characteristics of PV output. Consequently, the current change ∆IPCC∠θ can be considered to be caused by PV output fluctuation ∆SPV.
Based on the equivalent circuit, the voltage fluctuation change value ∆UPCC at the PCC can be obtained as follows,
[image: image]
where φ is the equivalent impedance angle of the grid side. UPCC is voltage magnitude at the PCC. Thus, the voltage fluctuation can be represented by the change value ∆UPCC. According to the equation, it can be seen that the degree of voltage fluctuation will be affected by multiple factors, including the PV output variation, the distribution network equivalent impedance, etc.
In these factors, the output variation of grid-connected PV generation has a direct impact on voltage fluctuation. When the weather changes rapidly, the system voltage will fluctuate significantly. Meanwhile, the distribution network equivalent impedance is related to the short-circuit capacity of the system. When distributed PV is integrated into the low-voltage distribution network, voltage fluctuation will be more obvious due to the relatively small short-circuit capacity of the low-voltage distribution network.
3 SOURCE-LOAD-STORAGE HARMONIC CHARACTERISTIC ANALYSIS
3.1 Switching characteristic analysis
The topology of the commonly used AC/DC converter in distribution systems is shown in Figure 3. The single-phase converter is taken as an example in the paper. In this figure, ug and ig are the supply voltage and current in the grid side, respectively. Udc and idc are the DC voltage and current, respectively. Edc is the DC voltage source. Rdcs + jXdcs and Rdcp + jXdcp are respectively the equivalent DC series load and DC parallel load.
[image: Figure 3]FIGURE 3 | Structure of the AC/DC converter.
The converter switching behavior can be modeled as a frequency transfer matrix, and the matrix can be derived from the Fourier series coefficients of the switching function that describes the turn-on and turn-off states. Due to the differences in the power electronic converter devices used for source-load storage, there are differences in the form of their switching function expressions.
Distributed PV generally uses insulated gate bipolar transistor (IGBT) based converter devices with pulse width modulation (PWM) control for AC/DC conversion. The electrical loads may adopt different types of converters due to differences in the type of appliances. The diode-based three-phase uncontrolled rectifier circuit is used for AC/DC conversion, and the thyristor-based three-phase bridge rectifier circuit is employed for power regulating. Similar to the electrical load, the AC front-end of the energy storage converter generally uses the diode-based converter or the thyristor-based converter for power charging/discharging.
In the case of the diode-based uncontrolled converter, the switching function is described as,
[image: image]
where h is the harmonic order. ω is the angular frequency of the fundamental wave.
Different from the uncontrolled converter, the thyristor-based converter needs to consider the controlled switching angle, which is measured with respect to the peak of DC voltage. The switching function for the thyristor-controlled converter is described as,
[image: image]
In the case of the PWM-controlled converter, the switching function is described based on the Bessel function J (). The switching function is related to the modulation degree M, and the specific expression is as follows,
[image: image]
where ωC is the angular frequency of the modulator wave.
According to the switching functions, the diode-based converter and the thyristor-based converter may generate low-frequency harmonic contents. While the IGBT-based converter mainly generates the high-frequency harmonic contents, since the modulator frequency is relatively high. As a result, the harmonic models of different types of converters including DER, electrical load, and energy storage can be established respectively. Also, the converter model can clarify the coupling relationship between the harmonic voltage and harmonic current in the AC side.
3.2 Frequency-domain harmonic modeling
According to the modulation theory (Esparza et al., 2019), the current and voltage waveforms can also be represented by the current and voltage switching functions with the sine/cosine function. The DC voltage can be obtained by modulating the AC voltage through the turn-on and turn-off of the power electronic device, and the AC current can be obtained by modulating the DC current through the turn-on and turn-off of the power electronic device. The voltage and current relationship between the AC and DC sides can be expressed as,
[image: image]
[image: image]
where S(t) is the time-varying switching function. ug(t) is the time-varying grid voltage, and ig(t) is the time-varying grid current. Ideally, the voltage switching function and the current switching function are the same. Since any stable periodic signal can be expressed as the Fourier series form (Sun et al., 2022), (Sun et al., 2021c), the time-domain variables can be transformed into the frequency-domain form as follows,
[image: image]
[image: image]
where h is the harmonic order, and H is the considered highest harmonic order. Ugh and φgh represent the magnitude and phase angle of the hth harmonic voltage in the grid side. Idc is the DC current. Idch and φdch denote the magnitude and phase angle of the hth harmonic current in the DC side.
On this basis, the frequency-domain harmonic model of the converter can be established, and the derivation process of this model is provided in Figure 4. In this model, Y is the harmonic admittance matrix characterizing the relationship between voltage and current in the AC side, and Ydc is the harmonic admittance matrix representing the relationship between DC voltage and AC current.
[image: Figure 4]FIGURE 4 | Derivation process of the converter frequency-domain harmonic model.
According to the established harmonic model, it can be seen that the elements of the harmonic admittance matrix are independent of the harmonic components in the supply voltage, which can be used as the basic model for harmonic power flow calculation and accuracy improvement of harmonic analysis.
4 SOURCE-GRID-LOAD-STORAGE COLLABORATIVE HARMONIC POWER FLOW
The decoupled method contains the calculation of the fundamental state and the calculation of the harmonic state. The input and output of the fundamental power flow equation are the fundamental nodal power and fundamental voltage or line flow, respectively.
4.1 Fundamental power flow analysis
The fundamental power flow of the whole distribution network can be calculated based on the Newton-Raphson method. For the Bus i in the distribution network, the fundamental power flow is based on the power differences ΔPi and ΔQi,
[image: image]
where Pi and Qi are the active and reactive powers of bus i, respectively. Ui and Uj are the magnitudes of voltages of Buses i and j. Gij and Bij are the conductance and susceptance of the branch between Buses i and j, respectively. θij is the phase difference of voltage between Buses i and j.
Based on the active power difference ΔP and reactive power difference ΔQ, the modified equation of Newton- Raphson method is as follows,
[image: image]
where U and θ are respectively the phase angle and magnitude of the voltage. Then, the value of Ui, Uj and θij can be revised based on the phase angle difference Δθ and ΔU. The above process needs to be iterated until one of the conditions in Eqs. (16), (17) is met.
[image: image]
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where ε1 and ε2 are thresholds for iteration termination. On this basis, the fundamental power flow can be calculated for the distribution network.
4.2 Harmonic power flow analysis
Considering the harmonic voltage is far less than the fundamental voltage in a real system, the calculation of fundamental and harmonic power flows can be considered independent of each other. Thus, the decoupled harmonic power flow is employed in the paper.
From the source-load-storage harmonic analysis, all types of components in the active distribution network may generate harmonics. Thus, there may be more than one harmonic source existing at the same time, which are distributed in different buses of the power system. The harmonic model of the source-load-storage can be represented as follows,
[image: image]
where Ih and Uh are the hth harmonic current and voltage, respectively. Ish represents the hth harmonic of the current source. Yh,h denotes the admittance between hth harmonic voltage and hth harmonic current. Considering the self-coupling admittance is larger than the mutual-coupling admittance, the harmonic model can only consider the interaction between the harmonic voltage and current in the same order. Consequently, the hth harmonic in the source-load-storage harmonic model in the nth bus of the distribution network can be written as,
[image: image]
Then, the harmonic model of the whole distribution network can be expressed as,
[image: image]
where Ih and Uh are the matrices consisting of hth harmonic currents and voltages in each bus, respectively. Ish is the matrix consisting of hth harmonic of the current source in each bus. Yh is the matrix consisting of hth harmonic self-coupling admittance in each bus. Moreover, considering the structure of the distribution network, the matrix Ih can also be represented by,
[image: image]
where YBh denotes the node admittance matrix of the distribution network, which can be solved according to the system topology and branch admittances. Then, based on the Eqs. (20), (21), the matrix Uh consisting of hth harmonic voltages in each bus can be derived as,
[image: image]
According to the hth harmonic voltage, the corresponding harmonic current can also be obtained. Therefore, the harmonic power flow can be calculated from the above analysis.
5 CASE STUDY
5.1 Source-grid-load-storage interactive voltage characteristic
To verify the influence of location and capacity on the network voltage, the impact of distributed PV generation and energy storage are analyzed. The IEEE 33-bus distribution network proposed by (Baran and Wu, 1989) is employed to analyze the influence, and its structure is shown in Figure 5. In the IEEE 33-bus system, Bus 1 is the slack bus and the other buses are PQ nodes. Bus 7, Bus 16, and Bus 33 are selected as the PV and ES access locations.
[image: Figure 5]FIGURE 5 | Structure of IEEE 33-bus distribution network.
To quantitative the voltage deviation, the definition of voltage deviation ΔU is shown as follows,
[image: image]
where U is the voltage amplitude of system bus.
When the capability of distributed PV is 0.8 MW and there is no ES integration, the voltage distribution conditions under different PV access location is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Voltage distributions with different PV locations.
From the above figure, it can be seen that the integration of PV results in voltage improvement. When different buses are connected to the same photovoltaic capacity, the voltage variation trends of each bus are different. Therefore, the voltage sensitivity of each bus is different since the equivalent impedances are different in the grid side.
Then, the influence of distributed PV is analyzed. The comparisons of the voltage distributions without and with 0.2 MW, 0.4 MW, and 0.8 MW photovoltaic capacity integration in Bus 16 are shown in Figure 7. According to the results, the increase of distributed PV capacity has an obvious influence on the voltage, especially for the accessed location. Also, the voltage deviation may be over the limit that cannot be accepted when the PV capacity is relatively large.
[image: Figure 7]FIGURE 7 | Voltage distributions with different PV capacities.
In order to analyze the influence of energy storage, the voltage distributions are calculated with different ES access locations under the condition of 0.8 MW distributed PV integration in Bus 16. Similar to the PV locations, the energy storage is connected to Bus 7, Bus 16 and Bus 33, respectively. Assuming that the ES capability is 0.3 MW, the comparisons of the voltage distributions are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Voltage distributions with different energy storage locations.
From the results in Figure 8, the voltage magnitude can be mitigated with the energy storage integration. The voltage suppression is most effective when the distributed PV and ES are connected to the same bus. Therefore, the energy storage can be connected to the node where the voltage rise is most pronounced to realize the power regulation effectively.
5.2 Source-grid-load-storage interactive dynamic characteristic
In order to analyze the source-grid-load-storage dynamic characteristic, the field-measured distributed photovoltaic and electrical load powers are employed, which are recorded every 15 min. The measured distributed PV data of the typical day is shown in Figure 9, and the typically measured load data is shown in Figure 10. In these figures, PPV,max and PL,max represent the maximum photovoltaic and load powers, respectively. PPV,min and PL,min are respectively the minimum photovoltaic and load powers, and the value of PPV,min is 0.
[image: Figure 9]FIGURE 9 | Measured distributed PV data of the typical day.
[image: Figure 10]FIGURE 10 | Measured electrical load data of the typical day.
In the distribution network, the distributed PV generators with the maximum capability of 0.4 MW are connected to Bus 7, Bus 16 and Bus 33, and the PV output employs the power curve shown in Figure 9. The electrical load varies from 50% to 120%, which adopts the load power consumption curve in Figure 10. The voltage dynamic trend of each bus in the whole day can be obtained as shown in Figure 11. It can be seen that the system bus voltage exceeded the limit seriously at the time around 13:00, even up to about 1.2 p.u., due to the peak photovoltaic output. However, since the load consumption is relatively large, the bus voltage drops, and the voltage deviation increases significantly after 18:00.
[image: Figure 11]FIGURE 11 | Voltage dynamic trends of the distribution system in one day.
The energy storage is then employed in the distribution system to suppress the voltage, the location is the same as the distribution network. The maximum energy storage power PES,max is set to 0.3 MW, and the minimum energy storage power PPV,min is 0. The ES control object is to retain the connected bus voltage within the range of 0.95 p.u. and 1.05 p.u. With the energy storage integration, the voltage dynamic trend of each bus in one day is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Voltage dynamic trends with energy storage integration in one day.
From the results shown in Figure 12, it can be seen that the employment of energy storage suppresses the bus voltage in the period of large photovoltaic output. Also, the energy storage improves the voltage quality of the system in the case of heavy load. However, the voltage still maybe exceeds the control objective due to the limited capability of energy storage. Therefore, the optimization of energy storage capability also needs to be considered under source-grid-load-storage interaction.
Furthermore, the voltage fluctuations of each bus with energy storage integration are calculated as shown in Figure 13, and the voltage fluctuation is defined as follows,
[image: image]
where ΔUd is the voltage difference between two RMS values. From Figure 13, it can be seen that the voltage fluctuations are generally less than 2.5%, which verifies the effectiveness of energy storage to improve voltage quality.
[image: Figure 13]FIGURE 13 | Voltage fluctuation trend with energy storage integration in one day.
5.3 Source-grid-load-storage interactive harmonic characteristic
To analyze harmonic characteristics with source-grid-load-storage interaction, the 5th harmonic is taken as the example in this section. Distributed PV generator with the capability of 0.4 MW is connected to Bus 7, Bus 16 and Bus 33, respectively. Meanwhile, the energy storage with the capability of 0.3 MW is also connected to Bus 7, Bus 16 and Bus 33, respectively. In the distribution network, 60% of load capability in each bus is set as the nonlinear rectifier-based load.
According to the converter operating characteristic, the current of the 5th harmonic source is set to 22.93% of the fundamental current for the energy storage and electrical load, and the current of the 5th harmonic source is set to 0.37% for the distributed pV. The comparisons of harmonic voltage contents in each bus with and without energy storage are shown in Figures 14, 15, respectively. For quantitative analysis of the harmonic voltage, the harmonic distortion of hth harmonic voltage HDh is defined as follows,
[image: image]
where Uh is the amplitude of hth harmonic voltage, and U1 is the amplitude of the fundamental voltage.
[image: Figure 14]FIGURE 14 | Harmonic voltage distortions without energy storage integration.
[image: Figure 15]FIGURE 15 | Harmonic voltage distortions with energy storage integration.
As shown in these figures, it can be seen that the access locations of distributed PV and ES will affect the harmonic distributions. According to the comparison, although energy storage integration can improve the voltage quality of the distribution network, it will result in the harmonic content increasing with the source-grid-load-storage interaction. Therefore, the employment of energy storage needs to be fully considered for all kinds of power quality issues.
6 CONCLUSION
In terms of source-grid-load-storage interaction, the resulting voltage over limit and fluctuation issue is analyzed, and the harmonic distortion is calculated based on the proposed harmonic model. The following conclusions can be drawn as follows.
1 The influence on voltage is analyzed with source-grid-load-storage interaction, and the voltage deviation and fluctuation are qualified according to the typical structure of the active distribution network. The results show the effectiveness of energy storage on voltage suppression.
2 The frequency-domain harmonic models for key power electronics components are built based on the frequency transfer matrix, which provides the basis for harmonic power flow calculation and analysis in the active distribution network.
3 The interaction of source-grid-load-storage is analyzed based on the proposed harmonic power flow algorithm. With the integration of energy storage, the result shows that more than 20% of the voltage deviation and more than 6% of the voltage fluctuation are suppressed, while the harmonic distortion may be further increased.
Future research will focus on considering the source-load-storage uncertainties in the active distribution network. Moreover, the control strategy of distributed photovoltaic generation and energy storage is also an interesting topic with the interaction of source-grid-load-storage. With these topics, future research directions mainly include the operating state forecasting and probabilistic harmonic power flow calculation for the active distribution network (Le Nguyen, 1997).
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